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ABSTRACT 
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     Joseph Michael Thomas, Doctor of Philosophy, 2016  

 

Dissertation Directed by:  Wanli W. Smith, M.D., Ph.D. 

     Assistant Professor, School of Pharmacy 

     University of Maryland, Baltimore, MD 

 

 

Parkinson’s disease (PD) is one of the most common neurodegenerative disorders in aged 

adults, resulting from the loss of dopaminergic neurons in the substantia nigra and the 

accumulation of Lewy body aggregates in the brain. Currently there are no disease 

altering treatments for PD. Mutations in Leucine-rich repeat kinase 2 (LRRK2) are the 

most common contributors to both familial and sporadic PD cases, however the exact 

physiological role of LRRK2 is currently unclear. As a large protein (286 kDa) with both 

GTPase and kinase activities, LRRK2 represents a tractable target for PD intervention. 

The work in this dissertation focuses on the identification and characterization of GTP-

binding inhibitors of LRRK2. Moreover, I further investigate the biopathological roles of 

LRRK2 on neural transport functions underlying neurdegeneration and test the 

neuroprotective effects of LRRK2 GTP-binding inhibitors. I discovered that the novel 

compound, 68, inhibits GTP-binding as well as kinase activities in LRRK2, and that 

optimized compound FX2149, a new analog of 68, shows significant improvements in 



blood brain barrier (BBB) penetration and in vivo efficacy in LRRK2 mutant brains. 

Furthermore, I demonstrate that the LRRK2 GTPase domain mutation, R1441C, impairs 

neural transport functions, however these impairments can be attenuated through 

treatment with our GTP-binding inhibitors. Lastly, I show that our GTP-binding 

inhibitors increase LRRK2 ubiquitination, with a preferential increase in atypical 

ubiquitin linkages. This work provides further insight into LRRK2 functions in the 

pathobiology of PD, as well as provides evidence for the applicability of GTP-binding 

inhibitors as pharmacological tools and potential therapeutic agents in the treatment of 

PD.     

 

  



 

 

 

 

 

 

 

Identification and Characterization of GTP-binding Inhibitors of LRRK2 

 

 

 

 

 

by 

Joseph Michael Thomas  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dissertation submitted to the Faculty of the Graduate School of the  

University of Maryland, Baltimore in partial fulfillment  

of the requirements for the degree of  

Doctor of Philosophy 

2016 



 

 

©Copyright 2016 by Joseph Michael Thomas 

All rights Reserved 

 
 

 

 



iii  

DEDICATION 

 
To my parents, Cheryl K. Thomas and Richard Thomas, Jr. 

 

They have always made mine and my siblings’ educations their top priority.  

Their selflessness, support, and constant encouragement are what have made everything 

leading up to this possible. It is therefore only appropriate that this dissertation be 

dedicated to them. 



iv  

ACKNOWLEDGEMENTS 

 
The culmination of this project would not be possible if not for the help of countless 

groups of people. Therefore, I would like to thank everyone that has helped me along the 

way. In particular: 

 

I would like to thank my advisor, Dr. Wanli Smith. She welcomed me into her lab and 

provided me with a great opportunity to grow as a scientist and as an independent 

professional. She taught me as a patient and thoughtful mentor, and for that I am forever 

grateful. 

 

I would like to thank Dr. Paul Shapiro. He helped make the transition into grad school 

very comfortable as the Graduate Program Director. Since then, he has provided me with 

guidance and has acted as a second advisor to me as a member of my thesis committee.  

 

I would like to thank my thesis committee members. Dr. Fengtian Xue and his group of 

medicinal chemists synthesized our novel compounds. They provided our group with a 

great amount of help on this project, to which I am very grateful. Dr. Jia Bei Wang and 

Dr. Paul Fishman both gave me helpful insights, suggestions, and productive discussions 

on my project.  

 

I would like to thank Dr. Alex MacKerell and his group of computational scientists for 

their computer-aided drug design methodology in the screening of our compounds. 

 



v  

I would like to thank my previous lab members. In particular, I would like to thank Dr. 

Tianxia Li. For most of my graduate experience, she was my only lab mate, and taught 

me most of the techniques that I know today. She is a wonderful role model and 

intelligent scientist. I would also like to thank Dr. Jingnan Liu, Dr. Dejun Yang, and 

Sharmila Das for working alongside me in the lab during their times there. 

 

I would like to thank Dr. Andy Coop. His door has always been open for advice, and he 

has been an encouraging mentor throughout my times in grad school.  

 

I would like to thank my past and present classmates for all of their help. Being the only 

member of my lab for a time, taking any time away is difficult for maintaining cell lines 

and keeping everything running. Will Hedrich and Jacob Scheenstra both have stepped in 

for me while I was away. Dr. Ramin Samadani helped me with my grant and dissertation 

writing formats.  

 

I would like to thank the Center for Neural Development and Disease at the University of 

Rochester Medical Center, especially Dr. Marc Halterman, Dr. David A. Rempe, and 

everyone that helped me in their labs. 

 

I have been fortunate to have the best support network over this long PhD journey. To my 

friends, Dennis Nave and Dr. Patrick Abt: You moved me down to Baltimore to start 

grad school but you have still managed to stick by my side despite the distance. We have 

had many memorable times together and you two are truly great friends. To Alan 



vi  

Schoeneck and Daniel Fahey: We have known each other for longer than we haven’t. 

You two have always been there for me. I am proud of you all for the people you have 

become and am so lucky to have you in my life. I can’t thank you enough. 

 

I would like to thank Jonathan Grima for moving to Baltimore and commiserating with 

me during the difficult times of grad school. You have always found a way to make me 

see the light at the end of the tunnel. 

  

I want to give a very special thanks to my family. I need to thank my parents, to whom 

this dissertation is dedicated. I would also like to thank my siblings, Jen, Billy, and Sarah. 

You three are incredibly strong and gifted people. You all have become upstanding, 

affable adults with very bright futures. You have no idea how proud I am to be your 

brother.     

 

And with that, I have to thank the newest member of my family. My future wife, Dr. 

Sarah Ashley Sushchyk, was my mentor when beginning graduate school. She has been 

looking out for me ever since. She has put up with all the grievances associated with this 

long journey, even after already going through it herself. Despite her busy schedule, she 

has selflessly picked up all the slack and has helped me through thick and thin. Sarah, 

you make me want to be the best person I can be. Thank you for all that you do and for 

being all that you are. I truly would not have made it to where I am without having you 

by my side.

  



vii  

TABLE OF CONTENTS 

 

DEDICATION.................................................................................................................. iii 

ACKNOWLEDGEMENTS ............................................................................................ iv 

LIST OF TABLES .......................................................................................................... xi 

LIST OF FIGURES ....................................................................................................... xii 

LIST OF ABBREVIATIONS ...................................................................................... xiv 

Chapter 1: An Introduction to Parkinson’s Disease and LRRK2 ................................ 1 

1.1.  Parkinson’s Disease ................................................................................................. 1 

1.1.1. Parkinson’s Disease Overview ........................................................................... 1 

1.1.2. Current PD Treatment Strategies ........................................................................ 2 

1.2.  LRRK2 ...................................................................................................................... 3 

1.2.1. LRRK2 and PD ................................................................................................... 3 

1.2.2. LRRK2 Domains and Structure .......................................................................... 4 

1.2.3. LRRK2 Biological Functions ............................................................................. 5 

1.2.4. LRRK2 Mutations .............................................................................................. 6 

1.2.5. LRRK2 Kinase Activity ..................................................................................... 8 

1.2.6. LRRK2 GTPase Activity .................................................................................... 9 

1.2.7. LRRK2 and Neurodegeneration ....................................................................... 10 

1.2.8. Transport Impairment, PD, and LRRK2 Implications ..................................... 10 

1.2.9. LRRK2 and Protein Clearance Pathways ......................................................... 12 

1.2.10.  Prospective LRRK2-linked therapeutics .......................................................... 14 

 

Chapter 2: Overall Hypothesis and Specific Aims....................................................... 16 

2.1.  Rationale of Targeting the LRRK2 GTPase Domain ........................................ 16 

2.2.  Specific Aims .......................................................................................................... 17 

2.3.  Significance and Overall Impact .......................................................................... 22 

 

 



viii  

Chapter 3: A Novel Compound, 68, Inhibits LRRK2 GTP-binding Activity in 

Parkinson’s Disease Cell and Mouse Models ............................................................... 23 

3.1.  Rationale ................................................................................................................ 23 

3.2.  Materials and Methods ......................................................................................... 24 

3.2.1. Materials and reagents ...................................................................................... 24 

3.2.2. CADD screen .................................................................................................... 25 

3.2.3. Cell culture and LRRK2 transfection ............................................................... 25 

3.2.4. LRRK2 GTP-binding and kinase autophosphorylation assays ........................ 26 

3.2.5. Mouse brain enzymatic activity assays ............................................................ 26 

3.2.6. Data analysis ..................................................................................................... 27 

3.3.  Results .................................................................................................................... 27 

3.3.1. 68 inhibits LRRK2 GTP-binding activity in vitro ............................................ 27 

3.3.2. Pharmacological GTP-binding inhibition with 68 suppresses LRRK2 kinase 

activities in vitro ............................................................................................... 29 

3.3.3. 68 decreases GTP-binding activity in G2019S-LRRK2 transgenic mouse   
brains ................................................................................................................ 30 

3.3.4. 68 attenuates kinase activity in G2019S-LRRK2 transgenic mouse brains ..... 30 

3.4.  Summary and Discussion...................................................................................... 33 

 

Chapter 4: FX2149, a Novel Analog of 68, Improved In Vivo Efficacy of     

Inhibiting LRRK2 GTP-binding Activity in a Mouse PD Model ............................... 36 

4.1.  Rationale ................................................................................................................ 36 

4.2.  Materials and Methods ......................................................................................... 37 

4.2.1. Materials and reagents ...................................................................................... 37 

4.2.2. LRRK2 plasmids and transfection .................................................................... 37 

4.2.3. LRRK2 kinase (autophosphorylation) and GTP-binding assays ...................... 37 

4.2.4. Data analysis ..................................................................................................... 37 

4.3.  Results .................................................................................................................... 38 

4.3.1. FX149 reduced LRRK2 GTP-binding activity in vitro .................................... 38 

4.3.2. FX2149 attenuated LRRK2 kinase activity in vitro ......................................... 38 

4.3.3. FX2149 inhibited LRRK2 GTP-binding activity in G2019S mouse brain ...... 42 

4.3.4. FX2149 reduced LRRK2 kinase activity in brains of G2019S mice ............... 42 

4.4.  Summary and Discussion...................................................................................... 45 

 

 



ix  

Chapter 5: 68 and FX2149 attenuate mutant LRRK2-R1441C-induced neural 

transport impairment ..................................................................................................... 47 

5.1.  Rationale ................................................................................................................ 47 

5.2.  Materials and Methods ......................................................................................... 48 

5.2.1. Materials and reagents ...................................................................................... 48 

5.2.2. Cell culture and LRRK2 transfection ............................................................... 48 

5.2.3. LRRK2 neuritic injury assays........................................................................... 49 

5.2.4.    GTP binding activity assay and Western blot analysis .................................... 49 

5.2.5. Live-cell imaging and transport analysis .......................................................... 50 

5.2.6. Data Analysis .................................................................................................... 51 

5.3.  Results .................................................................................................................... 51 

5.3.1. LRRK2-R1441C caused neurite injury in SH-SY5Y cells .............................. 51 

5.3.2. LRRK2-R1441C disrupted mitochondrial transport in SH-SY5Y neurites ..... 54 

5.3.3. 68 and FX2149, GTP-binding inhibitors, attenuated LRRK2-R1441C-   
induced mitochondrial transport defects ........................................................... 56 

5.3.4. LRRK2-R1441C impaired lysosomal transport in SH-SY5Y neurites is 
improved by 68 and FX2149 ............................................................................ 59 

5.4.  Summary and Discussion...................................................................................... 64 

 

Chapter 6: GTP-binding Inhibitors Increase LRRK2-linked Ubiquitination          

and Inclusion Formation ................................................................................................ 68 

6.1.  Rationale ................................................................................................................ 68 

6.2.  Materials and Methods ......................................................................................... 69 

6.2.1. Materials, reagents, and transfection ................................................................ 69 

6.2.2. LRRK2 kinase (autophosphorylation) and GTP-binding assays ...................... 70 

6.2.3. Ubiquitination assay and western blot analysis ................................................ 71 

6.2.4. LRRK2-linked protein aggregation experiments ............................................. 71 

6.2.5. Data analysis ..................................................................................................... 72 

6.3.  Results .................................................................................................................... 73 

6.3.1. GTP-binding inhibitors increased LRRK2-linked ubiquitination .................... 73 

6.3.2. 68 increased WT-LRRK2-linked ubiquitination via K27-, K29-, and K63- 
linkages ............................................................................................................. 76 

6.3.3. 68 and FX2149 increased inclusions containing ubiquitinated G2019S-   

LRRK2 protein via atypical K27 and K63 linkages ......................................... 78 

6.3.4. 68 and FX2149 promoted formation of LRRK2-linked aggresome................. 82 

 



x  

6.4.  Summary and Discussion...................................................................................... 85 

 

Chapter 7: Conclusions and Future Perspectives ........................................................ 89 

7.1.  Conclusions ............................................................................................................ 89 

7.2.  Discussion ............................................................................................................... 91 

7.3.  Future considerations ........................................................................................... 93 

7.3.1. Optimization of LRRK2 GTP-binding inhibitors ............................................. 93 

7.3.2. Targeting LRRK2 as a Therapeutic Strategy ................................................... 93 

7.3.3. Future studies of biological activity of LRRK2 ............................................... 96 

7.3.4. Identification of KIF5A as a novel LRRK2 interacting protein ....................... 97 

 

REFERENCES .............................................................................................................. 100 
 



xi  

LIST OF TABLES 

 
Table Name Page 

 
Table 1.1  Contributors to PD onset ............................................................................... 2 

 
Table 1.2  Common LRRK2 mutation effects on enzymatic activities .......................... 7 

 
  

 



xii  

LIST OF FIGURES 

 
Figure Name Page 

 

Figure 1.1  LRRK2 domains and mutations ................................................................ 5 

 

Figure 1.2  LRRK2 biological functions ..................................................................... 6 

 

Figure 2.1  LRRK2 activation model in PD pathology and intervention strategy  ..... 20 

 

Figure 3.1  Compound 68 inhibits GTP-binding in vitro in LRRK2 mutants ............. 28 

 

Figure 3.2  GTP-binding inhibition with 68 reduces LRRK2 kinase activity ............. 29 

 

Figure 3.3  68 reduces GTP-binding in G2019S-LRRK2 mouse brains  

following injection ....................................................................................................... 31 

 

Figure 3.4  68 attenuates LRRK2 kinase activity in G2019S-LRRK2 mouse  

brains following injection ............................................................................................ 32 

 

Figure 4.1  FX2149 inhibits GTP-binding of LRRK2 mutants in cell models. .......... 40 

 

Figure 4.2  FX2149 inhibits autophosphorylation of LRRK2 mutants  

in cell models. .............................................................................................................. 41 

 

Figure 4.3  FX2149 reduces GTP-binding in G2019S-LRRK2 mouse brains  

to a greater extent than 68 following injection. ............................................................ 43 

 

Figure 4.4  FX2149 decreases autophosphorylation in G2019S-LRRK2 mouse  

brains to a greater extent than 68 following injection .................................................. 44 

 

Figure 5.1  LRRK2-R1441C mutation caused neurite injury in PD cell model  ......... 53 

 

Figure 5.2  LRRK2-R1441C induced neuritic mitochondria transport impairments .. 55 

 

Figure 5.3  A GTP-binding inhibitor, 68, improved mitochondria transport  

impairment in LRRK2-R1441C cells ........................................................................... 57 

 

Figure 5.4  A GTP-binding inhibitor FX2149 improved mitochondrial transport 

impairment in LRRK2-R1441C cells ........................................................................... 58 

 

Figure 5.5  LRRK2-R1441C induced lysosome transport impairment ....................... 61 

 

Figure 5.6  68 improved LRRK2-R1441C-induced lysosome transport defects. ........ 62 

 



xiii  

Figure 5.7  FX2149 restored lysosomal transport in LRRK2-R1441C cells ................. 63 

 

Figure 6.1  68 and FX2149 elevate LRRK2 ubiquitination level following 

administration in PD cell model ................................................................................... 75 

 

Figure 6.2  68 increases WT-LRRK2 ubiquitination via K27, K29, and K63 linkages ..... 77 

 

Figure 6.3  68 and FX2149 increase inclusions containing G2019S-LRRK2  

via K27 and K63 linkages ............................................................................................ 80 

 

Figure 6.4  68 and FX2149 promote aggresomes containing G2019S-LRRK2  

in cells transfected with K27 and K63 ubiquitin. ......................................................... 83 

 

Figure 7.1  Conclusions and future considerations for LRRK2 ..................................... 95 

 

Figure 7.2  LRRK2 co-immunoprecipitates with KIF5A following expression  

in mammalian HEK293T cells ....................................................................................... 99 

 

 

 

 

  



xiv  

LIST OF ABBREVIATIONS 

 
PD  Parkinson’s Disease 

LRRK2 Leucine-rich repeat kinase 2 

6-OHDA 6-hydroxydopamine 

MPTP  1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

COMT  Catechol-O-methyl transferase 

MAO-B Monoamine oxidase B 

MAPK  Mitogen-activated protein kinases 

CHIP  C-terminus of Hsc70 Interacting Protein 

GTP  Guanosine-5'-triphosphate 

PKA  Protein kinase A 

mTOR  Mechanistic target of rapamycin 

MBP  Myelin basic protein 

ER  Endoplasmic reticulum 

UPS  Ubiquitin-proteasome system 

ATP  Adenosine triphosphate 

BBB  Blood-brain barrier 

CADD  Computer-aided drug design 

GDP  Guanosine diphosphate 

ROC  Ras-of-complex 

βME  β-mercaptoethanol 

PVDF  Polyvinylidene difluoride 

PBS  Phosphate buffer saline 



xv  

DMSO  Dimethyl sulfoxide 

RIPA  Radioimmunoprecipitation assay 

SEM  Standard error of mean 

ANOVA Analysis of variance 

TUNEL Terminal deoxynucleotidyl transferase dUTP nick end labeling 

LPS  Lipopolysaccharide 

DMEM Dulbecco’s Modified Eagle Medium 

GFP  Green fluorescent protein 

AD  Alzheimer’s disease 

ALS  Amyotrophic lateral sclerosis 

HSP  Hereditary spastic paraplegia 

FBS  Fetal bovine serum 

NIH  National Institute of Health 

HD  Huntington’s disease 

NGS  Normal goat serum  

FITC  Fluorescein isothiocyanate 

DAPI  4',6-diamidino-2-phenylindole 

 

 

 

 



1  

Chapter 1: An Introduction to Parkinson’s Disease and LRRK2 

 

1.1.  Parkinson’s Disease 

1.1.1. Parkinson’s Disease Overview 

Parkinson’s disease (PD) is one of the most prevalent disorders for geriatric patients in 

the world today (1-3). It is a neurodegenerative disorder, and as such, is characterized by 

degradation of select areas in an affected person’s brain, in this case, the dopaminergic 

neurons in the substantia nigra pars compacta (4, 5). The substantia nigra is a part of the 

basal ganglia, which is primarily responsible for coordinating movement by forming a 

feedback loop connecting the motor cortex with input signals received from other areas 

of the brain (6). As such, motor symptoms predominate in PD, with patients displaying 

bradykinesia (slow movement execution), tremors, and postural instability. Some patients 

also suffer dementia, behavioral abnormalities, and other secondary features. Aside from 

dopamine neuron degeneration, the second main pathological hallmark for PD is the 

formation of proteinaceous inclusions in areas of the brain undergoing degeneration, 

termed Lewy bodies. These aggregates contain misfolded and toxic proteins, and can 

have widespread distribution in PD brains (2-5, 7, 8). At present, it is unclear whether 

Lewy bodies are a cause of PD or a result of the disease. Studies suggest that neurons 

with Lewy bodies are likely to survive due to the sequestration of toxic proteins (9). 

 

To date, many contributing factors have been identified that influence a person’s 

susceptibility to PD, with others being continually identified. Affected genes include that 

coding for α-synuclein, the protein that primarily comprises Lewy bodies. In addition, 
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mutations in several other genes encoding proteins with varying functions cause PD 

onset. Environmental factors can also trigger PD symptoms or dopamine 

neurodegeneration. Lastly, aging is a natural risk factor that increases one’s chances of 

contracting PD (Table 1.1) (10, 11). Although a multitude of factors exist, commonalities 

include disruption of mitochondrial functions (responsible for cellular energy), protein 

quality control/clearance (ubiquitin-proteasome and autophagy pathways), and 

endocytosis/vesicle trafficking (9).  

 

Table 1.1 Contributors to PD onset (10, 11) 

PD Risk Factors  Gene/Toxin  Function  

1. Genetics  LRRK2  Unknown 

 
SNCA (α-synuclein) Unknown 

 
UCH-L1 De-ubiquitinating enzyme 

 
VPS35 Retromer subunit 

 
EIF4G1 mRNA translation 

 
Parkin E3-ubiquitin ligase 

 
PINK1 Mitochondrial quality control 

 
DJ-1 Oxidative stress sensor 

 
CHCHD2  Transcription factor affecting 

mitochondrial respiratory chain   
RAB39B  Vesicular trafficking GTPase  

 
DNAJC6  Clathrin-mediated endocytosis  

   2. Environmental  6-OHDA DAT toxin 

 
MPTP Inhibits mitochondria complex 1 

 
Rotenone Inhibits mitochondria complex 1 

 
Paraquat ROS formation 

   3. Aging 
   

 

1.1.2. Current PD Treatment Strategies 

Despite the knowledge available regarding the disease, experts are still unclear on the 

identity of the initial domino responsible for setting off the cascade of PD problems. Due 
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to the lack of a culprit and the complexity of this disease, the current treatments are 

controlling the symptoms of PD rather than modifying the disease itself. As normal motor 

functioning requires the dopamine depleted during PD degeneration, motor symptoms are 

most commonly treated through the administration of L-DOPA (the dopamine precursor). 

Unfortunately, the efficacy of L-DOPA treatment declines with repeated exposure (10, 

12). The use of dopamine agonists may be used in early PD stages, both in combination 

with L-DOPA and as a standalone. However, this strategy can also induce adverse side 

effects on areas outside of motor control due to dopamine’s influence over a variety of 

systems. COMT inhibitors and MAO-B inhibitors can be co-administered with L-DOPA 

to prolong its half-life through interfering with its degradation (13). Deep brain 

stimulation is a therapy that, although invasive, shows promise in some PD patients. Non-

motor symptoms are treated on a per-case basis, with inadequate development of 

treatments for this area (12).  As such, identifying the novel strategies to modify the 

disease, to stop neuronal degeneration, and to hinder disease progression become an 

urgent and important mission in the field for PD intervention. Recent attempts at disease 

modification have not been successful in clinical trials (12-14). Further study of genetic 

contributors of PD and their linked pathways may provide insight into new strategies and 

new potential targets. 

 

1.2.  LRRK2 

1.2.1. LRRK2 and PD 

To date, the most common known contributor to PD is a protein kinase known as leucine-

rich repeat kinase 2 (LRRK2) (3, 15). Mutations in LRRK2 contribute to both familial 
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and sporadic PD (2, 3, 15).  LRRK2 is a very large cytoplasmic protein (286kDa) with an 

unclear physiological function (3, 16, 17). It is comprised of 2527 amino acids and is 

expressed in the brain, kidney, heart, liver, lung, and most organs (18). It is present in 

various cell types, including neurons, astrocytes, microglia, immune cells, and others (18, 

19). LRRK2 mutations constitute a late onset, autosomal dominant form of PD with 

pleiomorphic pathology which is identical to sporadic PD. Interestingly, LRRK2 

mutation permeate to sporadic PD cases with 1-5% occurrence (11, 15, 17). LRRK2 

possesses both kinase and GTPase activities which makes it a tractable therapeutic target 

(3, 20).  

 

1.2.2. LRRK2 Domains and Structure 

LRRK2 is a member of the ROCO subfamily of proteins, which contains: a Ras-of-

complex (ROC) GTPase domain followed by its C-terminal of ROC domain (COR), and 

an immediately successive kinase domain (Fig. 1.1) (15, 17, 18). Studies suggest that the 

GTPase and kinase activities in LRRK2 are tightly regulated and dependent upon one 

another, with some specific functions attributed to each (3, 21). LRRK2 dimerizes via its 

ROC-COR GTPase domain (22, 23). Studies suggest that dimerization is critical for 

GTPase and kinase activities (24, 25).  Most PD-linked mutations are in either the kinase 

or GTPase domain and dysregulate LRRK2 enzymatic activities resulting in neuronal 

degeneration (2, 26). 
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Figure 1.1 LRRK2 domains and mutations (15) 

 

LRRK2 also contains armadillo repeats (ARM), ankyrin repeats (ANK), the eponymous 

leucine-rich repeat domain (LRR), and WD40 (WD) domain (15, 21). It is postulated that 

the LRR and WD40 domains participate in protein-protein interactions. LRRK2 has been 

reported to interact with various proteins,  including microtubules, MAPKs, Rab proteins 

involved in membrane trafficking and positioning, and other PD related genes:  

synphilin-1,  two E3 ubiquitin ligases (CHIP and parkin), and 14-3-3 (27-35). These 

studies suggest that LRRK2 is involved in multiple cellular functions. 

 

1.2.3. LRRK2 Biological Functions  

The physiological functions of LRRK2 remain incompletely understood. LRRK2 

possesses kinase, GTP-binding, and GTPase activities (3, 18, 20). However the 

physiological substrate is not clear. LRRK2 is involved in multiple cellular processes, 

including cytoskeletal organization, neurite outgrowth, cell signaling, mitochondrial 

function, the ubiquitin-proteasome system, the autophagy-lysosome system, and more 

(Fig. 1.2) (18). Many of these functions are disrupted following LRRK2 mutations in PD 

cases.  
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Figure 1.2 LRRK2 biological functions. Figure was taken from Esteves A.R., et al. Exp Neurol. 2014. (18) 

 

1.2.4. LRRK2 Mutations 

So far at least 6 mutations have been identified in the LRRK2 gene with confirmed 

segregation with PD, with several other under investigation (15, 18, 36). However, most 

PD-linked LRRK2 mutations occur in one of its enzymatic regions. The most common 

mutation in the PD population is the G2019S form. This mutation occurs in the kinase 

domain of LRRK2, and is characterized by hyperactive kinase activity (Table 1.2). This 

overactive kinase ability is directly attributed to the myriad of impairments present in 

G2019S-LRRK2 PD cases, representing a “gain-of-function” toxic mutation (3, 15, 37, 

38). The mutation causes motor impairments, results in neurite shortening, leads to an 

increase in inclusion bodies, perpetuates neuroinflammatory responses, increases 

mitochondrial dysfunctions, disrupts autophagic flux, impairs dopamine transmission 

across the synapse, can result in cognitive abnormalities in patients, and demonstrates 

many of the other dysfunctions seen in LRRK2 PD cases (16, 39-48). Toxic misfolding 
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of the mutated protein tends to cause insoluble aggregation and further neuronal 

aggregation leading to cell death (19). The stabilization of the active conformation of the 

kinase domain leads to both an increase in autophosphorylation of LRRK2 itself, as well 

as inappropriate signaling to many other pathways, including MAP kinases, PKA, 

mTOR, Toll-like receptors, and small GTPases (3, 16, 21, 26, 33, 34, 49-53).  

 

Table 1.2 Common LRRK2 mutation effects on enzymatic activities 

*Discrepancies exist, however our group and others have demonstrated increased kinase activity in our 

hands (18, 26, 36, 54-57). 

 

LRRK2 

Mutation 

Domain Kinase 

Activity 

GTPase 

Activity 

Reference 

R1441C Roc ↑* ↓ (26, 54, 57) 

R1441G Roc ↑* ↓ (26, 54) 

R1441H Roc ↑ ↓ (55) 

R1441S Roc ? ? (36) 

Y1699C Cor = ↓ (18, 26) 

G2019S Kin ↑ ↓ (26) 

 

 

  

 

K1347A Roc ↓ Non GTP-

binding 

(56) 

D1994N Kin Kinase dead = (56) 

 

 

Mutations also occur in the GTPase region of LRRK2, including R1441C, R1441G, 

R1441H, R1441S, and Y1699C (26, 36). These mutants display altered GTP-binding and 

hydrolysis, and can increase LRRK2 kinase activity and autophosphorylation (Table 1.2) 

(18, 26, 36, 54-57). R1441C-LRRK2 demonstrates altered folding properties that can 

lead to insoluble aggregation formation and causes a decrease in dopamine release from 
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neuron terminals (58, 59). This mutation also disrupts 14-3-3 binding to LRRK2 and 

thereby altering its phosphorylation status (60). It is suggested that problems stemming 

from mutations at this residue are due to disruptions in GTP turnover and therefore 

subsequent kinase activity, with insights from a R1441H mutation where GTP-binding is 

increased, GTP hydrolysis is decreased, and a catalytic site stabilized in its “active” GTP-

bound state results in overactive kinase activity output (55). The COR domain acts as a 

dimerization device, and the Y1699C COR domain mutation is shown to strengthen the 

intramolecular ROC-COR interaction, thus loosening LRRK2 dimerization and 

decreasing GTPase activity (16, 61, 62). 

 

1.2.5. LRRK2 Kinase Activity 

LRRK2 is a kinase with serine/threonine activity. Although several putative substrates 

have been identified, including 4E-BP1, Rab proteins, the ezrin/radixin/moesin complex, 

ribosomal protein s15, and others, a clear physiological substrate remains to be 

determined (32, 33, 63-65). LRRK2 is suggested to phosphorylate itself through S910, 

S935, S955, S973, S1292, T1491, S2032, and possibly additional residues (18, 66). It can 

also phosphorylate a generic myelin basic protein (MBP) for kinase activity read-out 

(18). LRRK2 kinase activity has been shown to affect both its own functions through 

autophosphorylation, as well as affect other cellular signaling events through downstream 

phosphorylation (49). Most PD-liked mutations (i.e. G2019S) increase LRRK2 kinase 

activity leading to neuronal degeneration, associated with mitochondrial dysfunction, 

autophagy defects, neurite shortening, cytoskeletal disorganization, neuroinflammation, 

enlarged lysosomes, microtubule instability, enhanced oxidative stress, an increase in 
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toxic misfolded LRRK2 accumulation, and a majority of the dysfunctions associated with 

the protein in PD cases (16, 39-48, 67). Genetic or pharmacological reduction of LRRK2 

kinase activity attenuates the above abnormalities (19, 68, 69). The kinase domain has 

become the first attractive druggable site for therapeutics. Several LRRK2 kinase 

inhibitors have been discovered, with some of them currently in the preclinical and 

clinical testing stages (70, 71). However, not one of them is in the market to treat PD yet. 

 

1.2.6. LRRK2 GTPase Activity 

LRRK2 contains a ROC-COR domain and possesses an intrinsic GTPase activity that 

plays a critical role in PD pathology. The GTPase domain is involved in various cellular 

functions, such as interactions with β-tubulin, vesicular trafficking, Wnt signaling 

pathways, and LRRK2 dimerization (72-75). The ROC domain is reported to interact 

with microtubules within the cytoskeleton (76).  

 

The ROC-COR crystal structure has been identified and was revealed to exist as a dimer. 

One group postulates a ROC-ROC and COR-COR “head to head” interaction for the 

GTPase domain (22), while others advocate a ROC-COR “head-to-toe” connection (23), 

however this area is the unequivocal site of the dimer hinge. The LRRK2 dimer is 

suggested to act as a functional switch, with the GTPase domain at its catalytic core, 

toggling between GTP-bound “active” and GTP-unbound “inactive” states, thereby 

regulating the kinase activity (21, 55, 77). 

 

GTP-binding and subsequent GTPase turnover are dysregulated in LRRK2 mutations (i.e. 
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R1441C) (57). Studies suggest that LRRK2 GTPase domain activity regulates its kinase 

activity (56). Genetic reduction of GTP binding activity reduces LRRK2 kinase activity 

(56, 68, 69). In this way, the GTPase domain becomes the second druggable site for 

LRRK2.   

 

1.2.7. LRRK2 and Neurodegeneration 

Genetic mutations in LRRK2 provide insight into the action of LRRK2 in PD 

neurodegeneration. Abnormal elevation of the kinase activity of LRRK2 by mutations 

(i.e. G2019S) causes neuronal death, while blocking the kinase activity protects against 

neuronal death (54, 68, 69). The less characterized GTPase domain similarly plays a role 

in LRRK2-mediated neurodegeneration, however a pharmacological tool for dissecting 

these roles have not been available. The mechanisms of mutant-LRRK2-induced 

neuronal degeneration are not clear, however they are presumed to function via both 

kinase-dependent and kinase-independent pathways (78). Studies suggest that multiple 

pathways seem to be disrupted, including the caspase cascade, mitochondrial 

homeostasis, lysosome/autophagy pathway, cytoskeletal organization, and more (19).  

Identifying additional LRRK2 compounds and interaction proteins may provide more 

tools for understanding the LRRK2-linked pathways in PD pathogenesis (79).  

 

1.2.8. Transport Impairment, PD, and LRRK2 Implications 

Recent emphasis in PD has been placed on disturbances to the neural transport network 

necessary for maintaining a healthy environment. It is thought that axonal degeneration 

may precede neuronal death, and an underlying cause of this axonal degeneration is failed 
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axonal transport systems (80). Tau and α -synuclein, both known to aggregate in PD, can 

interact to cause cytoskeletal disorganization and axonal transport impairment (81). 

Vacuolar protein sorting 35 (VPS35) is a protein recently found mutated in a subset of 

PD patients, and is involved in retrograde trafficking between the ER and Golgi (82, 83). 

Even the known PD mimetic, 6-OHDA, disrupted mitochondrial transport in 

dopaminergic neurons, leading to impaired microtubules and effects on autophagy (84). 

A preponderance of evidence suggests that symptoms in PD cases could result from a 

“traffic jam” caused by transport impairment (85). 

 

The indirect evidence of LRRK2 involvement in cellular transport impairment has been 

explored, however the direct attribution of LRRK2 to neural transport has not been well 

studied. LRRK2 may be involved in endocytic trafficking and ER to Golgi transport, 

which is altered during pathogenic mutations (86-88). It is suggested to alter vesicle 

trafficking, vesicle storage, and DA receptor localization (89-92). LRRK2 may also alter 

tau interaction with microtubules to mediate neurite outgrowth (93).  LRRK2 has shown 

the ability to be transported and sorted through an interaction with Rab32 protein (94). 

The ROC domain of LRRK2 interacts with β–tubulin, and affects microtubule 

acetylation/stability, and is disrupted in the R1441G mutation (74).  LRRK2 interacts 

with Rab7 in lysosomal positioning in LRRK2 drosophila and cell models to potentiate 

axonal outgrowth, however this is deficient in G2019S mutants (95-97). LRRK2 kinase 

activity has been shown to increase lysosome size, and larger lysosomes have recently 

been attributed to decreased diffusion within cells (45, 98). Most interestingly, a recent 

subset of Rab GTPases were identified to be phosphorylated by LRRK2 through a 
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phosphoproteomic screen with potential as physiological substrates (32). As Rab proteins 

are known to be involved in trafficking events, this could point towards LRRK2 direct 

effect on neural transport of key cargoes. Therefore, studying the roles of LRRK2 in 

transport could provide novel insight into neurodegeneration in PD pathogenesis. 

 

1.2.9. LRRK2 and Protein Clearance Pathways 

The impaired clearance of toxic misfolded protein is a recurring theme in 

neurodegenerative disorders, including Alzheimer’s disesase, Huntington’s disease, 

Amyotrophic lateral sclerosis, and PD (99). Overexpression of LRRK2 increases 

cytoplasmic inclusions in cultured cells. LRRK2 has been detected in Lewy bodies, 

particularly in the G2019S mutation (17, 100). Lewy bodies are positive for ubiquitin, 

which has been primarily associated with targeting a protein for proteasomal degradation 

due to misfolding via the ubiquitin proteasome system (UPS) (101). The other main 

degradative pathway involves digestion via the lysosome/autophagy pathway, which has 

considerable impairments in PD and considerable involvement with LRRK2 and its 

pathology. These two pathways cross-talk and have been shown to work together (102). 

Recent evidence suggests that Lewy body and aggregate sequestration into an 

“aggresome” is a protective cellular response to toxic proteins, which can be degraded via 

autophagy (103).    

 

LRRK2 has been reported to be involved in the autophagy/lysosome pathway. The 

G2019S mutation has been shown to cause impaired autophagy and subsequent neurite 

shortening and cell damage, with implications in dopaminergic specific neuron 
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degeneration (104, 105).  Blocking kinase activity in LRRK2 can increase the induction 

of autophagic events (53, 106). Pathogenic mutations induce deficits in autophagic flux 

and deteriorated lysosome degradative capacity (45, 46). LRRK2 disrupts aggresome 

formation and its autophagic clearance in human neuroblastoma SH-SY5Y cells and 

transgenic mice models, particularly in the G2019S mutation (107). Recent reviews of 

LRRK2 pathobiology place it at the center of a coordinated interplay between autophagy 

and trafficking dynamics (35). Similarly, LRRK2 recently demonstrated a role in 

selective autophagy through a direct interaction with the p62 receptor (102). Selective 

autophagy degrades ubiquitinated cargoes through the autophagy-lysosome pathway and 

involves components of both degradation systems as an alternate option for regulating 

intracellular events and insults (108).  

 

LRRK2 has been shown to be ubiquitinated, however the mechanisms and effects on 

disease propagation remain unclear. A recent study suggests that dephosphorylation of 

LRRK2 at upstream autophosphorylation sites lead to increased K48 and K63-linked 

ubiquitination (109). Ubiquitin signaling is mediated through chain formation at seven 

distinct lysine residues with varied downstream effects, with K48 and K63 relating to 

proteasomal degradation and aggregation/proteasome-independent processes, 

respectively. Another report has identified atypical K27 and K29 linkages on LRRK2 

signaling for neuroprotective aggregate formation (101). Previous reports associate 

LRRK2 with ubiquitin ligase interaction partners and other proteins involved in the 

pathway (i.e. CHIP and parkin) (27, 28). Interestingly, LRRK2 and the G2019S mutation 

demonstrate an increase in ubiquitination and impaired autophagic turnover when the 
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proteasome is inhibited (107). Further insight into LRRK2’s involvement in this tightly 

regulated pathway would be paramount to developing disease altering therapeutic 

remedies. 

    

1.2.10. Prospective LRRK2-linked therapeutics 

Given that most of the PD-linked mutations occur within LRRK2’s enzymatic regions 

and these aberrant enzymatic activities result in neuronal degeneration, the kinase and 

GTPase domains represent potential druggable sites for pharmacological manipulation 

for successful disease-modifying strategies (110). Increasing efforts focus on the 

development of LRRK2 kinase inhibitors targeting the kinase domain to reduce the 

overactive LRRK2 kinase activity and neuronal degeneration. Several promising 

inhibitors have been developed (71). These kinase inhibitors have demonstrated 

significant reductions in mutant LRRK2-induced neurodegeneration and abnormalities in 

cell and animal models (3, 69, 71, 111). However, none of them have yet to be proven 

successful in the clinic. In terms of safety, long-term inhibition of kinase activity could 

result in adverse events, such as lung toxicity, bowel problems, and kidney dysfunction 

due to the high levels of LRRK2 expression there (61, 73, 112). In addition, problems 

arise due to the low blood brain barrier (BBB) permeability of these compounds as well 

as a lack of LRRK2 specificity. For example, LRRK2-IN-1 is a LRRK2 kinase inhibitor 

that acts as an ATP competitor. It is active in the low nanomolar range in cellulo, 

however only shows efficacy in brains at a high 100mg/kg dose following i.p. injection in 

mice (111). This is due to its poor blood brain barrier permeability, as well as a level of 

promiscuity with other kinases as recognized by various groups during characterization 
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(71). Due to unavailable structural data for the kinase domain of LRRK2, many models 

rely on the structures of similar but distinct kinases for rational design, making many of 

these attempts at finding a selective yet BBB permeable inhibitor merely a shot in the 

dark. Many groups and companies, including Pfizer, Elan, Genentech, GSK, and 

Novartis, continue to attempt building upon lead compounds in the hopes of better 

success in attenuating LRRK2-PD symptoms in humans (71). Without a clear 

physiological substrate, there is still a long way to go to develop kinase inhibitors as 

clinical drugs (110). 

 

Despite their high level of convergence, the kinase and GTPase activities possess 

independent functions within the context of LRRK2, many of which are still being 

identified (78). For example, the ROC-COR domains and GTPase activity seem of 

particular importance in regulating LRRK2 signaling to Wnt in membrane scaffolding, 

axon guidance/elongation, and microtubule organization, however this is perturbed 

following kinase inhibition (75, 113). Although kinase activity inhibition may seem 

obvious given the nature of the G2019S mutation, this strategy may not be suitable for all 

LRRK2 mutations (61). Mutations in the ROC domain, such as R1441C, indicate that 

GTP-binding stabilizes an active LRRK2 conformation that is prolonged due to 

decreased GTPase activity (110). As such, an attempt at inhibiting GTP-binding could 

prove a more effective strategy for the range of mutations seen throughout LRRK2 

pathology. Thus, my research efforts focus on targeting the GTPase domain and 

developing compounds for further pathogenesis and therapeutic studies.   
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Chapter 2: Overall Hypothesis and Specific Aims 

 

 
 

2.1.  Rationale of Targeting the LRRK2 GTPase Domain  

The prevalence of PD in older adults represents a serious health concern without 

adequate treatment options (12). The contributions of LRRK2 to both familial and 

sporadic PD cases, as well as its involvement in a variety of cellular functions, make it a 

protein with high potential for development into a treatable entity and a great need for 

further study (16, 18, 20). Despite the knowledge surrounding LRRK2 and its 

involvement in PD, a lack of clinically viable drugs and pharmacological tools exist 

today. The development of novel GTP-binding inhibitors of LRRK2 could provide an 

alternate treatment strategy, and could provide insight into the role of LRRK2 within its 

cellular context. 

 

It has been shown that the LRRK2 kinase activity responsible for neurodegeneration is 

GTP-binding dependent, and genetically inhibiting GTP-binding with the LRRK2-

K1347A mutation mitigates this kinase activity and reduces mutant LRRK2-induced 

neurodegeneration (56, 68, 69). Thus, pharmacologically targeting the GTP-binding site 

to prevent LRRK2 binding with GTP could be neuroprotective and suppress degeneration 

in PD pathogenesis. Although neither the crystal structure of full length LRRK2 nor its 

kinase domain are yet available, the ROC-COR GTPase domain complexed with GDP 

and Mg+2 has been crystallized (22, 23). This provides an invaluable advantage for using 

computer-aided drug design (CADD) to identify the small molecular compounds that 

could inhibit GTP-binding activity (114-118). This CADD approach, in combination with 
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biological screens, will be used to identify the lead LRRK2 GTP-binding inhibitor.  

 

We predict that LRRK2 GTP-binding inhibitors will reduce LRRK2 GTP-binding 

activity, thereby reducing kinase activity and attenuating mutant LRRK2-induced 

neurodegeneration and PD pathology. Our overall hypothesis is that LRRK2 GTP-

binding inhibitors can protect against neuronal degeneration by targeting aberrant 

biological functions of LRRK2 PD mutations.  

 

2.2.  Specific Aims 

 

Aim 1. Identify novel lead compounds that inhibit LRRK2 GTP-binding activity. 

We will identify LRRK2 GTP-binding using a combination of CADD and biological 

screens. We will use in vitro and in vivo LRRK2 models to assess the efficacy of positive 

hits from the CADD screen. Our goal is to identify a LRRK2 GTP-binding inhibitor with 

potency at a low nanomolar concentration, which can penetrate into the brain and 

demonstrate in vivo efficacy. Significance: These studies will provide a lead 

compound for further optimization, as well as future therapeutic and pathogenesis 

studies. 

  

Aim 2. Optimize lead LRRK2 GTP-binding inhibitors for in vivo efficacy. We will 

combine CADD, chemical synthesis and design, and biological screens to synthesize 

novel analogs of lead compounds from Aim 1. Our goal is to identify novel LRRK2 

GTP-binding inhibitors that are potent with high in vivo efficacy in order to penetrate the 
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BBB and inhibit LRRK2 enzymatic activity in the brain. Significance: These studies 

will optimize the lead compounds to improve in vivo efficacy and further prepare 

compounds for in vivo animal model testing and drug development. These studies 

will also provide better tools to dissecting LRRK2 functions for pathogenesis 

studies. 

 

Aim 3. Determine whether GTP-binding inhibitors alter mutant-LRRK2-induced 

neural transport impairment. We will develop and optimize a time-lapse live cell 

imaging technique for monitoring mitochondrial and lysosomal transport in cells 

expressing LRRK2 mutants. We will use the novel GTP-binding inhibitors from Aims 1 

and 2 to assess their effects on mutant-LRRK2-linked mitochondrial and lysosomal 

transport abnormalities in human neuroblastoma SH-SY5Y cells. Significance: These 

studies will provide novel insight into the roles of LRRK2 in neuron transport and 

provide the early mechanisms of LRRK2-linked neurodegeneration via impairing 

neural transport functions. These studies will also determine the role of LRRK2 

GTP-binding inhibition in maintaining neural transport functions. 

 

Aim 4. Assess whether GTP-binding inhibitors alter LRRK2-linked ubiquitination 

and aggregate formation. We will study LRRK2-linked ubiquitination changes 

following treatment with GTP-binding inhibitors from Aims 1 and 2. We will assess 

which ubiquitin linkage is involved in LRRK2-linked ubiquitination and protein 

aggregation and whether LRRK2 GTP-binding inhibitors alter these processes using 

immunoprecipitation, ubiquitination assays, and double immunofluorescence assays. 
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Significance: These studies will provide the novel understanding of LRRK2 GTP-

binding activity in LRRK2-linked ubiquitination and protein aggregation pathways 

underlying PD pathogenesis. 
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Figure 2.1 LRRK2 activation model in PD pathology and intervention strategy. Figure was adapted from 

Rosenbusch K.E. and Kortholt A. Parkinson’s Disease. 2016 (18, 21, 119). 

 (A) Wild-type LRRK2 function. (B) Pathologic LRRK2 function in PD.   
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 Figure 2.1 (cont’d) LRRK2 activation model in PD pathology and intervention strategy. Figure was 

adapted from Rosenbusch K.E. and Kortholt A. Parkinson’s Disease. 2016 (18, 21, 119). 

 (C) GTP-binding inhibitors could protect against LRRK2 PD. (D) Experimental approach for identifying 

(Aims 1 and 2) and characterizing (transport, Aim 3; ubiquitination, Aim 4) GTP-binding inhibitors.    

X 
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2.3.  Significance and Overall Impact  

These studies will yield novel LRRK2 GTP-binding inhibitors with the ability to 

penetrate the BBB for bioactivity within the brain. These inhibitors will provide insight 

into the relationship between GTP-binding and kinase activities of LRRK2, as well as the 

novel mechanisms underlying LRRK2-linked neuronal degeneration, ubiquitination, and 

protein aggregation. These studies not only provide the lead compounds for further drug 

development but also provide the pharmacological probes for further LRRK2 and PD 

pathogenesis studies. Thus, this study will have a critical impact on uncovering aberrant 

LRRK2 biological functions in PD pathogenesis and providing lead compounds for 

therapeutic studies that will benefit the LRRK2-related PD patients.  
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Chapter 3: A Novel Compound, 68, Inhibits LRRK2 GTP-binding 

Activity in Parkinson’s Disease Cell and Mouse Models
1 

 

3.1.  Rationale 

An emphasis on the development of kinase inhibitors has been seen previously for 

LRRK, with several structurally distinct compounds having been developed and reported 

(111, 120-122). So far, none of these inhibitors have made it through to the clinic, with 

problems occurring based on non-specificity, low BBB permeability, and toxicity (123, 

124). The development of GTPase domain inhibitors for LRRK2 has not been well 

pursued despite the supportive evidence of their possible applicability. Genetic ablation 

of GTP-binding in the K1347A mutant decreases kinase activity in LRRK2 and protects 

against LRRK2 neurotoxicity. This provides evidence that kinase activity in LRRK2 is 

dependent GTP-binding and GTPase activity (50, 57, 69). Recent studies have shown that 

increased autophosphorylation of LRRK2 increases GTPase activity and GTP-binding 

(50, 125). Mutations in both the kinase and GTPase domains can alter GTP-binding and 

kinase output in apparently reciprocal manners (16, 18, 20, 26, 55, 56). These findings 

suggest that the GTP-bound state of LRRK2 activates kinase activity until catalytic 

turnover and GTPase activity shuts off this kinase activity (21, 77).  Thus targeting GTP-

binding activity could be a novel therapeutic strategy for preventing LRRK2-linked 

neurodegeneration underlying PD pathogenesis.   

  

 
1
 Adapted from the publication: Li T, Yang D, Zhong S, Thomas JM, Xue F, Liu J, Kong L, Voulalas P, 

Hassan HE, Park JS, MacKerell AD, Smith WW. Novel LRRK2 GTP-binding inhibitors reduced 

degeneration in Parkinson's disease cell and mouse models. Human molecular genetics. 2014 Dec 

1:23(23):6212-22. 
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Computer-aided drug design (CADD) has been previously effective in using chemical 

library screening methods to identify novel compounds for protein targets when crystal 

structure data is present (126). The GTP-binding domain of LRRK2 has been previously 

crystallized when complexed with guanosine diphosphate (GDP) and Mg
2+

 (PDBID 

2zej), allowing for a structural basis for this target when searching for potential inhibitors 

(23). In collaboration with the MacKerell group, a virtual database CADD screening was 

performed for potential compounds that may target the ROC domain and disrupt the 

GTP-binding pocket. About 1.5 million commercially available low-molecular weight, 

drug-like entities were screened with this goal (127). There were 195 compounds initially 

identified from CADD screens, which were subjected to initial biological screens using a 

GTP-binding assay. The top effective compound, 68, was identified from both these 

CADD and biological screens.   

  

3.2.  Materials and Methods 

3.2.1. Materials and reagents 

Anti-LRRK2 and anti-phosphorylated LRRK2 antibodies were purchased from Michael 

J. Fox Foundation. S935 and S2032 anti-LRRK2 phosphorylation antibodies were a gift 

from Drs. Zhenyu Yue and Ted M. Dawson (128, 129). Cell culture media and 

transfection LipofectAMINE Plus reagent were purchased from Invitrogen (Carlsbad, 

CA). Anti-Flag antibody was bought from Sigma (St Louis, MO, USA). Compound 68 

was purchased from Chembridge. 
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3.2.2. CADD screen 

CADD database screening was performed targeting the GTP domain as described 

previously (127, 130-133). Briefly, CADD analysis was performed to identify putative 

inhibitor binding sites on the 3D structure of the ROC homodimer using the Binding 

Response algorithm (23, 127, 131). Docking and simulations were performed with the 

programs CHARMM (134), NAMD (135), and Dock 4.01 (136) to screen an in 

silico database of a 1.5 million compound library. Further CADD screening details will 

be available in a follow-up publication from Dr. Alex MacKerell’s group. Select 

compounds that could potentially bind the ROC domain of LRRK2, were of low 

molecular weight, and contained drug-like physiochemical properties were validated in 

biological assays for GTP-binding and kinase activities. Our threshold for positive hit 

was any compound that can inhibit LRRK2 GTP-binding by at least 50% compared with 

untreated control. From here, a series of compounds has been identified. My study only 

focused on the top effective compound, 68, and it novel analogs.  

 

3.2.3. Cell culture and LRRK2 transfection 

Human embryonic kidney HEK293T cells were purchased from ATCC (Manassas, VA, 

USA). HEK293T cells were grown in DMEM supplemented with 10% FBS and 1% 

penicillin/streptomycin, as described previously (69). Plasmids for Flag-tagged wild-type, 

G2019S, and R1441C were described previously. These constructs were cloned and 

inserted into the pcDNA3.1 vector backbone (69). Transfections were performed 

transiently using Invitrogen’s Lipofectamine™ and PLUS™ Reagents according to the 

manufacturer's protocol. 



26  

3.2.4. LRRK2 GTP-binding and kinase autophosphorylation assays 

The LRRK2 kinase assay was based off of previous autophosphorylation studies (69, 

128, 129). The various LRRK2 constructs mentioned above were transfected into 

HEK293T cells variants for 36 h and were starved with no-serum media for an additional 

12 h. Cells were then treated with select compounds for 1 h and lysates harvested using 

lysis buffer (Cell Signaling). 68 and FX2149 at various concentrations were dissolved in 

0.1% DMSO and cells were treated for 24 h before harvesting. Anti-Flag antibodies were 

used to immunoprecipitate cell lysates, which were then subjected to western blot 

analysis using anti-Flag and anti-phosphorylated LRRK2 antibodies (S2032). Input levels 

of LRRK2 were immunoblotted as well for control purposes. GTP-binding assays were 

previously performed (69) and were carried out as follows: Cell lysates were brought to a 

concentration of 100 µg of protein and incubated with vehicle or compounds (68 and 

FX2149) at various concentrations for 1 h. GTP-agarose (Sigma) was added to samples 

for an additional 2 h in the cold room at 4°C. The conjugated-agarose was washed three 

times with cell lysis buffer and once with PBS, and bound protein was eluted through 

addition of 2X SDS-PAGE sample buffer supplemented with 3% βME. Samples were 

heated for 5 min at 85°C prior to electrophoresis. Gels were transferred for 3.5 h on 

PVDF membranes and immunoblotted with anti-Flag and anti-phosphorylated LRRK2 

antibodies (S2032). 

 

3.2.5. Mouse brain enzymatic activity assays 

Mouse injections were performed intraperitoneally in 6-12 week old G2019S-LRRK2 

BAC transgenic mice purchased from The Jackson Laboratory. A 10% DMSO / 0.9% 
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saline solution at concentrations of 10 mg/kg and 20 mg/kg was employed for 68 and 

vehicle treatments (137). Following in vivo mouse injection studies, mouse brains were 

homogenated in radioimmunoprecipitation assay (RIPA) buffer (Cell Signaling). Anti-

Flag antibodies were used to immunoprecipitate brain homogenates for 1 h and western 

blot analysis was used to quantify phosphorylated LRRK2 for measuring LRRK2 kinase 

activity. In addition, GTP-binding activity was assessed by incubating brain homogenates 

from treated animals with GTP-agarose, as done will cell lysates. GTP-binding ability in 

G2019S-LRRK2 brains was quantified via western blot. Three separate experiments were 

performed for each mouse injection condition. 

 

3.2.6. Data analysis 

Quantitative data were expressed as arithmetic means +SEM based on at least three 

separate experiments. Sigmastart 3.1 statistical software (Aspire Software International, 

VA) was used to measure differences that were statistically significant between groups 

through ANOVA analysis. A p value <0.05 was considered significant.  

 

3.3.  Results 

3.3.1. 68 inhibits LRRK2 GTP-binding activity in vitro  

Based on the CADD virtual screen mentioned above, 195 select compounds were subject 

to GTP-binding assays for biological efficacy screening at 10 µM concentrations. After 

the initial screen, compound 68 was the top effective compound in inhibiting GTP-

binding activity, with at least 90% inhibition at a 10 µM concentration. As shown in Fig. 

3.1, 68 reduced GTP-binding in G2019S-LRRK2 and R1441C-LRRK2 mutant-
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expressing HEK293T cells. Meanwhile, a structurally similar inactive analog 

of 68, FX2151, had no effect on LRRK2 GTP-binding.    

 

 

A 

 

68 

 
 

B 

  
 

 

Figure 3.1 Compound 68 inhibits GTP-binding in vitro in LRRK2 mutants. 

(A) Chemical structure of lead compound 68. (B) HEK293T cells were transfected with R1441C- or 

G2019S-LRRK2 pathogenic mutants and harvested after 48 h. Cell lysates were incubated with 68 (10 µM) 

or DMSO control for 1 h before pulldown with GTP-conjugated agarose. 68 reduced LRRK2 GTP-binding 

in both mutants compared with DMSO-treated controls. FX2151 structural analog had no effect on GTP-

binding.  
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3.3.2. Pharmacological GTP-binding inhibition with 68 suppresses LRRK2 kinase 

activities in vitro 

Although genetic inhibition of GTP-binding has been previously shown to decrease 

LRRK2 kinase activity, a pharmacological tool has yet to become available for such 

confirmation (56, 68, 69). Here, we show that 68 treatment attenuated LRRK2 

autophosphorylation in G2019S-LRRK2-expressing HEK 293T in a dose-dependent 

fashion (Fig. 3.2). Inhibition of phosphorylation at the S2032 site was observed at as low 

as 1 nM treatment of 68 compared with vehicle treated-control, as analyzed through 

kinase assays and western blot assessment.  

 

 

 

    

 

 

Figure 3.2 GTP-binding inhibition with 68 reduces LRRK2 kinase activity. 

HEK293T cells were transfected with G2019S-LRRK2 for 48 h, then cells were treated with 68 for 1 h 

prior to harvesting. Kinase activity was determined by immunoprecipitating LRRK2 with Flag-agarose and 

analyzing for autophosphorylation at S2032. 68 dose-dependently diminished autophosphorylation of 

LRRK2, with measurable inhibition at as low as 1 nM concentration.  
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3.3.3. 68 decreases GTP-binding activity in G2019S-LRRK2 transgenic mouse 

brains 

To test for the ability for 68 to permeate the BBB in vivo, G2019S-LRRK2-BAC 

transgenic mice were treated with 68. Vehicle or 68 dissolved in 10% DMSO / 0.9% 

saline solution was administered intraperitoneally at a dose of 10 and 20 mg/kg. Brain 

homogenates were tested for GTP-binding abilities and kinase activity through GTP-

agarose and autophosphorylation assays. Following an hour treatment at a dose of 20 

mg/kg, 68 reduced GTP-binding in LRRK2 in G2019S brain homogenates (Fig. 3.3). 

This was not seen in vehicle treated nor in FX2151 non-GTP-binding analog treated 

mice. At the lower dose of 10 mg/kg, 68 did not affect GTP-binding.  

 

3.3.4. 68 attenuates kinase activity in G2019S-LRRK2 transgenic mouse brains 

Brain homogenates from treated mice were analyzed for the ability of 68 to affect 

LRRK2 kinase activity in the brain following intraperitoneal injection. 68 attenuated the 

heightened autophosphorylation of G2019S mouse brains following 20 mg/kg treatment 

for 1 h (Fig. 3.4). The non-GTP binding analog FX2151 did not decrease LRRK2 

autophosphorylation in these brains. Together, this data provides evidence that 68 can 

penetrate the BBB following a 20 mg/kg i.p. injection.  
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A            

    

 

B            

 

Figure 3.3 68 reduces GTP-binding in G2019S-LRRK2 mouse brains following injection. 
(A) BAC transgenic G2019S mice were injected intraperitoneally with vehicle, FX2151 (20 mg/kg), or 68 

(20 mg/kg) for 1 h. Brains were homogenated and incubated with GTP-agarose to assess GTP-binding 

ability. Compound 68 decreased GTP-bound LRRK2 in brain homogenates compared with vehicle or 

FX2151 treatment, as seen following western blot analysis. (B) Normalized GTP-binding was quantified 

from at least three separate experiments with separately injected G2019S mice. A non-transgenic (NTg) 

mouse was used as a negative control. *p< 0.05 by ANOVA compared to G2019S vehicle-treated control.  
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A  

    

 

 

B 

 

Figure 3.4 68 attenuates LRRK2 kinase activity in G2019S-LRRK2 mouse brains following injection. 

(A) BAC transgenic G2019S mice were injected intraperitoneally with vehicle, FX2151 (20 mg/kg), or 68 

(20 mg/kg). After 1 h, brains were homogenated and immunoprecipitated with Flag-agarose. Samples were 

probed for phosphorylated LRRK2 via western blot analysis to measure kinase activity and probed for Flag 

as an input control. Compound 68 decreased LRRK2 autophosphorylation in brain homogenates compared 

with vehicle or FX2151 treated mice. (B) Relative ratios of LRRK2 phosphorylation to LRRK2 input levels 

were quantified for at least 3 different mice for each condition. *p< 0.05 by ANOVA compared to G2019S 

vehicle-treated control.  
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3.4.  Summary and Discussion 

A novel GTP-binding inhibitor of LRRK2, 68, was identified using a CADD virtual 

database screen targeting its ROC domain. Compound 68 demonstrated the ability to 

block LRRK2 GTP-binding and thus reduce kinase activity. This is the first report of a 

LRRK2 GTP-binding inhibitor in the literature. Furthermore, reductions in GTP-binding 

and kinase activities were seen in G2019S-LRRK2 transgenic mouse brains following i.p. 

injection of 68 at a dose of 20 mg/kg in as little as an hour. This evidence points towards 

the ability of 68 to penetrate the BBB and confer target engagement. 

 

Despite extensive studies on LRRK2 and its participation in a multitude of cellular 

processes, a bona fide physiological function of the protein has yet to be identified (77). 

Hyperactive kinase activity in pathogenic LRRK2 mutations causes neuronal 

degeneration in PD (2, 3, 18). As kinase activity in LRRK2 has been suggested to be 

GTP-binding dependent, it can be speculated that inhibitors of GTP-binding could confer 

neuroprotection (20, 56, 68, 69). Further studies investigating 68 showed that the 

compound reduced G2019S-induced degeneration both in human neuroblastoma SH-

SY5Y cells as well as primary cortical neurons. Cell viability was retained in both 

models following treatment with 68, as measured through counting the number of cells 

expressing GFP and a smooth neurite (no swellings) at least twice the length of the soma 

following LRRK2 construct co-transfection with pcDNA3.1-GFP. Similarly, TUNEL 

assays confirming DNA damage and cell death validated a neuroprotective effect of 68 

on G2019S expressing SH-SY5Y cells. To further prove this point, an in vivo experiment 

demonstrated that 68 suppresses LPS-induced LRRK2 upregulation and 
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neuroinflammatory microglial activation. G2019S-LRRK2 transgenic mice were injected 

intraperitoneally with vehicle or 68 1h prior to LPS injection into their substantia nigra 

pars compacta. These mice were treated twice daily for three days prior to perfusion, 

dissection of slices through the substantia nigra, and immunostaining for LRRK2 and 

microglial activation marker isolectin. These results further indicate that 68 shows 

promise in attenuating LRRK2-associated disease propagation in a neuroinflammation 

mouse model. Another agent from the CADD screen with superior in vitro efficacy, 

compound 70, similarly demonstrated inhibition of both GTP-binding and kinase 

activities in LRRK2. However, issues arising due to the solubility of 70 prevented it from 

being tested using our in vivo mouse models (138). 

 

Our studies support the previous evidence that LRRK2 GTP-binding regulates kinase 

activity, as well as the genetic finding that relate the ablation of GTP-binding to a 

reduction in kinase activity and autophosphorylation (50, 56, 68, 69, 125). Furthermore, 

our results demonstrate that the ROC domain of LRRK2 could serve as a druggable target 

with clinical potential. In cell models, 68 inhibited LRRK2 GTP-binding and kinase 

activities in the low nanomolar range, a similar order of magnitude to the most active 

kinase inhibitor in vitro, LRRK2-IN-1 (111, 138).  

 

Importantly, our novel compound can penetrate the BBB, although at a relative high dose 

of 20 mg/kg. Developing drug-like entities that can cross the BBB remains a particular 

challenge in addressing neurodegenerative treatments, including PD (123, 124). Thus, in 

Aim 2, we will aim to improve the BBB penetration by optimizing 68.  
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Nevertheless, our results provide the first successful identification of a GTP-binding 

inhibitor that can protect against LRRK2-induced neuronal degeneration. These studies 

provide the lead compound 68 for further optimization and drug development studies, as 

well as provide a useful pharmacological tool for dissecting LRRK2 functions and PD 

pathogenesis.      
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Chapter 4: FX2149, a Novel Analog of 68, Improved In Vivo 

Efficacy of Inhibiting LRRK2 GTP-binding Activity in a Mouse PD 

Model
2 

 

4.1.  Rationale 

Although the currently reported LRRK2 kinase inhibitors are in the development stage, 

none are yet available in the clinic. The greatest challenge in developing compounds into 

intervention drugs for PD is low in vivo efficacy due to poor BBB penetration (123).  

 

Compound 68 has very potent in vitro efficacy in reducing GTP-binding and kinase 

activities in the low nalomolar concentration range. However, the in vivo efficacy of 68 is 

moderate, and a large dose is needed to reduce LRRK2 GTP-binding and kinase activities 

in mouse brains (138). In order to improve the in vivo efficacy, in collaboration with a 

medicinal chemist, Dr. Fengtian Xue’s group, we designed and synthesized novel analogs 

of 68 with altered structures. The novel analogs were designed to improve brain uptake of 

the compounds while also keeping the potency for reducing LRRK2 GTP-binding 

activity. In total, 43 analogs were synthesized and subjected to biological testing and 

characterization. Here, we reported one of these analogs, FX2149, significantly improved 

the in vivo efficacy in mouse brains.  

 

 

 
 
2
 Adapted from the publication: Li T, He X, Thomas JM, Yang D, Zhong S, Xue F, Smith WW. A Novel 

GTP-Binding Inhibitor, FX2149, Attenuates LRRK2 Toxicity in Parkinson’s Disease Models. PLoS One. 

2015 Mar 27:e0122461. 
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4.2.  Materials and Methods 

4.2.1. Materials and reagents 

Anti-LRRK2 and anti-phosphorylated-LRRK2 antibodies were purchased from Michael 

J. Fox Foundation. Anti-Flag antibodies and anti-Flag-agarose were bought from Sigma 

(St. Louis, MO, USA). Compound 68 was custom ordered and synthesized by 

Chembridge. FX2149 and FX2151 were designed using 68 as a lead compound and 

synthesized by Dr. Fengtian Xue’s group. Compounds were dissolved in 0.1% DMSO for 

in vitro GTP-binding and autophosphorylation assays, and dissolved in 10% DMSO/ 

0.9% saline for in vivo mouse intraperitoneal injections. LipofectAMINE and Plus 

transfection reagents were bought from Invitrogen, along with DMEM cell culture media.     

  

4.2.2. LRRK2 plasmids and transfection 

LRRK2 plasmids and transfection techniques are described in detail in Chapter 3.2.3. 

 

4.2.3. LRRK2 kinase (autophosphorylation) and GTP-binding assays 

LRRK2 kinase and GTP-binding assays are described in detail in Chapter 3.2.4. 

 

4.2.4. Data analysis 

Quantitative data were analyzed using ANOVA by Sigmastart 3.1 statistical software 

(Aspire Software International, VA). Data are shown as arithmetic means ± SEM from at 

least three separate experiments and a p value <0.05 was considered statistically 

significant.   
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4.3.  Results 

4.3.1. FX149 reduced LRRK2 GTP-binding activity in vitro 

The GTP-binding potential of 43 novel compounds synthesized by Dr. Fengtian Xue’s 

group, using compound 68 as the lead candidate, were determined using GTP-agarose 

assays as described in detail in Chapter 3. HEK293T transiently transfected to express 

G2019S- and R1441C-LRRK2 mutants were harvested and allowed to incubate with our 

compounds for 1 h prior to GTP-agarose pulldown for 2 h. GTP-binding levels were 

analyzed via western blot as compared with vehicle treated negative control and lead 

compound 68. Our most promising candidate, FX2149, significantly inhibited GTP-

binding at 10nM compared with DMSO treated controls in G2019S cell lysates (Fig. 4.1). 

These levels were similar to lead compound 68 at the same 10 nM concentration in 

G2019S. FX2149 also significantly inhibited GTP-binding in R1441C mutants.  

 

4.3.2. FX2149 attenuated LRRK2 kinase activity in vitro 

To further determine whether FX2149 inhibits LRRK2 autophosphorylation, as 

previously observed with lead compound 68 (138), G2019S expressing HEK293T cells 

were treated with FX2149 at concentrations of 0, 10, and 100 nM. Following a 1 h 

treatment period, lysates were subject to LRRK2 kinase activity assays. FX2149 

significantly attenuated G2019S-induced LRRK2 autophosphorylation at S935 and 

S2032 at a 100 nM concentration (Fig. 4.2). This reduction was by about 90% compared 

with vehicle-treated G2019S cells, which remained consistent for over three separate 

experiments. The non-GTP binding analog of 68, compound FX2151, did not 

demonstrate any effect on LRRK2 autophosphorylation compared with vehicle treated 
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controls. This is consistent with our previous data on compound 68. 
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 A 

  

 B            

  

 C            

  

Figure 4.1 FX2149 inhibits GTP-binding of LRRK2 mutants in cell models. 

(A) Chemical structures of lead compound 68 and FX2149 with proposed LogP and LogBB values from 

computational simulation. (B) FX2149 inhibits GTP-binding in HEK293T cell lysates expressing G2019S-

LRRK2 at levels similar to 68 at 10 nM concentrations. FX2149 also inhibits R1441C-LRRK2 GTP-

binding. (C) GTP-binding agarose was normalized to input LRRK2 levels and quantified from at least three 

separate experiments. *p< 0.05 by ANOVA compared to G2019S vehicle-treated control. 
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A             

  

 B            

 

Figure 4.2 FX2149 inhibits autophosphorylation of LRRK2 mutants in cell models. 

(A) FX2149 reduces autophosphorylation of LRRK2 at S935 and S2032 in HEK293T cells transfected with 

G2019S-LRRK2. Robust inhibition was seen at a 100 nM concentration. Vehicle treated control and 

FX2151 non-GTP-binding analog did not alter LRRK2 phosphorylation. (B) Ratios of LRRK2 S935 and 

S2032 phosphorylation to total LRRK2 input levels were quantified for at least 3 separate experiments. *p< 

0.05 by ANOVA compared to G2019S vehicle-treated control.   
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4.3.3. FX2149 inhibited LRRK2 GTP-binding activity in G2019S mouse brain 

To assess the efficacy in the ability of FX2149 to penetrate the BBB, G2019S-LRRK2-

BAC transgenic mice were injected intraperitoneally with both 68 and FX2149. As done 

previously in Chapter 3, brains were homogenized one hour post-injection. GTP-agarose 

binding assays were used to quantify GTP-binding activity, which demonstrated that 

FX2149 inhibited LRRK2 GTP-binding compared with vehicle treated control. Although 

both 68 and FX2149 inhibited LRRK2 GTP-binding in mouse brains, FX2149 exhibited 

equivalent inhibition at 10 mg/kg as 68 did at the higher 20 mg/kg dose (Fig. 4.3). This 

demonstrates that FX2149 has greater in vivo efficacy than 68 in reducing LRRK2 GTP-

binding. 

 

4.3.4. FX2149 reduced LRRK2 kinase activity in brains of G2019S mice 

In order to further determine whether FX2149 can inhibit LRRK2 kinase activity in vivo, 

kinase assays were performed using injected G2019S-LRRK2 brain homogenates. This 

revealed that autophosphorylation of LRRK2 was not only inhibited in mouse brains, but 

reduced to a similar extent following FX2149 injection at 10 mg/kg as 68 at the higher 20 

mg/kg administration (Fig. 4.4). This data validates that FX2149 is able to permeate the 

BBB and engage its LRRK2 target to a greater extent than lead compound 68, thereby 

reducing both GTP-binding and kinase activities.      
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 A        

 

 B            

                           

Figure 4.3 FX2149 reduces GTP-binding in G2019S-LRRK2 mouse brains to a greater extent than 68 

following injection.  

(A) FX2149 inhibits GTP-binding of LRRK2 in brain homogenates of transgenic G2019S-LRRK2 mice 

following intraperitoneal injection at 10 mg/kg. Inhibition was similar in level to 68 following 20 mg/kg 

injection. (B) GTP-binding activity was quantified using western blot from at least three separate mouse 

injections, with consistent inhibition following treatments. *p< 0.05 by ANOVA compared to G2019S 

vehicle-treated control.   
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 B            

    

Figure 4.4 FX2149 decreases autophosphorylation in G2019S-LRRK2 mouse brains to a greater extent 

than 68 following injection.  

(A) FX2149 reduces LRRK2 S935 and S2032 autophosphorylation in brains of G2019S mice following i.p. 

injection. FX2149 at 10 mg/kg demonstrates similar kinase activity to 68 at 20 mg/kg following injections. 

(B) Percent of phosphorylated LRRK2 to input levels were quantified for at least 3 mouse injection 

experiments for each condition. *p< 0.05 by ANOVA compared to G2019S vehicle-treated control.  
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4.4.  Summary and Discussion 

We have designed and synthesized a series of novel analogs of 68 in order to improve the 

in vivo efficacy of LRRK2 inhibition. Our biological screens identified one of the most 

promising candidates, FX2149, from these analogs. FX2149 inhibited GTP-binding and 

autophosphorylation of LRRK2 in vitro at low nanomolar concentrations, similar to that 

of 68. Most importantly, FX2149 inhibited GTP-binding and autophosphorylation of 

LRRK2 in G2019S mouse brains at half the dose of 68 (10 mg/kg vs. 20 mg/kg, 

respectively). These findings indicate that FX2149 is a more promising LRRK2 GTP-

binding inhibitor for in vivo testing and potential further drug development.  

 

Additional characterization of FX2149 demonstrated neuroprotection against mutant 

LRRK2 toxicity in SH-SY5Y human neuroblastoma cells. Both viability (GFP-positive 

cells with at least one smooth neurite twice the length of the soma) and TUNEL assays 

exhibited that FX2149 protects against cell death in LRRK2 pathogenic mutations. 

Likewise, FX2149 attenuated neuroinflammatory responses in an LPS model of LRRK2-

PD, in which LPS was injected into the substantia nigra of G2019S-LRRK2 BAC 

transgenic mice. FX2149 lessened microglial activation (observed through 

immunohistochemical and immunofluorescent analysis of isolectin as an inflammatory 

biomarker), as well as decreased LRRK2 upregulation, when injected intraperitoneally 

(10 mg/kg) 1 h prior to LPS administration and b.i.d. for three additional days. This adds 

confirmation for the ability of FX2149 to reach the brain and exhibit neuroprotective 

mechanisms and confer neuronal survival in LRRK2 models of PD (139).      
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Many agents seeking to instill positive change in neurodegenerative disorders do not 

move through to clinic due to their inability to act centrally. A huge hurdle for 

neurodegenerative drug development has been to identify bioactive compounds that 

simultaneously cross the BBB (123, 124). Current LRRK2 kinase inhibitors lack 

selectivity and BBB permeability (70, 71). We have previously demonstrated that a 

second druggable target within the GTPase domain of LRRK2 protects against 

neurodegeneration through inhibition of GTP-binding and kinase activities (138). Novel 

analogs of lead compound 68 were synthesized with the goal of optimizing in vivo 

efficacy. The chemical structure of 68 was modified in our novel FX2149 compound by 

replacing the phenylsulfonyl head with a pyridine-3-sulfonyl head, with the goal of 

making the compound slightly more basic. Weak bases have shown greater ability to act 

centrally as seen in previously successful therapeutic agents (140). Substituting the 

methoxyethyl tail of 68 with a less obtrusive propyl tail in FX2149 attempted to improve 

GTP-binding pocket engagement.     

 

In conclusion, our studies identify and characterize a novel LRRK2-specific GTP-binding 

inhibitor, FX2149, with improved BBB bioactivity. Hence, this agent possesses 

optimized potential as a lead compound for future drug development within the GTP-

binding pocket of LRRK2. Our results further lend to the potential of targeting the 

GTPase domain of LRRK2 as a neuroprotective and disease-modifying therapy for PD 

intervention.    
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Chapter 5: 68 and FX2149 attenuate mutant LRRK2-R1441C-

induced neural transport impairment
3 

 

5.1.  Rationale  

Neural transport, in particular axonal transport, is especially necessary in maintaining 

healthy neurons as neurons are highly polarized cells which utilize specific motor 

proteins to travel in directions away from the cell body (anterograde) or towards the cell 

body (retrograde) along cytoskeletons composed of microtubules (141, 142). Defects in 

axonal transport can lead to disruption in energy homeostasis, impaired protein clearance 

pathways, neurite shortening, and eventual cell death (141, 142). Impaired neural 

transport has been shown to contribute to the pathogenesis of neurodegenerative 

disorders, including Alzheimer’s disease (AD), amyotrophic lateral sclerosis (ALS), and 

hereditary spastic paraplegia (HSP) (143). Recent studies suggest that neural transport 

(especially axonal transport) impairment may also contribute to mutant α -synuclein 

toxicity and have implications in PD pathology (84, 144, 145).  

 

LRRK2 has been previously shown to interact with microtubules and some cytoskeleton 

proteins (74, 93, 146, 147). A recent study has reported that LRRK2 interacts with a 

group of Rab GTPases that play critical roles in cell membrane trafficking (32, 95). 

Computer based predictions of LRRK2’s interactome suggest that a cluster of its  

 

 

 
 
3
 Adapted from manuscript submitted for publication: Thomas JM, Li T, Yang W, Xue F, Fishman PS, 

Smith WW. 68 and FX2149 attenuate mutant LRRK2-R1441C-induced neural transport impairment. 2016. 
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interactors are more likely involved in regulating cell transport/localization and cell 

organization (148). LRRK2 has been shown to regulate neuronal outgrowth and 

intracellular events necessary for maintaining healthy neurons (104, 105).  It is unclear 

whether mutant LRRK2 is involved in transport impairment. Thus, we are interested in 

investigating whether PD-linked LRRK2 mutations alter neural transport and whether 

inhibition of LRRK2 enzymatic activities plays a role in this process. We observed the 

movement of transport cargos including mitochondria and lysosomes in differentiated 

neuroblastoma SH-SY5Y cells by using live-cell-imaging approaches. Our studies not 

only provide the mechanisms of early neurodegeneration but also provide a potential 

novel therapeutic strategy for intervention.  

 

5.2.  Materials and Methods 

5.2.1. Materials and reagents 

Cell culture media and transfection reagents (LipofectAMINE and Plus reagent) were 

purchased from Invitrogen (Carlsbad, CA). Compound 68 was ordered from Chembridge 

and FX2149 and FX2151 were synthesized by Dr. Fengtian Xue’s group. Compounds 

were dissolved in 0.1% DMSO for live-cell imaging and GTP-binding experiments. 

MitoTracker Orange and LysoTracker Red were from Molecular Probes at Thermo 

Fisher Scientific, and were dissolved in DMSO for live-cell imaging experiments. 

 

5.2.2. Cell culture and LRRK2 transfection 

SH-SY5Y human neuroblastoma cells (passage 4-10) were from ATCC (Manassas, VA, 

USA), contain dopamine, and were grown in OptiMem I media with 10% FBS and 
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antibiotics as described previously. In this condition, SH-SY5Y cells display 

differentiated neuron features with neuritic processes for neural transport studies (40). 

The Flag-wild-type and Flag-R1441C pcDNA3.1-LRRK2 constructs were described 

previously (28, 69).  pMax-GFP was from Clontech. Transfections were performed using 

Lipofectamine™ and PLUS™ Reagents (Invitrogen) according to the manufacturer's 

recommendations.  

 

5.2.3. LRRK2 neuritic injury assays 

SH-SY5Y cell neuritic injury assays were conducted as described (27, 149). GFP and 

various pcDNA3.1-LRRK2 plasmids were transfected into SH-SY5Y cells at a 1:15 ratio 

for 24 h in OptiMem I media supplemented with 10% FBS and then changed to DMEM 

with N2 supplement for an additional 24 h. Under these conditions, above 85% of GFP 

positive neurons also expressed LRRK2 variants by anti-LRRK2 immunostaining as 

described previously (27).  Fluorescence microscopy was used to measure cell viability 

fields by counting the healthy viable cells, defined by possessing at least one smooth 

extension (neurite) twice the length of the cell body from nine randomly selected fields. 

The experiments were repeated three times in duplicate. The quantification for LRRK2 

neurite injury was performed by an investigator blinded to transfection groups. 

 

5.2.4. GTP binding activity assay and Western blot analysis 

SH-SY5Y cells transiently transfected to express wild-type, LRRK2-R1441C, or empty 

vector as described above were harvested. Lysates were incubated with 68 (100nM) for 

1h at 4
o
C, then precipitated with GTP-agarose (Sigma) for an additional 1h at 4

o
C. 
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Agarose samples were diluted in 2X Loading buffer (Invitrogen) and 3% βME and 

denatured in 85
o
C for 5 min. Samples were resolved using 4-12% NuPAGE Bis-Tris gels 

and subjected to Western blot analysis using anti-Flag and anti-actin antibodies (Sigma) 

(138, 139).  

 

5.2.5. Live-cell imaging and transport analysis 

Procedures were performed as described previously with slight modification (150-152). 

SH-SY5Y cells were plated and cultured for 1 day prior to transfection. Cells were co-

transfected with various LRRK2 plasmids and pMax-GFP at a 1:15 ratio using 

Lipofectamine™ and PLUS™ Reagents (Invitrogen) according to the manufacturer's 

protocol. After 4 hour of transfection, the cells were maintained in 10% FBS OptiMem I 

medium for 48 hours, then fluorescent dye [MitoTracker Orange (125nM) or 

LysoTracker Red (100nM)] was added for 30 min.  Before imaging, the cells were 

washed once with phenol red-free OptiMem I and kept in this phenol red-free media for 

transport assays.  For inhibitor treatment, 68 (100nM), FX2149 (100nM), FX2151 

(100nM), or 0.1% DMSO was added to growth media 4 hours post-transfection, and 

replaced every 12 hours for a total of 48 hours prior to imaging. Images were taken using 

a Zeiss Avixon Camera under a computer controlled fluorescent microscope. Images 

were taken every 15 seconds for a total of 5 minutes. Images were compiled into a time-

lapse sequence using NIH ImageJ software, and fluorescent puncta in healthy cell 

neurites were tracked using the MTrackJ plugin (Biomedical Imaging Group 

Rotterdam)(153). Puncta were classified as anterograde (≥2 micron displacement away 

from cell body), retrograde (≥2 micron displacement towards cell body), or stationary (<2 
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microns displacement). Puncta were recorded at their farthest displacement in either 

direction over the course of the time-lapse sequence, and puncta were counted as both 

anterograde and retrograde if a displacement of at least 2 microns occurred in the 

opposite direction during this time. To focus specifically on the interruption of highly 

processive motility, three puncta per cell traveling the farthest in both anterograde and 

retrograde directions were tracked for run lengths.      

   

5.2.6. Data Analysis 

 Quantitative data represent arithmetic means ± SEM from at least three separate 

experiments for each condition. Live-cell images were taken for at least three separate 

experiments with at least four cells per experiment for each condition. Only viable GFP-

expressing cells were included in these analyses. Statistically significant differences 

among groups were analyzed by ANOVA with post hoc Tukey’s test using Sigmastart 

3.1 statistical software. A p value <0.05 was considered significant. 

 

5.3.  Results  

5.3.1. LRRK2-R1441C caused neurite injury in SH-SY5Y cells 

Previous studies reported that the LRRK2-R1441 mutant causes disrupted neurite 

outgrowth, leads to decreased neuritic branching in PD models using cultured cell lines or 

primary neurons (151, 154-156). Here, we used SH-SY5Y cells transiently transfected 

with Flag-wild-type and Flag-R1441C-LRRK2 constructs as a cell model to express the 

LRRK2 variants. SH-SY5Y were grown in the media (10 % FBS, OptiMem I media) to 

display mature neuron morphology with smooth neurite processes. Western blot analysis 

showed that LRRK2 variants were expressed well after 2 -3 days transfection (Fig. 5.1A). 
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Consistent with previous reports (27, 69, 156), cells expressing LRRK2-R1441C 

displayed noticeable neuritic injury (beading) and impaired neurite complexity after 48 

hours as compared with vector controls (Fig. 5.1B). The percentage of cells with at least 

one neuritic injury (beading) was significantly increased in those expressing LRRK2-

R1441C compared with empty vector control cells. Wild-type LRRK2 overexpression 

only displayed a moderate neuritic injury (Fig. 5.1C). 
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Figure 5.1 LRRK2-R1441C mutation caused neurite injury in PD cell model.  

SH-SY5Y cells were co-transfected with GFP and various Flag-tagged pcDNA3.1-LRRK2 plasmids at a 

1:15 ratio as described in the method section. (A) Cell lysates were harvested and subjected to western blot 

analysis using anti-Flag and anti-actin antibodies. (B and C) Two days post-transfection, cells were imaged 

for GFP fluorescence. Nine images were taken in separate fields for each experiment. (B) Shown are 

representative cell images in each experiment group depicting degree of neurite beading/swelling. (C) 

Neurite injury was measured by dividing the number of viable GFP positive cells with at least one smooth 

extension equal to twice the length of the cell body and at least one neuritic swelling by the total number of 

healthy GFP-positive cells with at least one neurite (F=70.88). *p< 0.05 by ANOVA compared to vector 

control. ***p<0.001 by ANOVA compared to vector control.  
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5.3.2. LRRK2-R1441C disrupted mitochondrial transport in SH-SY5Y neurites  

To assess whether mutant LRRK2 alters neural transport, human SH-SY5Y cells were 

employed to track mitochondrial transport using a live-cell imaging assay.  Mitochondria 

were labeled with MitoTracker Orange and defined as stationary (<2 micron 

displacement), anterograde (≥2 micron displacement away from cell body), or retrograde 

(≥2 micron displacement towards cell body) (Fig. 5.2A). Kymographs generated from 

time-lapse image sequences show a greater tendency for mitochondria in LRRK2-

R1441C expressing cells to remain stationary as compared with vector controls or cells 

expressing wild type-LRRK2 (Fig. 5.2B). LRRK2-R1441C also significantly decreases 

the number of mitochondria traveling in both anterograde and retrograde directions 

compared with vector controls (Fig. 5.2C). Cells expressing wild type-LRRK2 did not 

change compared with control cells. In order to assess the processive nature of 

mitochondria in the above conditions, run lengths of mitochondria traveling at least 2 

microns were measured. Cells expressing LRRK2-R1441C showed a significant decrease 

in total run length of motile mitochondria compared with cells expressing vector or wild 

type-LRRK2, with a significant decrease in the retrograde transport (Fig. 5.2D). Wild-

type LRRK2 did not affect observed mitochondrial transport in SH-SY5Y cells under 

live-cell imaging (Fig. 5.2C and 5.2D), possibly due to cell auto-modulation to balance 

the normal transport.    
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Figure 5.2 LRRK2-R1441C induced neuritic mitochondria transport impairments.   

SH-SY5Y cells co-transfected with GFP and various pcDNA3.1-LRRK2 plasmids at a 1:15 ratio for 48 

hours. Prior to imaging, cells were stained with MitoTracker Orange for 30 min. Cells were imaged every 

15 seconds for a total of 5 minutes as mentioned in detail in methods section. (A) An image depicts time-

lapse live-cell imaging technique used for measuring neuritic mitochondrial transport. Mitochondria in 

neurites of GFP-positive SH-SY5Y cells were traced using images captured during time progression, and 

classified as stationary (yellow), anterograde (green), or retrograde (red) as described in methods section. 

(B) Kymographs generated from live-cell imaging assays demonstrating typical neuritic mitochondria 

movement for vector, LRRK2-WT, and LRRK2-R1441C conditions. (C) Quantification of percentage of 

mitochondria traveling less than 2 microns (stationary), greater than two microns away from cell body 

(anterograde), or greater than two microns towards cell body (retrograde) in cells expressing GFP for each 

condition. *p< 0.05 by ANOVA compared to vector control.   {F(2,5)=15.49; F(2,5)=10.32;  F(2,5)=22.65 

for stationary, anterograde, retrograde , respectively}. (D) Quantification of total, anterograde, and 

retrograde run lengths of mitochondria traveling at least 2 microns in GFP-expressing cells for each 

condition. *p< 0.05 by ANOVA compared to vector control.   {F(2,66)=3.354; F(2,21)=0.1804; F(2,42)= 

3.271 for total, anterograde, retrograde run length, respectively}.  
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5.3.3. 68 and FX2149, GTP-binding inhibitors, attenuated LRRK2-R1441C-

induced mitochondrial transport defects  

As LRRK2-R1441C mutations occur within its GTPase domain, a novel LRRK2-specific 

GTP-binding inhibitor recently discovered by our lab (138, 139) was used to assess 

whether it alters mitochondria transport in cells expressing LRRK2-R1441C. Consistent 

with previous studies (138), a GTP-binding inhibitor, compound 68, significantly reduces 

LRRK2-R1441C binding with GTP, while  its structural analog, a negative control 

compound, FX2151, did not (Fig. 5.3A and 5.3B). Treatment with 68 did not alter the 

mitochondrial transport in vector control or LRRK2-WT cells (Fig. 5.3C and 5.3D). 

Interestingly, 68 significantly reduced the number of stationary mitochondria in cells 

expressing LRRK2-R1441C. Moreover, 68 also improved LRRK2-R1441C-induced 

impairments of anterograde and retrograde mitochondrial movement in neurites (Fig. 

5.3C). 68 had more of an effect on improving mitochondrial transport in the retrograde 

direction, while only displaying a slight trend in increasing anterograde movement but 

with no significance (Fig. 5.3C and 5.3D). Following treatment with another GTP-

binding inhibitor, FX2149, the number of stationary mitochondria was likewise decreased 

in the RC condition in favor of increased anterograde and retrograde levels (Fig. 5.4). 

The run lengths were also increased in the RC level towards vector controls following 

FX2149 treatment, significantly in the retrograde direction. In contrast, there was no 

effect with negative control compound FX2151 on mitochondrial transport.   
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Figure 5.3 A GTP-binding inhibitor, 68, improved mitochondria transport impairment in LRRK2-R1441C 

cells. SH-SY5Y cells co-transfected with GFP and either Flag-LRRK2-R1441C, Flag-LRRK2-WT, or 

vector plasmids at a 1:15 ratio were treated with 68 at 100nM at 4 hours post-transfection for 48 hours. A 

and B. GTP-binding assay of cell lysates. A. Western blots of GTP-binding assays. R1441C/K1347A 

double mutant represents a non-GTP-binding control lysate. FX2151 represents a 68 analog with no effect 

on GTP-binding activity (inactive control). B. Quantification of GTP-binding activity from three repeated 

GTP binding assays.  *p< 0.05 by ANOVA compared to R1441C with vehicle treatment. C. Mitochondria 

events were quantified as stationary, anterograde, or retrograde and expressed as a percentage of total 

mitochondria for various groups as indicated. , *p< 0.05 by ANOVA compared to vector control. 

{F(2,5)=15.49; F(2,5)=10.32;  F(2,5)=22.65 for stationary, anterograde, retrograde , respectively}.  
#
p<0.05 

by ANOVA compared to R1441C with vehicle treatment. {F(2,6)=7.243; F(2,6)=0.9794;  F(2,6)=20.42 for 

stationary, anterograde, retrograde , respectively}. D. Quantification of total, anterograde, and retrograde 

run lengths of mitochondria traveling at least 2 microns in 68 treated, FX2151 treated, and DMSO treated 

GFP-expressing cells. *p< 0.05 by ANOVA compared to vector control. {F(2,66)=3.354; F(2,21)=0.1804; 

F(2,42)= 3.271 for total, anterograde, retrograde run length, respectively}.  
#
p<0.05 by ANOVA compared 

to R1441C with vehicle treatment. {F(2,47)=3.468; F(2,10)=0.3281; F(2,34)=6.779 for total, anterograde, 

retrograde run length, respectively. 
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Figure 5.4 A GTP-binding inhibitor FX2149 improved mitochondrial transport impairment in LRRK2-

R1441C cells.   

SH-SY5Y cells co-transfected with GFP and either Flag-LRRK2-R1441C, Flag-LRRK2-WT, or vector 

plasmids at a 1:15 ratio were treated with FX2149 at 100nM at 4 hours post-transfection for 48 hours. A. 

Mitochondria events were quantified as stationary, anterograde, or retrograde and expressed as a percentage 

of total mitochondria for DMSO and FX2149 treatments. *p< 0.05 by ANOVA compared to vector control. 

{F(2,5)=15.49; F(2,5)=10.32; F(2,5)=22.64 for stationary, anterograde, retrograde, respectively}. 
#
p<0.05 

by t-test compared to R1441C with vehicle treatment. {F(4)=3.699; F(4)=1.049; F(4)=2.855 for stationary, 

anterograde, retrograde, respectively.} B. Quantification of total, anterograde, and retrograde run lengths of 

mitochondria traveling at least 2 microns in FX2149 treated and DMSO treated GFP-expressing cells. *p< 

0.05 by ANOVA compared to vector control. {F(2,66)=3.774; F(2,21)=0.1804; F(2,42)=3.271 for 

stationary, anterograde, retrograde run length, respectively}. 
#
p<0.05 by t-test compared to R1441C with 

vehicle treatment. {F(24)=4.974; F(6)=3.828; F(16)=6.340 for stationary, anterograde, retrograde run 

length, respectively.} 
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5.3.4. LRRK2-R1441C impaired lysosomal transport in SH-SY5Y neurites is 

improved by 68 and FX2149 

Lysosome transport patterns were observed using a live-cell imaging approach and 

characterized as either stationary, anterograde, or retrograde as described above for 

mitochondrial transport analysis. Expression of wild type-LRRK2 did not alter lysosome 

transport compared with vector control cells (Fig. 5.5). In contrast, expression of 

LRRK2-R1441C mutant significantly increased the number of stationary lysosomes and 

decreased the number of lysosomes in both anterograde and retrograde directions (Fig. 

5.5A-C). These results were further validated by the run-length assays of lysosome 

transport (Fig. 5.5D).  A significant decrease in total run lengths of lysosomes traveling at 

least 2 microns was seen in cells transfected with LRRK2-R1441C (Fig. 5.5D). LRRK2-

R1441C caused more reductions in the retrograde direction, while there was only a slight 

trend in reduction with no significance in anterograde movement in the run-length assays.  

 

To assess the effect of 68 on LRRK2-linked lysosome transport, 68 was used to treat cells 

expressing vector, LRRK2-WT, and LRRK2-R1441C for 48 hours.  Treatment of 68 did 

not alter lysosome transport in vector control or LRRK2-WT cells (Fig. 5.6). However, 

68 significantly decreased stationary lysosomes in cells expressing LRRK2-R1441C 

compared with vehicle treated control cells (Fig. 5.6A). Moreover, 68 significantly 

improved the R1441C-LRRK2-induced defects in lysosome transport in both anterograde 

and retrograde directions, compared with R1441C expressing cells treated with vehicle 

alone (Fig. 5.6). Treatment with FX2149 resulted in a decrease in stationary lysosomes, 

like in the 68-treated condition (Fig. 5.7). A corresponding increase in anterograde and 
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retrograde lysosomes was observed. Lysosome run lengths were significantly increased 

amongst anterograde and retrograde organelles in the FX2149-treated condition 

compared to vehicle treated RC cells. There was no effect on lysosome transport 

following treatment with negative control compound FX2151.   
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Figure 5.5 LRRK2-R1441C induced lysosome transport impairment. 

SH-SY5Y cells were co-transfected with GFP and various pcDNA3.1-LRRK2 plasmids at a 1:15 ratio for 

48 hours. Prior to imaging, cells were stained with LysoTracker Red for 30 min. A. A representative image 

depicts time-lapse live-cell imaging technique used for measuring neuritic lysosomal transport. Lysosomes 

were traced using images captured during time progression, and classified as stationary (yellow), 

anterograde (green), or retrograde (red). Kymographs generated from live-cell imaging assays 

demonstrating neuritic lysosome movement. Lysosomal events were classified as stationary (yellow), 

anterograde (green), or retrograde (red). B. Quantification of percentage of lysosomes traveling less than 2 

microns (stationary), greater than two microns away from cell body (anterograde), or greater than two 

microns towards cell body (retrograde) in cells expressing GFP for each condition. .*p< 0.05 by ANOVA 

compared to vector control. {F(2,7)=8.184; F(2,7)=5.423, F(2,7)=5.275 for stationary, anterograde, 

retrograde, respectively. C. Quantification of total, anterograde, and retrograde run lengths of lysosomes 

traveling at least 2 microns in GFP-expressing cells for each condition. .*p< 0.05 by ANOVA compared to 

vector control. {F(2,103)=4.249; F(2,32)=0.4790; F(2,68)=4.707 for total, anterograde, retrograde run 

length , respectively.  
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Figure 5.6 68 improved LRRK2-R1441C-induced lysosome transport defects.  

SH-SY5Y cells co-transfected with GFP and either Flag-LRRK2-R1441C, Flag-LRRK2-WT, or vector 

plasmids at a 1:15 ratio were treated with 68 at 100nM at 4 hours post-transfection for 48 hours. A. 

Lysosomal events were quantified as stationary, anterograde, or retrograde and expressed as a percentage 

of total lysosomes for DMSO, FX2151 (100nM), and 68 treatments (100nM). *p< 0.05 by ANOVA 

compared to vector control. {F(2,7)=8.184; F(2,7)=5.423, F(2,7)=5.275 for stationary, anterograde, 

retrograde, respectively. #p<0.05 by ANOVA compared to R1441C with vehicle treatment. {F(2,6)=15.66; 

F(2,6)=19.57, F(2,6)=6.392 for stationary, anterograde, retrograde, respectively. B. Quantification of total, 

anterograde, and retrograde run lengths of lysosomes traveling at least 2 microns in 68 treated, FX2151 

treated, and DMSO treated GFP-expressing cells. *p< 0.05 by ANOVA compared to vector control. 

{F(2,103)=4.249; F(2,32)=0.4790; F(2,68)=4.707 for total, anterograde, retrograde run length , 

respectively. #p<0.05 by ANOVA compared to R1441C with vehicle treatment. {F(2,70)=11.91; 

F(2,20)=8.789; F(2,47)=4.666 for total, anterograde, retrograde run length, respectively. 
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Figure 5.7 FX2149 restored lysosomal transport in LRRK2-R1441C cells.   

SH-SY5Y cells co-transfected with GFP and either Flag-LRRK2-R1441C, Flag-LRRK2-WT, or vector 

plasmids at a 1:15 ratio were treated with FX2149 at 100nM at 4 hours post-transfection for 48 hours. (A) 

Lysosomal events were quantified as stationary, anterograde, or retrograde and expressed as a percentage 

of total lysosomes for DMSO and FX2149 treatments. *p< 0.05 by ANOVA compared to vector control. 

{F(2,7)=8.18; F(2,7)=5.426; F(2,7)=5.510 for stationary, anterograde, retrograde, respectively}. 
#
p<0.05 by 

t-test compared to R1441C with vehicle treatment. {F(4)=2.18; F(4)=1.399; F(4)=1.778 for stationary, 

anterograde, retrograde, respectively.} (B) Quantification of total, anterograde, and retrograde run lengths 

of lysosomes traveling at least 2 microns in FX2149 treated and DMSO treated cells. *p< 0.05 by ANOVA 

compared to vector control. {F(2,103)=4.249; F(2,32)=0.4790; F(2,79)=5.747 for stationary, anterograde, 

retrograde run length, respectively}. 
#
p<0.05 by t-test compared to R1441C with vehicle treatment. 

{F(36)=2.003; F(10)=2.705; F(24)=1.500 for stationary, anterograde, retrograde run length, respectively.} 
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5.4.  Summary and Discussion 

The major findings of this study are that PD-linked GTPase domain mutation LRRK2-

R1441C causes impairments in the neuritic transport of both mitochondria and lysosomes 

in SH-SY5Y cells and that inhibition of GTP-binding with recently identified 

pharmacological inhibitors, 68 and FX2149, improves these transport defects. To our 

knowledge, this is the first report that GTP-binding activity is involved in mitochondrial 

and lysosomal cargo transport in neuritic processes. Our findings provide novel insight 

into LRRK2-linked neuron degeneration and a potential strategy for PD intervention 

through inhibition of GTP-binding activity. 

 

Neuritic injury has been shown to result from impaired functions within neurons, 

including disruption of mitochondrial energy homeostasis, protein clearance pathways, 

and intracellular transport processes (143, 157-159). Axon injury has been reported as 

one of the early neuronal degeneration events occurring way before cell body 

degeneration in a number of neurodegenerative diseases, including PD (142, 143). Neural 

transport, especially axonal transport, is necessary for neuronal functions including 

mitochondrial energy balance, autophagic-lysosomal degradation, and transportation of 

vesicles and other cargos.    

 

Under physiological conditions, about two-thirds of axonal mitochondria are in a 

stationary phase, whereas the remaining third are split equally among mitochondria 

traveling in anterograde or retrograde directions (142, 157, 158). About half of axonal 

lysosomes experience diffusive, random back-and-forth motion of insignificant distances, 
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whereas the other half undergo directed motion equally in either anterograde or 

retrograde directions (98, 142). Our results demonstrated that expression of the PD-linked 

mutant, LRRK2-R1441C, significantly increases the number of stationary mitochondria 

in the neurties of SH-SY5Y cells. Moreover, LRRK2-R1441C reduced the number and 

distance of mitochondria being transported in both anterograde and retrograde directions. 

Interestingly, previous reports showed that the LRRK2-G2019S kinase domain mutant 

does not affect mitochondrial transport in cultured neurons (160), suggesting that kinase 

domain function may not be involved in neural transport. A number of reports showed 

that disease-linked LRRK2 mutants cause mitochondrial dysfunctions (104, 106, 151, 

161), however the underlying mechanisms are unclear. Our results suggest that 

impairment of the neuritic transport of mitochondria could be one of the early events and 

mechanisms for mutant LRRK2-inducing mitochondrial dysfunctions and thereby 

inducing neuritic injury, although this awaits further investigation.   

 

Mutant LRRK2 has been shown to cause lysosome/autophagic pathway impairment (35, 

45, 87). A recent study has identified that LRRK2 mutations lead to an increase in 

lysosomal size and a decrease in their ability for degradation (98), as well as impairs the 

autophagic cycle’s ability to clear toxic proteins (35, 87). A functioning axonal transport 

system is necessary for the lysosome/autophagic pathway, as coordinated lysosome and 

autophagosome positioning and recruitment are prerequisites (159). Our findings showed 

that expression of mutant LRRK2 impairs lysosome transport especially in the retrograde 

direction. These results demonstrate that mutant LRRK2 disruption of lysosomal 

transport is one of the early events in neuritic injury. LRRK2 has been implicated as a 
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crossroad for the autophagic clearance of mitochondria (mitophagy) (35, 106). PD-linked 

LRRK2 mutations can cause a loss of mitochondrial membrane potential, which precedes 

elimination by mitophagy, thereby resulting in a decrease in available mitochondria for 

energy requirements (161). These mutations also dysregulate fission and fusion events, 

leading to an increase in mitochondria fragmentation which can trigger an excessive need 

for autophagy (104, 162). Thus, mutant LRRK2 impairs both mitochondrial and 

lysosomal transport, which could trigger lysosome/autophagy pathway impairment 

resulting in eventual degeneration.   

 

The GTPase domain of LRRK2 has been previously identified as a druggable entity, with 

GTP-binding inhibitors as potential pharmaceutical candidates (138, 139). Pathological 

LRRK2 mutations have been shown to lead to altered enzymatic activities, and we 

recently have identified novel GTP-binding inhibitors, 68 and FX2149, which reduces 

LRRK2 kinase activity and protects against mutant-LRRK2-induced neurodegeneration 

(18, 138). In this study, we found that 68 and FX2149 can significantly attenuate mutant 

LRRK2-induced impairment of mitochondrial and lysosomal transport in SH-SY5Y 

neurites. These findings suggest that LRRK2 GTP-binding activity is critical for neuritic 

transport.  The machinery of intracellular organelle transport and how neurons 

specifically regulate transport processes is a complex system (141-143, 163). Kinesins 

and dynein motor proteins participate in active anterograde and retrograde transport, 

respectively, by “stepping” along microtubules (142). This is done through an intricate 

process of acetylation and deacetylation of the tubulin components of the cytoskeleton, 

which the GTPase domain of LRRK2 has been shown to affect (74, 160). LRRK2-
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R1441C is in the GTPase domain and is implicated in disrupting the balance of 

autophagic structures, which rely on functioning transport systems (164, 165). Our 

studies with GTP-binding inhibitors, 68 and FX2149, show an almost completely rescued 

lysosomal transport impairment in these mutations, suggesting that GTPase domain 

activity plays a critical role in mutant LRRK2-R1441C-induced transport defects. 

LRRK2 GTP-binding activity has been reported as critical for LRRK2 action, and 

inhibition of GTP-binding could ameliorate neurotoxicity resulting from R1441C-

induced dysfunction (57, 72, 166, 167). Pharmacological inhibition of GTP-binding in 

LRRK2 could improve neural transport functions and protect neurons against neurite 

injury and degeneration. These findings further indicate that inhibition of GTP-binding 

activity could be a valuable therapeutic approach for PD intervention. 

 

In conclusion, our work demonstrates consequential mitochondria and lysosome neuritic 

transport impairments as a result of LRRK2-R1441C mutations, with a corresponding 

neurite injury phenotype in SH-SY5Y cells. Inhibition of LRRK2 GTP-binding activity 

by compounds 68 and FX2149 improved mutant LRRK2-R1441C-induced transport 

defects. As such, targeting the GTP-binding region of LRRK2 may be a potential therapy 

for LRRK2-related PD onset. 
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Chapter 6: GTP-binding Inhibitors Increase LRRK2-linked 

Ubiquitination and Inclusion Formation  

 

6.1.  Rationale 

Impaired ubiquitin-proteasome system (UPS) has previously been implicated in the 

neurodegenerative disorders including in PD (168, 169). Ubiquitination of misfolded 

proteins typically signals for their processing and degradation by the proteasome, 

however in some cases can signal for alternative processing (170-173). Lewy bodies in 

PD brains are ubiquitinated, and these aggregates are believed to represent the neuron’s 

attempt at protecting itself by sequestering toxic protein aggregates (174). Many PD 

players are directly involved in the UPS, including α-synuclein (the main component of 

Lewy bodies) and Parkin (an E3 ubiquitin ligase) (175, 176). Other neurodegenerative 

disorders, including AD, HD, and ALS, demonstrate toxic protein aggregation and an 

impaired UPS as well, pointing towards the significance in its role behind neuronal death 

(176, 177).   

 

LRRK2 has been shown to indirectly influence α-synuclein pathology and interact with 

Parkin (27, 178). In addition, the ROC domain of LRRK2 interacts with CHIP, which is 

another E3 ubiquitin ligase that influences LRRK2 ubiquitination and degradation (28). A 

recent study demonstrated that dephosphorylation of LRRK2 at residues S910 and S935 

lead to an increase in its level of ubiquitination (109). Another recent study discovered 

that LRRK2 is able to be ubiquitinated through less characterized lysine-27 (K27) and 

lysine-29 (K29) residues, in addition to lysine-48 (K48) and lysine-63 (K63) residues 
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(101, 109). Ubiquitin is able to signal through a multitude of ways, such as through the 

formation of additional ubiquitin chains conjugated to specific lysine residues (and one 

methionine residue) on the ubiquitin protein itself (179). Chains on K48 are the most 

common and most well studied, and target a protein for degradation via the proteasome 

(170). K27, K29, and K63 chains still require further investigation, but are believed to 

lead to aggregation and an effort by the cell to alternatively process toxic proteins in an 

attempt to protect itself (180, 181). 

 

Our group recently identified novel GTP-binding inhibitors, 68 and FX2149, that 

decrease autophosphorylation of LRRK2 at S910 and S935 residues, as well as increase 

neuronal survival both in LRRK2 in vitro and transgenic mouse brain models (138, 139). 

In this chapter, we are interested in investigating whether GTP-binding inhibition alters 

LRRK2-linked ubiquitination and aggregation. We used a combination of 

immunoprecipitation and immunocytochemistry approaches to monitor these changes 

both with and without treatment of LRRK2 GTP-binding inhibitors, 68 and FX2149. Our 

studies provide novel insight into the roles of LRRK2 GTP-binding activity in the UPS 

impairment and neurodegeneration in PD pathogenesis.        

 

6.2.  Materials and Methods 

6.2.1. Materials, reagents, and transfection 

Compound 68 was ordered through Chembridge and FX2149 was designed/synthesized 

by Dr. Fengtian Xue’s group using 68 as a lead compound (138, 139). Both compounds 

were dissolved in 0.1% DMSO for use in biochemical assays. Anti-phospho-S935 
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antibody was a kind gift from Drs. Zhenyu Yue and Ted M. Dawson (128, 129). Anti-

Flag antibodies, γ-tubulin antibody, anti-Flag-agarose, GTP-agarose, and PR-619 

(deubiquitinase inhibitor) were purchased from Sigma (St. Louis, MO, USA). Anti-HA 

antibody (clone Y-11) was purchased from Santa Cruz (Dallas, TX, USA). Anti-ubiquitin 

antibody (clone P4D1) was purchased from Covance (Princeton, NJ, USA). Alexa Fluor 

568 goat anti-rabbit antibody, LipofectAMINE and Plus transfection reagents, and 

DMEM cell culture media was from Invitrogen™, and FITC goat anti-mouse antibody 

was from EMD Millipore (Billerica, MA, USA).  

 

HEK293T (ATCC, Manassas, VA, USA) were grown in 10% FBS/ 1% penicillin-

streptomycin DMEM as described previously (69).  Flag-wild-type and Flag-G2019S 

LRRK2 plasmids were cloned using a pcDNA3.1 vector backbone as previously 

described (28, 69). For endogenous ubiquitin studies, LRRK2 constructs were transfected 

into HEK293T cells using Lipofectamine™ and PLUS™ Reagents (Invitrogen) 

according to the manufacturer's protocol for a total of 72 h. For ubiquitin overexpression 

experiments, both Flag-tagged LRRK2 and HA-tagged ubiquitin plasmids were co-

transfected at equal ratios. HA-tagged ubiquitin lysine mutant and lysine-arginine mutant 

constructs were a kind gift from Drs. Christopher Ross and Fred Nucifora (101). 

Compound treatments were administered 24 h prior to cell harvesting or cell fixation. 

 

6.2.2. LRRK2 kinase (autophosphorylation) and GTP-binding assays 

LRRK2 kinase and GTP-binding assays are described in detail in Chapter 3.2.4. 
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6.2.3. Ubiquitination assay and western blot analysis 

For endogenous ubiquitin experiments, HEK293T cells expressing LRRK2 for 48 h and 

treated with either vehicle or inhibitors for an additional 24 h were harvested using lysis 

buffer (Cell Signaling). For PR-619 deubiquitinase inhibitor assay, cells were treated 

with PR-619 (50 µM) for 30 min prior to harvesting. Lysates were brought to a volume of 

500 µg in 500 µL of lysis buffer, and allowed to incubate with anti-Flag agarose for 3 h 

in 4
o
C. Conjugated-agarose was washed three times in cell lysis buffer, once in PBS, and 

eluted in 2X Loading buffer (Invitrogen) and 3% βME. Samples were denatured for 5 

min at 85
o
C, resolved on 4-12% NuPAGE Bis-Tris gels, and transferred for 3.5 h on 

PVDF membranes. Membranes were probed for anti-ubiquitin and anti-Flag (LRRK2) 

controls. 

 

For HA-tagged ubiquitin experiments, HEK293T cells were transfected with LRRK2 and 

ubiquitin constructs for 48 h and treated with either vehicle or inhibitors for an additional 

24 h. Lysates were collected and brought to a volume of 200 µg in 200 µL of lysis buffer 

and incubated with anti-Flag agarose for 1 h at 4
o
C. Samples were eluted and western 

blot procedures were then performed as done with endogenous ubiquitin, however 

membranes were probed with anti-HA antibody instead.    

 

6.2.4. LRRK2-linked protein aggregation experiments 

HEK293T cells were transfected with Flag-tagged G2019S-LRRK2 constructs for 48 h 

prior to compound or vehicle treatments for an additional 24 h. In the case of HA-tagged 

ubiquitin aggregation, these constructs were additionally transfected into cells. At 72 h 
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post-transfection, cells were fixed in 4% paraformaldehyde and permeabilized with 0.1% 

Triton X-100. Following blocking with 5% normal goat serum (NGS), cells were co-

incubated with primary anti-Flag antibodies and either anti-ubiquitin or anti-HA 

antibodies for 1 h at 37
o
C. These cells were stained with fluorescent secondary antibodies 

FITC (green) anti-mouse and Alexa Fluor 568 (red) anti-rabbit at room temperature for 

an additional 1 h. Cells were washed with PBS three times and incubated with DAPI 

nuclear stain prior to imaging. Images were captured on a Zeiss Avixon Camera under a 

computer controlled fluorescent microscope. The number of cells with at least one 

LRRK2 aggregate were counted for nine separate fields and divided by the number of 

total co-transfected cells to determine the percent of cells containing aggregates. This was 

repeated three times for each condition.      

 

For some cases, cells were co-incubated with primary anti-Flag antibodies and anti-γ-

tubulin antibodies (aggresome marker) for 1 h at 37
o
C, and again stained with fluorescent 

secondary antibodies at room temperature for 1 h. Images were taken as mentioned 

during aggregation studies. The number of aggregates positive for both LRRK2 and γ-

tubulin were counted for nine separate fields and divided by the number of total LRRK2 

expressing cells to determine the percent of cells containing aggregates with γ-tubulin-

positive aggresome marker. This was repeated three times for each condition.      

 

6.2.5. Data analysis 

Quantitative data represent arithmetic means ± SEM from at least three separate 

experiments for each condition. Statistically significant differences among groups were 
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analyzed by ANOVA by Sigmastart 3.1 statistical software (Aspire Software 

International, VA). A p value <0.05 was considered statistically significant. 

 

6.3.  Results 

6.3.1. GTP-binding inhibitors increased LRRK2-linked ubiquitination  

Our previous studies reported that 68 and FX2149 inhibit LRRK2 GTP-binding and 

reduce LRRK2 kinase activity, measured through the autophosphorylation at S935 (138, 

139). Here, we use the HEK293T LRRK2-cell model employed previously to look at 

changes in ubiquitination of LRRK2 following inhibitor treatment. GTP-binding 

inhibition was confirmed for compounds 68 and FX2149 via western blot analysis 

following GTP-agarose binding assay in both wild-type and G2019S-LRRK2 cell lysates 

(Fig. 6.1A). Consistent with previous findings (138, 139), 68 and FX2149 treatments 

decrease the levels of phosphorylated LRRK2 at the S935 residue in wild-type and GS 

mutants (Fig. 6.1B). As phosphorylation at this residue has been inversely linked to 

LRRK2 ubiquitination (14), we next aimed to see if our inhibitors increased LRRK2 

ubiquitination. We allowed HEK293T cells to express WT-LRRK2 for 48hrs, then 

treated with DMSO or 68 at various concentrations for 24hrs prior to harvesting. At a 

concentration as low as 100nM, 68 caused a dramatic increase in ubiquitinated WT-

LRRK2 as seen through western blot analysis following LRRK2 immunoprecipitation 

(Fig. 6.1C). To further validate this finding, we treated both WT and GS-LRRK2 

expressing cells with 100nM of 68 for 24hrs, this time with an additional treatment of 

deubiquitinase inhibitor PR-619 (50 µM) for 30 min before harvesting. As expected, 

blocking deubiquitination with PR-619 further exacerbated LRRK2 ubiquitination levels 
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following pull-down in both WT and GS-LRRK2 (Fig. 6.1D). In addition, treatment of 

WT and GS-LRRK2 with FX2149 at the same concentration demonstrated an effect 

similar to 68 on ubiquitination (Fig. 6.1E). These compounds had no effect on LRRK2 

input levels, demonstrating that the increased ubiquitination levels were not due to an 

increase in overall protein levels and that the compounds were not affecting LRRK2 

clearance. 
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A       B 

 

C       D 

 

E 

 
Figure 6.1 68 and FX2149 elevate LRRK2 ubiquitination level following administration in PD cell model.   

HEK293T cells were transfected with Flag-wild-type-LRRK2 or Flag-G2019S-LRRK2 for 48 h and treated 

with inhibitors for an additional 24 h as described. Cell lysates were harvested and LRRK2 pulled down 

using Flag-agarose. (A) GTP-binding activity was demonstrated using GTP-agarose in WT and GS cell 

lysates following treatment with 68 and FX2149 (100 nM). (B) Autophosphorylation of LRRK2 at S935 

was analyzed via western blot of immunoprecipitates in WT and GS cells treated with inhibitors for 24 h 

(100 nM). (C) HEK293T cells transfected with Flag-WT-LRRK2 were treated with escalating doses of 68 

and DMSO control and then probed for endogenous ubiquitin following immunoprecipitation.(D) Cells 

were treated with deubiquitinase inhibitor PR-619 (50 µM) for 30 min prior to lysate collection and in vitro 

ubiquitin assay. (E) WT and GS-LRRK2 cells were treated with both 68 and FX2149 (100 nM) prior to 

endogenous ubiquitin assay.  
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6.3.2. 68 increased WT-LRRK2-linked ubiquitination via K27- , K29-, and K63- 

linkages   

To assess whether pharmacological GTP-binding inhibition favors specific ubiquitin 

signals, HEK293T cells were co-transfected with LRRK2 constructs and HA-tagged 

ubiquitin constructs for a total of 72 h before subsequent immunoprecipitation. K-

ubiquitin mutants (K27, K29, K48, K63) are only able to be modified by forming chains 

on the lysine-27 residue of ubiquitin. KR-ubiquitin mutants (K27R, K29R, K48R, K63R) 

can be modified by all ubiquitin linkages except for at the lysine-27 residue, as it is 

mutated to arginine. K0 has no lysines available for modification. Cells were treated with 

DMSO or 68 (100 nM) for 24hrs prior to collecting cell lysates. Following treatment with 

68, levels of LRRK2 ubiquitination were increased when K27, K29, and K63 were 

expressed (Fig. 6.2). 68 did not elicit an increase in ubiquitination in cells expressing 

K27R, K29R, and K63R-ubiquitin. K48 proteasome-dependent ubiquitin levels were 

much lower than other ubiquitin-linkages, and 68 did not appear to affect their levels in 

our hands.  
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Figure 6.2 68 increases WT-LRRK2 ubiquitination via K27, K29, and K63 linkages.    

HEK293T cells were co-transfected with Flag-wild-type-LRRK2 and HA-tagged ubiquitin constructs for 

48 h and treated with 68 (100 nM) for 24 h as described. Lysates were collected and immunoprecipitated 

using Flag-agarose. Representative western blot image depicting HA-ubiquitin levels at indicated lysine 

residues following treatment with 68, as well as input Flag controls. Chains can only form on indicated 

lysine residues in K mutations, and chains can form via all lysines except the one indicated in KR 

mutations.         
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6.3.3. 68 and FX2149 increased inclusions containing ubiquitinated G2019S-

LRRK2 protein via atypical K27 and K63 linkages   

Previous reports have identified that atypical ubiquitin linkages signal for aggregation of 

toxic misfolded protein in an attempt to protect the cell (174, 180, 181).  Given that our 

inhibitors increase ubiquitin levels through these atypical chains, we decided to assess the 

changes in mutant G2019S-LRRK2 aggregation following treatment with 68 and 

FX2149. HEK293T cells were transfected with G2019S-LRRK2 for 48 h and treated 

with our compounds for an additional 24 h prior to fixation and immunostaining for 

LRRK2 aggregates and ubiquitin. A majority of LRRK2 aggregates were also stained 

positive for ubiquitin, as seen through representative images (Fig. 6.3A). However, 

treatment with 68 and FX2149 increased the number of LRRK2 cells that contained these 

aggregates. In order to confirm this observation, a ubiquitin overexpression based 

approach was employed. HEK293T cells were this time co-transfected with G2019S-

LRRK2 and HA-ubiquitin prior to inhibitor treatment, and stained with anti-Flag and 

anti-HA antibodies. As with endogenous ubiquitin, treatment with both 68 and FX2149 

increased the number of co-transfected cells that contained aggregates when compared 

with DMSO–treated control (Fig. 6.3B). 

 

In order to attribute these increases in aggregation to the atypical ubiquitin linkages 

observed previously, we co-transfected our HA-tagged lysine-specific ubiquitin 

constructs along with G2019S-LRRK2 into our cell models. Following treatment with 68 

and FX2149, the number of aggregate positive cells significantly increased in K27 and 

K63 conditions compared with DMSO-treated controls (Fig. 6.3C). A change was not 
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observed in the K29 and K48 conditions between inhibitor-treatment and DMSO control 

groups, however positive ubiquitin puncta were observed in some cells in all three 

groups. Interestingly, images of K27 and K63 ubiquitinated G2019S-LRRK2 aggregates 

demonstrated a more open structure, particularly when treated with 68 or FX2149. This 

has been shown to be characteristic of these two linkages in an apparently attempt to 

engage non-proteasome related machinery in the cell (182-184). Taken together, the 

elevated ubiquitination of G2019S-LRRK2 through atypical K27 and K63 chains confers 

an increase in the mutant protein’s aggregation following GTP-binding inhibition.           
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B 

 
 

Figure 6.3 68 and FX2149 increase inclusions containing G2019S-LRRK2 via K27 and K63 linkages.     

(A) HEK293T cells were transfected with Flag-GS-LRRK2 for 48 h and treated with DMSO control, 68, or 

FX2149 (100 nM) for 24 h as described. Cells were fixed and subjected to immunostaining with anti-Flag 

and anti-ubiquitin antibodies. Merged images contain DAPI nuclear staining as well. Representative images 

of LRRK2 positive cells are displayed. (B) HEK293T cells were co-transfected with Flag-GS-LRRK2 and 

HA-ubiquitin for 48 h and treated with DMSO control, 68, or FX2149 (100 nM) for 24 h. Fixed cells were 

immunostained with anti-Flag and anti-HA antibodies along with DAPI nuclear marker. Representative 

images of co-transfected cells are displayed.      
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C 

 

 

D 

 
Figure 6.3 (cont’d) 68 and FX2149 increase inclusions containing G2019S-LRRK2 via K27 and K63 

linkages.     

(C) HEK293T cells were co-transfected with Flag-GS-LRRK2 and HA-tagged K27, K29, K48, or K63 for 

48 h and treated with DMSO control, 68, or FX2149 (100 nM) for 24 h. Cells were fixed and 

immunostained with anti-Flag and anti-HA antibodies. Representative images of co-transfected cells 

displaying LRRK2 aggregates with lysine-specific ubiquitination. Merged images contain DAPI nuclear 

staining. (D) Quantification of number of cells displaying at least one LRRK2/HA positive aggregate 

divided by total number of co-transfected cells from A, B, and C. Nine separate fields were counted for 

each condition and each experiment repeated three times. *p< 0.05 by ANOVA compared to DMSO-

treated control.   
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6.3.4. 68 and FX2149 promoted formation of LRRK2-linked aggresome 

It is believed that the sequestration of toxic proteins is a cell protective response, and that 

the formation of an aggresomes can localize these proteins into a distinct compartment of 

the cell for further processing. As our GTP-binding inhibitors lead to an increase in 

aggregation, we decided to assess their ability to accumulate mutant LRRK2 into 

aggresomes in this cell protective manner. Following treatment with 68 and FX2149, 

HEK293T cells co-transfected with Flag-G2019S-LRRK2 and HA-ubiquitin 

demonstrated an increase in cells with colocalization of GS-LRRK2 protein with γ-

tubulin (an aggresome marker) (Fig. 6.4A). DMSO-treated controls showed a lesser 

number of cells with GS-LRRK2 aggregates positive for γ-tubulin. As our previous 

studies pointed towards a role for atypical K27 and K63 ubiquitination in LRRK2 

aggregation following inhibitor treatment, these constructs were again co-transfected into 

our LRRK2 cell model and this time immunostained for γ-tubulin. As expected, increased 

formation of G2019S-LRRK2 aggregates with γ-tubulin co-staining were seen following 

treatment with 68 and FX2149 in K27 and K63 conditions (Fig. 6.4B). The K29 

condition showed a large number of GS-LRRK2 inclusions that were positive for γ-

tubulin, supporting that it may be involved in aggresome formation, however aggregate-

containing cells were not increased following inhibitor treatment  The proteasomal chain 

K48 did not exhibit any changes in G2019S-LRRK2 aggregates containing γ-tubulin.      
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A 

 
 

Figure 6.4 68 and FX2149 promote aggresomes containing G2019S-LRRK2 in cells transfected with K27 

and K63 ubiquitin.  

(A) HEK293T cells were co-transfected with Flag-GS-LRRK2 and HA-tagged wild-type ubiquitin for 48 h 

and treated with DMSO control, 68, or FX2149 (100 nM) for 24 h. Cells were fixed and immunostained 

with anti-Flag and anti-γ-tubulin (aggresome marker) antibodies. Representative images of GS-LRRK2 and 

HA-ubiquitin co-transfected cells displaying LRRK2 aggregates. Merged images contain DAPI nuclear 

staining.  
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B 

 

C 

 
Figure 6.4 (cont’d) 68 and FX2149 promote aggresomes containing G2019S-LRRK2 in cells transfected 

with K27 and K63 ubiquitin.  

(B) HEK293T cells were co-transfected with Flag-GS-LRRK2 and HA-tagged K27, K29, K48, or K63 

ubiquitin for 48 h and treated with DMSO control, 68, or FX2149 (100 nM) for 24 h. Cells were fixed and 

immunostained with anti-Flag and anti-γ-tubulin (aggresome marker) antibodies. Representative images of 

cells co-transfected with GS-LRRK2 and HA-tagged ubiquitin constructs. Merged images show Flag, γ-

tubulin, and DAPI nuclear staining. (C) Quantification of the number of cells with aggregates positive for 

LRRK2 and γ-tubulin divided by total number cells expressing LRRK2 from A and B. Nine separate fields 

were counted for each condition and each experiment repeated three times. *p< 0.05 by ANOVA compared 

to DMSO-treated control.  
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6.4.  Summary and Discussion 

The major findings of this study are that pharmacological inhibition of GTP-binding 

using novel inhibitors increases LRRK2-linked ubiquitination and protein aggregation in 

a neuroprotective manner. The elevated LRRK2-linked ubiquitination occurs through the 

atypical linkage types K27, K29, and K63. Moreover, 68 and FX2149 also promote 

LRRK2-linked aggresome formation, representing a self-protection mechanism by 

sequestering the toxic mutant protein. These findings demonstrate that LRRK2 GTP-

binding activity is critical in LRRK2-linked ubiquitination. 

 

Ubiquitination is a complex cellular process involving several distinct linkage types with 

different downstream signaling consequences, many of which are still unclear (169, 172, 

179). The most studied form of ubiquitination is the K48 linkage, which is known to 

signal a protein to the proteasome for destruction. In total, ubiquitin is able to form chains 

on seven lysine residues (K6, K11, K27, K29, K33, K48, and K63) as well as on the 

methionine-1 residue (179, 185). Each of these sites is able to be monoubiquitinated, with 

only one ubiquitin moeity, or polyubiquitinated, with more than one ubiquitin moieties 

forming branches of varying length. Of these branches, linkages can all be conjugated to 

the same residue in a homogenous fashion, or display multiple linkage types in a 

heterogeneous fashion (179, 183, 184). In addition, target proteins can be conjugated to 

single ubiquitin molecules at multiple sites in a process termed multimonoubiquitination 

(186). The distinct functions of these non-canonical ubiquitin types are still being 

elucidated and the mechanisms underlying their formation are still being discovered.      
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Polyubiquitination at K27, K29, and K63 is believed to signal for non-proteasomal routes 

of processing (101, 179, 182, 184). These alternative routes may have a role for abnormal 

proteins not normally handled or recognized by the cell, as well as provide options for 

cells when the UPS is overwhelmed. Recent studies provide evidence of consequential 

aggregation due to K27, K29, and K63-linked ubiquitin signaling, and this is believed to 

represent a self-protecting mechanism of the cell in sequestering toxic proteins away 

from the action into an aggresome as they await further processing (174, 187). Our work 

here demonstrates a role for the LRRK2 GTP-binding domain in its propensity to be 

ubiquitinated and that pharmacological inhibition of LRRK2 GTP-binding increases its 

ubiquitination as seen through the use of our novel pharmacological inhibitors. 

Furthermore, we find that the non-canonical linkages are involved with mutant LRRK2 

inclusion formation and aggresome response, and that compounds 68 and FX2149 can 

promote these neuroprotective strategies. Notably, it is believed that K29-chains can only 

form as mixed heteroubiquitinated linkages with chains already targeted by K48 ubiquitin 

(179, 184). G2019S-LRRK2 mutations cause an impaired and thus overwhelmed UPS (9, 

102, 107). A possible reason for the lack of increase in K29 could be due to a 

disburdening of the previously overwhelmed proteasome pathway through our inhibitors, 

and therefore less K48-ubiquitinated LRRK2 to modify. However, this area still needs 

further study.     

 

Impaired UPS functions have been observed in LRRK2 PD models and key UPS players 

have been shown to interact with LRRK2 (27, 28). Recently, LRRK2 demonstrated 

involvement in selective autophagy, which utilizes ubiquitin-dependent signaling (102). 
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In additional studies, G2019S-LRRK2 caused disruption of aggresome formation and 

subsequent clearance mechanisms, leading to cytotoxicity (107). Interestingly, the use of 

LRRK2 kinase inhibitors caused an increase in protein turnover through proteasome-

dependent degradation (188). It is likely that both proteasomal and non-proteasomal 

routes of degradation regain functionality following GTP-binding and kinase inhibition, 

as the two pathways are tightly regulated and known to compensate one another (168, 

182, 186). Increasing evidence supports the cross-talk between autophagy and the UPS, 

including the shared use of the ubiquitin moiety as a signal, and LRRK2 has emerged as a 

key player in both of these pathways.  

 

LRRK2 has been observed to be ubiquitinated through K27, K29, K48, and K63 chains 

previously (101, 109). It is believed to exist as a basally ubiquitinated protein, with the 

ability to upregulate its ubiquitination through dephosphorylation at upstream S910 and 

S935 residues. The mechanism underlying how a protein’s ubiquitin fate is determined is 

still unclear, however certain E3 ubiquitin ligases preferentially form lysine-specific 

chains (170, 180, 185, 189). Previously, LRRK2 has shown direct interactions with 

Parkin and CHIP, both of which are E3 ubiquitin ligases (27, 28). A recent report 

provides a neuronal protective role for K27 and K29 ubiquitination in LRRK2 through an 

interaction with WSB1 (101). This is not the first time that these two types of 

ubiquitination have signaled for a protective aggregation response in neurodegenerative 

disorders, as PD player DJ-1 and HD player huntingtin have both been demonstrated to 

undergo K27/K29 ubiquitination and subsequent aggregation (169, 176, 180, 187). This 

evidence, along with our studies, provide a point of convergence between 
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neurodegenerative disorders that display protein aggregation phenotypes that will prove 

useful in understanding underlying pathology and developing appropriate therapeutics.  

 

In conclusion, our work provides a role for LRRK2 GTP-binding inhibitors as 

neuroprotective agents that promote LRRK2 ubiquitination, increase aggregation in 

pathogenic G2019S-LRRK2 mutations, and contribute to an aggresome response in cells.    
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Chapter 7: Conclusions and Future Perspectives 

 

7.1.  Conclusions 

Due to its severe impact on the population, particularly in older adults, PD represents an 

area with a dire need for therapeutic targets with the ability for intervention (12-14). The 

LRRK2 protein represents a PD contributor with a broad web of interrelated connections 

that place it in the center of a variety of cellular functions involved in PD pathogenesis 

(15, 18, 19, 21). Importantly, the presence of distinct enzymatic domains and 

corresponding activities, with proven relationships to disrupted cell functions and 

neuronal death in PD progression, make LRRK2 a tractable drug target for future 

development (16). 

      

We identified the first reported GTP-binding inhibitor of LRRK2, compound 68, through 

a combination of CADD and biological screening. This inhibitor demonstrated potency in 

vitro with efficacy in the low nanomolar range. Significantly, 68 reduced kinase activity 

in LRRK2 and its G2019S and R1441C pathogenic mutants. Like with many PD-linked 

mutations in LRRK2, these two are characterized by a hyperactive kinase activity that 

can be directly attributed to neuronal degeneration. Previous reports suggested that GTP-

binding reduction could attenuate kinase activity through the use of genetic studies. This 

was the first time that a pharmacological tool was available to confirm this prediction. 

 

Compound 68 was able to inhibit GTP-binding and kinase activities in the brains of 

G2019S-LRRK2-BAC transgenic mice following an intraperitoneal injection at a dose of 
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20 mg/kg. Although more efficacious in inhibiting LRRK2 in brains when compared with 

kinase inhibitor such as LRRK2-IN-1 (100 mg/kg i.p. dose needed for efficacy), 68 was 

used as a lead compound for improving BBB penetration. In Chapter 4, we worked 

alongside a medicinal chemist (Dr. Fengtian Xue) in optimizing 68 for in vivo efficacy in 

brains. Here, we successfully reported FX2149, with similar in vitro inhibition of GTP-

binding and kinase activities as 68 in LRRK2 mutations. Most importantly, FX2149 

successfully inhibited GTP-binding and attenuated kinase activity in G2019S-LRRK2 

mouse brains at half the dose of 68 (10 mg/kg). This provides a novel lead compound for 

further optimization with the goal of development into a therapeutic agent for PD. In 

addition, this provides a novel pharmacological tool for further dissection of the 

contribution of GTP-binding to LRRK2’s biological functions. 

 

LRRK2 has been shown to interact with partners involved in cellular transport functions 

however its mutations have not been previously well characterized for their effects on 

neural transport processes (74, 92-94, 96). It is known that these mutations can result in 

neurite shortening and injury, which is thought to precede neuronal degeneration (31, 40). 

In Chapter 5, we demonstrated that the ROC domain mutation R1441C causes neural 

transport impairments of mitochondria and lysosomes in human neuroblastoma SH-

SY5Y cells. The tendencies for these organelles to display mobile characteristics were 

compromised, as well as the run lengths of those organelles that did travel. As mentioned, 

compounds 68 and FX2149 could provide utility as pharmacological tools for 

understanding LRRK2 functioning, such as in neural transport. We report that treatment 

with these inhibitors improves neural transport functioning in R1441C mutants back 
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towards baseline levels. Targeting the impaired intracellular transport processes in 

LRRK2 PD cases could represent an early-stage event with potential for directed 

intervention in a disease-modifying attempt.  

 

Lewy bodies present in brains of those with PD have been shown to contain LRRK2 (11, 

100). Mutations in LRRK2 can lead to accumulation of cytoplasmic inclusions through 

misfolding of the protein (17, 19, 58, 101). Aggregation of these inclusions is thought to 

be a neuroprotective approach in sequestering these bodies from causing harm to the 

neuron (101, 107, 174, 187). Ubiquitination of LRRK2 is believed to signal for this 

aggregation (101, 102). In Chapter 6, we demonstrated an upregulation in LRRK2 

ubiquitination following treatment with GTP-binding inhibitors, with specific increases in 

K27, K29, and K63-linked polyubiquitination. This heightened ubiqutination following 

compound treatment corresponded to increased G2019S-LRRK2 inclusion formation and 

aggresome response in cells, and this occurred even when only K27 and K63 lysines 

were able to be modified. This provides an alternative route to ubiquitin signaling in 

LRRK2 through non-canonical (non-proteasomal) linkages mediated through GTP-

binding inhibition.  

 

7.2.  Discussion  

The work here provides further insight into the biological functions of LRRK2 in healthy 

and compromised neuron populations. We have built upon evidence for LRRK2 

involvement in neural transport functions through observed impairments in mitochondrial 

and lysosomal transport in the R1441C ROC-COR mutation. This implicates the GTP-
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binding domain in cellular transport functions, and further studies demonstrated that 

inhibition of GTP-binding pharmacologically can restore normal transport functioning. 

As the R1441C mutation has a decreased GTPase activity and therefore persists in a 

GTP-bound state more frequently, this evidence points towards the utility in GTP-binding 

inhibitors in a broader range of LRRK2 pathogenic mutations (26, 54, 57). When looking 

to intracellular signals for degradation pathways, studying the modification of LRRK2 by 

ubiquitin can provide a better understanding of how the protein is handled in the cell, 

specifically in PD-linked mutations (35). In our work, we demonstrate that the GTPase 

domain and activity plays a role in the ubiquitination of LRRK2. Increased ubiquitination 

of LRRK2 through autophosphorylation of the GTPase domain following treatment with 

GTP-binding inhibitors leads to a shift towards neuroprotection through sequestering 

toxic misfolded proteins and signaling for an appropriate cellular response. 

 

LRRK2 therapeutic efforts have mainly focused on kinase inhibition, however with 

limited success (70, 71). GTP-binding inhibition represents a new approach in managing 

neurodegeneration in LRRK2 mutations, and has shown success in mitigating neuronal 

death, neuroinflammatory responses, and restoring status quo to impaired cellular 

functions (138, 139). The reduction of kinase activity in LRRK2 is a promising 

consequence of these inhibitors as neuronal degeneration has long been linked to its 

overactivity. Importantly, our inhibitors have demonstrated the ability to move across the 

BBB and affect change within the brain. This, along with the LRRK2-specific nature of 

our inhibitors, grants further consideration of GTP-binding inhibitors as a promising 

target-based approach in development of a disease-modifying strategy in PD. 
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7.3.  Future considerations  

7.3.1. Optimization of LRRK2 GTP-binding inhibitors 

Our results provide the first proof-of-principle for the creation and successful 

implementation of GTP-binding inhibitors in attenuating neurodegeneration in LRRK2 

cell and mouse models of PD. Computer aided drug design using the crystallized ROC-

COR GTPase region of LRRK2 as a structural basis, along with algorithms for 

identifying entities with drug-like-ness and potential for permeating the BBB, provided 

several hundred compounds for biological characterization. Our lead compound, 68, was 

redesigned for optimized bioactivity and BBB penetration, resulting in the novel FX2149 

inhibitor, with efficacy in mouse brains following 10 mg/kg intraperitoneal injection 

(138, 139). Further optimization of our new lead candidate represents an area for 

improved drug development (Fig. 7.1). A third-generation of GTP-binding inhibitors has 

begun characterization and will hopefully improve upon the already successful findings 

thus far. This will prepare the drug-like candidate for clinical trials for PD intervention. 

 

7.3.2. Targeting LRRK2 as a Therapeutic Strategy  

In addition to inhibiting GTP-binding and kinase activities, other possibilities arise based 

on the unique structural characteristics of LRRK2. Disrupting protein-protein interactions 

that potentiate neurotoxic mechanisms could prove beneficial for pushing LRRK2 away 

from pathological conditions and towards normal physiological functioning (110). The 

LRR and WD40 domains of LRRK2 have been suggested to be involved in such 

interactions, and targeting these regions could allow for selection of how LRRK2 

behaves (15, 21). To date, LRRK2 has been shown to interact with several PD players, 
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including parkin, synphilin-1, CHIP, and 14-3-3 (27, 28, 30). In addition, LRRK2 

interacts with microtubules and Rab GTPases, with roles in membrane localization, 

neurite outgrowth, and cytoskeletal organization (18, 32, 35, 74, 76, 146). Delving into 

how LRRK2 affects substrate, how substrate affects LRRK2, how the interaction affects 

LRRK2 enzymatic activities, and how LRRK2 GTPase and kinase activities affect the 

interaction are all important future studies (Fig. 7.1).  Further understanding of all 

potential LRRK2 interaction partners and substrates would be necessary for determining 

potential implications for such a strategy (38, 110).    
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Figure 7.1 Conclusions and future considerations for LRRK2. 

(A) Our GTP-binding inhibitors, 68 and FX2149, restored abnormally elevated mutant kinase activity, 

improved neural transport, and promoted protein clearance. (B) Future considerations for LRRK2 include 

optimizing GTP-binding inhibitors, studying the effect of 68 and FX2149 on mitochondrial function, 

studying the connections between LRRK2 functions, and identifying interactors and substrates.  

 X 
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7.3.3. Future studies of biological activity of LRRK2 

As we have described in detail, LRRK2 directly participates in neural transport and 

protein clearance pathways (17, 35). Others have implicated LRRK2 in additional 

processes necessary for maintaining cellular homeostasis (15). LRRK2 mutations result 

in depolarized mitochondrial membrane potential, induction of mitophagy, mitochondrial 

fragmentation, disrupted mitochondrial fission/fusion, oxidative stress and formation of 

reactive oxygen species, and more processes in addition to but that rely upon 

mitochondrial transport (53, 102, 104, 162, 164, 165, 190, 191). Likewise, LRRK2 

mutations cause enlarged lysosomes with reduced degradative capacity, impaired 

autophagosome formation, autophagy deficits, and more functions that similarly rely 

upon lysosome transport (9, 45, 86, 97). Moving forward, it will be important to look at 

the role of pharmacological inhibition of GTP-binding in LRRK2 and the resulting 

effects on other dysfunctions seen in mitochondria, the autophagy-lysosome pathway, 

and the ubiquitin-proteasome pathway (Fig. 7.1).  

 

With the search for a clear biological role for LRRK2 comes the necessity of determining 

a bona fide LRRK2 substrate. Postulated substrates include the ribosomal protein s15, 

ezrin/radixin/moesin complex, 4E-BP1 and recently a subfamily of Rab small GTPases 

(32, 63-65). To date, many protein interaction partners have been identified. Identifying 

additional interacting proteins will provide this much needed insight into LRRK2 

biological functioning and signaling pathways, and remains a monumental area in 

ongoing LRRK2 studies.    
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7.3.4. Identification of KIF5A as a novel LRRK2 interacting protein 

Recently, our group identified a potentially new interaction partner for LRRK2. Using a 

yeast-two-hybrid screen, LRRK2 was shown to associate with KIF5A through its 

predicted protein interaction regions. KIF5A is a microtubule associated motor protein 

and is a part of the kinesin-1 subfamily of proteins (192). As a member of the kinesin 

family, this neuronal isoform is involved in the anterograde transport of select cargos in 

cells (193). Interestingly, mutations in KIF5A cause the neuromuscular disorder 

Hereditary spastic paraplegia (HSP) (194). As a motor transport protein, these mutations 

cause a “dying back” axonopathy of the motor neurons innervating the lowest limbs 

(195).  

 

We performed preliminary studies on the LRRK2/KIF5A interaction in mammalian cells 

to confirm the association. Following co-immunoprecipitation in co-transfected cells, 

KIF5A was pulled down in wild-type as well as mutant LRRK2 protein (Fig. 7.2A). 

Interestingly, KIF5A demonstrated a greater interaction with LRRK2 in triple transfected 

Flag-WT-LRRK2, HA-KIF5A, and α-synuclein (Fig. 7.2B). In order to determine the 

region of LRRK2 responsible for the interaction with KIF5A, LRRK2 truncated 

constructs were co-transfected into cells along with KIF5A and co-immunoprecipitated.  

These experiments demonstrated that the N-terminus end of LRRK2 most strongly 

associates with KIF5A (Fig. 7.2C), in line with the predicted function of these domains in 

LRRK2 (15, 21).     

  

The interaction with KIF5A lends support to LRRK2 involvement in neural transport, 
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and the increased association in α-synuclein conditions could lend support to LRRK2 

involvement in protein aggregation formation, providing high potential for the 

implications of the discovery of this interaction. Further studies will determine the nature 

of this protein-protein interaction and the effect of LRRK2 enzymatic activities on the 

association. Together, understanding LRRK2 substrates and interaction partners will help 

determine its biological role, understanding LRRK2 enzymatic activities will help 

elucidate its contributions to neurodegeneration in PD, and the combination of the two 

could provide future therapeutic entities for targeting LRRK2 in protecting against PD. 
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Figure 7.2 LRRK2 co-immunoprecipitates with KIF5A following expression in mammalian HEK293T 

cells. 

(A) HEK293T cells were co-transfected with HA-KIF5A and various Flag-tagged LRRK2 mutations for 48 

h prior to being harvested. Cell lysates were immunoprecipitated with Flag- or HA-conjugated agarose and 

subject to western blot analysis. (B) Cells were triple transfected with HA-KIF5A, Flag-WT-LRRK2, and 

α-synuclein prior to immunoprecipitation to assess changes in interaction level following addition of α-

syunclein. (C) LRRK2 truncated constructs were co-transfected with HA-KIF5A in cells. 

Immunoprecipitation demonstrates LRRK2 N-terminal association with KIF5A.  
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