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I. Summary

Mutations in leucine rich repeat kinase 2 (LRRK2) represent the most common cause of
familial Parkinson's Disease (PD), and variants in this gene modify risk for sporadic PD. Thus,
the study of LRRK2 is key towards elucidating the mechanism(s) underlying both familial and
sporadic disease entities. Towards this goal, previous studies have reported an interaction
between LRRK2 and microtubules (MTs). However, the determinants within LRRK2
responsible for such interactions, and the possible downstream alterations in MT-mediated
transport events remain unknown.

Here, we first we demonstrate that most pathogenic LRRK2 mutants as well as
pharmacological LRRK2 kinase inhibition causes an enhanced association of LRRK2 with a
subset of stable MTs, displaying a filamentous phenotype. This is in contrast to wildtype
LRRK2, which displays a largely cytosolic localization. Second, we find that this association
can be modulated upon altering the levels of detyrosinated tubulin, whereas the MT acetylation
status does not seem to play a direct role. Such association may cause subsequent MT
destabilization. Third, we elucidate the molecular determinants of this interaction to be
regulated by LRRK2 GTP binding. We find that two synthetic mutants (R1398L;
R1398L/T1343V) as well as a protective risk variant for PD (R1398H) decrease GTP binding
which causes a rescue of this phenotype. Treatment with two novel GTP binding inhibitors also
reverts such altered localization of pathogenic or kinase-inhibited LRRK2. Finally, such altered
subcellular localization is induced by GTP analogs, providing formal proof-of-concept that
altered LRRK2 GTP binding causes such altered subcellular localization.

Altogether, our findings indicate a preferential association of pathogenic mutant and
pharmacologically kinase-inhibited LRRK2 with stable MTs, which may directly or indirectly

impact upon various MT-mediated vesicular trafficking events.



Resumen

Mutaciones en leucine rich repeat kinase 2 (LRRK2) representan la causa mas comdn
de la Enfermedad de Parkinson (EP) familiar, y variaciones en este gen modifican el riesgo de
EP esporédico. Por ello, el estudio de LRRK2 es clave para intentar dilucidar el mecanismo
responsable de ambas formas de la enfermedad: familiar y esporadica. Con este fin, estudios
previos han descrito la interaccién entre LRRK2 y microtibulos (MTs). Sin embargo, los
determinantes implicados en esta interacion, asi como los efectos "downstream™ que se deriven
de ella, ain son desconocidos.

En esta tesis, primero demostramos que la mayoria de los mutantes patogénicos, asi
como su version farmacoldgicamente inhibida de la actividad kinasa, intensifican la asociacion
de LRRK2 con un grupo de MTs estables, mostrando un fenotipo filamentoso. Esto se
contrapone con wildtype LRRK2, que muestra una localizacion predominantemente citosolica.
Segundo, encontramos que esta asociacion puede ser modulada mediante la alteracion de los
niveles de tubulina destirosinada, mientras que el estado de acetilacion de los MTs no parece
jugar un papel de manera directa. Esta asociacién puede desembocar en la desestabilizacion de
los MTs. Tercero, dilucidamos que los determinantes moleculares de esta interaccion requieren
la union de GTP. Encontramos que dos mutantes sintéticos (R1398L; R1398L/T1343V), asi
como una variante de riesgo protectora para EP (R1398H) dismininuyen la union a GTP, lo
cual revierte este fenotipo. El tratamiento con dos nuevos inhibidores de GTP también revierte
la localizacion alterada mostrada por LRRK2 patogénico y kinasa inactivo. Finalmente, esta
localizacion alterada es inducida por analdgos de GTP, lo cual representa una prueba formal de
gue la alteracién de la unién de GTP a LRRK2 es la causa de esta alteracion en su localizacion
subcelular.

Teniendo todo esto en cuenta, nuestros resultados indican una asociacion preferencial de
LRRK2 patogénico asi como de su version farmacol6gicamente inhibida de la actividad kinasa
con MTs estables, lo cual puede directa o indirectamente tener un efecto en varios de los

eventos implicados en el tréfico de vesiculas a través de MTs.
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1. Abbreviations

4E-BP: elFAE (eukaryotic initiation factor 4E)-binding protein
a-TAT-1: a-tubulin acetyltransferase-1

Ac: acetylation

AD: Alzheimer's disease

ArfGAPL: ADP-ribosylation factor GTPase-activating protein 1
ArhGEF7: rho guanine nucleotide exchange factor 7
CAP-Gly: cytoskeleton-associated protein glycine-rich

CCPs: cytosolic carboxypeptidase family

Cdk1: cyclin-dependent kinase 1

CKla: casein kinase [ a

CLIP170: cytoplasmic linker protein 70

DVL1-3: dishevelled proteins 1-3

COR: C-terminus of ROC

ER: endoplasmic reticulum

FADD: fas associated death domain protein

GAD: G proteins activated by nucleotide-dependent dimerization
GAP: GTPase activating protein

GEF: guanine nucleotide exchange factor

GDP: guanosine diphosphate

GDI: guanine nucleotide dissociation inhibitor

GSK-3p: glycogen synthase kinase-3f

GTP: guanosine triphosphate

HDACS: histone deacetylase family member 6

KIF5: kinesin like protein 5

KIF6B: kinesin like protein 6

KIF-2: kinesin family-2



KIF-1A: kinesin like protein 2

LBs: Lewy bodies

LRP6: low-density lipoprotein receptor-related protein 6
LRR: leucine rich repeats

LRRKZ2: leucine rich repeat kinase 2

MAP: microtubule-associated protein

MAP1B: microtubule-associated protein 1B
MAPK: mitogen-activated protein kinase
MCAK: mitotic centromere-associated kinesin
MEC: mechanosensory

MEK: mitogen-activated protein kinase kinase/extracellular signal-regulated kinase
MTs: microtubules

NFTSs: neurofibrillary tangles

PAK®G: p21 (RAC1) activated kinase 6

Pam: palmitoylation

PD: Parkinson's disease

PKA: protein kinase A

PP1/PP2A: protein phosphatase 1/2A

PTMs: post-translational tubulin modifications
Racl: ras-related c3 botulinum toxin substrate 1
RGS2: regulator of G protein signalling 2
RILP: rab7-interacting lysosomal protein

ROC: ras of complex

SIRT-2: sirtuin type-2

SNpc: substantia nigra pars compacta

Syk: spleen tyrosine kinase

TGN: trans-Golgi network


https://www.ncbi.nlm.nih.gov/pubmed/22249213

TTL.: tyrosine tubulin ligase

TTLL: tubulin tyrosine ligase-like

TRADD: TNFR1-associated death domain protein
Vps34: protein phosphatidylinositol-3-OH kinase

Whnt: wingless signalling pathway
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I11. Introduction
1. Parkinson’s disease (PD)

Parkinson’s disease (PD) was described for the first time by James Parkinson in his
essay on the shaking palsy in 1817 [1]. PD is a progressive and incurable disease and it is
currently the most prevalent neurodegenerative disorder in the Western world after Alzheimer’s
disease, with approximately 6 million people worldwide suffering from it. PD is an age-related
disease which affects between 1-2% of the population above the age of 65 and up to ~4% in
those above 85 years [2]. Since the incidence increases as the population ages,
neurodegenerative diseases will become an ever-growing social and economic burden on
society.

The main pathological hallmarks of PD are progressive degeneration and death of
pigmented dopaminergic neurons of the substantia nigra pars compacta (SNpc), which project
to the striatum (primarily to the putamen), impairing the nigrostriatal dopaminergic pathway [3]
(Figure 1A, 1B). Since this pathway is mainly involved in the execution of movement [4], the
loss of dopaminergic neurons of the SNpc that causes striatal dopamine deficiency provokes
the characteristic motor symptoms of PD. The other cardinal pathological sign is the presence of
Lewy bodies (LBs) (Figure 1C), which are proteinaceous cytoplasmic inclusions mainly
composed of aggregated a-synuclein and ubiquitin [5].The cellular consequences of LBs remain
unclear, and there is evidence supporting both a potential neuroprotective role, with misfolded
proteins getting accumulated in order to block cellular damage, or a neurodegenerative role,

with accumulated proteins inducing toxicity [6].
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A. Normal B. Parkinson’s
Disease
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Figure 1: Schematic comparison of the nigrostriatal pathway in a normal and in a PD
brain. PD has been described to induce a loss of dopaminergic neurons from the substantia
nigra pars compacta, which project to the striatum (the putamen and the caudate nucleus),
thereby impairing the nigrostriatal pathway. A cardinal hallmark for PD is the presence of
abnormal aggregation of proteins such as o-synuclein or ubiquitin, which form proteinaceous
structures known as Lewy Bodies. Adapated from [6].

The main motor symptoms of PD include rigidity, tremor, postural instability,
hypokinesia (reduced amplitude of movement) and bradykinesia (slowness of movement) [7].
The clinical motor symptoms of PD appear after a threshold loss of around 60-70% of SNpc
dopaminergic neurons and 80% depletion of striatal dopamine [6]. As the disease progresses,
other neurotransmitter pathways in the brain are also affected, giving rise to non-motor
symptoms including cognitive decline, psychiatric problems and a range of autonomic
disturbances [8]. There are also various early manifestations of the disease, such as anosmia [9].

In addition, not all dopaminergic neurons are affected in the disease, and neurons other

12



than dopaminergic neurons are prone to cellular demise as well [10]. Currently, there is no cure
for the disease, and treatments are only based on alleviating symptoms. In fact, the classical
treatment involving exogenous dopamine replacement via the administration of Levodopa (an
intermediate in dopamine synthesis), has been shown with time to produce dyskinesia
(involuntary movements) and motor fluctuations, supporting the need for better therapies [11].
PD is largely sporadic, with the exact pathological mechanism(s) remaining unclear.
Indeed, the use of identified toxins such as MPP+ or rotenone has been linked to PD,
highlighting a role for mitochondria and oxidative stress [5]. However, around 8-10% of PD
cases are due to mutations in identified loci called PARK genes that have been shown to be
linked to familial PD [12] (Table 1). PARK1 encodes for a-synuclein [13], which tends to
aggregate and constitutes one of the main components of LBs. Both point mutations as well as
triplication of the a-synuclein gene are associated with autosomal-dominant, early-onset PD
[13-16]. Another early-onset gene is PARK2, encoding for Parkin, which is an E3-ubiquitin
ligase recruited to defunct mitochondria [17]. Point mutations in this gene are known to
segregate with the disease in a recessive fashion, which is generally characterized by the
absence of LBs, although these have also been found in some particular cases [18, 19]. PARK6
encodes for PINK1 [20], which is also associated to mitochondria. Mutations in this gene
represent the second most frequent cause of autosomal-recessive early-onset PD after mutations
in PARK2. Overall, the known function(s) of those genes imply various mechanisms related to
abnormal protein homeostasis, altered vesicular trafficking and mitochondrial dysfunction.
Finally, genome-wide association studies have revealed other genes variations in which
increases or decreases disease risk (included in Table 1) [21]. Altogether, the finding that not
only environmental factors, but also various monogenic forms contribute to PD pathogenesis

helps to shed light into elucidating the molecular basis underlying this disease.
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Reference Locus Chromos. Gene Inheritance Transmission
Polymeropoulos, 1996; SNCA AD and sporadic, | Early/ late onset
PARK1/4 | 4qg21-923
Farrer, 1999 [22, 23] (a-synuclein) high penetr. PD
PRKN
Matsumine, 1997 [24] PARK2 6025-927 AR and sporadic Early onset PD
(parkin)
Valente, 2001 [25] PARK6 1p36-p35 PINK-1 AR Early onset PD
Van Duijn CM , 2001
PARKY 1p36 DJ-1 AR Early onset PD

[26]

AD and sporadic,
Funayama, 2002 [27] PARKS8 | 12pl11-q13 LRRK2 Late onset PD
incomplete penetr.

Satake, 2009 [28] PARK16 1932 RAB7L1 Risk factor Late onset PD

Vilarifio-Guell,2011[29] | PARK17 16qg11 VPS35 Risk factor/ AD Late onset PD

Table 1: Loci involved in PD: PARK genes. List of the PARK genes specifying chromosome
position (chromos.), name of the gene, kind of inheritance and type of disease transmission.

Adapted from Fernandez et al. (unpublished).

2. LRRK2

The PARKS locus encodes for Leucine-Rich Repeat Kinase 2 (LRRK2) [30, 31]. LRRK2
is a 2527 amino acid protein and comprises several interaction domains such as ANK repeats,
Leucine-Rich Repeats (LRR) and a WD40 domain. In addition, the protein contains a catalytic
core composed of a Ras Of Complex (ROC) domain with GTPase activity, followed by a C-
terminal of ROC domain (COR), with this combination being characteristic of ROCO proteins,
and a kinase domain [32]. Mutations in LRRK2 represent the most common genetic cause of
late-onset PD with an autosomal-dominant inheritance [30, 31], affecting up to 5% of
individuals with a family history of the disease (which can go up to 40% depending on ethnic
background), and 3% of sporadic cases, although there is incomplete penetrance [32] (Table 1).
To date, nine mutations have been shown to clearly segregate with the disease: N1437H,

R1441C/G/H/S in the ROC domain, Y1699C in the COR domain and 12012T, G2019S and
14




12020T in the kinase domain [30, 31, 33-35]. Importantly, all of these mutations are located in
the central region of the protein where the two catalytic domains are (GTPase and kinase
domains), implying that a change in enzymatic activity may lead to the pathogenic form of the
protein.

Furthermore, two variants have been described to increase risk for sporadic PD, one
located in the COR domain, R1628P [36], and the other in the WD40, G2385R [37].
Interestingly, a recent study has also identified for the first time a point mutation, R1398H, that
seems to be protective for PD [38], and individuals carrying risk factors (R1628P and/or
G2385R) together with this protective variant showed a reduced risk for the disease [38-40]
(Figure 2).

Altogether, current knowledge pin-points LRRK?2 as a key player for both sporadic and
familiar forms of the disease, which makes its study essential for understanding the pathological

mechanism(s) that cause PD.

N1437H 12020T
R1441G/C/H Y1699C G2019S G2385R
R1398H
1 ’ ‘ * R162§P$
ROC COR
"LRRK2-repeats” LRRs WD40
interaction catalytic interaction

Figure 2: LRRK2 structure and mutations. Schematic representation of the LRRK2 protein,
with interaction domains: LRRK2-repeats, LRRs and WD40; and a catalytic domain: ROC-
COR and kinase domain. Mutations which segregate with PD are annotated in blue, a protective

variant is indicated in green, and two risk mutations are highlighted in red. Taken from [5].

a. Enzymatic activities of LRRK?2

i. Kinase domain
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The LRRK2 kinase domain constitutes, together with the GTPase domain, the catalytic
core of the protein. It is flanked by the ROC-COR domain at the N-terminus and the WD40
repeats at the C-terminus. Equally to all ROCO proteins, LRRK2 belongs to the serine/threonine
kinase group [41]. The activation mechanism among serine/threonine kinases is quite
conserved, and it usually involves the autophosphorylation of one or more residues in the
activation loop, which then induces a conformational change associated with altered ATP
binding and/or substrate interaction [42, 43].

Several studies have reported altered kinase activity associated with PD mutations. For
most mutations, contradictory results have been obtained, with some studies showing an
enhancement due to the 12020T or R1441 mutations [44-46], or reporting no change [47, 48],
and the risk variant G2385R displaying lower Kkinase activity [46, 49]. However, the most
frequent mutation in LRRK2, G2019S, linked to both familial and sporadic PD, has consistently
been reported to increase the in vitro kinase activity 3-4 fold, leading to a hyperactive form of
the protein [30, 31, 50]. Thus, it is tempting to speculate that altered kinase activity may cause
pathogenicity. Indeed, numerous studies have linked enhanced kinase activity with neurotoxic
effects, which were reverted by either genetic or pharmacological kinase activity inhibition [51-
53]. Moreover, a recent study looking at substrate phosphorylation in intact cells has reported
for the first time increased phosphorylation of a subset of Rab proteins, which was caused by all
pathogenic mutants, thus further supporting the relevance of kinase activity in the disease, and
the therapeutic potential of kinase inhibitors [54]. Structurally distinct and highly specific kinase
inhibitors have been developed. Early studies described CZC-54252 [55] and TAE684 [56, 57],
which were shown to effectively inhibit LRRK2 kinase activity, although they are unable to
cross the blood brain barrier. More recently, new and highly specific LRRK2 kinase inhibitors
with higher permeability through the blood brain barrier have been found including IN1 [58],
GSK2578215A [59], GNE-7915 and GNE-0877[57] as well as MLi2 [60], which is currently

the most specific LRRK2 kinase inhibitor synthesised so far.
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Since LRRK2 was discovered in 2004, many efforts have focused on identifying
specific substrates for its kinase activity. However, despite years of research and several
candidates proposed, such as moesin, 4E-BP [elF4E (eukaryotic initiation factor 4E)-binding
protein], B-tubulin or tau protein [47, 61-63], it was not until 2016 when a set of specific bona
fide substrates were found. Alessi's group has pointed towards the Rab family of small
GTPases, showing for the first time that a subset of Rabs, including Rab8, Rab10 and Rab12 are
directly phosphorylated by LRRK2 kinase activity in vitro and in vivo [54], even though the
cellular consequences of such phosphorylation events remain unknown.

The LRRK2-mediated phosphorylation of Rab proteins seems to modulate their
association with their regulatory proteins, such as Guanine Nucleotide Dissociation Inhibitor
(GDI) or GTPase activating proteins (GAPs). The reported lack of association of
phosphorylated Rabs with these proteins may cause the accumulation of phosphorylated,
inactive Rab proteins in their membrane compartments, and/or their mislocalization. In either
case, all pathogenic LRRK2 mutants were found to increase phosphorylation of Rabs in intact
cells, even though only one them, the G2019S mutant, displays increased in vitro Kkinase
activity, thus raising the question as to how the other mutants might enhance Rab
phosphorylation [54].

Apart from substrate phosphorylation, and like many other protein kinases, LRRK2 can
phosphorylate itself at numerous identified autophosphorylation sites. However, only some of
these sites have been confirmed in vivo, including S1292, T1410 and T1491 [64-70]. Various
additional phosphorylation sites have been identified in LRRK2, with most of them clustering in
the N-terminus (S910, S935, S955, S973) [48, 71, 72] and one in the ROC domain (S1444) [73]
(Figure 4). Firstly, these were described as autophosphorylation sites, since the use of specific
kinase inhibitors impeded phosphorylation at these sites. However, in vitro kinase assays have
demonstrated that they are not directly phosphorylated by LRRK2 [74, 75], but rather other
kinases/phosphatases have been reported to regulate these so-called cellular phosphorylation

sites. For example, protein kinase A (PKA) has been shown to phosphorylate S1444 [73], kB
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kinase seems to phosphorylate Ser 935 in macrophages [76], casein kinase | o (CK1a) has been
shown to phosphorylate S910/935 in adult mouse striatum [77], and protein phosphatase 1/2A

(PP1/PP2A) inhibitors have been reported to restore phosphorylation at S910/S935 [78] (Figure

3).
S144
S$1403
T1404
T1410
T1452
$910 T1343 | T1491 T2031
S935 T1368 | T1503 $2032
S955 $1292 T2035
1 S$973 2527
- = e | <o n
ARM ANK LRRs WD40
interaction catalytic interaction

Figure 3: LRRK2 phosphorylation sites. Schematic representation of LRRK2
phosphorylation sites. Cellular sites are annotated in blue, and autophosphorylation sites are

indicated in red, with the ones determined in vivo highlighted in bold.

Phosphorylation at S910 and S935 has been proven to mediate the interaction of
LRRK?2 with 14-3-3 proteins. Hence, it has been suggested that 14-3-3 binding to LRRK2 could
protect it from being dephosphorylated at these two phosphorylation sites, as well as correlate
with differential LRRK2 localization. Thus, LRRK2 was proposed to show a cytosolic
distribution when phosphorylated at S910/935 and bound to 14-3-3, but accumulate into discrete
cytoplasmic pools when S910/S935 are in a dephosphorylated state and thus 14-3-3 binding is
impaired, and the same distribution has been observed when making S/A mutations at those
sites. Similarly, pathogenic mutants which present decreased phosphorylation at the cellular
sites have been shown to relocalize into cytoplasmic pools [48, 51, 74, 75, 79, 80].

Interestingly, 14-3-3 proteins have been reported to exert a neuroprotective role for PD,

with a rescue of neurite shortening induced by the G2019S mutant upon 14-3-3 protein
18



overexpression, and a further enhancement of the neurite phenotype when inhibiting 14-3-3
binding to LRRK2 by using peptides such as difopein, which binds to 14-3-3 proteins with very
high affinity [81].

Along these lines, S910/935 dephosphorylation upon pharmacological kinase inhibition
has also been proposed to induce LRRK?2 redistribution into cytoplasmic pools. However, some
studies highlighted an apparent difference between this relocalization pattern and the one shown
when artificially mutating the N-terminal phosphorylation sites, with the first looking more
stylized [74] and colocalizing with tubulin [75, 82], subsequently termed as "filamentous
structures”, and the latter resembling dot-like structures. Interestingly, recent studies have also
reported the presence of filamentous structures when analyzing most pathogenic mutants,
altogether suggesting that an alteration in LRRK2 subcelullar localization might be involved in
PD pathogenesis. Therefore, elucidating the exact mechanism(s) by which LRRK2 undergoes

such abnormal relocalization is crucial [66, 79, 82, 83].

ii. GTPase Domain
The GTPase domain of LRRK2 is characterized by having a ROC domain followed by a
COR domain, which makes LRRK2 a member of the ROCO protein family, a novel multi-
domain family of small GTPases. According to the ROCO protein type of structure, the LRRK2
GTPase domain is composed of five regions: a P-loop or GDP/GTP binding domain, followed
by switch | and switch Il motifs that undergo conformational changes upon GTP binding, and

G4 and G5 motifs [84] (Figure 4).
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T1343G N1437H/S
K'lf.gl\ R1398H/L/Q

R1441C/G/H
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Figure 4: LRRK2 GTPase domain. Schematic representation of the ROC domain: P-loop,
Switch I, Switch Il, G4-loop and G5-loop domain. Synthetic mutations altering the GTPase
activity are annotated in green, and pathogenic mutations clustering in the ROC domain are

indicated in red. Adapted from [85].

G proteins, also known as guanine nucleotide-binding proteins, are commonly known as
"molecular switches", since they share a mechanism in which the protein cycles between an on-
state, when it is GTP bound and exhibits higher affinity for effectors, and an off-state, when
GTP gets hydrolysed, leaving the protein bound to GDP and stopping the signal [86]. The exact
mechanism by which the LRRK2 GTPase works is unclear, and two possible models have been
suggested.

One scenario proposes that LRRK2 works as a GAD (G proteins activated by
nucleotide-dependent dimerization). GADs have been characterized as having very low
nucleotide affinity and fast nucleotide dissociation rate, consistent with LRRK2 GTPase and
other ROCO protein data [87-89]. Moreover, the hydrolysis rate of the monomeric LRRK2
ROC domain is more than 700-fold slower than that of dimeric full-length LRRK2, with
approximately 1.5 fold more nucleotide affinity of monomeric ROC, as compared to dimeric
LRRK2 ROC-COR-kinase fragments, further supporting the GAD model [89, 90]. In addition,
impaired GTP binding mutations such as K1347A and T1348N have been shown to exist as

monomers [91, 92], perhaps indicating that LRRK2 is only active when forming dimers. In
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vitro assays have suggested that LRRK2 predominately exists as a homodimer [93-95] although
a recent study has proposed the opposite, so this should be taken with caution [96].

GAD proteins are known to undergo dimerization through the COR domain, and several
studies have indicated that the LRRK2 COR domain plays an essential role in the dimerization
process [85, 87, 97], although other domains such as the ROC domain or the WD40 have also
been reported to regulate dimerization [98, 99]. Interestingly, some of the pathogenic mutations
clustering at the GTPase domain (R1441 and Y1699) seem to be located at the interface
between the ROC and the COR domain, potentially limiting/altering the interaction between the
two domains and thus impairing GTPase activity, according to the GAD model.

Alternatively, LRRK2 could work as a typical small GTPase, undergoing the GTP/GDP
switch by the requirement of accessory proteins namely GEFs (guanine nucleotide exchange
factors) and GAPs (GTPase activating proteins). Consistent with this model, a putative GEF
(Rho Guanine Nucleotide Exchange Factor 7(ArhGEF7)) [100] and two GAPs (regulator of G
protein signaling 2 (RGS2) and ADP-ribosylation factor GTPase-activating protein
1 (ArfGAP1)) [101-103] for LRRK2 have been identified. ArhGEF7 has been shown to act as a
GEF for LRRK2 in HEK?293 cells. It successfully enhanced GTP binding of the R1441C mutant
about 2 fold. ArhGEF7 was also found to be phosphorylated by LRRK2, and to enhance
LRRK2 autophosphorylation [100]. Further, a recent study has shown trans-Golgi clustering
which occurs via enhanced interaction between LRRK2 and ArhGEF7, and in turn modulates
Rab7L1 localization to the trans-Golgi network (TGN). This interaction is inhibited by CKla
mediated phosphorylation of the N-terminus of LRRK2 [77]. Altogether, these data indicate
complex and mutual regulation between LRRK2 and ArhGEF?7.

Little is known about RGS2, apart from its potential role in regulating neuronal toxicity
by inhibiting LRRK2 kinase activity, although independently of its GTPase activity, which
might propose a new mode of action for GAPs [103]. The other described GAP for LRRK2,
ArfGAPL, has been reported to enhance both wild type and mutant LRRK2 GTP hydrolysis,

displaying a higher association for GTP-locked mutants such as R1441C, and a diminished
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interaction with non-GTP bound mutants, such as R1398L or T1343N. Consistent with a role as
a GAP for LRRK2, ArfGAP1 could rescue LRRK2 mutant toxicity both in vitro and in vivo,
increasing cortical neuronal viability in mice, and reverting dopaminergic neuron loss in flies,
respectively [104]. In contrast, another study showed that silencing of ArfGAP1 expression
could rescue G2019S LRRK2-induced neurite shortening in primary rat cortical neurons, and
the same occurred when silencing LRRK2 in an overexpressing ArfGAPL system. The two
independent studies both showed that ArfGAPL can be directly phosphorylated by LRRK2,
which activates ArfGAP1, and this has been shown to either enhance [102] or inhibit LRRK2
kinase activity [104]. Therefore, more work will be needed to entangle the exact mechanism for
the ArfGAP1-mediated LRRK2 regulation and its cellular consequences.

Multiple studies have been performed to analyze the effects of LRRK2 pathogenic
mutants on GTPase activity, as well as the impact of artificial mutations on those activities.
Pathogenic mutations in the ROC-COR domain (R1441C/G/H and Y1699C) have been
consistently shown to alter GTP binding/GTP hydrolysis [71, 89, 101, 102, 105-108]. Another
ROC-COR mutant, N1437H, was described to increase GTP binding, but no change in
guanosine triphosphosphate (GTP) hydrolysis was found [33]. Some of these alterations in GTP
binding/GTP hydrolysis correlated with enhanced kinase activity, although overall results have
been rather inconsistent [51, 88, 106, 107, 109]. Since pathogenic mutations in the ROC-COR
domain have been repetitively shown to impair the proper functioning of the GTPase activity,
GTP binding inhibition has been proposed as a therapeutic approach which could revert the
ROC-COR mutation-induced effects. Importantly, a recent study has developed the first two
identified GTP binding inhibitors for LRRK2 (compounds 68 and 70) which were shown to
decrease GTP binding at nanomolar concentrations in vitro on both wild-type and PD-linked
mutants, with a concomitant reduction of kinase activity. These two compounds attenuated
neuronal degeneration in SH-SY5Y cells and mouse primary neurons, and one of the two which
was tested in vivo (compound 68) successfully reduced both GTP binding and kinase activity

[110]. Remarkably, another study has identified a new compound that, similarly to compound
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68, was shown to inhibit GTP binding and rescue R1441C-induced mitochondrial and
lysosomal transport impairments in neurites of SH-SY5Y cells.

Taken together, these data suggest that abnormal LRRK2 GTP binding may be involved
in regulating transport of organelles in neurites, which may comprise an early event underlying
neurodegeneration, such that LRRK2 GTP binding inhibitors may represent a novel strategy for
PD treatment [111]. However, the mechanism(s) by which pathogenic LRRK2 mutants cause
such organelle transport deficits in a manner dependent on altered GTP binding remains
unknown. In addition, further work is needed to clarify the mode of action of the LRRK2
GTPase domain and to further understand how and whether the two enzymatic domains regulate
each other, which may provide important insight into the pathogenic effects of the various

distinct LRRK2 mutations.

b. LRRK?2 interactors

LRRK?2 has been described to interact with a large number of proteins. In fact, a recent
study has suggested that LRRK2 could behave as a "hub", with more than 250 interactors
identified to date, amongst which 62 have been confirmed under more controlled conditions
[112]. Hence, LRRK2 may be linked to many different functions within the cell (see also next
section).

Here, we focus on its interaction with cytoskeletal proteins, which has been largely
confirmed in the literature. In 2006, Gloeckner and co-workers showed for the first time
colocalization of overexpressed wildtype LRRK2 with B-tubulin [45]. Another study further
found that LRRK2 could directly phosphorylate B-tubulin in mouse brain samples, being
enhanced by the G2019S mutant [63]. Moreover, Gandhi et al. revealed an interaction with both
a and B-tubulin heterodimers, which was shown to only require the ROC domain, thus
hypothesising that tubulin could act as an effector for the LRRK2 GTPase activity. However,
pulldown experiments with preloaded GTP/GDP indicated that the interaction was independent

on the guanine nucleotide state of LRRK2 [113]. Interestingly, Caesar et al showed enhanced
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GTPase activity when incubating LRRK2 with tubulin [114], and another work reported
differences in B-tubulin interactions with PD mutants at R1441 site and phosphomimetic
mutants at the ROC domain [115]. Further, inhibiting kinase activity by a specific kinase
inhibitor enhanced LRRK2 interaction with tubulin as assessed by Forster Resonance Energy
Transfer (FRET) [114].

Dauer's lab showed enhanced colocalization with a-tubulin of all pathogenic mutants in
the ROC-COR domain, as well as with the 12020T mutation, and Godena and coworkers
corroborated R1441C and Y1699C mutants colocalizing more with microtubules (MTs) in a
recent study [83]. Taken together, LRRK2 interaction with MTs has been largely validated and
PD mutants impairing GTP hydrolysis/GTP binding and/or modulating the LRRK2 kinase
activity by kinase inhibitors seems to alter this association. However, the exact mechanism by
which LRRK2 interacts with tubulin, and how pathogenic mutants could modulate that
interaction remains to be elucidated.

In addition to tubulin, MT-associated proteins (MAPS) have been shown to interact with
LRRK2 as well. One of the most consistently reported interactions is the one occurring with tau.
Kawamaki et al. showed tau to be directly phosphorylated by LRRK2, with G2019S and 12020T
mutants showing enhanced phosphorylation. Interestingly, this only occurred when tau was
bound to tubulin, and resulted in microtubule destabilization [116]. In addition, they found
LRRK2 to enhance tau phosphorylation by interacting with glycogen synthase kinase-3p (GSK-
3B), thus giving LRRK?2 a dual role in regulating tau phosphorylation [117]. Interestingly, tau
neuropathology, including hyperphosphorylation and mislocalization of tau into big aggregates,
has also been reported in some human postmortem PD brains carrying pathogenic LRRK2
mutations [30, 118-120] as well as in transgenic mice expressing pathogenic LRRK2 [121,
122]. In addition, a recent study showed enhanced hyperphosphorylated and insoluble tau in a
tau mouse model when overexpressing LRRK2, which further supports a LRRK2-mediated
regulation of tau [62]. Another MAP, Microtubule-Associated Protein 1B (MAP1B), has also

been reported to interact with LRRK2 and to rescue LRRK2-mediated toxicity when
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coexpressed with pathogenic LRRK2 mutants, possibly by inhibiting LRRK2 kinase activity
[123]. Lastly, there is growing evidence for LRRK2 interacting with other components of the
cytoskeletal system. For instance, neurite outgrowth alterations have been reported due to
LRRK2 modulation of Ras-related C3 botulinum toxin substrate 1(Racl) (a main player in actin
cytoskeleton remodelling) [123], ArfGEF7 [124], ArfGAP1 [102] RGS2 [103], and more
recently, through the LRRK2-mediated P21 (RAC1) Activated Kinase 6 (PAK®6) regulation
[125]. An additional mechanism via phosphorylating Rab8 can also be envisioned, since the
former has also been shown to play a role in neurite outgrowth through regulating actin/MT
reorganization [126]. Collectively, the widely reported interactions with various cytoskeletal
proteins suggest a potential role for LRRK2 in modulating cytoskeletal processes, especially

those related to MTs.

3. Microtubules

Microtubules (MTs) are polymers composed of a basic structure of two tubulin subunits
(one a and one B) which constitutively interact to form a heterodimer. These heterodimers
assemble in a polarized manner to form protofilaments, which can bind to each other by side-to-
side contacts, leading to MT formation [127].

MT assembly is a process that requires the incorporation of new tubulin heterodimers
having GTP bound at the B-tubulin binding site, namely "the E-site”. Within the dimer, at the
interface between the two subunits, there is another GTP binding site, "the N-site", which does
not get hydrolysed, hence maintaining the integrity of the tubulin dimer. Conversely, GTP at the
E-site of the heterodimer will switch to GDP when a new dimer will get incorporated into the +
end of the MT. This process occurs in a polarized manner, thus the a-tubulin of the new
heterodimer will face the B-tubulin of the one already integrated, creating a pattern of GDP
dimers towards the MT - end, and GTP towards the + end, with the latter forming the GTP cap.

Importantly, there is a certain point in which MTs instead of growing start rapidly

shrinking, in a process that has been termed as "catastrophe”. It may also occur that the
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shrinking phase stops, thus MTs would be "in pause", which can be followed by a subsequent

growing phase, so then they would be "rescued” [128]. The continuous cycle between these

stochastic events constitutes the "dynamic instability" typically associated with MTs [129].

According to the time passed between assembly and disassembly, MTs can be classified as

stable or dynamic, with an observed in vitro half-life of 1-2 h or 2-5 min, respectively [130,

131] (Figure 5).
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Figure 5: MT assembly. Schematic representation of the MT assembly process. af-tubulin

dimers get assembled in a polarized manner forming a protofilament, with a y-tubulin cap at the

- end. GTP mediates the incorporation of new af-tubulin dimers to the + end, thus establishing a

gradient of GDP-bound tubulin dimers towards the - end and GTP-bound tubulin dimers

towards the + end. MTs cycle between the growing and the shrinking processes, sometimes

stopping at a paused intermediate phase. This whole process is known as MT instability.

Adapted from [132].
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The core structure of MTs is very well conserved, being composed of globular bodies of
o/p heterodimers that are involved in MT assembly. In contrast, the C-terminal tails of tubulin
which project out of the shaft are not responsible for the proper formation of the MT lattice and
can be extremely variable. Indeed, the tubulin heterogeneity known as "the tubulin code™ [131]
is mainly rendered by modifications at the C-terminal tubulin tails, which arise principally from

two sources: i) tubulin isotypes, and ii) post-translational tubulin modifications (PTMs).

a. tubulin isotypes

Mammalian tubulin genes are composed of 9a and 9B tubulin isotypes, the latter being
more divergent in their C-tails [133]. Tubulin isotypes are combined so as to generate distinct
MTs that can in turn determine specific binding of MT-associated proteins, and/or be subjected
to PTMs (see below), which may then lead to diverse MT functions. Indeed, mutations in
mechanosensory (MEC) a-tubulin and B-tubulin have been shown to cause unbundling of MTs
and enhanced affinity of the motor protein dynein with mistrafficking effects in cargo(es), and
defects in neurite outgrowth and mislocalization of synaptic vesicles, respectively [134]. In
addition, a neuron-specific B-tubulin isotype, TUBB3, has been shown to decrease MT stability
in vitro. This may be important for maintaining a "sufficiently dynamic" MT network in
neurons, as a greater percentage of MTs are stable in those cells as compared to other cells,
thereby allowing for the occurrence of dynamic processes such as growth cone guidance or

neural progenitor mitosis [135].

b. post-translational modifications (PTMSs)
MTs are known to be modified by multiple PTMs. As mentioned before, the C-tails of
the heterodimers are located on the outer surface of MT filaments, thus being more accessible

for the enzymes that catalyze PTMs such as a-detyrosination [136, 137] and related A2-tubulin

[138] and A3-tubulin modifications [139], o/B-(poly)glutamylation [140, 141], o/B-
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(poly)glycylation [142] and a-palmitoylation [143]. However, there are some identified PTMs
that also occur inside the MT lumen, such as a-tubulin acetylation [144], o/B-tubulin
polyamination [145], B-phosphorylation [146-149] and as recently described, B-tubulin
acetylation [150]. Tubulin can also be ubiquitinated [151], arginylated [152], glycosylated
[153], methylated [154], S-nitrosylated [155] and sumoylated [156], although little is known

about these PTMs to date (Figure 6).
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Figure 6: Tubulin PTMs

Schematic representation of tubulin PTMs. C-terminal tails can undergo polyglycylation and/or
polyglutamlyation, in both o and B-tubulin, whilst palmitoylation (Pam) and detyrosination (A2,
A3 -tubulin) have only been reported to occur at the a-tubulin monomer. On the luminal side,
acetylation (Ac) can tag a-tubulin as well as B-tubulin. Phosphorylation (P) and polyamination
(Am) have also been shown to modify the luminal face of the a/B-tubulin monomers. Adapted
from [157, 158].

Several of the enzymes that catalyze these processes have been identified. Probably the
best characterized mechanism so far is a-tubulin acetylation, which consists of the incorporation
of an acetyl group at the K-40 residue of a-tubulin, which is quite conserved among all isotypes
with the exception of the human TUBAS, which has been shown not to undergo acetylation
[159]. Tubulin acetylation is catalyzed in a very specific manner by a-tubulin acetyltranferase-1

(a-TAT-1) and mechanosensory abnormality protein 17 (Mec-17) [160]. Conversely, two other
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enzymes have been identified to mediate the reverse process (deacetylation), namely histone
deacetylase family member 6 (HDACG6) [161] and sirtuin type-2 (SIRT-2), although the latter
one plays a minor role [162]. Extra targets such as histones have been found for both of them,
which should be taken into account when performing knockout experiments.

Since a-tubulin acetylation has been shown to preferentially accumulate on stable MTs,
an acetylation-mediated stabilizing mechanism has been proposed. However, no current causal
evidence in that respect has been found, and a potential explanation suggests that based on the
"longevity" of stable MTs and the very low-rate activity of a-TAT-1, this could in turn make
this type of MT more prone to be acetylated [163]. Furthermore, and in contrast to the initially
suggested stabilizing mechanism, a recent study has reported the opposite effect, with a-TAT-1
overexpression increasing susceptibility of MTs to be disrupted by nocodazole, with the reverse
observed upon knockout experiments of a-TAT-1. Strikingly, this was equally shown when
overexpressing the catalytically inactive form of the enzyme, thus suggesting that MT
destabilization may be induced irrespective of the acetylation activity of a-TAT-1 [164].
Acetylated MTs have been reported to display preferential binding by certain motor proteins
such as kinesin like protein 5 (KIF5); thus, acetylation may play a role in modulating cargo
trafficking [165]. Finally, additional work on this PTM by Chu and colleagues has revealed for
the first time that B-tubulin can also be acetylated at its K-252 residue, which was shown to be
catalyzed by the acetyltransferase San [150]. Taken together, whilst there seems to be an
apparent link with acetylation preferentially decorating stable MTs, the precise mechanism(s),
and the effects of acetylation on MT stability remain to be clarified.

The identity of the enzyme that catalyzes the removal of the last tyrosine residue of the
a-tubulin C-tail is lacking, whereas its counterpart enzyme has been already identified, namely
tyrosine tubulin ligase (TTL) [166-168]. Interestingly, whereas detyrosination seems to occur
when tubulin is already incorporated into MTs, and thus specifically targeting "longer-lived"
MTs, TTL-mediated retyrosination only takes place within tubulin dimers [167, 168], hence
linking tyrosinated tubulin to unpolymerized and/or "short-lived" MTs. Importantly, the existing
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association of detyrosinated tubulin to long-lasting MTs has led to the assumption that
detyrosinated tubulin per se may directly enhance MT stability [169-171]. However, an
inhibitory binding for identified MAPs, namely depolymerizing enzymes such as Kinesin
Family-2 (KIF-2) or mitotic Centromere-Associated Kinesin (MCAK) [172, 173] exhibited by
detyrosinated over tyrosinated tubulin, or the enhanced affinity for certain severing proteins
such as spastin, shown by detyrosinated MTs [174] leads to the possibility that detyrosination
may regulate MT stability by differentially recruiting enzymes, which could modulate the MT
polymerization process. Similarly, plus end-tracking proteins with Cytoskeleton-Associated
Protein Glycine-rich (CAP-Gly), such as Cytoplasmic Linker Protein 70 (CLIP170) or
p150/glued also bind differentially to tubulin, showing a preference for tyrosinated over
detyrosinated MTs, which has been linked to MTs stability in recent work [175-177]. Therefore,
in view of those controversial data, more work will be needed in order to understand the actual
mechanism(s) by which detyrosinated/tyrosinated modifications may regulate MT stability.

Akin to acetylated tubulin, some motor proteins also show increased association to
detyrosinated tubulin such as KIF-5, thereby, establishing a guidance for cargo(es) associated
with this motor to traffic along detyrosinated MTs [178-180]. Thus,apart from possible effects
of the tyrosination/detyrosination cycle on MT stability, these PTMs may act as modulators for
intracellular transport events by showing a preferential association with specific motor proteins.

Additional C-terminal glutamate(s) can be further removed, leading to A2,3-tubulin,
when missing two or three amino acids, respectively. The enzymes responsible for catalyzing
these reactions are members of the cytosolic carboxypeptidase family (CCPs), and although no
specific consequences have been linked to these two PTMs thus far, A2,3-tubulin have been
shown to unlock tubulin in a detyrosinated state in an irreversible manner [181].

CCPs are also known to act as deglutamylases, thus cleaving the glutamate residues that
are incorporated by Tubulin Tyrosine Ligase-Like (TTLL) proteins, involved in tubulin
(poly)glutamylation. In addition, TTLLs can catalyze (poly)glycylation [182, 183] with the
deglycylases remaining to be identified [184, 185]. Polyglutamylation is known to induce
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higher binding affinity for severing enzymes such as spastin or katanin [186, 187], thus
modulating the turnover of MTs. Similarly to other PTMs, certain motors and MAPs display
enhanced association with polygutamylated tubulin such as kinesin 2 (KIF-1A), KIF-5, dynein,
MAP-2 or MAP1B [188].

Tubulin has been found to undergo palmitoylation, with a preference for the o subunit
rather than B, and a suggested role for anchoring tubulin to membranes [189]. B-tubulin has been
shown to be phosphorylated by identified kinases, such as Cyclin-dependent kinase 1 (Cdk1)
spleen tyrosine kinase (Syk) or LRRK2, with a potential function in regulating MT dynamics
during cell division [63, 149, 190]. Polyamination is an irreversible PTM that affects both o and
B subunits and has been shown to map near the polymerization sites of MTs, thus conferring
MT stability [145]. In conclusion, the huge variability that emerges from distinct PTMs, causing
differential protein associations with motor proteins, polymerases/depolymerases or MAPs may

impact on both MT stability and vesicular trafficking events [191, 192].

b. Links between MT stability and neurodegeneration

A right balance between dynamic and stable MTs is needed to ensure the proper
functioning of the cell. In fact, MT (de)stabilization-related defects have been linked to
numerous diseases. For instance, Alzheimer's Disease (AD) is characterized by neurofibrillary
tangles (NFTs) mainly composed by modified tau, thus making AD one of the most known
tauopathies [193, 194]. Tau maodifications, usually hyperphosphorylation, but also its
acetylation, result in MT depolymerization, mostly due to the lack of the stabilizing effect
induced by MT-bound tau [195, 196]. Similarly, loss of function mutations in Parkin, an E3
ubiquitin ligase linked to PD, are known to prevent Parkin binding to the tubulin heterodimer,
thus leading to MTs destabilization, and eventual neurodegeneration [197]. Therefore, MT-
stabilizing drugs were proposed to ameliorate various neurodegenerative diseases by reversing
the detrimental effects of MT depolymerization. Indeed, the stabilizing drug taxol has been

shown to increase axonal diameter and to enlarge growth cones [198-200]. Conversely,

31



hyperstability may also display negative effects such as axonal swelling or impaired axonal
trafficking, as reported when using stabilizing agents or when analyzing the effects of mutations
in spastin, linked to hereditary spastic paraplegia (HSP), which may increase the pool of
detyrosinated tubulin due to the inability of mutant spastin to process these types of MTs [201-
204]. Altogether, the use of MT-regulating agents should be taken with caution, as a fine-tuning
of MT dynamics seems to be required, with detrimental effects caused by the presence of either

"hyperdynamic" or hyperstable MTs.

c. MTs and vesicular trafficking events

MTs are involved in many key cellular processes such as cell division and
differentiation, cytoplasmic organization and polarity, cell shape and motility, vesicular
trafficking or as structural components of cilia and flagella [205]. Here, we focus on vesicular
trafficking, which is a crucial event in neurons, since MTs act as "roads" for the long-range
transport along axons, being essential due to the special neuronal architecture. Indeed, vesicular
trafficking deficits associated with impairments in axonal transport represent one of the first
pathological signs of most neurodegenerative diseases [206].

Axonal transport can be grouped into either slow (=0.2-10 mm/day) or fast (=50-200
mm/day), and the latter can be also classified in terms of its directionality, with two motor
proteins, namely kinesin and dynein, regulating the anterograde (away from the soma) and
bidirectional transport, and retrograde (back to the soma) trafficking, respectively. The binding
of these motor proteins through their tail domain-binding motifs constitutes a very specific
process regulated by their differential affinity to distinct types of MTs (see examples in PTMs
section). Consequently, cargo transport is a finely modulated process, with slow transport of
tubulin and cytosolic proteins, fast transport of synaptic vesicles and organelles in an
anterograde fashion, and recycling vesicles, autophagosomes and injury signals in a retrograde

fashion, respectively [134, 206].
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As previously mentioned, the composition of MTs may play a role in regulating
intracellular transport events. Distinct pools of dynamic or stable MTs tagged with specific
PTMs or being associated to identified MAPs can modulate the preferential binding of a
specific motor protein, and thereby determine cargo destination. Thus, deregulation of MT
dynamics and/or PTMs could result in transport-mediated defects such as cargo(es)

mislocalization or misfunction.

Figure 7: MT-mediated axonal transport. Schematic representation of MT-mediated
transport in a neuronal cell. Kinesins (1) mediate the anterograde transport (from the soma to

the dendrites) and dyneins (&) are responsible for the retrograde transport (from the dendrites
to the soma). Fast transport of organelles and synaptic vesicles occurs anterogradely, whereas
recycling vesicles, injury signals and used synaptic vesicles are carried backwards. Tubulin and
cytosolic proteins are transported anterogradely with a slow movement pattern. Adapted from

[127, 207].

Another determinant for the proper functioning of MT-related transport is constituted by
the Rab protein family. In their active state, Rabs are known to show preferential association
with specific motor proteins by forming complexes with their effectors proteins, which may in
turn determine cargo distribution. For instance, Rab5 on early endosomes binds to kinesin like

protein 6 (KIF16b) through the Rab5 effector protein phosphatidylinositol-3-OH kinase Vps34
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[208], and Rab7 on late endosomes and lysosomes has been shown to bind to the
dynein/dynactin motor protein complex via the Rab7-interacting lysosomal protein (RILP), an
effector protein for active Rab7 [209, 210]. In this manner, via determining cargo-motor protein
association, Rab proteins provide another mechanism for vesicular cargo distribution, thus
altering Rab activity may have profound impacts on various intracellular transport events. In
agreement with the importance of proper vesicular transport processes for neuronal functioning,
deficits thereof comprise the first pathological signs of most neurodegenerative diseases such as
Huntington’s disease, amyotrophic lateral sclerosis, Charcot Marie Tooth disease, AD and PD

[206, 211].

4. LRRK2 function
LRRK?2 has been proposed to be involved in a wide variety of processes within the cell,
which are mainly classified into three big groups: a. endomembrane trafficking, b. signalling

pathways and c. cytoskeletal dynamics.

a. endomembrane trafficking

Numerous studies have extensively reported an involvement for LRRK2 in
endomembrane trafficking by acting at various different steps. For instance, LRRK2 has largely
been shown to regulate macroautophagy, a process leading to the degradation of protein
aggregates and defunct organelles. The exact mechanism(s) remain currently elusive, with
conflicting results suggesting both enhanced or reduced autophagy levels. At first, pathogenic
LRRK2 was shown to impair autophagic flux via a pathway involving endolysosomal calcium
channels [212]. Additional mechanisms for modulating autophagy were also described, with an
MTOR-dependent reduced autophagic response [213], or stimulated autophagic flux induced by
Mitogen-activated protein kinase kinase/extracellular signal-regulated kinases (MEK) pathway
activation [214]. Importantly, similar results from different studies have been obtained when

either inhibiting or enhancing kinase activity [213, 215], which in principle may seem
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contradictory. Thus, although it is clear that LRRK2 is a key player in autophagy, important
caveats should be considered such as the use of various cell types, endogenous versus
overexpressed LRRK2 levels and experiments performed under different stimuli, which may
stand in the way when trying to elucidate the actual role for LRRK2 in this process.

Further evidence for the involvement of LRRK2 in endomembrane trafficking is the
reported link with various Rab proteins. Hence, LRRK2 has been shown to impair synaptic
vesicle endocytosis, possibly by phosphorylating Rab5b, a marker for early endosomes, thereby
causing its inactivation [216, 217]. Rab7, present on late endosomes and lysosomes, has also
been reported to interact with Irrk, the LRRK2 Drosophila ortholog, [218], and pathogenic
LRRK2 has been recently shown to decrease the amount of active, GTP-bound Rab7, which
may underlie various deficits in endolysosomal and autophagic trafficking [219]. In agreement
with a role in regulating endolysosomal trafficking, LRRK2 has also been reported to colocalize
with multivesicular bodies, which increased upon overexpression of the R1441C mutant [79]. In
addition, as mentioned above, a set of Rabs have been recently found to be directly
phosphorylated by LRRK2. One of those is Rab12 [54], which likewise to Rab7 is known to
mediate autophagosome-lysosome fusion, again suggesting a role for LRRK2 at this step of the
pathway. Lastly, LRRK2 has also been reported to impair lysosomal function by alkalinizing
their content [212]. Since lysosomes are a point of convergence between autophagy and
endocytosis, impairment at this level could impact on both processes, leading to detrimental
effects in both pathways.

Apart from Rabl12, LRRK2 has also been shown to phosphorylate Rab8 and Rabl0
[54], which are known to control polarized vesicle trafficking out of the TGN and to the
membrane [220], although no work on this respect has been reported so far. Another interaction
at the TGN is the one occurring with Rab7L1, also known as Rab29, which nominates LRRK2
as a possible regulator of the TGN-retromer pathway, with reported alterations in TGN structure
upon overexpression of the LRRK2-Rab7L1 complex [221]. In addition, a recently found

interaction with the risk factor gene for PD, VPS35, was shown to rescue mutant LRRK2
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toxicity in both cells and flies [222]. Likewise, association with other proteins such as Secl6a at
the endoplasmic reticulum (ER) [223], or Endophilin A, which has also been shown to be
phosphorylated by LRRK2 [224], at the early endosomes, further supports a role for LRRK2 in
various endomembrane trafficking steps. Finally, the reported interaction between LRRK2 and
MT/MT-related proteins could also be involved in modulating vesicular trafficking steps at

many levels.

b. signalling pathways

LRRK?2 has been suggested to act as a player in different signalling pathways. First, a
role in the mitogen-activated protein kinase (MAPK) cascade has been shown, with in vitro
phosphorylation of MAP2K, 3, 4, 6 and 7 [225], potentially leading to downstream effects on
cell proliferation, apoptosis and a recently described role in neuroinflammation, which has been
proposed to contribute to dopaminergic neuron degeneration [226-228]. LRRK2 has further
been reported to interact with the main components of the Wingless signalling pathway (Wnt),
such as dishevelled proteins 1-3 (DVL1-3), low-density lipoprotein receptor-related protein 6
(LRP6) and B-catenin. Interestingly, upon Wnt ligand stimulation, most pathogenic mutants and
two risk factors were shown to decrease the Wnit signalling activity by enhancing repression of
[-catenin, while the protective variant, R1398H, seemed to have the opposite effect [229, 230].
Whnt signalling is known to regulate more than 400 genes, amongst which are the ones involved
in controlling synaptic function in mature neurons, which could in turn be impaired by
pathogenic mutants [231, 232].

An additional role for LRRK2 has been described as a component of the Death
Signalling Cascades. Indeed, it has been shown to interact with both TNFR1-associated death
domain protein (TRADD) and Fas associated death domain protein (FADD), with the latter
exhibiting a higher association with pathogenic LRRK2 [233]. Strikingly, inhibition of the death
cascade via either overexpression of dominant-negative FADD or downregulation of caspase-8

was found to prevent cell death in cultured primary cortical neurons transiently overexpressing
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LRRK2 PD mutants, thus supporting a role for LRRK2 in the extrinsic cell death pathway
[233].

Likewise, LRRK2 has been suggested to be involved in the intrinsic cell death pathway,
with reported phosphorylation of both p53[234] and Bcl-2 [235], which could result in either
altered mitochondrial function and/or lead to activation of downstream caspases, which
ultimately will cause cell death. Collectively, LRRK2 seems to impact upon various signalling
pathways, highlighting the importance of a fine regulation of the protein, which when altered,

could cause dysfunction of many different cellular processes.

c. cytoskeletal dynamics

Cytoskeletal defects linked to LRRK2-induced pathogenesis have been widely reported.
In fact, two of the most recurring pathological aspects described in the literature are axonal
transport impairment and deficits in neurite outgrowth, indicating that LRRK2 could be playing
a role in cytoskeletal dynamics. While the exact mechanism(s) remain to be elucidated, a lot of
effort has been put in order to gain insight into it, even though largely confusing and
contradictory data have emerged.

For instance, Cartelli and colleagues analyzed fibroblasts from both sporadic PD
patients and from G2019S-mutant LRRK2 PD patients and reported increased levels of
unpolymerized tubulin associated with morphological changes when compared to fibroblasts
from healthy control patients. Interestingly, both phenotypes were rescued by either treating
cells with MT stabilizing drugs like taxol or when overexpressing wildtype LRRK2.
Conversely, the deficits were further enhanced when using MT depolymerizing agents such as
nocodazole or colchicine. Altogether, these data suggest a role for pathogenic LRRK2 in
modulating MT dynamics by inducing MT destabilization. Contradictorily though, they also
reported increased acetylated tubulin and enhanced detyrosinated tubulin levels in sporadic and
G2019S-LRRK?2 PD fibroblasts as compared to control, respectively, which would suggest that

pathogenic LRRK2 increases MT stability [197].
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Another study reported increased unpolymerized tubulin levels and decreased acetylated
tubulin when pharmacologically inhibiting LRRK2 kinase activity in control fibroblasts,
although no effect was reported in sporadic PD cells [236]. In apparent contrast, LRRK2 KO
mice fibroblasts exhibited high levels of acetylated tubulin, which were reverted when
overexpressing wild-type LRRK2 [115]. Thus, further studies in the various cellular systems are
required to conclusively determine how wildtype LRRK2, pathogenic LRRK2 mutants or
pharmacological LRRK2 kinase inhibitors modulate MT dynamics.

As a potential mechanism for the LRRK2-mediated modulation of MT dynamics, it has
been suggested that LRRK2, through its interaction with B-tubulin, could prevent a-TAT1 to
access to the K-40 site in a-tubulin, thus keeping a-tubulin in a non-acetylated state.
Importantly, pathogenic mutants were shown to alter that interaction, and thus to possibly
modify the acetylated tubulin status. However, whereas R1441G and R1441H mutants
decreased this interaction, another point mutant at the same site, R1441C, was shown to
strengthen it, which may mean that distinct pathogenic mutants can behave differently in
controlling MT stability [115].

Godena and others reported that pathogenic R1441C and Y1699C colocalize with
"deacetylated" tubulin, which they described as "patches” on acetylated tubulin tracks not
stained by an anti-acetylated tubulin antibody. They further described locomotor deficits in flies
and alterations in mitochondrial axonal transport, when either of those mutants were
overexpressed in motor neurons from Drosophila or in cortical neurons from transgenic rats.
These effects were reported to be rescued by increasing acetylated tubulin levels either by
overexpressing o-TAT1 or by adding the deacetylase inhibitor trichostatin (TSA), again
suggesting that pathogenic LRRK2 decreases the levels of stable MTs.

Caesar et al. reported decreased migration of R1441G mouse fibroblasts, but no effect
for human G2019S PD patient fibroblasts as compared to controls. The former could be reverted
by kinase inhibitors, perhaps indicating that LRRK2 could regulate cytoskeletal dynamics in a

kinase activity-dependent manner [114]. However, Choi et al. found retarded or accelerated
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microglia motility when using microglia cultured from brains of either G2019S-LRRK2 or
knock-out transgenic mice, respectively [237]. Additionally, another study showed increased
myeloid cell chemotaxis of cells derived from G2019S transgenic mice as compared to controls,
which correlated with an enhanced and kinase activity-dependent interaction with actin-
regulatory proteins [238]. Taken together, whilst there seems ample evidence that LRRK2
modulates cytoskeletal dynamics, the exact mechanism(s) by which it does so, possibly in a cell

type-specific manner, remain(s) to be determined. Figure 8: LRRK2 interactors and
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functions. LRRK2 has been shown to interact with numerous proteins involved in a variety of
cellular processes, thus linking LRRK2 to several key cellular processes: endomembrane
trafficking at distinct steps (autophagy, endocytosis, retromer-mediated trafficking and vesicle
secretion); signalling cascades such as Wnt signalling or Death pathways, and cytoskeleton-

related processes. Adapted from [239].
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IV. Objectives

1. Analyze the subcellular localization of wildtype, pathogenic mutant LRRK2, and of
pharmacologically kinase-inhibited LRRK2, with respect to colocalization with microtubules

2. Analyze the preferential association of pathogenic or pharmacologically kinase-inhibited
LRRK?2 with respect to dynamic versus stable microtubules

3. Determine the effect of kinase activity, as assessed by autophosphorylation, on the
subcellular localization of LRRK2

4. Determine the effect of synthetic kinase-dead LRRK2 mutants on the subcellular localization
of LRRK2

5. Determine the effect of N-terminal phosphorylation of LRRK2 on subcellular localization

6. Analyze the effect of proposed modulators of LRRK2 GTP binding/GTP hydrolysis on the
subcellular localization of LRRK2

7. Determine the effect of synthetic LRRK2 mutants predicted to affect GTP binding/GTP
hydrolysis on subcellular localization

8. Analyze the effect of a protective LRRK2 risk variant on the subcellular localization of
wildtype and pathogenic LRRK2

9. Determine the effects of all LRRK2 mutants and of pharmacologically kinase-inhibited
LRRK2 on GTP binding

10. Determine the effect of all mutants on LRRK2 kinase activity in vitro

11. Determine the effect of LRRK2 GTP binding inhibitors on the subcellular localization of
pathogenic or pharmacologically kinase-inhibited LRRK2

12. Determine the effect of GTP analogs on the subcellular localization of LRRK2 in

permeabilized cells
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V. Materials and Methods
Reagents

Trichostatin A, tubacin and nocodazole were from Sigma Aldrich, parthenolide from
Eurodiagnostico, LRRK2-IN1, TAE684 and CZC25146 from the Michael J. Fox Foundation,
GSK2578215A from Tocris, compound 68 (ID 9108605) and compound 70 (ID 9119202) from
Chembridge Corporation (San Diego, USA), and GNE-0877 and GNE-7915 from
MedchemExpress (USA), and MLi2 from MRC PPU, Dundee, UK. Natural streptolysin-O was
from Abcam (ab63978), non-hydrolyzable GTP test kit from Jena Bioscience (NK-102), and

caspase inhibitor Z-VAD-FMK was from Sigma.

DNA constructs and site-directed mutagenesis

GFP-tagged human wildtype, R1441C, Y1699C, G2019S and K1347A LRRK2
constructs were obtained from Addgene. All other constructs were generated by site-directed
mutagenesis (QuickChange, Stratagene), and the identity of constructs verified by sequencing of
the entire coding region. For transfection purposes, DNA was prepared from bacterial cultures
grown at 37 °C using a midiprep kit (Promega) according to manufacturer’s instructions. GFP-
tagged human a-tubulin K40 acetyltransferase (aTAT1) and an enzymatically inactive point
mutant (D157N) were from Addgene. Both wildtype and mutant o TAT1 were PCR amplified
and subcloned into pDsRED-Express vector using the BaMHI and EcoRI sites to generate C-
terminally tagged dsRED-constructs. myc-TRADD, caspase8-DED-EGFP, RICK-EGFP, RIP-
(DD)-EYFP and E10-EGFP were kindly provided by H. Wajant (University of Wuerzburg,
Germany). GFP-FADD, GFP-caspase8 were kindly provided by R. Siegel (NIH, USA). GFP-
tagged human FADD was PCR amplified and subcloned into pCMV-myc-N vector using the
Xhol and EcoRI sites to generate N-terminally tagged myc-constructs. GFP-tagged human
caspase8 was PCR amplified, previously mutating an EcoRlI site, and was then subcloned into

pCMV-myc-N vector using the Xhol and EcoRI sites to generate N-terminally myc-tagged
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caspase 8. The point mutant caspase-360S construct was generated by site-directed mutagenesis,
and identity of the construct verified by sequencing of the entire coding region.

Human flag-tagged ARHGEF7 and the GEF-dead variant (L386R/L387S) were
generous gifts from Drs. K. Haebig and M. Bonin (University of Tuebingen, Germany), human
V5-tagged ArfGAP1 was a generous gift from Dr. T. Dawson (Johns Hopkins University,
Baltimore, USA), human HA-tagged RGS2 was a generous gift from Dr. B. Wolozin (Boston
University School of Medicine, Boston, USA), and human flag-HA-tagged 14-3-3p and rat flag-
HA-tagged 14-3-3y were from Addgene. The binding-deficient V181D mutant 14-3-3y
construct was generated by site-directed mutagenesis, and identity of the construct verified by

sequencing of the coding region.

Cell culture and transfections

HEK293T/17 cells were cultured as previously described [219] and transfected at 80 %
confluence with 2 ng of LRRK2 constructs and 6 ul of LipoD293 (SignaGen Laboratories) per
well of a 6 well plate overnight in full medium. Cotransfections were performed with 1.8 ug of
LRRK2 constructs and 200 ng of constructs as indicated (400 ng for 14-3-3 constructs). Cells
were split onto coverslips the following day at a ratio of 1:4. As indicated, cells were incubated
with nocodazole (200 nM), trichostatin A (800 nM), tubacin (10 uM), LRRK2-IN1 (1 uM),
TAE684 (200 nM), CZC25146 (200 nM), GSK2578215A (1 uM), GNE-0877 (1 pM), GNE-
7915 (1 uM), compound 68 (10 nM - 1 uM), compound 70 (10 nM - 1 uM) for 4 h in full
medium, or with parthenolide (5 or 10 uM) for 12 h in full medium, followed by fixation and
processing for immunochemistry, or by cell lysis and Western blot analysis as described below.
Fibroblasts were cultured as previously described [219] and migration assays were performed as

indicated below.
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2D and 3D migration assays of human dermal fibroblasts

For 2D migration assays, PD patient fibroblasts harbouring the G2019S mutation and
sex- and age-matched controls were seeded at a confluence of 2x10* cells per well on a 12-well
plate in IMDM (Iscove’s Modified Dulbecco’s Medium) medium (Gibco) containing 10 % FBS
(Invitrogen). Cells were left to set for at least 4 h, subsequently treated with either 0.5 uM MLi2
or vehicle (DMSO) control as indicated, and imaged for 10 h.

For 3D migration assays, fibroblasts were seeded at a confluence of 1x10° cells on p-
Slide 8 well glass-bottom dishes (IBIDI) coated with a solution containing collagen type | from
rat tail at 2mg/ml OPTIMEM, 1 M NaOH, 1 M HEPES and 20 pg/ml fibronectin. They were
left to settle for at least 1 h, followed by addition of full medium on top of the solution where
the cells were embedded. Subsequently, cells were allowed to expand within the matrix
overnight. The following day, cells were treated with either 0.5 uM MLi2 or DMSO vehicle
control as indicated and imaged for 10 h.

Live cell imaging of fibroblasts was performed as indicated either for 2D or 3D assays.
Live images were acquired on a time lapse microscope using a 20X objective (1X71 Olympus).
LRRK2-MLi2 (0.5 uM final concentration) was added at time O, and images collected using
phase contrast. 2 or 4 images at three different Z positions per condition of selected areas were
acquired every 15 min for 2D and 3D assays, respectively. Images were analyzed and processed
using Fiji software. To track single cells, 30 single cells were measured over time and the
resulting velocity data were then exported and analyzed with Chemotaxis and Migration Tool

(IBIDI).

Immunofluorescence and laser confocal imaging

MT staining was performed essentially as described [219] Briefly, cells were rinsed
twice in PBS, followed by fixation in 3 % formaldehyde, 0.2 % glutaraldehyde, 0.2 % Triton-
X100, 10 mM EGTA for 10 min at 37 °C. Fixed cells were washed twice in PBS for 5 min each,
followed by quenching with 50 mM ammonium chloride in PBS for 10 min at RT, and two
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washes in PBS for 5 min each. Fixed cells were permeabilized in 0.1 % Triton X-100 in PBS for
10 min, washed in PBS, blocked in 1 % BSA (w/v) in PBS for 20 min, and incubated with
primary antibodies in PBS for 1 h. Primary antibodies included mouse monoclonal anti-o.-
tubulin (Sigma Aldrich, clone DM1A, 1:100), mouse monoclonal anti-B-tubulin (Millipore,
clone KMX-1, 1:100), mouse monoclonal anti-acetylated o-tubulin (Sigma, clone 6-11B-1,
1:100), rabbit polyclonal anti-detyrosinated a-tubulin (Abcam, ab48389, 1:200; or Millipore,
AB3201, 1:500), rat monoclonal anti-tyrosinated o-tubulin (Abcam, ab6160, 1:100), or rat
monoclonal anti-HA (Roche, clone 3F10, 1:500), TRADD from Santa Cruz, FADD from BD
Pharmingen, capase 8 from Millipore.

Secondary antibodies included Alexa 647-conjugated goat anti-rabbit, goat anti-mouse
or goat anti-rat, or Alexa 488-conjugated goat anti-mouse, goat anti-rabbit or goat anti-rat
antibodies (Invitrogen, 1:1000). Coverslips were incubated with secondary antibodies for 1 hr at
RT, followed by washes in PBS and mounting using mounting medium containing DAPI
(Vector Laboratories).

HEK293/T17 cells images were acquired on a Leica TCS-SP5 confocal microscope
using a 63X 1.4 NA oil UV objective (HCX PLAPO CS). Images were collected using single
excitation for each wavelength separately and dependent on secondary antibodies (488 nm
Argon Laser line and a 510-540 nm emission band pass; 633 HeNe Laser line and a 640-670 nm
emission band pass). GFP-tagged proteins were excited with 488 nm Argon Laser line and a
500-530 nm emission band pass, and DAPI was excited with the 405 nm UV diode and a 430-
480 nm emission band pass, respectively.

25 image sections of selected areas were acquired with a step size of 0.3 um, and z-
stack images analyzed and processed using Leica Applied Systems (LAS AF6000) image
acquisition software. For deconvolution, image sections of selected areas were acquired with a
step size of 0.12 um, and deconvolved using Huygens Essential Deconvolution software.

Quantification of colocalization of mutant or kinase-inhibited LRRK2 with acetylated or

detyrosinated a-tubulin was performed essentially as described [240]. For each condition, five
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individual cells were analyzed. Eight LRRK2-positive MT tracks were randomly selected from
each cell and a line drawn over the length of a straight part of the track. Tracks were scored for
the level of colocalization using image calculator and plot profile functions of ImageJ. The
percentage of colocalization was subgrouped for each cell, with colocalization 0-50 % (white),
50-90 % (grey) or > 90 % (dark grey).

For determination of the subcellular localization of GFP-tagged LRRK?2 proteins, cells
were transfected and cultured as described, and fixed 48 h after transfection in 4%
paraformaldehyde in PBS for 20 min at RT. Fixed cells were washed twice in PBS,
permeabilized in 0.5 % Triton X-100 in PBS for 10 min at RT, washed in PBS, and mounted in
mounting medium containing DAPI (Vector Laboratories). Cells were visualized on an inverted
microscope (Zeiss) using a 100 x 1.40NA Plan APO oil objective. For each experiment, 100
random cells were scored and assigned to one of three phenotypes (cytosolic: purely diffuse
localization; dot-like: presence of at least one dot-like structure (small, usually perinuclear);
filamentous: presence of clear filamentous structures). Experiments with RL, TV and RLTV
mutants, and experiments involving LRRK2 GTP binding inhibitors were performed and
analyzed by two independent observers blind to condition, with comparable results obtained in
all cases.

Fibroblast images were acquired on a laser scanning confocal microscope (Nikon AIR)
with a 100x or 60x/1.4 Plan-APOCHROMAT oil immersion objective. Images were collected
using single excitation for each wavelength separately and dependent on secondary antibodies
(488 nm Argon Laser line 488 secondary antibodies were excited with 488 nm Argon Laser line
and a 500-530 nm emission band pass, and DAPI was excited with the 405 nm UV diode and a
430-480 nm emission band pass, respectively).

For fibroblast staining cells were rinsed twice in PBS, followed by fixation in ice cold
methanol for 3 min at -20 °C. Fixed cells were washed twice in PBS and blocked in 1 % BSA
(w/v) in PBS for 30 min, and incubated with primary antibodies in blocking solution for 1 h.

Coverslips were washed twice in PBS and subsequentally incubated with secondary antibodies,
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Alexa Fluor 647 phalloidin, and DAPI in blocking solution for 1 hr at RT, followed by washes

in PBS and mounting.

Live cell imaging

Live cell imaging of HEK293T/17 cells transfected with GFP-tagged wildtype LRRK2
was performed on cells grown on glass-bottom dishes (IBIDI) in full medium without phenol
red. Live images were acquired 48 h after transfection on a Leica TCS-SP5 confocal microscope
using a 63X 1.4 NA oil UV objective (HCX PLAPO CS). LRRK2-IN1 (1 uM final
concentration) was added at time 0, and images collected using single excitation 488 nm Argon
Laser line and a 495-575 nm emission band pass. The 488 nm Argon Laser line was set at 30 %,
with pinhole airy at 1. Contrast phase images of single stacks were simultaneously acquired. 15
image sections of selected areas were acquired every 45 sec with a step size of 0.5 um. Z-stack
maximal intensity projection images were analyzed and processed using Leica Applied Systems

(LAS AF6000) image acquisition software.

MT nucleation assays

Cells were grown and transfected as described above, and split onto poly-L-lysine-
coated coverslips 24 hours later. The following day, coverslips in 6-well dishes were placed in
an ice-water bath for 1.5 hours to cause cold-induced MT depolymerization. MT regrowth was
initiated by placing coverslips at 37 °C for the indicated time periods, followed by fixation in
4% paraformaldehyde in a buffer containing 60 mM PIPES, 25 mM HEPES, pH 6.9, 10 mM
EGTA, 1 mM MgCI, and 0.5 % Triton-X100 (92) before immunostaining as described above.
Cells were visualized on an inverted microscope (Zeiss) using a 100 x 1.40NA Plan APO oil
objective. For each timepoint, 100 cells were scored for visible MT staining with antibodies
against a-tubulin or acetylated o-tubulin in non-transfected versus transfected cells, and for

visible pathogenic LRRK2 filament reformation in transfected cells.
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Permeabilization of cells with streptolysin-O

Cells were grown and transfected as described above, and split onto poly-L-lysine-
coated coverslips in 24-well plates the following day. Two days after transfection, cells were
incubated with or without 500 nM ML.i2 for 2 h as indicated. Permeabilization was performed
essentially as described previously [241, 242] with slight modifications. Cells were
permeabilized in 1 ml of Hank’s balanced salt solution (HBSS; 4.17 mM NaHCO3;, 0.34 mM
Na,HPO,, 0.44 mM KH,PO,, 137.9 mM NaCl, 5.3 mM KCI, pH 7.4) containing 16 ng/ml
streptolysin-O for 10 min at 37 °C. This resulted in the permeabilization of around 80 % of cells
as independently determined by Trypan blue staining. After 10 min, permeabilization buffer
was replaced by 1 ml of resealing buffer (10 mM HEPES, 140 mM NacCl, 5 mM KCI, 1.3 mM
MgCl,, 2 mM CaCl,, pH 7.4), and cells were incubated for an additional 10 min at 37 °C.
Buffers contained 500 nM MLi2, 5 uM GTPaS, GPCpp, GppCp, GppNHp or GTPyS as
indicated. Amongst the non-hydrolyzable GTP analogs tested, only GTPaS was found to be
non-toxic to permeabilized cells up to a concentration of 5 uM, and thus was used for all
subsequent experiments. Upon permeabilization and resealing, cells were fixed and stained as
described above, and 100 random cells were scored for a filamentous phenotype per condition
and experiment. Cells displayed an intact MT network upon 10 min permeabilization and 10

min resealing under all conditions analyzed.

Cell extracts and Western blotting

Cells were collected 48 h after transfection, washed in PBS and resuspended in cell lysis
buffer (1 % SDS in PBS containing 1 mM PMSF, 1 mM NazVQO,4, 5 mM NaF). Extracts were
sonicated, boiled and centrifuged at 13,500 rpm for 10 min at 4 °C. Protein concentration of
supernatants was estimated using the BCA assay (Pierce), and equal amount of extracts were
resolved by SDS-PAGE, transferred to PVDF (in the case of ECL detection) or to nitrocellulose
membranes (in the case of detection by Odyssey) and analyzed by Western blotting using a

variety of antibodies as indicated, including rabbit polyclonal anti-GFP (Abcam, ab6556,
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1:1000), mouse monoclonal anti-myc (Sigma, clone 9E10, 1:1000), rabbit polyclonal anti-V5
(Sigma, V8137, 1:2500), rat monoclonal anti-HA (Roche, clone 3F10, 1:500), mouse
monoclonal anti-flag (Sigma, clone M2, 1:500), phospho-S935-LRRK2 antibody (Abcam,
1:1000), mouse monoclonal anti-acetylated a-tubulin (Sigma, clone 6-11B-1, 1:5000), rabbit
polyclonal anti-detyrosinated a-tubulin (Millipore, AB3201, 1:500) and mouse monoclonal
anti-a-tubulin (Sigma, clone DM1A, 1:10000). Membranes were incubated with primary
antibodies in 5% BSA (w/v) in TBS-0.1% Tween-20 for 1.5 h at RT, or overnight at 4 °C. For
ECL detection, membranes were incubated with secondary antibodies in 5% BSA in TBS-0.1%
Tween-20 for 1 hr, or with secondary antibodies in PBS (1:10000) for detection by Odyssey,
followed by three times 5 min rinses in PBS. Westerns were developed with ECL reagents
(Roche), and a series of timed exposures to ensure that densitometric analyses were performed
at exposures within the linear range. Most determinations of steady-state protein levels, as well
as all GTP binding assays were quantified by ODYSSEY infrared imaging system application

software LI-COR Image Studio Lite version 5.2.

GTP binding assays

GTP binding assays were performed essentially as previously described (77).
HEK293T/17 cells were cultured in 100 mm diameter dishes and transfected at 70-80%
confluence with 12 ng of GFP-tagged LRRK2 DNA and 36 pl of LipoD293 per plate. Cells
were split into 100 mm dishes at a ratio of 1:3 the following day, and lysed in 1 ml of lysis
buffer per dish (20 mM Tris-HCI, pH 7.4, 1 % Triton X-100, 137 mM NaCl, 3 mM KCI, 10 %
(v/v) glycerol, 1 mM EDTA, 1 mM NazVO,, 5 mM NaF, 1 mM PMSF) for 1 h at 4 °C on a
rotary wheel, followed by clarification of extracts by centrifugation at 13,200 rpm for 10 min at
4 °C. Soluble protein was evenly split into two tubes to a final volume of 500 ul each, and each
incubated with 30 ul of 5°-GTP agarose beads (Sigma Aldrich) overnight at 4 °C on a rotary
wheel. One of the two samples was used as control for non-specific binding to GTP-agarose

beads by adding a final concentration of 10 mM GTP. The next day, beads were washed twice
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with ice-cold lysis buffer, and GTP-bound proteins eluted from beads by incubation with 30 pl
ice-cold lysis buffer containing 10 mM GTP for 15 min at 4 °C on a rotary wheel. Beads were
centrifuged at 13,200 rpm for 1 min, eluates were transferred to fresh tubes and resuspended
with 5x Laemmli sample buffer containing -mercaptoethanol. Both eluate and input (5 % total
lysate) samples were subjected to SDS-PAGE and Western blotting with an anti-GFP antibody
(Abcam, ab6556, 1:1000). GTP binding assays were quantified by ODYSSEY as described
above, with GTP-specific binding of each LRRK2 construct normalized to protein input. For
experiments determining the effects of GTP binding inhibitors (40,41), the respective
compounds were added to the lysis buffer and kept throughout the experiment. For experiments
determining the effect of LRRK2 kinase inhibitors, compounds were added to cells 4 h prior to

lysis, added to the lysis buffer, and kept throughout the experiment.

In vitro LRRK2 Kkinase assays

pDEST53-GFP-LRRK2 wildtype and mutants were transiently transfected into
HEK?293T/17 cells using 20 ug of DNA in 1 ml OPTI-MEM (Thermo Fisher) and 40 pl of
linear polyethylenimine (PEI, Polyscience) (20 pM) per 10 cm? Petri dish. Cells were harvested
48 h after transfection with 500 ul of lysis buffer (10 mM Tris-HCI pH 7.5, 150 mM NacCl, 5
mM EDTA, 2.5 mM Na4P,0;, 1 mM beta-glycerophosphate, 1 mM Naz;VO,, supplemented with
Protease Inhibitor Mixture (Sigma Aldrich) and 1% (v/v) Tween-20). Samples were incubated
on ice for 30 min, and centrifuged at 18,000 g for 35 min at 4 °C. Supernatants were incubated
overnight with 20 pul of GFP-Trap beads (ChromoTek GmbH, Planegg, Germany) at 4 °C with
mild agitation. Beads were sequentially washed with 500 pl of buffer 1 (20 mM Tris-HCI pH
7.5, 500 mM NaCl, 1% (v/v) Tween-20), buffer 2 (20 mM Tris-HCI pH 7.5, 350 mM NacCl, 1%
(v/v) Tween-20), buffer 3 (20 mM Tris-HCI pH 7.5, 150 mM NacCl, 1% (v/v) Tween-20), buffer
4 (20 mM Tris-HCI pH 7.5, 150 mM NacCl, 0.1% (v/v) Tween-20) and buffer 5 (20 mM Tris-
HCI pH 7.5, 150 mM NaCl, 0.02 % (v/v) Tween-20). GFP-LRRK2-containing beads were

resuspended in 100 pl of kinase buffer (25 mM Tris-HCI pH 7.5, 5 mM beta-glycerophosphate,
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2 mM DTT, 0.1 mM NazVO,, 10 mM MgCI, supplemented with 0.007% (v/v) Tween-20) for
subsequent in vitro kinase assays.

Kinase reactions were started by addition of ATP (200 uM final) and were incubated for
1 h at 30 °C with mild agitation. Samples were centrifuged, supernatants discarded, and proteins
eluted from beads by addition of Laemmli sample buffer and boiling for 5 min at 95 °C.
Samples (10 ul) were separated by SDS-PAGE, and transferred onto PVDF membranes (Bio-
Rad) using the Trans-Blot Turbo Transfer System (Bio-Rad) in semi-dry conditions using 1X
Trans-Blot Turbo Transfer Buffer (Bio-Rad) in 20 % (v/v) ethanol at 25 V for 20 min.
Membranes were blocked for 40 min in 5 % (w/v) skimmed milk in TBS-T buffer (20 mM Tris-
HCI pH 7.4, 150 mM NaCl, 0.1% (v/v) Tween-20), followed by incubation for 1 h with an
antibody against the LRRK2 autophosphorylation site T2483 (MJF-R8, Abcam, 1:2000).
Membranes were washed 4 times for 10 min with TBS-T buffer, and incubated for 1 h at room
temperature with HorseRadish-Peroxidase (HRP)-conjugated rabbit secondary antibodies
(1:15000) in 5% (w/v) skimmed milk in TBS-T buffer. Membranes were washed in TBS-T
buffer followed by visualization using ECL Western Blotting Detection Reagents (GE
Healthcare). Data were normalized to the concentration of the individual proteins on PVDF
membranes directly stained with Coomassie (40 % methanol, 10 % acetic acid, 0.1% (w/v)
Comassie R-250), and densitometry analysis carried out using ImageJ software, with kinase
activities of the various proteins expressed relative wild-type LRRK2, which was present on

every gel for comparison.

Statistical analysis

All data are expressed as means + s.e.m. Data were analyzed by one-way ANOVA with Tukey’s

post-hoc test, and p < 0.05 was considered significant.
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1. LRRK?2 and Parkinson’s disease: from lack of structure to gain of function.
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LRRK2 and Parkinson’s Disease: From Lack of Structure to Gain of

Function
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Abstract: Mutations in LRRK2 comprise the most common cause for familial Parkinson’s disease
(PD), and variations increase risk for sporadic disease, implicating LRRK2 in the entire disease spec-
trum. LRRK2 is a large protein harbouring both GTPase and kinase domains which display measurable
catalytic activity. Most pathogenic mutations increase the kinase activity, with increased activity being
cytotoxic under certain conditions. These findings have spurred great interest in drug development ap-
proaches, and various specific LRRK2 kinase inhibitors have been developed. However, LRRK?2 is a
largely ubiquitously expressed protein, and inhibiting its function in some non-neuronal tissues has
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raised safety liability issues for kinase inhibitor approaches. Therefore, understanding the cellular and cell type-specific
role(s) of LRRK2 has become of paramount importance. This review will highlight current knowledge on the precise bio-
chemical activities of normal and pathogenic LRRK2, and highlight the most common proposed cellular roles so as to
gain a better understanding of the cell type-specific effects of LRRK2 modulators.

Keywords: Autophagy, endocytosis, GTPase, kinase, LRRK?2, Parkinson’s disease, Rab7, Rab7L1.

1. PARKINSON’S DISEASE

Parkinson’s disease (PD) is a devastating and common
neurodegenerative disorder affecting 1 - 2% of the popula-
tion above the age of 65 [1]. It is characterized by the loss of
dopaminergic neurons in the substantia nigra, and the pres-
ence of Lewy bodies (LBs) in surviving neurons. LBs are
composed of fibrillar aggregates of a-synuclein and a variety
of ubiquitinated proteins [2], implicating protein aggregation
and abnormal protein homeostasis in disease pathomecha-
nism(s). The loss of dopaminergic neurons causes the major
clinical hallmarks of PD, which include tremor, bradykine-
sia, rigidity and postural instability. Treatment options are
based on alleviating symptoms, and there are currently no
disease-modifying compounds or cures available.

Most PD cases are sporadic or idiopathic in nature. How-
ever, around 8 - 10% of all cases are familial and due to mu-
tations in a variety of loci called PARK loci [3]. In addition
to the Mendelian inheritance of mutations in genes which
cause PD, additional genes with risk effects for disease have
been identified by large genome-wide association analyses
[4]. Thus, a picture has emerged whereby a combination of
genetic predisposition, age and environmental stress seem to
contribute to PD pathogenesis.
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2. PATHOGENIC MUTATIONS IN LRRK2 AND PD

Mutations in LRRK2 comprise the most common cause
of familial, late-onset PD, and are found both in hereditary as
well as sporadic forms of the disease [5-7]. Indeed, variants
around the LRRK?2 locus seem to play a major role in disease
susceptibility [8]. This is important, as it allows for the rea-
sonable prediction that targeting LRRK2 may be beneficial
to the entire spectrum of patients with late-onset PD. Some-
what surprisingly though, pathogenic mutations in LRRK2
display age-dependent but incomplete penetrance, indicating
that other factors apart from LRRK2 mutations (e.g. related
to genetic background and/or environmental causes) are nec-
essary for the development of PD.

Whilst over 250 amino acid substitutions in LRRK2 have
been reported [9], pathogenicity, as defined by the ability to
segregate with disease in families, has only been definitely
shown for a small set of mutations, including N1437H,
R1441C/G/H, Y1699C, G2019S and I12020T (Fig. 1).
LRRK2 belongs to the Roco superfamily of proteins, a
multidomain family of Ras-like G proteins characterized by
a specific domain structure comprised of a ROC (Ras of
complex) and C-terminal of ROC (COR) domain [10-12].
The LRRK2 domain structure includes N-terminal armadillo
repeats (ARM), ankyrin repeats (ANK), and leucine-rich
repeats (LRR), followed by a ROC, a COR, a kinase and a
WD40 domain [13] (Fig. 1). Interestingly, all identified
pathogenic mutations cluster within the central core of the
protein. As this central core encodes for domains with puta-
tive kinase and GTPase activities, respectively, an obvious
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Fig. (1). Schematic representation of LRRK2 domain structure and identified cellular and autophosphorylation sites. LRRK2 domain struc-
ture, including armadillo repeats (ARM), ankyrin repeats (ANK), leucine-rich repeats (LRR), followed by a ROC, COR and kinase domain,
and a C-terminal WD40 domain. Pathogenic mutations clustered within the central catalytic core are indicated. Phosphorylation sites which
have been independently reported at least twice are indicated above the domain structure. Autophosphorylation sites are indicated in black,
and cellular phosphorylation sites in grey. Sites which have been detected in vivo (with phospho-state-specific antibodies) are depicted in

bold. See text for further details.

question in the LRRK?2 field has focused on whether these
activities are altered by the distinct pathogenic mutations.

3. FROM PECULIAR SEQUENCES TO LACK OF
STRUCTURAL INFORMATION

Within the human kinome, LRRK2 belongs to the tyro-
sine-like kinase family, a set of kinases which phosphorylate
serine and/or threonine residues, but bear more primary se-
quence homology to tyrosine kinases [14]. The LRRK2
kinase harbours unusual sequences in the kinase activation
segment, including a DYG hinge motif instead of the DFG
motif most commonly observed in kinases [15]. This is fur-
ther altered by the most common pathogenic LRRK2 muta-
tion (G2019S), which changes the motif to DYS, implicating
distinct structural configurations for the ATP-binding pocket
of wildtype versus G2019S-mutant LRRK2, respectively
[16]. Despite such peculiar sequence differences, LRRK2
has been shown to display kinase activity in vitro. Since
kinases make for excellent drug targets, LRRK2 has become
the most exciting target for therapeutic interventions in PD
research to date.

Apart from sequence differences within the kinase do-
main of LRRK2, the ROC domain which harbours GTPase
activity also diverges from other G-protein families [10].
Sequence alignment of the LRRK2 GTPase domain against
other GTPases reveals substitutions in residues thought to be
important for such activity [17]. This may predict low inher-
ent GTPase activity of LRRK2, which has indeed been de-
termined by biochemical means [18-23]. Similar to the
kinase activity, the GTPase activity of LRRK2, whilst

largely dormant in vivo, may require activation by additional
proteins. Alternatively, the relevant molecular feature of the
ROC domain of LRRK2 may be related to GTP binding
rather than GTP hydrolysis [24, 25]. Indeed, recent studies
revealed compounds which reduce LRRK2 GTP binding in
vitro, associated with decreased kinase activity and attenu-
ated neurodegeneration in cultured cells and in vivo [26, 27].
Whilst currently little effort has gone into identifying com-
pounds which modulate GTP binding and/or GTPase activity
of LRRK?2, such molecules may hold significant therapeutic
potential as well.

Structural understanding of LRRK2 is paramount, as it
allows for the design of highly specific ATP-competitive as
well as non-competitive kinase inhibitors. Furthermore, it
allows for insight into the various mechanisms of intra- and
inter-molecular regulation, which may aid in the design of
additional small molecule modulators, and provides a de-
tailed molecular understanding of the distinct pathogenic
mutants. Unfortunately, due to the difficulty in isolating suf-
ficient amounts of pure, soluble protein in its native state, no
atomic structures of full-length LRRK2 have been described
thus far. Crystal structures have been resolved for the ROC
domain of human LRRK?2 [28], as well as the ROC-COR bi-
domain or the kinase domain from related prokaryotic
ROCO proteins, respectively [29, 30]. In addition, a variety
of modeling studies suggest possible conformational con-
figurations of the various protein-protein interaction domains
[31-33]. However, how these domains are positioned with
respect to each other and thus able to influence the GTPase
and/or kinase activities in a multimeric LRRK2 complex
remains unclear.
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4. GAIN OF FUNCTION-TYPE BIOCHEMICAL
READOUTS FOR PATHOGENIC LRRK2

The most common pathogenic mutation, G2019S, has
been consistently shown to upregulate LRRK?2 kinase activ-
ity [34]. This suggests that this pathogenic mutant may act in
a gain of function manner, with enhanced kinase activity
reflecting enhanced function. Structural insights from the
related kinase domain of ROCO proteins indicate that this
mutation may stabilize the activation segment in the active
conformation [30]. However, such structural comparison has
not been able to predict alterations in the kinase activity of
12020T, another PD-related mutation adjacent to G2019S,
even though recent careful phosphorylation studies under
both steady-state and pre-steady-state kinetic conditions in-
dicate that this pathogenic mutation may also increase kinase
activity by stabilizing the active conformation of LRRK?2
[35].

The enhanced kinase activity of G2019S-mutant LRRK?2
seems to correlate with neurotoxicity, and pharmacological
or genetic inhibition of the kinase activity can rescue the
pathogenic mutant-induced phenotypes in vitro and in vivo
[36-41]. These findings indicate that the kinase activity is
crucial for LRRK2-mediated cytotoxicity, and that inhibiting
this activity may be a valid disease-modifying strategy.
However, the extent to which other pathogenic mutations in
LRRK?2 change this readout remains largely unclear. These
mutations cluster in the ROC and COR domains, respec-
tively, and may increase GTP binding and/or decrease GTP
hydrolysis. The measurable GTPase activity of LRRK?2 is
very low, and several studies have shown that it is further
decreased by pathogenic mutations in the ROC and COR
domains [18-23]. Similarly, introducing the analogous muta-
tions which cause PD into ROCO proteins from lower organ-
isms also decreases their GTPase activity [29]. A decrease in
the GTPase activity would result in more GTP-bound
LRRK2, which may then perform some downstream role,
with pathogenic mutations in the ROC and COR domains
enhancing that role in a gain-of-function manner.

The downstream effect(s) of decreased GTPase activity
remain unclear. LRRK2 has been proposed to work as a
typical GTPase whose activity in intact cells is modulated by
GTPase-activating proteins (GAPs) and guanine nucleotide
exchange factors (GEFs) [42-45]. Other studies indicate that
the GTPase activity may be controlled by dimerization with-
out the need for accessory proteins [46]. Indeed, LRRK2 has
been shown to form dimers, with dimers displaying en-
hanced kinase activity as compared to monomers [47-49].
The latter findings indicate that the GTPase activity of
LRRK2 may modulate its kinase activity. However, effects
of mutations in the ROC or COR domain on kinase activity
have been controversial, with either none or only subtle in-
creases reported [34]. Such differences may relate to protein
concentration-dependent differences affecting the amount of
LRRK?2 dimer present, combined with differences in the co-
purification of various factors which may alter inherent
kinase activity in those in vitro assays [17]. Importantly,
introducing pathogenic mutations in the ROC-COR domain
on top of the G2019S mutation has been found to cause a
significant additional increase in kinase activity [50, 51].
Thus, current data are largely consistent with the idea of a
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kinase activation mechanism for all pathogenic LRRK2 mu-
tations. Whilst mutations generally only cause subtle in-
creases in kinase activity, this may reflect the late onset of
LRRK2-related PD, with slight increases in kinase activity
having cumulative negative effects over time. Alternatively,
it may pinpoint towards the presence of an additional trigger-
ing event which causes activation of LRRK2 in a specific
cellular context with resulting downstream pathogenic
events.

Few LRRK2 variants which increase PD risk have been
analyzed for their effects on kinase activity. The prominent
risk variant, G2385R, has been found to either cause no
change [19, 52] or a decrease in kinase activity [53, 54], re-
spectively. Whilst the implication of the reported decreased
kinase activity for pathogenicity remains unclear, it may
suggest that LRRK?2 kinase activity needs to be tightly con-
trolled within an acceptable window, as either too much or
too little activity may be detrimental for cell viability. Alter-
natively, the pathogenicity of the G2385R mutation may be
unrelated to kinase activity, but mediated by altered protein-
protein interactions [54], which would open up the possibil-
ity of targeting such interactions as additional therapeutic
approaches towards LRRK2-related PD.

5. WHAT LIES DOWNSTREAM OF THAT KINASE
ACTIVITY?

Despite significant research efforts, few reproducible
substrates for the kinase activity of LRRK2 have been de-
scribed, amongst those the ERM (ezrin/radixin/moesin) pro-
tein family [53, 55]. ERM proteins anchor the actin cy-
toskeleton to the plasma membrane, and can also regulate the
stability of microtubules, suggesting that the kinase activity
of LRRK2 may play important roles for correct intracellular
organization and vesicular membrane trafficking events.
Phospho-ERM levels are altered in neurons from G2019S
LRRK2-transgenic mice, with concomitant alterations in
actin cytoskeletal dynamics, consistent with the idea that
LRRK?2 may directly or indirectly regulate the phosphoryla-
tion of these proteins [56]. Identification of ERM proteins as
LRRK2 kinase substrates has also allowed for the design of
efficient model substrate peptides to analyze LRRK2 kinase
activity in vitro [53, 55]. However, most other currently
identified substrates have either not been independently vali-
dated, or have been found not to be relevant LRRK?2 kinase
substrates in intact cells.

At present, possibly the best substrate for the kinase ac-
tivity of LRRK2 is LRRK?2 itself. Autophosphorylation has
been described for a large variety of protein kinases, even
though it generally does not display stoichiometric features.
This may be related to cooperative mechanisms and/or mul-
timeric enzyme complexes resistant to further autophos-
phorylation, respectively [57]. In addition, whilst autophos-
phorylation can lead to changes in activity and/or the de-
pendence on activators, it is not always linked to modulation
of kinase activity per se. Rather, autophosphorylation can
regulate the subcellular distribution of protein kinases, re-
sulting in rapid and preferential modulation of specific tar-
gets within a defined subcellular microenvironment suscep-
tible to various diffusible second messengers [58].
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Several autophosphorylation sites for LRRK2 have been
described (Fig. 1) [47, 50, 51, 59-64]. Whilst largely concen-
trated in the ROC domain, sites within the kinase domain
and the N-terminus have been reported as well [47, 51, 60,
64]. However, in most cases, such autophosphorylation can-
not be detected in cell lysates with phospho-state-specific
antibodies, indicating that determination of autophosphoryla-
tion likely cannot serve as a robust measure for LRRK?2
kinase activity. Thus, identification of bona-fide substrates
displaying efficient phosphorylation will remain an impor-
tant issue towards the design of assays measuring changes in
kinase activity in distinct pathological and therapeutic set-
tings.

LRRK?2 is also phosphorylated by a variety of upstream
kinases including cAMP-dependent protein kinase, casein
kinase-1 and IKK family members [52, 65-71]. Such cellular
phosphorylation (defined as phosphorylation of LRRK2 by
other cellular kinases, as opposed to autophosphorylation)
occurs mainly, but not exclusively, in the N-terminus of
LRRK2, and is decreased by most pathogenic LRRK2 mu-
tants (Fig. 1). Phosphorylation on these cellular sites is re-
quired for 14-3-3 binding, and alterations cause a change in
the solubility and/or subcellular localization of LRRK2,
highlighting complex additional regulation of LRRK2 by
upstream kinases and phosphatases able to dephosphorylate
the cellular sites [72]. Interestingly, phosphorylation on those
cellular sites also seems to largely correlate with pharmacol-
ogical inhibition of LRRK?2 kinase activity [73-75], and thus
has proven to be a useful readout in many kinase inhibitor
studies. The precise mechanism behind such correlation re-
mains unclear, but it is possible that inhibitor binding to
LRRK?2 causes a conformational change which leads to the
preferred dephosphorylation of those cellular sites through
increased access of phosphatases [75]. Notably, if phos-
phorylation on those cellular sites correlates with alterations
in solubility and/or subcellular localization relevant for
pathogenicity, the finding that both pathogenic mutants and
pharmacological kinase inhibitors equally cause dephos-
phorylation of those sites indicates that at least under certain
conditions, kinase-inhibited LRRK2 may undergo the same
alterations in solubility and/or subcellular localization as
pathogenic LRRK2.

A variety of small-molecule kinase inhibitors for LRRK?2
have been described. Amongst those, LRRK2-IN-1,
GSK2578215A, HG-10-102-01, GNE-0877 and GNE-9605
display high specificity, with minimal and non-overlapping
inhibition of few additional off-target kinases [51, 66, 76-
78]. Thus, using a variety of those inhibitors in cellular stud-
ies allows to predict with reasonable certainty whether ob-
served effects are LRRK2 kinase activity-dependent. In addi-
tion, some LRRK?2 kinase inhibitor compounds can cross the
blood brain barrier, and display attributes which make them
suitable for in vivo applications [77, 78]. However, a major
problem is related to the finding that either pharmacological
or genetic inhibition of LRRK2 kinase causes unwanted ef-
fects in peripheral tissues, predominantly kidney and lung
[40, 78-81]. These seem to be on-target effects, and are
likely related to the high endogenous LRRK2 protein levels
in those peripheral tissues, reflecting the fact that LRRK?2
seems to play important roles for the proper functioning of
those peripheral tissues as well [78, 82]. Thus, apart from
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understanding the pathogenic role of LRRK2 in neuronal
tissues related to PD, it has become paramount to understand
the normal function of LRRK?2 in peripheral tissues, so as to
be able to effectively compensate for its loss upon kinase
inhibitor treatment approaches.

6. THE CELLULAR ROLES OF LRRK2

Apart from allowing to resolve safety liability issues in
peripheral tissues, understanding the cellular role(s) of
LRRK2 is also important towards developing pharmacody-
namic readouts. Whilst no cellular or animal model system
may ever be capable of predicting clinical success, such sys-
tems, or a combination thereof, will be essential towards
gauging efficacy of target engagement, and will allow for
comparisons of dosages which may cause toxicity associated
with excessive LRRK2 kinase inhibition. Indeed, whilst ge-
netic ablation of LRRK?2 in mice or rats causes phenotypes
in peripheral tissues, these are not observed in heterozygous
knockdown animals, indicating that proper titration of
LRRK2 kinase inhibitors, without fully ablating kinase activ-
ity, may achieve the desired effects without impairing the
functioning of those peripheral organs.

Various studies employing overexpression approaches of
pathogenic LRRK2 in cells as well as animal models have
shown that it can cause toxicity in a kinase activity-
dependent manner [19, 36-39, 41, 83-85]. However, moder-
ate and transient overexpression of either wildtype or patho-
genic mutant LRRK2 does not seem to be toxic, and this
allows for cellular phenotypes to be analyzed in detail. A
wealth of studies indicate that both endogenous as well as
overexpressed pathogenic LRRK?2 can regulate various dis-
tinct vesicular trafficking pathways including endocytosis,
autophagy, the perinuclear positioning of endolysosomes
crucial for efficient flux through the endocytic and
autophagic systems, respectively, and retromer-mediated
trafficking from the late endosome to the Golgi (Fig. 2) [86-
112]. In some cases, several pathogenic LRRK2 mutations
have been analyzed side-by-side and found to display the
same trafficking deficits. For example, both G2019S and
R1441C mutant LRRK2 cause deficits in late endocytic traf-
ficking [91], R1441G, Y1699C and G2019S mutant LRRK?2
cause similar alterations in autophagic-lysosomal degrada-
tion [104], and R1441C, Y1699C, G2019S and 12020T in-
duce alterations in Golgi morphology further potentiated in
the presence of Rab7L1 [110]. In all cases, the extent of cel-
lular deficits in the presence of the various LRRK2 mutants
are similar, supporting the idea that they may act by a com-
mon mechanism. Furthermore, at least in the context of en-
docytic trafficking, two structurally distinct kinase inhibitors
(LRRK2-IN-1, GSK2578215A) have been shown to revert
the observed deficits [91], suggesting that these are indeed
kinase activity-dependent.

The distinct trafficking steps mentioned above may not
all be simultaneously affected, but rather depend on the pre-
cise cellular context. Indeed, effects of LRRK?2 on lysosomal
positioning or late endocytic deficits have been only ob-
served under conditions favouring high flux through the en-
docytic system [91, 108]. Similarly, effects of LRRK2 on
autophagy have been most prominently observed upon
stimulus-triggered autophagy induction [93, 104]. Distinct
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Fig. (2). LRRK2 as a master regulator of various intracellular vesicular trafficking events. Model for differential and stimulus-dependent
relocalization of cytosolic LRRK?2 to distinct subcellular organelles. A) Under conditions of high autophagic demand, LRRK?2 may relocalize
to autophagosomes as well as late endosomal/lysosomal compartments. B) Under conditions of high endocytic demand, LRRK?2 may relocal-
ize to early and/or late endosomal structures. C) Under conditions yet to be determined, LRRK2 may relocalize to lysosome-related organ-
elles, recycling endosomes and/or late endosomes in a manner dependent on Rab32. D) Similarly, under conditions which remain to be de-
termined, LRRK?2 may relocalize to the Golgi complex in a manner dependent on Rab7L1. In all cases, it is hypothesized that LRRK?2 plays a
role in the correct functioning of these organelles which is altered by pathogenic LRRK?2 mutants. Cell type-specific differences can be easily
superimposed onto this model, either at the level of specific stimuli, subcellular compartmental peculiarities, or cell-type specific expression
of downstream targets/binding partners on the distinct organelles. For further details see text. AV, autophagic vacuole; EE, early endosome;
LE, late endosome; LRO, lysosome-related organelle; LYS, lysosome; RE, recycling endosome.

stimuli then may differentially impact upon the phosphoryla-
tion status of LRRK2 to trigger relocalization of the largely
cytosolic protein to a specific subcellular site (see above),
and/or may trigger alterations in select LRRK2 interaction
partners which then allow for recruitment of LRRK2 to dis-
tinct subcellular localizations (Fig. 2). In either case, the idea
that distinct stimuli may recruit LRRK2 to different intracel-
lular membranes where it may then act upon a small, local-
ized set of targets to bring about alterations in defined traf-
ficking steps is further supported by recent findings that
LRRK2 can interact and/or modulate a set of Rab proteins
localized to different subcellular localizations, including
Rab7, Rab9, Rab32 and Rab7L1. Rab GTPases are critical
regulators of membrane traffic, organelle biogenesis and
maturation. They display distinct or partially overlapping
subcellular distributions, and regulate distinct or partially
overlapping subcellular trafficking steps [113, 114]. For ex-
ample, both Rab7 and Rab9 are known to regulate trafficking
from early to late endosomes as well as retromer-mediated

trafficking from late endosomes to the Golgi complex. Rab7
is also required for trafficking from late endosomes to
lysosomes, trafficking from autophagosomes to late en-
dosomes and/or lysosomes, for the proper perinuclear posi-
tioning of late endosomes and lysosomes, and for lysosome
biogenesis [113, 114]. The function of Rab32 is character-
ized to a lesser degree, but this Rab protein seems to be in-
volved in the biogenesis of lysosome-related organelles in
specific cell types [115], as well as in various additional traf-
ficking steps involving recycling endosomes and/or late en-
dosomes [116], and Rab7L1 seems involved in retromer-
mediated trafficking between the Golgi and late endosomes
[113, 114]. Interestingly, LRRK2 has been reported to inter-
act with Rab7, and to regulate both Rab7- and Rab9-
mediated trafficking events, as well as proper endolysosomal
positioning which is important for appropriate flux through
the endosomal degradative system [108, 109]. Consistent
with the observed trafficking deficits, pathogenic LRRK2
has been found to decrease the GTPase activity of Rab7 [91].
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In addition, LRRK?2 has been shown to interact with Rab32,
which seems to cause relocalization of LRRK2 to a variety
of intracellular organelles including recycling endosomes
and/or late endosomes [116], even though possible effects of
LRRK?2 on the GTPase activity of Rab32, or the downstream
cellular consequences of the Rab32-mediated relocalization
of LRRK2 to these organelles remain to be determined (Fig.
2). Finally, LRRK2 has been reported to interact with
Rab7L1 [110, 111]. Rab7L1 is part of the PARK16 locus
associated with PD risk, and increased expression seems to
be associated with increased risk [8, 110]. Rab7L1 is local-
ized to the Golgi network [117, 118], and its expression
causes relocalization of LRRK?2 to the Golgi, with concomi-
tant defects in retromer-mediated trafficking between the
Golgi and the late endosome as well as altered Golgi mor-
phology [110, 111], whilst it remains unknown whether
LRRK?2 modulates the GTPase activity of Rab7L1 (Fig. 2).
Therefore, more work is needed to elucidate the set of pre-
cise cellular signals which trigger relocalization of LRRK2,
possible LRRK2-induced alterations in the GTPase activity
of the distinct Rab proteins, and the detailed cellular conse-
quences of such differential relocalization for the proper
functioning of the various intracellular organelles and ve-
sicular trafficking steps.

Altogether, a picture is emerging whereby distinct stimuli
may cause recruitment of LRRK2 to different subcellular
sites, where it may then modulate specific vesicular traffick-
ing pathways by acting on a subset of proteins (Fig. 2).
These proteins may be compartment-specific and/or shared
between distinct subcellular compartments, and some of
them may further be tissue-specific. Thus, albeit a large
amount of LRRK2 protein interactors have been described,
with the strength of evidence for each of these interactions
carefully analyzed [119, 120], only a small subset of interac-
tions are likely to take place in a cell-type and stimulus-
dependent manner. If so, this would make LRRK2 a ubiqui-
tous master regulator of various vesicular membrane traffick-
ing events, with implicit challenges for therapeutic applica-
tions into its regulation.

CONCLUSIONS AND PERSPECTIVES

LRRK2 plays a crucial role in the pathomechanism(s)
underlying both sporadic and familial PD. Most pathogenic
mutants seem to increase the kinase activity of LRRK2, and
kinase activity seems to correlate with neurotoxicity. These
findings form the basis for the hypothesis that LRRK2
kinase inhibition should be a valid therapeutic drug devel-
opment strategy. Indeed, kinase inhibition has been shown to
have beneficial effects in various in vivo model systems
where pathogenic LRRK2 is overexpressed. However, inhi-
bition of LRRK2 in peripheral tissues raises safety liability
issues. Therefore, it is of paramount importance to under-
stand the cellular function(s) and dysfunction(s) associated
with normal and pathogenic LRRK2, respectively. The vast
majority of data indicate that LRRK?2 regulates a variety of
intracellular vesicular trafficking steps in a stimulus-
dependent manner. Some of those cellular assays may allow
for pharmacodynamic readouts of target engagement of
kinase inhibitors, and help in defining appropriate dosing
regimens whilst avoiding cellular toxicity. In addition, a de-
tailed cell biological understanding of those steps, and their
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cell type-specific modulation will be crucial for any future
attempt to move LRRK2 kinase inhibitors into a clinical
setup. Whilst much remains to be done, there is great hope
that some of these LRRK2-specific compounds may com-
prise future treatment options for people with PD.
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Mutations in the Leucine-Rich Repeat Kinase 2 (LRRK2) gene are intimately linked to
both familial and sporadic Parkinson’s disease. LRRK2 is a large protein kinase able to
bind and hydrolyse GTP. A wealth of in vitro studies have established that the distinct
pathogenic LRRK2 mutants differentially affect those enzymatic activities, either causing
an increase in kinase activity without altering GTP binding/GTP hydrolysis, or displaying
no change in kinase activity but increased GTP binding/decreased GTP hydrolysis.
Importantly, recent studies have shown that all pathogenic LRRK2 mutants display
increased kinase activity towards select kinase substrates when analysed in intact cells.
To understand those apparently discrepant results, better insight into the cellular role(s)
of normal and pathogenic LRRK2 is crucial. Various studies indicate that LRRK2 regu-
lates numerous intracellular vesicular trafficking pathways, but the mechanism(s) by
which the distinct pathogenic mutants may equally interfere with such pathways has
largely remained elusive. Here, we summarize the known alterations in the catalytic activ-
ities of the distinct pathogenic LRRK2 mutants and propose a testable working hypoth-
esis by which the various mutants may affect membrane trafficking events in identical
ways by culminating in increased phosphorylation of select substrate proteins known to
be crucial for membrane trafficking between specific cellular compartments.

Introduction

Parkinson’s disease (PD) is a common neurodegenerative disorder of largely unknown aetiology, with
ageing as a major risk factor [1]. Over a decade ago, mutations in the Leucine-Rich Repeat kinase 2
(LRRK?2) gene were reported to cause autosomal-dominant PD [2,3]. Subsequent reports revealed that
mutations in LRRK2 comprise the most common cause for familial PD and that several LRRK2 var-
iants either positively or negatively correlate with PD risk [4,5], highlighting the importance of
LRRK?2 in disease pathogenesis.

The LRRK2 protein comprises various domains implicated in protein—protein interactions and a
central region consisting of a Ras-of-complex (ROC) GTPase domain and a kinase domain connected
via a C-terminal of ROC (COR) domain (Figure 1). All currently identified pathogenic mutations
cluster in this central region, suggesting that targeting those activities may allow for the development
of disease-modifying therapies. Towards this end, highly selective, potent and brain-permeable LRRK2
kinase inhibitors have been developed [6], and our understanding of the alterations in the catalytic
activities of the various pathogenic LRRK2 mutants has greatly increased over the past years.
However, there remain big gaps in our understanding of the cellular role(s) of LRRK2 in neuronal as
well as non-neuronal cells, even though such understanding is critical for successfully bringing
LRRK2-related drugs into the clinic.

LRRK2 is expressed in many tissues, suggesting that it regulates events common to various distinct
cell types. Indeed, pathogenic LRRK2 has been reported to have an impact upon several conserved ves-
icular trafficking steps related to endocytic uptake, endosome-lysosome and autophagosome-lysosome
trafficking as well as retromer-mediated trafficking to and from the Golgi complex [7]. Mechanistically,
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Figure 1. Schematic representation of the domain structure of LRRK2, including armadillo repeats (ARM), ankyrin
repeats (ANK), leucine-rich repeats (LRRs), a ROC domain, a COR domain, a kinase domain and a C-terminal WD40
domain.

Pathogenic mutations are indicated in bold. The mutation which increases kinase activity in vitro without altering GTP binding/
GTP hydrolysis is circled; the mutations which do not alter kinase activity in vitro but cause increased GTP binding/decreased
GTP hydrolysis are boxed. The protective R1398H variant (or synthetic R1398L mutation) is shown in italics. For further details,
see text.

this may involve direct and/or indirect regulation of several distinct Rab proteins [7-14]. Rab proteins comprise a
family of over 60 small GTPases which function as molecular switches, alternating between a GTP-bound active
form and a GDP-bound inactive form. They are reversibly localized to distinct intracellular membranes where
they interact with coat components, motor proteins and SNARE proteins to control vesicle budding, microtubule
(MT)-dependent vesicle motility and vesicle fusion [15]. Interestingly, a subset of Rab proteins have recently been
found to serve as LRRK2 kinase substrates, with phosphorylation thought to inactivate Rab protein function and
thus the specific vesicular transport steps which these Rab proteins are regulating [14]. Since LRRK2 has also
been described to bind to MT and may regulate their dynamics [16], alterations in MT stability may result in
(additional) downstream effects on a vast array of vesicular trafficking routes. Here, we review current knowledge
and propose a testable working model by which the distinct altered catalytic activities of the pathogenic LRRK2
mutants may have an impact upon multiple MT-mediated vesicular trafficking steps through a common
mechanism.

The LRRK2 kinase and GTPase activities

A set of pathogenic LRRK2 mutations have been described, including the R1441C/G/H and N1437H mutations
in the ROC domain, the Y1699C mutation in the COR domain, and the G2019S and 12020T mutations in the
kinase domain (Figure 1). The most prominent G2019S mutation in the kinase domain has been consistently
shown to increase LRRK2 kinase activity as assessed using in vitro phosphorylation assays [14,17,18]. Thus, the
G2019S mutant may act in a gain-of-function manner, with enhanced kinase activity towards defined substrates
detrimental to cell survival. Indeed, the enhanced kinase activity of the G2019S mutant has been shown to cor-
relate with neurotoxicity which can be reverted by either pharmacological or genetic kinase inhibition [19-21].
However, none of the other pathogenic mutations in the ROC or COR domain seem associated with increased
inherent LRRK2 kinase activity in vitro [14,17,18].

LRRK?2 is also able to bind GTP and displays inherent GTPase activity. Pathogenic mutations in the ROC
and COR domain (R1441C/G, Y1699C) have been found to display increased GTP binding and decreased
GTPase activity [22-24], with no changes observed with the G2019S mutation [23,25-27]. Interestingly, a
R1398H polymorphism in the ROC domain of LRRK2 associated with decreased PD risk [5] has recently been
reported to display decreased GTP binding and increased GTP hydrolysis, opposite to that reported for patho-
genic mutants in the ROC and COR domain [28], and similar results have been described for an artificial
R1398L mutation [25-27]. These data suggest that pathogenic mutations in the ROC and COR domain increase
the amount of GTP-bound LRRK2, and that such a GTP-bound form of LRRK2 may be pathogenic. In
support of this view, decreasing the GTP-bound state of pathogenic LRRK2 seems beneficial to cell survival in
in vitro and animal models [29], indicating that specific and brain-permeable LRRK2 GTP-binding inhibitors
may provide an alternative therapeutic strategy for at least some PD cases due to mutations in the ROC and
the COR domain.
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Altogether, a picture has emerged whereby LRRK2-mediated pathogenicity results either from mutations
which increase kinase activity without altering the GTP-bound state of LRRK2, or from mutations which
increase the GTP-bound state without altering kinase activity. However, a recent seminal study found that all
pathogenic LRRK2 mutants analysed (R1441C/G/H, Y1699C, G2019S, 12020T) increase the phosphorylation of
a set of bona fide LRRK2 kinase substrate proteins in intact cells, whilst at the same time corroborating that
only the G2019S mutant increases substrate phosphorylation when measured in in vitro phosphorylation assays
using purified components [14]. Whilst awaiting independent validation by other laboratories, this is a crucially
important finding, as it suggests that the distinct pathogenic LRRK2 mutants may all act through a common
pathogenic mechanism by increasing the phosphorylation of LRRK2 kinase substrates in intact cells, and thus
that LRRK2 kinase inhibitors may be beneficial to the entire LRRK2-linked PD spectrum.

The LRRK2 MT connection

How may pathogenic LRRK2 mutants with unaltered inherent kinase activity in vitro cause increased substrate
phosphorylation in a cellular context? A wide variety of scenarios are possible. For example, the distinct patho-
genic LRRK2 mutants may differentially regulate other kinases and/or phosphatases which also impinge upon
the Rab substrates or their respective regulatory proteins [30] (Figure 2A,B). Indeed, various kinases and phos-
phatases have been reported to modulate the phosphorylation status of some Rab proteins. Whilst this is most
prominently observed during mitosis [31], non-mitotic alterations in Rab phosphorylation at sites distinct from
or identical to those predicted and/or shown to be phosphorylated by LRRK2 have been reported as well
[32-34]. However, there is currently no evidence that all pathogenic LRRK2 mutants except for the G2019S

R1441C/G
Y1699C
GTP-bound

Figure 2. Possible models for how all pathogenic LRRK2 mutants may cause increased Rab protein phosphorylation in
intact cells.

(A) The G2019S mutant causes increased Rab protein phosphorylation due to an inherent increase in kinase activity. (B) The
other pathogenic LRRK2 mutants may positively regulate kinase(s) which phosphorylate the Rab protein at the equivalent
residue phosphorylated by LRRK2, or negatively regulate phosphatase(s) (PPase) which dephosphorylate the phosphorylated
residue in the Rab protein. (C) Regulation of such kinases and/or phosphatases by the pathogenic LRRK2 mutants may involve
direct protein—protein interactions. (D) Pathogenic LRRK2 mutants, due to enhanced GTP binding, may preferentially associate
with (stable) MTs, and such increased molecular proximity may cause increased phosphorylation of Rab proteins bound to
transport vesicles as they move along the MT tracks. In all cases, Rab protein phosphorylation is hypothesized to interfere with
vesicular trafficking steps by currently unknown molecular mechanism(s).
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mutant regulate the activities of other kinases and/or phosphatases which have an impact upon the phosphoryl-
ation status of the select Rab proteins which are LRRK2 kinase substrates.

Along similar lines, the distinct pathogenic LRRK2 mutants may differentially interact with Rab kinases and/
or phosphatases, altering their activities and/or substrate specificities towards the Rab substrates, thereby
causing changes in the overall phosphorylation status of these proteins in intact cells (Figure 2C). Indeed, select
pathogenic LRRK2 mutants have been shown to display altered interactions with various protein kinases and
phosphatases [33-38], but a careful side-by-side analysis of all pathogenic LRRK2 mutants with respect to
those interactions, as well as the identification of the precise kinases and/or phosphatase(s) responsible for
further modulating the phosphorylation status of the Rab proteins which serve as LRRK2 kinase substrates is
currently missing.

Another scenario depends on differences in the subcellular localization of the distinct pathogenic LRRK2
mutant proteins. If all pathogenic LRRK2 mutants except the G2019S mutant display altered intracellular local-
ization overlapping with that of the identified LRRK2 kinase substrate(s), such increased molecular proximity
may lead to enhanced substrate protein phosphorylation similar to that mediated by the kinase-activating
G2019S mutation, even though not associated with an increase in in vitro kinase activity per se (Figure 2D).
Such alterations in the subcellular localization of pathogenic mutant LRRK2 proteins may further be due to
GTP-binding-mediated differences in protein-protein interactions. Indeed, the large number of reported
LRRK?2 interactors [39,40] suggests an important role for protein interactors in regulating the cellular biology
of LRRK2, even though there is currently no evidence for interactions which are selectively enhanced by all
pathogenic LRRK2 mutants except for G2019S.

Since MT are required for many intracellular cargo transport processes, the reported interactions of LRRK2
with MTs warrant particular attention. Endogenous LRRK2 has been consistently shown to physically interact
and co-localize with MTs [41-44]. Such interactions may alter MT dynamics, with expected downstream
effects on many distinct MT-mediated vesicular transport events [16]. Alternatively, MT binding may increase
the amount of LRRK2 in molecular proximity to various transport vesicles which carry distinct Rab proteins,
thereby locally increasing their phosphorylation status. Thus, an enhanced MT association of select pathogenic
LRRK2 mutants may result in increased Rab substrate protein phosphorylation in the absence of increased
inherent kinase activity, with downstream effects on vesicular trafficking steps governed by those Rab proteins.

This model predicts that all pathogenic mutants with the exception of G2019S display increased MT associ-
ation, and this indeed has been described for several LRRK2 mutants when compared with G2019S [45], con-
sistent with observations from our laboratory (unpublished). The dynamics of MT are modulated by
post-translational tubulin modifications which seem to be recognized by different molecular motor proteins,
thereby further contributing to the establishment and maintenance of polarized vesicular trafficking. Given that
many vesicular transport events occur preferentially along stable MT tracks [16,46-48], the model further pre-
dicts a preferential association of pathogenic LRRK2 with a subpopulation of stable MTs, which has been
reported at least for the pathogenic R1441C and Y1699C mutants [49]. In this manner, just a few strategically
placed pathogenic LRRK2 molecules, with equal inherent kinase activity when compared with the wild-type
molecule, may be able to phosphorylate significant amounts of Rab proteins bound to various transport vesicles
which move up and down MT tracks to their respective destinations. Interestingly, R1441C/G, Y1699C, G2019S
and 12020T mutants have all been shown to enhance trans-Golgi network clustering when co-expressed with
Rab7L1 [11], and primary fibroblasts from R1441C, Y1699C and G2019S LRRK2 PD patients all display the
same autophagic alterations [50]. These observations suggest that all pathogenic LRRK2 mutants may converge
onto the same functional outputs, even though the precise links between differential Rab phosphorylation and
MT binding underlying the cellular phenotypes currently remain unknown.

Corroborating the proposed working model will require careful and correlative side-by-side analysis of all
pathogenic LRRK2 mutants with respect to MT interactions, kinase activity and GTP binding. A testable pre-
diction of this model is that the subcellular localization of all pathogenic LRRK2 mutants except for G2019S
should be altered when decreasing LRRK2 GTP binding either by introducing the protective R1398H variant
or by pharmacologically interfering with LRRK2 GTP binding, and decreasing GTP binding should result in
decreased phosphorylation of the Rab substrate proteins mediated by all pathogenic LRRK2 mutants except for
the G2019S mutant. The model further predicts that any LRRK2-mediated Rab protein phosphorylation causes
deficits in vesicular trafficking, and future studies are required to determine whether LRRK2-mediated phos-
phorylation causes alterations in the GTP-bound (active) state of the Rab proteins, or changes in their interac-
tions with select motor proteins, either one of which would interfere with vesicle mobility [15].
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Concluding remarks

Over the past decade, significant progress has been made in our understanding of how distinct pathogenic
LRRK2 mutations alter the catalytic activities of this enzyme. A picture has emerged whereby either aberrant
kinase activity or an increase in the amount of GTP-bound LRRK2 may confer pathogenicity, even though the
underlying mechanism(s) have remained elusive. The recent identification of Rab proteins as LRRK2 interactors
and/or kinase substrates, together with the well-established role(s) of LRRK2 in MT-related processes allows for
the proposal of a simple and testable working model by which all pathogenic LRRK2 mutants may culminate
in identical changes in Rab-related membrane trafficking events relevant to disease pathogenesis and in a
manner dependent on kinase activity. Whilst much work remains to be done to understand the cell biology
underlying LRRK2-related PD, studies of this type will greatly aid in translating LRRK2 kinase inhibitors into
the clinic, with a positive impact upon the life of millions of people currently suffering from this debilitating
neurodegenerative disease.
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Abstract

Mutations in leucine-rich repeat kinase 2 (LRRK2) comprise the most common cause of familial Parkinson’s disease (PD), and
sequence variants modify risk for sporadic PD. Previous studies indicate that LRRK2 interacts with microtubules (MTs) and al-
ters MT-mediated vesicular transport processes. However, the molecular determinants within LRRK2 required for such inter-
actions have remained unknown. Here, we report that most pathogenic LRRK2 mutants cause relocalization of LRRK?2 to fila-
mentous structures which colocalize with a subset of MTs, and an identical relocalization is seen upon pharmacological
LRRK?2 kinase inhibition. The pronounced colocalization with MTs does not correlate with alterations in LRRK?2 kinase activ-
ity, but rather with increased GTP binding. Synthetic mutations which impair GTP binding, as well as LRRK2 GTP-binding in-
hibitors profoundly interfere with the abnormal localization of both pathogenic mutant as well as kinase-inhibited LRRK2.
Conversely, addition of a non-hydrolyzable GTP analog to permeabilized cells enhances the association of pathogenic or
kinase-inhibited LRRK2 with MTs. Our data elucidate the mechanism underlying the increased MT association of select path-
ogenic LRRK2 mutants or of pharmacologically kinase-inhibited LRRK2, with implications for downstream MT-mediated
transport events.

Introduction identified which either positively or negatively correlate with
Parkinson’s disease (PD) is a common neurodegenerative dis- PD risk (4-9), highlighting the general importance of LRRK2 for
ease with incompletely understood etiology, affecting around disease pathogenesis. The LRRK2 protein contains various do-
1-2% of the elderly (1). Mutations in the leucine-rich repeat ki- mains implicated in protein-protein interactions, as well as a
nase 2 (LRRK2) gene cause PD inherited in an autosomal- central region comprised of a Ras-of-complex (ROC) GTPase do-
dominant fashion (2,3). Additionally, various variants have been main and a kinase domain, connected via a C-terminal of ROC
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(COR) domain (10,11). All currently identified pathogenic mu-
tants localize to this central region, and seem associated either
with enhanced kinase activity (e.g. G2019S) (12-14), increased
GTP binding (15-18) or reduced GTPase activity (19,20), suggest-
ing that abnormal kinase and/or GTP-domain activities may
cause neurodegeneration in LRRK2-linked PD (21). Indeed, path-
ogenic mutations in LRRK2 can promote cellular deficits
through both GTP-dependent and kinase-dependent mecha-
nisms (13,16,22-26), raising hopes that selective LRRK2 kinase
inhibitors (27-29), GTP-binding competitors or GTPase modula-
tors may delay the onset of LRRK2-related PD.

The precise mechanism(s) underlying LRRK2-linked PD re-
main largely unknown, but a variety of studies suggest underly-
ing cytoskeletal alterations which may impact upon various
vesicular trafficking steps (30). Endogenous LRRK2 protein
can physically interact and colocalize with microtubules (MTs)
(31-33). Such colocalization has also been observed with overex-
pressed LRRK2, and is profoundly enhanced with certain patho-
genic LRRK2 mutants (34,35) as well as by several LRRK2 kinase
inhibitors (36-38). Finally, pathogenic LRRK2 has been reported
to impair MT-mediated axonal transport in a manner correlated
with enhanced MT association (35,39). Thus, an increased inter-
action of LRRK2 with MTs seems to have detrimental effects on
MT-mediated vesicular transport events. However, the molecu-
lar determinant(s) within LRRK2 required for such interaction
are largely unknown.

Here, we have analyzed the subcellular localization of all
pathogenic LRRK2 mutants as well as of pharmacologically
kinase-inhibited LRRK2. We find that both mutant and kinase-
inhibited LRRK2 preferentially interact with stable MTs. This in-
teraction does not correlate with altered LRRK2 autophosphory-
lation status or kinase activity, but with enhanced GTP binding.
Synthetic mutations in LRRK2 which reduce GTP binding, as
well as two recently described GTP-binding inhibitors that at-
tenuate LRRK2-mediated toxicity in cell and animal models
(40,41) potently decrease this interaction, whilst a non-
hydrolyzable GTP analog enhances the interaction. Thus, GTP-
binding inhibitors may be useful for treating select forms of
pathogenic LRRK2-linked PD.

Results

Kinase-inhibited LRRK2 and most pathogenic LRRK2
mutants display altered cellular localization

As previously described (34-38), GFP-tagged wild-type LRRK2
protein was found to adopt a purely cytosolic localization in the
majority of transfected HEK293T cells (Fig. 1A). A small percent-
age of cells displayed additional dot-like localization in the form
of one or several small, usually perinuclear structures, and a
small percentage displayed a filamentous phenotype (Fig. 1A).
Such localization was not tag-dependent, as also observed with
myc-tagged LRRK2 constructs (not shown) (34).

The subcellular localization of LRRK2 may be modulated by
either extrinsic and/or intrinsic factors. In support of the latter,
pharmacological inhibition of LRRK2 kinase activity by either
H1152 (36) or LRRK2-IN1 (37) has been reported to cause relocali-
zation of LRRK?2 to filamentous structures. Indeed, application
of a whole set of specific and structurally distinct LRRK2 kinase
inhibitors (37,42-46) triggered a profound relocalization of wild-
type LRRK2 to filamentous structures (Fig. 1B) without causing
alterations in steady-state protein levels (Fig. 1C). Relocalization
was dose-dependent (Fig. 1D) and fast (Fig. 1E), being detectable
within minutes after application of kinase inhibitor. Thus,

pharmacological kinase inhibition invariably causes alterations
in the subcellular localization of LRRK2.

We next evaluated the localization of all currently identified
pathogenic LRRK2 mutants (N1437H, R1441C/G, Y1699C, 12012T,
G2019S, 12020T) (2,3,17,47,48), as well as of two synthetic mu-
tants known to either impair kinase activity (K1906M) or gua-
nine nucleotide binding (K1347A), respectively. When compared
with wild-type LRRK2, the filamentous phenotype was pro-
foundly enhanced by all pathogenic LRRK2 mutants except for
G2019S and 12012T (Fig. 1F and G). Both kinase-inactive and
GTP-binding-deficient mutants displayed a primarily cytosolic
localization (Fig. 1F and G), and all mutants with the exception
of K1347A (26) were expressed to similar degrees (Fig. 1H), indi-
cating that the observed differences in subcellular localization
were not due to alterations in steady-state protein levels.
Application of a LRRK2 kinase inhibitor (LRRK2-IN1) caused a
further increase in filament formation of wild-type and all mu-
tant LRRK2 proteins analyzed, but had no effect on synthetic
kinase-inactive or GTP-binding-deficient mutants (Fig. 1G), sug-
gesting that the latter two may be in a conformation incompati-
ble with inhibitor binding (49,50). Thus, most pathogenic LRRK2
mutants display a profoundly altered subcellular localization,
and pharmacological kinase inhibition further potentiates such
relocalization for both wild-type as well as all currently identi-
fied pathogenic LRRK2 mutants.

LRRK?2 filaments preferentially decorate stable MTs

The filamentous LRRK2 structures described here have been
previously reported to colocalize with MTs (34,36). MTs are het-
erogeneous structures subject to distinct posttranslational
modifications including acetylation and detyrosination (51-53),
with the latter shown to cause increased MT stability (54). In
non-transfected cells, the majority of the total MT array con-
tained predominantly tyrosinated a-tubulin, indicative of dy-
namic MTs. Only a small subset of MTs was positive for
acetylated and/or detyrosinated a-tubulin, with both posttrans-
lational modifications frequently observed on the same MT
tracks in a patchy, alternating fashion (Fig. 2A and B).
Pathogenic as well as kinase inhibitor-induced LRRK2 filaments
extensively colocalized with acetylated and/or detyrosinated
a-tubulin, thus indicating a preference for association with
stable MTs (Fig. 2A-C).

When compared with dynamic MTs, stable MTs display in-
creased resistance to nocodazole, but are effectively disrupted
upon cold treatment (55). Indeed, LRRK2 filaments were signifi-
cantly disrupted upon cold treatment, with nocodazole being
less effective (Fig. 3A). MT nucleation assays further revealed a
delay between MT regrowth as assayed by staining against a-tu-
bulin, the reformation of acetylated MTs, and the reformation
of mutant LRRK2 filaments, in agreement with the preferential
association of LRRK2 with stable MTs (Fig. 3B).

To examine whether modulating the acetylation and/or
detyrosination status of MTs may influence the filamentous lo-
calization of pathogenic and kinase-inhibited LRRK2, we treated
cells with two distinct o-tubulin deacetylase inhibitors (56)
which increased the extent of tubulin acetylation and caused a
modest decrease in the LRRK2 filamentous phenotype (Fig. 3C
and D). As an alternative approach, we overexpressed oTATI,
the major a-tubulin acetyltransferase (57), which caused an in-
crease in a-tubulin acetylation and a profound decrease in the
pathogenic LRRK2 filamentous phenotype (Fig. 3E and F). An en-
zymatically inactive point mutant (D157N) (57) displayed
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Figure 1. Effects of pharmacological kinase inhibitors and pathogenic mutations on LRRK2 subcellular localization. (A) Example of subcellular localization of wild-type
GFP-tagged LRRK2 (wt) in the absence or presence of LRRK2 kinase inhibitor as indicated. Scale bar, 10 ym. (B) Quantification of the percentage of transfected cells dis-
playing a filamentous phenotype in the absence of treatment (-), or upon 4 h incubation with distinct LRRK2 kinase inhibitors as indicated. Bars represent mean + SEM
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Figure 2. Pathogenic mutant and kinase-inhibited LRRK2 preferentially decorate stable MTs. (A) Example of non-transfected cells stained with antibodies against tyro-
sinated, detyrosinated, acetylated or o-tubulin (alpha) as indicated, or cells transfected with GFP-tagged R1441C-mutant LRRK2 and stained with antibodies as indi-
cated, or cells transfected with GFP-tagged wild-type LRRK2, treated for 1h with 1uM LRRK2-IN1 and stained with antibodies as indicated. All images were
deconvolved as described in Materials and Methods. Scale bar, 10 um. (B) Magnification of squares as indicated in (A). Colored arrows indicate preferential staining with
one antibody (red and green, respectively), or colocalization (yellow). (C) Quantification of colocalization of pathogenic mutant LRRK2 or wild-type LRRK2 in the pres-
ence of kinase inhibitor with either acetylated or detyrosinated MTs was performed as described in Materials and Methods. The percentage of colocalization was sub-
grouped for each cell, with colocalization 0-50% (white), 50-90% (gray) or > 90% (dark gray). Bars represent mean + SEM (n=5 cells).

Figure 1. Continued

(n=3; ™P <0.005). (C) Cells were transfected with GFP-tagged wild-type LRRK2, treated with distinct kinase inhibitors for 4 h as indicated, and extracts analyzed for pro-
tein levels by western blotting using an anti-GFP antibody, and alpha-tubulin as loading control. (D) Quantification of the percentage of transfected cells displaying a
filamentous phenotype in the absence (-) or presence of distinct concentrations of kinase inhibitors as indicated. Bars represent mean + SEM (n=3). (E) Live images of
cells expressing wild-type GFP-tagged LRRK2 at distinct times after adding 1 uM LRRK2-IN1. Scale bar, 10 um. (F) Examples of cells depicting the prominent subcellular
localization of the various GFP-tagged LRRK2 constructs as indicated. Scale bar, 10 um. (G) Quantification of the filamentous phenotype of various GFP-tagged LRRK2
constructs from the type of experiments as depicted in (F), in either the absence or presence of 1M LRRK2-IN1 for 4h as indicated. Bars represent mean = SEM (n=4;
*P <0.05; P < 0.005). (H) Cells were transfected with GFP-tagged LRRK2 constructs as indicated, and extracts analyzed for protein levels by western blotting using an
anti-GFP antibody, and tubulin as loading control.
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Figure 3. Effects of modulating the acetylation or detyrosination status of MTs on filament formation of pathogenic LRRK2. (A) Cells were transfected with constructs
as indicated, and either left untreated (ctrl), or incubated with nocodazole or on ice, followed by quantification of the percentage of cells displaying a filamentous
LRRK2 phenotype. Bars represent mean + SEM (n=4; *P <0.05; **P <0.01). (B) Cells were transfected with pathogenic LRRK2, incubated on ice for 1.5h to disrupt MTs,
and MT nucleation/regrowth performed for the indicated times at 37 °C. Cells were stained for a-tubulin or acetylated a-tubulin, and the percentage of non-transfected
or transfected cells displaying visible MT regrowth and reformation of the filamentous pathogenic LRRK2 phenotype quantified as indicated. Bars represent
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steady-state protein levels similar to wild-type o«TAT1 (Fig. 3G),
and was without effect on the acetylation status of a-tubulin
(Fig. 3E). However, overexpression of the «TAT1 mutant defec-
tive in acetyltransferase activity also interfered with pathogenic
LRRK2 filament formation, indicating that the observed effects
were independent of MT acetylation status (Fig. 3F).
Importantly, and as previously reported (58), expression of ac-
tive and inactive «TAT1 both caused a decrease in detyrosinated
a-tubulin (Fig. 3H and I), suggesting that LRRK2 filament forma-
tion may be largely modulated by the detyrosination status of
MTs. Whilst the tubulin carboxypeptidase catalyzing the detyro-
sination of o-tubulin remains to be identified (53), parthenolide
(PTL), a sesquiterpene lactone, has been shown to inhibit the ac-
tivity of this enzyme (59,60). Indeed, treatment of cells with PTL
caused a decrease in detyrosinated a-tubulin associated with a
reduction in the filamentous phenotype of pathogenic mutant
LRRK2 (Fig. 3] and K). Altogether, these results indicate that
both pathogenic and kinase-inhibited LRRK2 preferentially as-
sociate with a subset of stable MTs in a manner mainly depen-
dent on their detyrosination status.

LRRK2 filament formation does not correlate with kinase
activity or autophosphorylation status

We next set out to identify the determinants within LRRK2 nec-
essary for the observed MT interactions. Autophosphorylation
of kinases is often used as a readout of enhanced kinase activ-
ity. LRRK2 has been shown to be autophosphorylated at various
sites (61-65), with phosphorylation of one particular site (S1292)
detectable in vivo and increased in the context of various patho-
genic mutants (38). As previously reported (38), when intro-
duced into a combined pathogenic mutant background
(R1441C-Y1699C-G2019S), the S1292A mutation decreased the
LRRK?2 filamentous phenotype (Fig. 4A). However, when intro-
duced into constructs bearing the individual pathogenic LRRK2
mutations, no change in their subcellular localization was ob-
served (Fig. 4B), with all mutants expressed to similar degrees
(Fig. 4C). Thus, enhanced S1292 autophosphorylation does not
seem to comprise a relevant molecular determinant required
for the observed filamentous phenotype of pathogenic LRRK2
mutants.

A series of distinct pharmacological kinase inhibitors caused
filament formation, whilst a kinase-inactive point mutant
(K1906M) did not (Fig. 1). Pharmacological kinase inhibition has
been suggested to induce a conformational change in LRRK2 as-
sociated with dephosphorylation of the cellular N-terminal
phosphorylation sites including S935, which was not observed
with kinase-dead point mutants (50). Indeed, two distinct
kinase-dead point mutants (K1906M and T2035A) displayed
N-terminal phosphorylation levels similar to wild-type LRRK2
(Fig. 5A and B). Pharmacological kinase inhibition of wild-typEe

Figure 3. Continued

LRRK2 caused dephosphorylation of the N-terminal S935 resi-
due, which was also observed when adding pharmacological ki-
nase inhibitor to kinase-dead T2035A, but not to the K1906M
mutant, respectively (Fig. 5A and B). The changes in N-terminal
dephosphorylation correlated with filament formation in phar-
macologically kinase-inhibited wild-type and T2035A mutant
LRRK2, with K1906M mutant LRRK2 not showing dephosphory-
lation neither filament formation upon pharmacological kinase
inhibition (Fig. 5C). Therefore, synthetic kinase-dead LRRK2 mu-
tants do not seem to properly mimick the features of pharmaco-
logically kinase-inhibited LRRK2, with the latter being
accompanied by a change associated with dephosphorylation of
the N-terminal cellular phosphorylation sites.

The filamentous localization of LRRK2 is modulated
by 14-3-3

Interestingly, N-terminal phosphorylation is also decreased in
pathogenic LRRK2 mutants which display a filamentous pheno-
type, but not in the G2019S mutant which is largely cytosolic
(36,66,67) (Fig. 5D). Since dephosphorylation of the cellular
N-terminal phosphorylation sites causes disruption of 14-3-3
binding (66,67), and since overexpression of 14-3-3 proteins has
been found to ameliorate the effects of pathogenic LRRK2 on
neurite length (68), we next wondered whether 14-3-3 protein
overexpression may alter the filamentous phenotype and N-
terminal phosphorylation status of LRRK2. Overexpression of ei-
ther 14-3-3p or 14-3-3y, both reported to interact with LRRK2
(69,70), decreased the filamentous phenotype of pathogenic
LRRK2 without altering its dot-like localization (Fig. 6A and B).
In addition, expression of either 14-3-3 protein decreased the fil-
amentous phenotype of wild-type or pathogenic LRRK2 induced
upon pharmacological kinase inhibition (Fig. 6B). In contrast,
whilst expressed to a similar degree (Fig. 6C), a loss-of-function
point mutant (V181D) of 14-3-3y (70) was without effect (Fig. 6B).
Overexpression of wild-type but not mutant 14-3-3y was associ-
ated with an increase in N-terminal phosphorylation of patho-
genic mutant LRRK2 similar to that observed with wild-type
LRRK2 (Fig. 6D). Therefore, modulating cellular 14-3-3 levels
with concomitant effects on the N-terminal phosphorylation
status of LRRK2 seems to modulate filament formation.

We next wondered whether abolishing N-terminal phos-
phorylation may be sufficient to cause the observed filamentous
phenotype of pathogenic and pharmacologically kinase-
inhibited LRRK2. Preventing N-terminal phosphorylation by
mutating S935 or $910/S935, either in the presence or absence of
additional mutations in S955 and S973 caused increased dot-
like localization (66,67) (Fig. 7A), but had no effect on the fila-
mentous phenotype in either the absence or presence of LRRK2
kinase inhibitor (Fig. 7B), with all mutants expressed to similar
degrees (Fig. 7C). Similarly, mutating another phosphorylation

mean + SEM (n =4 experiments). (C) Cells were left either untreated (-) or treated with tubacin or trichostatin A as indicated, and extracts analyzed for levels of acety-
lated a-tubulin and total a-tubulin as loading control. (D) Cells were transfected with the indicated constructs, left untreated or incubated with trichostatin A (tricho.)
or tubacin either in the presence or absence of 1M LRRK2-IN1 for 4h, and the percentage of cells displaying a fllamentous phenotype quantified. Bars represent
mean *+ SEM (n = 3; *P < 0.05). (E) Cells were transfected with GFP-tagged wild-type «TAT1 or an inactive point mutant (D157N) as indicated, followed by staining with an
antibody against acetylated a-tubulin. Scale bar, 10 um. (F) Cells were co-transfected with either GFP-tagged wild-type or R1441C-mutant LRRK2 and empty control vec-
tor (pCMV) or RFP-tagged wild-type or mutant oTAT1 as indicated, followed by quantification of the percentage of cells displaying a filamentous LRRK2 phenotype.
Bars represent mean * SEM (n=3; "P < 0.01). (G) Cells were transfected with GFP-tagged wild-type or mutant «TAT1 as indicated, and extracts analyzed for protein lev-
els with a-tubulin as loading control. (H) Cells were transfected with GFP-tagged wild-type «TAT1 or an inactive point mutant (D157N) as indicated, followed by staining
with an antibody against detyrosinated a-tubulin. Scale bar, 10 um. (I) Cells were transfected with wild-type or mutant «TAT1 as indicated, and the percentage of trans-
fected cells with visibly abnormal detyrosinated a-tubulin staining quantified. Bars represent mean + SEM (n=3; *P < 0.05). (J) Cells were left either untreated (-), or
treated with different concentrations of parthenolide (PTL) for 12h as indicated, and extracts analyzed for levels of detyrosinated, acetylated and total a-tubulin. (K)
Cells were transfected with R1441C-mutant LRRK2, treated for 12 h with PTL as indicated, followed by quantification of the percentage of cells displaying a filamentous

LRRK2 phenotype. Bars represent mean + SEM (n=3; *P < 0.05).
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Figure 4. Alterations in autophosphorylation status of LRRK2 on S1292 does not correlate with filamentous phenotype. (A) Cells were transfected with the indicated
constructs, followed by quantification of the percentage of cells displaying a filamentous phenotype. Bars represent mean + SEM (n=5; *P < 0.05). (B) Cells were trans-
fected with the indicated constructs, followed by quantification of the percentage of cells displaying a filamentous phenotype. Bars represent mean + SEM (n=5).
(C) Cells were transfected with GFP-tagged LRRK2 constructs as indicated, and extracts analyzed for protein levels by western blotting using an anti-GFP antibody, and

tubulin as loading control.

site in the ROC domain in conjunction with S910, both previ-
ously reported to be important for 14-3-3 binding (71) caused in-
creased dot-like localization of wild-type LRRK2 (Fig. 7D), but
had no effect on the filament phenotype (Fig. 7E), with similar
steady-state protein levels of all mutants examined (Fig. 7C).
Thus, mimicking lack of phosphorylation of sites involved in
14-3-3 binding is not sufficient to mimick the filamentous phe-
notype observed with mutant or pharmacologically kinase-
inhibited LRRK2.

Mutations within the catalytic switch II motif of the ROC
GTPase domain impair the filamentous localization of
pathogenic and kinase-inhibited LRRK2

Apart from altered kinase activity, altered GTP binding and/or
GTPase activity have been implicated in LRRK2-related patho-
genesis (16,23-26,40,41,72,73). The GTPase activity of LRRK2 has
been reported to be modulated by GTPase activating proteins
(GAPs) including ArfGAP1 and RGS2, and guanine nucleotide ex-
change factors (GEFs) such as ARHGEF7 (24,25,74,75). Co-
expression of either ArfGAP1 or RGS2 with wild-type or patho-
genic R1441C-mutant LRRK2 was without effect on the filamen-
tous phenotype of LRRK2 in the absence or presence of kinase
inhibitors (Fig. 8A and B). ARHGEF7 significantly decreased wild-
type LRRK2 filament formation triggered by pharmacological ki-
nase inhibition, and also decreased filament formation of path-
ogenic LRRK2 in the absence or presence of kinase inhibitors
(Fig. 8C). However, an inactive GEF-dead variant (L386R/L387S)
(75), expressed to similar degrees, also effectively interfered
with filament formation (Fig. 8C and D). As the binding of

ARHGEF7 to LRRK2? is independent on the guanine nucleotide
exchange activity of ARHGEF7 (75), the observed effects of both
active and inactive ARHGEF7 are likely due to competing for the
same binding site(s) on LRRK2 as those required for MT interac-
tions, rather than due to effects related to ARGEF7-mediated al-
terations of the GTPase activity of LRRK2.

As an alternative approach to probe for the effect of LRRK2
GTP binding on filament formation, we generated a set of syn-
thetic mutations. Previous structural studies have suggested
that two residues in the ROC domain of LRRK2 (R1398 and
T1343) may be important for interaction with the y-phosphate
of GTP (76). In addition, mutating R1398 has been described to
decrease LRRK2 GTP binding, with a further decrease observed
when additionally mutating T1343 (23), and both R1398L and
R1398L/T1343V mutations have been reported to largely revert
the effects of pathogenic LRRK2 on neurite outgrowth, all whilst
having no detrimental effects on protein stability and/or struc-
ture (26). We thus wondered whether these mutations may alter
the pathogenic LRRK2 filamentous phenotype. When intro-
duced into wild-type or G2019S-mutant LRRK2, no effect on fila-
ment formation was observed with either R1398L (RL), T1343V
(TV) or R1398L/T1343V (RLTV) mutations (Fig. 8E). However, the
RL mutation caused a significant decrease in filament formation
in the context of all pathogenic filament-forming LRRK2 mu-
tants (N1437H, R1441C, Y1699C and I12020T) (Fig. 8F and G).
Whilst the TV mutation was not displaying an effect on its own
when introduced into wild-type or the various pathogenic
LRRK2 mutants, the combination of both synthetic mutations
(RLTV) drastically decreased the filamentous phenotype of
pathogenic N1437H, R1441C, Y1699C and 12020T LRRK2, with all
the various proteins expressed to similar degrees (Fig. 8F-H).
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Importantly, the RLTV mutation also decreased filament forma-
tion of wild-type and pathogenic LRRK2 mutants upon pharma-
cological kinase inhibition (Fig. 8E-G), indicating a shared
mechanism underlying the altered localization of pathogenic
mutant and kinase-inhibited LRRK2.

Various reports indicate that an R1398H polymorphism in
LRRK?2 is associated with decreased PD risk (6-9). Similar to the
R1398L mutation, the protective R1398H (RH) mutation reduced
the filamentous phenotype of pathogenic LRRK?2 in the absence
or presence of kinase inhibitors, and this effect was not due to
altered steady-state protein levels (Fig. 9A and B). Thus, select
mutations in the switch II region of the ROC domain of LRRK2,
including a protective risk variant, profoundly decrease the fila-
mentous localization of pathogenic as well as kinase-inhibited
LRRK2.

Altered subcellular localization of pathogenic and
kinase-inhibited LRRK2 correlates with increased GTP
binding and can be reverted by select LRRK2
GTP-binding inhibitors

As the synthetic mutations in the ROC domain are predicted to
interfere with GTP binding (76), we measured steady-state GTP
binding capacity of pathogenic mutant or pharmacologically
kinase-inhibited LRRK2. As previously reported, addition of
LRRK2 kinase inhibitors caused a significant increase in GTP
binding of wild-type LRRK2 (77) (Fig. 10A and B), whilst the
K1347A mutation, known to disrupt the guanine nucleotide-
binding P-loop motif, almost completely abolished GTP binding
(16,26) (Fig. 10C and D). All filament-forming pathogenic mu-
tants displayed enhanced GTP binding when compared with
wild-type LRRK2 (Fig. 10C and D), whilst the RL mutation, and to
a larger degree the RLTV mutation, caused a drastic decrease in
steady-state GTP binding of wild-type and all pathogenic mu-
tants (Fig. 10E and F). Similarly to the RL mutation, and as previ-
ously described in the context of wild-type LRRK2 (78), the
protective R1398H variant also displayed a decrease in GTP
binding of wild-type and all pathogenic LRRK2 mutants
(Fig. 10G).

The capacity for GTP binding may be important for LRRK2 ki-
nase activity (79). Therefore, we next tested the effects of the RL
and RLTV mutations on LRRK2 kinase activity. Of all mutants
analyzed, only G2019S caused a significant, around 3-fold in-
crease in LRRK2 kinase activity, in agreement with previous
studies (80,81) (Fig. 11A and B). The RLTV mutation significantly
decreased kinase activity of wild-type and most pathogenic
LRRK2 mutants, whilst the RL mutation showed little effect on
kinase activity (Fig. 11A and B), even though both RL and RLTV
mutants interfered with the filamentous LRRK2 phenotype
(Fig. 8E-G). These results indicate that the altered subcellular lo-
calization of mutant or pharmacologically kinase-inhibited
LRRK2 correlates with enhanced GTP binding rather than with
alterations in LRRK2 kinase activity.

Recent studies have described the identification of several
LRRK2 GTP-binding inhibitors able to attenuate LRRK2 toxicity,
and able to rescue vesicular transport deficits associated with
impaired neurite outgrowth (39-41). Both compound 68 and
compound 70 significantly reduced LRRK2 GTP binding in vitro
(Fig. 12A and B). Importantly, these compounds also reverted
the filamentous phenotype of both pathogenic and pharmaco-
logically kinase-inhibited LRRK2 (Fig. 12C and D). Conversely,
addition of a non-hydrolyzable GTP analog to transiently
permeabilized cells enhanced the filamentous phenotype of
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Figure 5. Differential dephosphorylation of cellular N-terminal phosphorylation
sites correlates with filamentous phenotype in pharmacologically kinase-in-
hibited, synthetic kinase-dead and pathogenic mutant LRRK2. (A) Cells were
transfected with the indicated constructs, and either left untreated or incubated
with 1pM LRRK2-IN1 for 4h as indicated, and extracts analyzed for phosphory-
lated (S935) or total (GFP) GFP-tagged LRRK?2 as indicated. (B) Quantification of
the type of experiments depicted in A, with phospho-S935 signals normalized to
those found in wild-type LRRK2. Bars represent mean = SEM (n = 3; **P < 0.01). (C)
Cells were transfected with the indicated constructs, and either left untreated or
incubated with 1pM LRRK2-IN1 for 4h as indicated, followed by quantification
of the percentage of transfected cells displaying a filamentous phenotype. Bars
represent mean *= SEM (n=4; “P < 0.001). (D) Cells were transfected with the in-
dicated constructs, extracts analyzed for phosphorylated (S935) or total (GFP)
GFP-tagged LRRK2 as indicated, and phospho-S935 signals normalized to wild-
type LRRK2. Bars represent mean + SEM (n=3; **P < 0.01; *P < 0.05).

pathogenic or kinase-inhibited LRRK2 (Fig. 12E), providing fur-
ther and direct evidence for the importance of GTP binding as a
crucial molecular determinant for LRRK2 filament formation.
Finally, to determine the relative importance of altered
N-terminal phosphorylation to the observed filamentous phe-
notype, we analyzed the phosphorylation of the N-terminal
S935 residue in wild-type or pathogenic mutant LRRK2 in the
absence or presence of the RL, the RLTV, or the protective RH
mutation (Fig. 13A and B). The presence of mutations shown to
cause a decrease in GTP binding and filament formation did not
display altered S935 phosphorylation when compared with their
respective non-mutant counterparts (Fig. 13A and B). Similarly,
GTP-binding inhibitors which decrease GTP binding and par-
tially revert the filamentous phenotype caused no effect on
5935 phosphorylation of pharmacologically kinase-inhibited or
pathogenic mutant LRRK2, respectively (Fig. 13C), and GTP ana-
logs which increase filament formation did not change S935
phosphorylation of either pathogenic or pharmacologically
kinase-inhibited LRRK2 (Fig. 13D). Since increasing cellular 14-3-
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Figure 6. Overexpression of 14-3-3 alters filamentous LRRK2 phenotype and N-terminal phosphorylation status. (A) Cells were transfected with the indicated con-
structs, and either left untreated or incubated with 1M LRRK2-IN1 for 4 h, followed by quantification of the percentage of transfected cells displaying a dot-like LRRK2
phenotype. (B) Same as in (A), but quantifying the percentage of cells displaying a filamentous phenotype. Bars represent mean + SEM (n = 3; *P < 0.05; **P < 0.005). (C)
Cells were transfected with flag-HA-tagged constructs as indicated, and extracts analyzed for protein levels by western blotting using an anti-flag antibody, and tubulin
as loading control. (D) Cells were transfected with the indicated constructs, extracts analyzed for phosphorylated (S935) or total (GFP) GFP-tagged LRRK2 as indicated,
and phospho-5935 signals normalized to wild-type LRRK2. Bars represent mean * SEM (n=3; *P < 0.05).

3 levels with a concomitant increase in the N-terminal phos-
phorylation status of pathogenic LRRK2 was found to decrease
the filamentous phenotype of pathogenic LRRK2 (Fig. 6), we ana-
lyzed whether this correlated with altered GTP binding. Indeed,
the presence of wild-type, but not of loss-of-function mutant
14-3-3y, caused a decrease in LRRK2 GTP binding (Fig. 13E).
Therefore, whilst changes in the N-terminal phosphorylation
status can parallel the observed alterations in the subcellular lo-
calization of pathogenic or pharmacologically kinase-inhibited
LRRK?2, they do not seem to be necessary to cause such pheno-
type. Rather, the key molecular determinant underlying the
filamentous phenotype of pathogenic or pharmacologically
kinase-inhibited LRRK2 relates to altered GTP binding.

Discussion

Various independent studies have reported that LRRK2 interacts
with MTs, even though a preferential association with dynamic
versus stable MTs has remained unclear (31,33-35). Whilst the
presence of LRRK2 in growth cones has been taken to indicate
that it may preferentially interact with dynamic MTs (39), such
localization may be contributed to by additional factors.
Furthermore, the previously reported alternating nature
between the presence of pathogenic LRRK2 and acetylated

o-tubulin staining has been taken as evidence that it interacts
with dynamic MTs (35), but our data suggest this to be an un-
likely interpretation for several reasons. Firstly, only a small
subset of all MTs display posttranslational modifications includ-
ing detyrosination and acetylation, and compared with colocali-
zation with a-tubulin or tyrosinated a-tubulin, we observed a
high degree of colocalization of mutant and kinase-inhibited
LRRK2 with only the small subset of detyrosinated and/or acety-
lated MTs. Furthermore, detyrosination and acetylation can of-
ten be observed on the same tracks in a ‘patchy’ fashion (82),
reminiscent of the colocalization of LRRK2 with MT tracks
which are either detyrosinated and/or acetylated. Finally, de-
creasing detyrosination by various means interfered with the
filamentous LRRK2 phenotype. Whilst some of the data have to
be interpreted with care due to the likely lack of compound se-
lectivity (53), they are consistent with the idea that modulation
of posttranslational tubulin modifications can impact upon the
interaction of mutant and kinase-inhibited LRRK2 with stable
MTs.

Both acetylation and detyrosination are generally enriched
on stable MTs, but the contribution of acetylation to MT stability
remains unclear (53), whilst detyrosination has been clearly re-
ported to protect MTs from the depolymerizing activity of cer-
tain motor proteins, thereby increasing their longevity (54).
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Figure 7. Mutations of the LRRK2 cellular phosphorylation sites do not cause a filamentous phenotype. (A) Cells were transfected with the indicated constructs, and ei-
ther left untreated or incubated with 1 uM LRRK2-IN1 for 4 h as indicated, followed by quantification of the percentage of transfected cells displaying a dot-like LRRK2
phenotype. Bars represent mean * SEM (n=4; *P <0.01; **P <0.005). (B) Same as in (A), but quantifying the percentage of cells displaying a filamentous phenotype. (C)
Cells were transfected with GFP-tagged LRRK2 constructs as indicated, and extracts analyzed for protein levels by western blotting using an anti-GFP antibody, and tu-
bulin as loading control. (D) Cells were transfected with the indicated constructs, and either left untreated or incubated with 1M LRRK2-IN1 for 4 h as indicated, fol-
lowed by quantification of the percentage of transfected cells displaying a dot-like LRRK2 phenotype. Bars represent mean + SEM (n=4; *P < 0.05; *P < 0.005). (E) Same
as in (D), but quantifying the percentage of cells displaying a filamentous phenotype.

Apart from contributing to MT stability, posttranslational tubu- reported to display increased kinase activity (80,81), with 12012T
lin modifications are also recognized by different molecular mo- showing a decrease (14), and pathogenic mutants in the ROC-
tor proteins, and this contributes to the establishment and COR domain showing no change when compared with wild-
maintenance of polarized vesicular trafficking (83-85). type LRRK2, respectively. Thus, the altered subcellular localiza-
Therefore, enhanced interactions of pathogenic and kinase- tion of the various pathogenic LRRK2 mutants does not seem to
inhibited LRRK2 with stable MTs may interfere with select vesic- correlate with their inherent differences in kinase activity as de-
ular trafficking events such as the kinesin-mediated transport termined in vitro.
along stable axonal MTs (85,86). In support of this possibility, As another means to gauge for a possible correlation be-
pathogenic LRRK2-mediated axonal vesicular transport deficits tween altered kinase activity and filament formation, we deter-
have been consistently reported in various experimental model mined the impact of abolishing autophosphorylation on this
systems (35,39,87,88), and synaptic and axonal degeneration are cellular readout. Like many other protein kinases, LRRK2 is sub-
observed in postmortem brains of PD patients (89). In sum, cur- ject to autophosphorylation (38,61-65). Amongst a variety of
rently available data are consistent with the LRRK2-MT interac- identified sites, autophosphorylation at S1292 has been de-
tion occurring on a subpopulation of stable MTs, with possible tected in vivo, and a S1292A mutation has been reported to sub-
downstream effects on MT-mediated vesicular transport stantially reduce the filamentous localization of a LRRK2 variant
events. harboring two distinct pathogenic mutations within the same
The precise molecular determinants within LRRK2 required molecule (38). Whilst we did corroborate a decrease in the fila-
for MT interactions have remained unknown. Here, we found mentous phenotype of a LRRK2 variant harboring multiple
that all pathogenic LRRK2 mutants with the exception of pathogenic mutations, abolishing this autophosphorylation site
G2019S and 12012T showed enhanced colocalization with MTs. in the context of the individual pathogenic mutants was with-

When assayed in vitro, only G2019S has been consistently out effect on their subcellular localization. We cannot exclude
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Figure 8. Mutations in the catalytic switch II motif impair the filamentous phenotype of pathogenic and kinase-inhibited LRRK2. (A) Cells were transfected with either
wild-type or pathogenic LRRK2 along with ArfGAP1, left untreated or incubated in the presence of 1 uM LRRK2-IN1 for 4 h as indicated, and the percentage of cells dis-
playing a filamentous phenotype quantified. Bars represent mean = SEM (n = 3). (B) Cells were transfected with either wild-type or pathogenic LRRK2 along with RGS2,
left untreated or incubated in the presence of 1 uM LRRK2-IN1 for 4h as indicated, and the percentage of cells displaying a filamentous phenotype quantified. Bars rep-
resent mean = SEM (n=4). (C) Cells were transfected with either wild-type or pathogenic LRRK2 along with ARHGEF7 or inactive variant (ARHGEF7mut), left untreated
or incubated in the presence of 1M LRRK2-IN1 for 4h as indicated, and the percentage of cells displaying a filamentous phenotype quantified. Bars represent
mean + SEM (n = 3; *P < 0.05; **P < 0.01). (D) Cells were transfected with tagged constructs as indicated, and extracts analyzed for protein levels by western blotting, with
tubulin as loading control. (E) Cells were transfected with the indicated LRRK?2 variants, left untreated or incubated in the presence of 1 yM LRRK2-IN1 for 4h, and the
percentage of cells displaying a filamentous phenotype quantified. Bars represent mean + SEM (n=3; *P < 0.05; *P < 0.01). (F) As in (E). Bars represent mean + SEM (n=3;
*P <0.05; *P < 0.01). (G) As in (E). Bars represent mean + SEM (n = 3; *P < 0.05; **P < 0.01). (H) Cells were transfected with the indicated GFP-tagged constructs, and extracts

analyzed for protein levels by western blotting, with tubulin as loading control.
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Figure 10. Pathogenic mutant or pharmacologically kinase-inhibited LRRK2 display enhanced GTP binding, and both RL and RLTV mutations cause a decrease in LRRK2
GTP binding. (A) Transfected HEK293T cells were incubated with either 1 M LRRK2-IN1 or 1 uM GSK2578215A for 4 h as indicated, LRRK2 was affinity-purified from ly-
sates using GTP-agarose in the presence of kinase inhibitors, and input (5%) and GTP-bound protein subjected to western blot analysis using an anti-GFP antibody. (B)
Quantification of the type of experiments depicted in (A). Bars represent mean * SEM (n=4; **P < 0.005). (C) Cells were transfected with various constructs as indicated,
LRRK?2 variants were affinity-purified using GTP-agarose beads, and input and GTP-bound protein subjected to western blot analysis using an anti-GFP antibody. (D)
Quantification of the type of experiments depicted in (C). Bars represent mean *+ SEM (n=4; P < 0.005). (E) Cells were transfected with various constructs as indicated,
and LRRK2 variants affinity-purified and subjected to western blot analysis as described above. (F) Quantification of the type of experiments depicted in (E). Bars repre-
sent mean + SEM (n=>5; *P < 0.05; *P < 0.005). (G) Cells were transfected with the various constructs as indicated, and LRRK2 variants affinity-purified and subjected to
western blot analysis followed by quantification as described above. Bars represent mean + SEM (n=4; *P < 0.05; P < 0.01).
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Figure 11. Effects of RL and RLTV mutations on LRRK2 kinase activity. (A) Example of autophosphorylation of distinct LRRK2 proteins as indicated.
Autophosphorylation was detected with an antibody against phospho-Thr2483 (top) and was normalized to protein input as measured by Coomassie Blue staining
(bottom). (B) Quantification of the type of experiments as depicted in (A), with values normalized to autophosphorylation of wild-type LRRK2. Bars represent

mean + SEM (n=4; **P < 0.001).

that autophosphorylation at multiple distinct sites within
LRRK2 may contribute toward modulating the enhanced locali-
zation of most pathogenic LRRK2 to MTs, but the generally low
stoichiometry of such autophosphorylation events (61) makes
this an unlikely possibility. Altogether, our data indicate that
the altered subcellular localization of the various pathogenic
LRRK2 mutants does not correlate with alterations in inherent
LRRK2 kinase activity.

However, and in an apparently contradictory manner, vari-
ous structurally distinct and specific LRRK2 kinase inhibitors all
triggered the relocalization of wild-type and mutant LRRK2 to
MTs, whilst such relocalization was not observed with two dis-
tinct kinase-dead point mutants (K1906M and T2035A). LRRK2 is
phosphorylated by a variety of upstream cellular kinases at dis-
tinct sites within the N-terminus, including S910, S935, S955
and S973, and phosphorylation at these sites is important for
14-3-3 binding (36,61,66,67). Pharmacological kinase inhibition
has been suggested to be associated with a conformational
change associated with dephosphorylation of the N-terminal
phosphorylation sites, and such dephosphorylation was not
found with two distinct synthetic kinase-dead mutants, sug-
gesting that these mutants may not properly mimick the fea-
tures of pharmacologically kinase-inhibited LRRK2 (50). We
corroborated these findings, and further found that dephos-
phorylation of the N-terminal phosphorylation sites was ob-
served in the presence of pharmacological kinase inhibitor in
the case of the T2035A, but not the K1906M mutant. Thus, and
in contrast to the T2035A mutant, the K1906M mutant may not
be able to bind kinase inhibitor and/or may not be able to un-
dergo an inhibitor-mediated conformational change. The differ-
ential dephosphorylation of the N-terminal sites correlated

with the differential ability of those mutants to form a filamen-
tous phenotype in the presence of pharmacological kinase inhi-
bition, indicating that N-terminal dephosphorylation parallels
the altered subcellular localization of pharmacologically kinase-
inhibited LRRK2.

Apart from pharmacologically kinase-inhibited LRRK2, all
pathogenic mutants which displayed enhanced filament forma-
tion are known to show decreased N-terminal phosphorylation
and 14-3-3 binding (36,61,66,67). Increasing cellular 14-3-3 levels
reverted the filamentous phenotype of both pathogenic and
kinase-inhibited LRRK2, which correlated with increased N-ter-
minal phosphorylation and decreased GTP binding. To deter-
mine whether dephosphorylation of the N-terminus of LRRK2 is
sufficient to cause a filamentous phenotype, we mutated all
currently known N-terminal phosphorylation sites implicated
in 14-3-3 binding. As previously described, Ala mutations of
S910 and S935, but not of S955 or S973 were without effect on
the filamentous phenotype, but caused a relocalization of
LRRK?2 into the dot-like phenotype. Mutating two distinct resi-
dues (S910 and S1444) also implicated in 14-3-3 binding (71)
caused a similar subcellular relocalization. Whilst the identity
of those dot-like structures remains unclear, the observation
that a pharmacological kinase inhibitor was able to relocalize
those mutant proteins back into a filamentous phenotype sug-
gests that these structures are not irreversible protein aggre-
gates. Our data suggest that N-terminal dephosphorylation is
not sufficient to cause the filamentous phenotype of pathogenic
or pharmacologically kinase-inhibited LRRK2. In addition, no
significant changes in N-terminal phosphorylation were ob-
served when altering the GTP-binding status of LRRK2 by either
mutational or pharmacological means, even though such
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Figure 12. LRRK2 GTP-binding inhibitors decrease, and GTP analogs increase the filamentous phenotype. (A) Example of GTP binding of wild-type LRRK2 in the absence
or presence of two distinct GTP-binding inhibitors as indicated. Inhibitors were added during cell lysis, and were present throughout binding. Input (5%) and GTP-
bound proteins were subjected to western blot analysis using an anti-GFP antibody. (B) Quantification of the type of experiments depicted in (A). Bars represent
mean + SEM (n = 3; *P < 0.005). (C) Cells were transfected with R1441C-pathogenic LRRK2, and treated for 3h with the respective concentration of GTP-binding inhibitors
as indicated prior to analysis for LRRK2 subcellular localization. Bars represent mean + SEM (n=3; *P < 0.05). (D) Cells were transfected with wild-type LRRK2, treated
for 1h with GTP-binding inhibitors as indicated, followed by addition of 1 uM GSK2578215A and incubation for another 2h before fixation and analysis for LRRK2 sub-
cellular localization. Bars represent mean + SEM (n = 3; **P < 0.01; *P < 0.05). (E) Cells were transfected as indicated and treated with 500 nM MLi2 for 2 h before permeabi-
lization as indicated. Cells were permeabilized with streptolysin-O for 10 min, and incubated in resealing buffer for another 10 min both in the presence or absence of
GTPaS or 500 nM MLi2 as indicated, followed by fixation and analysis for LRRK2 subcellular localization. Bars represent mean + SEM (n=3; *P < 0.05).

manipulations profoundly affected the subcellular localization
of LRRK2. Therefore, N-terminal dephosphorylation also does
not seem to be necessary for the observed changes in subcellu-
lar localization.

To further understand the shared mechanism underlying the
filamentous phenotype of both pathogenic mutant and pharmaco-
logically kinase-inhibited LRRK2, we probed for possible effects re-
lated to GTP binding. The GTP domain has been shown to exhibit
important roles for the biological functions of LRRK2 (16,23-
26,40,41,72,73), even though the precise mechanism(s) of action re-
main unclear. We observed a perfect correlation between increased
steady-state levels of GTP binding of mutant as well as of pharma-
cologically kinase-inhibited LRRK2 with the enhanced colocaliza-
tion with MTs, indicating that increased steady-state GTP binding
may explain the convergence onto a common cellular readout. We
next used both molecular as well as pharmacological approaches
to determine whether interfering with LRRK2 GTP binding would
revert the altered subcellular localization. Residues R1398 and
T1343 have been implicated in GTP binding according to structural
and biochemical studies (23,37), and careful biochemical analysis
has shown that mutating these residues has no impact on protein
stability and/or macromolecular structure (26). In agreement with
the importance of those residues for LRRK2 function (26), muta-
tions of RL or RLTV caused a drastic decrease in steady-state levels
of GTP binding of all pathogenic LRRK2 mutants, which was paral-
leled by a decrease in the filamentous phenotype in the absence as

well as presence of kinase inhibitors. Interestingly, the RH substitu-
tion reported to confer protection against PD (6-9) also decreased
the filamentous phenotype of mutant or pharmacologically
kinase-inhibited LRRK2, which was associated with a decrease in
steady-state GTP binding. Whilst the precise mechanism by which
this variant protects against PD risk remains to be further eluci-
dated, it is tempting to speculate that GTP-binding-mediated alter-
ations in the subcellular localization may play a contributing role.

Previous studies reported either increased (RL) or decreased
(RLTV) GTP hydrolysis activity of wild-type and G2019S-mutant
LRRK2, with no changes observed in GTP binding (26). Such op-
posing effects on GTP hydrolysis do not parallel the observed
decrease in filament formation with both mutants as found
here. In addition, a recent study also reported a decrease in
steady-state GTP binding of the protective RH variant when
compared with wild-type LRRK2 (78). Whilst the lack of altered
GTP binding of RL and RLTV mutants as reported previously (26)
remains unclear, it may be due to subtle assay differences com-
bined with the inherently low GTP binding affinity of LRRK2 per
se. In either case, the reported decrease in GTP binding of the
protective RH variant (78), together with our current data high-
light the importance of the R1398 residue for steady-state GTP
binding.

As proof-of-concept, we analyzed the effects of two recently
identified small-molecule LRRK2 GTP-binding inhibitors (40,41).
Both compounds interfered with steady-state GTP binding in
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Figure 13. Alterations in the N-terminal phosphorylation status of LRRK2 are not necessary to cause a filamentous phenotype. (A) Cells were transfected with the indi-
cated constructs, extracts analyzed for phosphorylated (S935) or total LRRK2 as indicated, and phospho-S935 signals normalized to wild-type LRRK2. Bars represent
mean + SEM (n=4). (B) Cells were transfected with the indicated constructs, and extracts analyzed as described in (A). Bars represent mean + SEM (n=5). (C) Cells were
transfected with the indicated constructs, treated with 500 nM MLi2 and/or with 1 uM GTP-binding inhibitors as indicated, and extracts analyzed for phospho-5935 sig-
nals as described in (A). Bars represent mean *+ SEM (n=5). (D) Cells were transfected with the indicated constructs, treated with 500 nM MLi2 for 2 h before permeabili-
zation in the absence or presence of GTPuS as indicated, and analysis of extracts performed as described in (A). Bars represent mean + SEM (n=5). (E) Cells were
transfected with the indicated constructs, LRRK2 variants were affinity-purified using GTP-agarose beads, and GTP-bound protein subjected to analysis for phospho-

5935 signals as described in A. Bars represent mean * SEM (n=3; *P < 0.05).

vitro, and significantly reduced the enhanced colocalization of
mutant or pharmacologically kinase-inhibited LRRK2 with MTs.
These GTP-binding inhibitors have also been reported to reduce
LRRK2 kinase activity in serum-starved cells (40). However,
since all pharmacological LRRK2 kinase inhibitors analyzed
here were found to increase the filamentous phenotype, the
main mechanism of action of the GTP inhibitor compounds is
most likely related to interfering with LRRK2 GTP binding rather
than with kinase activity. Whilst promising lead compounds,
they are unlikely to be highly specific for LRRK2-mediated GTP
binding, but may modulate GTP binding of many other proteins.
Thus, future studies in intact animal models using synthetic
mutations which interfere with GTP binding (e.g. the protective
RH risk variant) will be required to determine whether modulat-
ing GTP binding can abolish the detrimental effects of patho-
genic LRRK2, as this would warrant further efforts to develop
specific GTP-binding inhibitors to treat LRRK2-related PD due to
ROC-COR mutations.

To obtain direct evidence that GTP binding is required for fil-
ament formation, we transiently permeabilized cells in the
presence or absence of a non-hydrolyzable GTP analog.
Addition of a non-hydrolyzable GTP analog did not induce fila-
ment formation of wild-type LRRK2, which may be due to differ-
ences in the conformational state of both pathogenic and
pharmacologically kinase-inhibited LRRK2 versus wild-type
LRRK2, in conjunction with the low inherent GTP binding

affinity of wild-type LRRK2. However, addition of a non-
hydrolyzable GTP analog increased the filamentous phenotype
of both pathogenic and kinase-inhibited LRRK2, providing for-
mal proof that GTP binding is crucial for the altered subcellular
localization of pathogenic and pharmacologically kinase-
inhibited LRRK2.

Amongst all pathogenic LRRK2 mutants, only the G2019S
mutation has been consistently shown to display increased ki-
nase activity when measured in vitro (80,81), whilst not display-
ing increased GTP binding or association with MTs when
compared with wild-type. In contrast, all ROC-COR mutants
showed unaltered kinase activity in vitro, but increased GTP
binding and a filamentous phenotype. Conversely, both G2019S
and filament-forming LRRK2 mutants were found to cause in-
creased phosphorylation of certain Rab proteins when mea-
sured from intact cells (81). Rab proteins are associated with
distinct vesicular structures moving along MT tracks. Therefore,
the enhanced MT association of ROC-COR mutants may cause
increased substrate phosphorylation due to enhanced ‘molecu-
lar proximity’, without an inherent increase in kinase activity.
Whilst further studies will be necessary to corroborate the de-
tailed downstream effects of the pathogenic LRRK2-mediated
MT interactions, our results suggest a model whereby the dis-
tinct pathogenic LRRK2 mutants may impact upon the same in-
tracellular MT-mediated vesicular trafficking events, albeit
doing so by distinct means.
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Materials and Methods

Reagents

Trichostatin A, tubacin and nocodazole were from Sigma
Aldrich, PTL from Eurodiagnostico, LRRK2-IN1, TAE684 and
CZC25146 from the Michael J. Fox Foundation, GSK2578215A
from Tocris, compound 68 (ID 9108605) and compound 70 (ID
9119202) from Chembridge Corporation (San Diego, USA), and
GNE-0877 and GNE-7915 from MedchemExpress (USA), and MLi2
from MRC PPU, Dundee, UK. Natural streptolysin-O was from
Abcam (ab63978), and non-hydrolyzable GTP test kit from Jena
Bioscience (NK-102).

DNA constructs and site-directed mutagenesis

GFP-tagged human wild-type, R1441C, Y1699C, G2019S and
K1347A LRRK2 constructs were obtained from Addgene. All
other constructs were generated by site-directed mutagenesis
(QuickChange, Stratagene), and the identity of constructs veri-
fied by sequencing of the entire coding region. For transfection
purposes, DNA was prepared from bacterial cultures grown at
37°C using a midiprep kit (Promega) according to the manufac-
turer’s instructions. GFP-tagged human o-tubulin K40 acetyl-
transferase («TAT1) and an enzymatically inactive point
mutant (D157N) (62) were from Addgene. Both wild-type and
mutant oTAT1 were PCR amplified and subcloned into
pDsRED-Express vector using the BaMHI and EcoRI sites to gen-
erate C-terminally tagged dsRED-constructs. Human flag-
tagged ARHGEF7 and the GEF-dead variant (L386R/L387S) were
generous gifts from Drs K. Haebig and M. Bonin (University of
Tuebingen, Germany), human V5-tagged ArfGAP1 was a gener-
ous gift from Dr T. Dawson (Johns Hopkins University,
Baltimore, USA), human HA-tagged RGS2 was a generous gift
from Dr. B. Wolozin (Boston University School of Medicine,
Boston, USA), and human flag-HA-tagged 14-3-3f and rat flag-
HA-tagged 14-3-3y were from Addgene. The binding-deficient
V181D mutant 14-3-3y construct was generated by site-
directed mutagenesis, and identity of the construct verified by
sequencing of the coding region.

Cell culture and transfections

HEK?293T/17 cells were cultured as previously described (90) and
transfected at 80% confluence with 2 ug of LRRK2 constructs and
6ul of LipoD293 (SignaGen Laboratories) per well of a six-well
plate overnight in full medium. Cotransfections were performed
with 1.8 pg of LRRK2 constructs and 200 ng of constructs as indi-
cated (400 ng for 14-3-3 constructs). Cells were split onto cover-
slips the following day at a ratio of 1:4. As indicated, cells were
incubated with nocodazole (200nM), trichostatin A (800nM),
tubacin (10uM), LRRK2-IN1 (1uM), TAE684 (200nM), CZC25146
(200nM), GSK2578215A (1 pM), GNE-0877 (1 uM), GNE-7915 (1 puM),
compound 68 (10nM to 1uM), compound 70 (10nM to 1uM) for
3h in full medium, or with PTL (5 or 10 uM) for 12h in full me-
dium, followed by fixation and processing for immunochemis-
try, or by cell lysis and western blot analysis as described in
following sections.

Immunofluorescence and laser confocal imaging

MT staining was performed essentially as described (91). Briefly,
cells were rinsed twice in PBS, followed by fixation in 3% formal-
dehyde, 0.2% glutaraldehyde, 0.2% Triton X-100, 10mM EGTA

for 10 min at 37 °C. Fixed cells were washed two times in PBS for
5min each, followed by quenching with 50mM ammonium
chloride in PBS for 10min at RT, and two washes in PBS for
5min each. Fixed cells were permeabilized in 0.1% Triton X-100
in PBS for 10 min, washed in PBS, blocked in 1% BSA (w/v) in PBS
for 20 min, and incubated with primary antibodies in PBS for 1 h.
Primary antibodies included mouse monoclonal anti-a-tubulin
(Sigma Aldrich, clone DM1A, 1:100), mouse monoclonal anti-f-
tubulin (Millipore, clone KMX-1, 1:100), mouse monoclonal anti-
acetylated o-tubulin (Sigma, clone 6-11B-1, 1:100), rabbit poly-
clonal anti-detyrosinated a-tubulin (Abcam, ab48389, 1:200; or
Millipore, AB3201, 1:500), rat monoclonal anti-tyrosinated a-tu-
bulin (Abcam, ab6160, 1:100), or rat monoclonal anti-HA (Roche,
clone 3F10, 1:500).

Secondary antibodies included Alexa 647-conjugated goat
anti-rabbit, goat anti-mouse or goat anti-rat, or Alexa 488-con-
jugated goat anti-mouse, goat anti-rabbit or goat anti-rat anti-
bodies (Invitrogen, 1:1000). Coverslips were incubated with
secondary antibodies for 1h at RT, followed by washes in PBS
and mounting using mounting medium containing DAPI
(Vector Laboratories).

Images were acquired on a Leica TCS-SP5 confocal micro-
scope using a 63x 1.4NA oil UV objective (HCX PLAPO CS).
Images were collected using single excitation for each wave-
length separately and dependent on secondary antibodies
(488 nm Argon Laser line and a 510-540 nm emission band pass;
633 HeNe Laser line and a 640-670nm emission band pass).
GFP-tagged proteins were excited with 488 nm Argon Laser line
and a 500-530nm emission band pass, and DAPI was excited
with the 405nm UV diode and a 430-480nm emission band
pass, respectively.

Twenty-five image sections of selected areas were acquired
with a step size of 0.3 um, and z-stack images analyzed and pro-
cessed using Leica Applied Systems (LAS AF6000) image acquisi-
tion software. For deconvolution, image sections of selected
areas were acquired with a step size of 0.12um, and decon-
volved using Huygens Essential Deconvolution software.

Quantification of colocalization of mutant or kinase-
inhibited LRRK2 with acetylated or detyrosinated a-tubulin was
performed essentially as described (82). For each condition, five
individual cells were analyzed. Eight LRRK2-positive MT tracks
were randomly selected from each cell and a line drawn over
the length of a straight part of the track. Tracks were scored for
the level of colocalization using image calculator and plot pro-
file functions of ImageJ. The percentage of colocalization was
subgrouped for each cell, with colocalization 0-50% (white),
50-90% (gray) or >90% (dark gray).

For the determination of the subcellular localization of GFP-
tagged LRRK2 proteins, cells were transfected and cultured as
described, and fixed 48 h after transfection in 4% paraformalde-
hyde in PBS for 20 min at RT. Fixed cells were washed two times
in PBS, permeabilized in 0.5% Triton X-100 in PBS for 10 min at
RT, washed in PBS, and mounted in mounting medium contain-
ing DAPI (Vector Laboratories). Cells were visualized on an in-
verted microscope (Zeiss) using a 100x 1.40NA Plan APO oil
objective. For each experiment, 100 random cells were scored
and assigned to one of three phenotypes [cytosolic: purely dif-
fuse localization; dot-like: presence of at least one dot-like
structure (small, usually perinuclear); filamentous: presence of
clear filamentous structures]. Experiments with RL, TV and
RLTV mutants, and experiments involving LRRK2 GTP-binding
inhibitors were performed and analyzed by two independent
observers blind to condition, with comparable results obtained
in all cases.
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Live cell imaging

Live cell imaging of HEK293T/17 cells transfected with GFP-
tagged wild-type LRRK2 was performed on cells grown on glass-
bottom dishes (IBIDI) in full medium without phenol red. Live
images were acquired 48 h after transfection on a Leica TCS-SP5
confocal microscope using a 63x 1.4NA oil UV objective (HCX
PLAPO CS). LRRK2-IN1 (1uM final concentration) was added at
time 0, and images collected using single excitation 488nm
Argon Laser line and a 495-575nm emission band pass. The
488nm Argon Laser line was set at 30%, with pinhole airy at 1.
Contrast phase images of single stacks were simultaneously
acquired. Fifteen image sections of selected areas were ac-
quired every 45 s with a step size of 0.5 um. Z-stack maximal in-
tensity projection images were analyzed and processed
using Leica Applied Systems (LAS AF6000) image acquisition
software.

MT nucleation assays

Cells were grown and transfected as described above, and split
onto poly-i-lysine-coated coverslips 24h later. The following
day, coverslips in six-well dishes were placed in an ice-water
bath for 1.5h to cause cold-induced MT depolymerization. MT
regrowth was initiated by placing coverslips at 37 °C for the indi-
cated time periods, followed by fixation in 4% paraformalde-
hyde in a buffer containing 60 mM PIPES, 25 mM HEPES, pH 6.9,
10mM EGTA, 1mM MgCl, and 0.5% Triton X-100 (92) before
immunostaining as described above. Cells were visualized on
an inverted microscope (Zeiss) using a 100x 1.40NA Plan APO
oil objective. For each timepoint, 100 cells were scored for visi-
ble MT staining with antibodies against a-tubulin or acetylated
a-tubulin in non-transfected versus transfected cells, and for
visible pathogenic LRRK2 filament reformation in transfected
cells.

Permeabilization of cells with streptolysin-O

Cells were grown and transfected as described above, and split
onto poly-L-lysine-coated coverslips in 24-well plates the fol-
lowing day. Two days after transfection, cells were incubated
with or without 500nM MLi2 for 2h as indicated.
Permeabilization was performed essentially as described pre-
viously (93,94) with slight modifications. Cells were permeabi-
lized in 1ml of Hank’s balanced salt solution (HBSS; 4.17 mM
NaHCOs, 0.34mM Na,HPO,, 0.44 mM KH,PO,4, 137.9mM Nacl,
5.3mM KCl, pH 7.4) containing 16ng/ml streptolysin-O for
10min at 37°C. This resulted in the permeabilization of
around 80% of cells as independently determined by Trypan
blue staining. After 10min, permeabilization buffer was
replaced by 1ml of resealing buffer (10mM HEPES, 140 mM
NacCl, 5mM KCl, 1.3mM MgCl,, 2mM CaCl,, pH 7.4), and cells
were incubated for an additional 10min at 37 °C. Buffers con-
tained 500nM MLi2, 5uM GTPaS, GPCpp, GppCp, GppNHp or
GTPyS as indicated. Amongst the non-hydrolyzable GTP ana-
logs tested, only GTPaS was found to be non-toxic to permea-
bilized cells up to a concentration of 5uM, and thus was used
for all subsequent experiments. Upon permeabilization and
resealing, cells were fixed and stained as described above, and
100 random cells were scored for a filamentous phenotype per
condition and experiment. Cells displayed an intact MT net-
work upon 10min permeabilization and 10 min resealing un-
der all conditions analyzed.
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Cell extracts and western blotting

Cells were collected 48 h after transfection, washed in PBS and
resuspended in cell lysis buffer (1% SDS in PBS containing 1 mM
PMSF, 1mM Na3VO,, 5mM NaF). Extracts were sonicated, boiled
and centrifuged at 13500 rpm for 10 min at 4 °C. Protein concen-
tration of supernatants was estimated using the BCA assay
(Pierce), and equal amount of extracts were resolved by SDS-
PAGE, transferred to PVDF (in the case of ECL detection) or to ni-
trocellulose membranes (in the case of detection by Odyssey)
and analyzed by western blotting using a variety of antibodies
as indicated, including rabbit polyclonal anti-GFP (Abcam,
ab6556, 1:1000), mouse monoclonal anti-myc (Sigma, clone
9E10, 1:1000), rabbit polyclonal anti-V5 (Sigma, V8137, 1:2500),
rat monoclonal anti-HA (Roche, clone 3F10, 1:500), mouse
monoclonal anti-flag (Sigma, clone M2, 1:500), phospho-S935-
LRRK2 antibody (Abcam, 1:1000), mouse monoclonal anti-
acetylated a-tubulin (Sigma, clone 6-11B-1, 1:5000), rabbit poly-
clonal anti-detyrosinated o-tubulin (Millipore, AB3201, 1:500)
and mouse monoclonal anti-o-tubulin (Sigma, clone DMI1A,
1:10000). Membranes were incubated with primary antibodies
in 5% BSA (w/v) in TBS-0.1% Tween-20 for 1.5h at RT, or over-
night at 4°C. For ECL detection, membranes were incubated
with secondary antibodies in 5% BSA in TBS-0.1% Tween-20 for
1h, or with secondary antibodies in PBS (1:10000) for detection
by Odyssey, followed by three times Smin rinses in PBS.
Westerns were developed with ECL reagents (Roche), and a se-
ries of timed exposures to ensure that densitometric analyses
were performed at exposures within the linear range. Most de-
terminations of steady-state protein levels, as well as all GTP-
binding assays were quantified by ODYSSEY infrared imaging
system application software LI-COR Image Studio Lite
version 5.2.

For determination of S935-phosphorylation status, HEK293T
cells were transiently transfected with the indicated constructs
to express wild-type or mutant LRRK2 using 1 ug of DNA in 50 pl
OPTI-MEM (Thermo Fisher) and 2 ug of linear polyethylenimine
(PEL, Polyscience) per P24 well. Cells were lysed 48h after trans-
fection with 100ul of lysis buffer [20mM Tris-HCl, pH 7.5,
150mM NaCl, 1mM EDTA, 1% Triton, 10% glycerol, supple-
mented with Protease and Phosphatase Inhibitor Mixture
(Roche)]. Samples were incubated on ice for 30 min and cleared
by centrifugation at 18 000g for 30 min at 4 °C. Protein concentra-
tion of supernatants was estimated using the BCA assay
(Pierce), and equal amount of protein (10 pg) were resolved on
3-8% SDS-PAGE, transferred onto PVDF membranes (Bio-Rad)
and analyzed by immunofluorescence western blotting using
antibodies against total-LRRK2 antibody (N241 A/34, NeuroNab,
1:1000) or anti-GFP antibody (Abcam, ab6556, 1:1000), phospho-
S935-LRRK2 antibody [UDD2 10(12), Abcam, 1:1000] and mouse
monoclonal anti-beta-actin (Sigma, 1:10000). Membranes were
incubated with primary antibodies in 5% BSA (w/v) in TBS-0.1%
Tween-20 overnight at 4°C. Membranes were washed three
times for 10 min with TBS-Tween buffer, and incubated for 1.5h
at room temperature with anti-mouse Alexa-488 and anti-rabbit
Alexa-568 secondary antibodies (1:1000) in 5% BSA (w/v) in TBS-
T buffer. Membranes were washed in TBS-T buffer followed by
visualization on Typhoon FLA9500 (GE Healthcare) and densi-
tometry analysis carried out using Image] software. In some
cases, analysis was performed as described above by ODYSSEY
infrared imaging system application software LI-COR
Image Studio Lite version 5.2. In all cases, total LRRK2 protein
levels were comparable amongst the different mutants
analyzed.
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GTP-binding assays

GTP-binding assays were performed essentially as previously
described (77). HEK293T/17 cells were cultured in 100 mm diam-
eter dishes and transfected at 70-80% confluence with 12 ug of
GFP-tagged LRRK2 DNA and 36l of LipoD293 per plate. Cells
were split into 100 mm dishes at a ratio of 1:3 the following day,
and lysed in 1ml of lysis buffer per dish [20mM Tris-HCl, pH
7.4, 1% Triton X-100, 137 mM NaCl, 3mM KCl, 10% (v/v) glycerol,
1mM EDTA, 1mM Na3zVO,, 5mM NaF, 1mM PMSF] for 1h at 4°C
on a rotary wheel, followed by clarification of extracts by centri-
fugation at 13200rpm for 10min at 4°C. Soluble protein was
evenly split into two tubes to a final volume of 500 ul each, and
each incubated with 30 pl of 5’-GTP agarose beads (Sigma Aldrich)
overnight at 4°C on a rotary wheel. One of the two samples was
used as control for non-specific binding to GTP-agarose beads by
adding a final concentration of 10mM GTP. The next day, beads
were washed two times with ice-cold lysis buffer, and GTP-bound
proteins eluted from beads by incubation with 30 ul ice-cold lysis
buffer containing 10 mM GTP for 15min at 4°C on a rotary wheel.
Beads were centrifuged at 13200rpm for 1min, eluates were
transferred to fresh tubes and resuspended with 5x Laemmli
sample buffer containing p-mercaptoethanol. Both eluate and in-
put (5% total lysate) samples were subjected to SDS-PAGE and
western blotting with an anti-GFP antibody (Abcam, ab6556,
1:1000). GTP-binding assays were quantified by ODYSSEY as de-
scribed above, with GTP-specific binding of each LRRK2 construct
normalized to protein input. For experiments determining the ef-
fects of GTP-binding inhibitors (40,41), the respective compounds
were added to the lysis buffer and kept throughout the experi-
ment. For experiments determining the effect of LRRK2 kinase in-
hibitors, compounds were added to cells 4h prior to lysis, added
to the lysis buffer, and kept throughout the experiment.

In vitro LRRK2 kinase assays

pDEST53-GFP-LRRK?2 wild-type and mutants were transiently
transfected into HEK293T/17 cells using 20 ug of DNA in 1ml
OPTI-MEM (Thermo Fisher) and 40 ul of linear PEI (Polyscience)
(20uM) per 10cm? Petri dish. Cells were harvested 48h after
transfection with 500 ul of lysis buffer [10mM Tris-HCI, pH 7.5,
150mM NaCl, 5mM EDTA, 2.5mM Na,P,0;, 1mM B-glycero-
phosphate, 1mM NasVO,, supplemented with Protease
Inhibitor Mixture (Sigma Aldrich) and 1% (v/v) Tween-20].
Samples were incubated on ice for 30 min, and centrifuged at
18000g for 35min at 4°C. Supernatants were incubated over-
night with 20 pl of GFP-Trap beads (ChromoTek GmbH, Planegg,
Germany) at 4°C with mild agitation. Beads were sequentially
washed with 500 ul of buffer 1 [20 mM Tris-HCl, pH 7.5, 500 mM
NacCl, 1% (v/v) Tween-20], buffer 2 [20mM Tris-HCl, pH 7.5,
350mM Nacl, 1% (v/v) Tween-20], buffer 3 [20 mM Tris-HCI, pH
7.5, 150 mM NacCl, 1% (v/v) Tween-20], buffer 4 [20 mM Tris-HClI,
pH 7.5, 150 mM Nacl, 0.1% (v/v) Tween-20] and buffer 5 [20 mM
Tris-HCl, pH 7.5, 150mM NaCl, 0.02% (v/v) Tween-20]. GFP-
LRRK2-containing beads were resuspended in 100 ul of kinase
buffer [25 mM Tris-HCl, pH 7.5, 5mM p-glycerophosphate, 2mM
DTT, 0.1 mM Na3VO,, 10 mM MgCl, supplemented with 0.007%
(v/v) Tween-20] for subsequent in vitro kinase assays.

Kinase reactions were started by addition of ATP (200 pM fi-
nal) and were incubated for 1h at 30°C with mild agitation.
Samples were centrifuged, supernatants discarded and proteins
eluted from beads by addition of Laemmli sample buffer and
boiling for 5min at 95°C. Samples (10 ul) were separated by SDS-
PAGE, and transferred onto PVDF membranes (Bio-Rad) using

the Trans-Blot Turbo Transfer System (Bio-Rad) in semi-dry
conditions using 1x Trans-Blot Turbo Transfer Buffer (Bio-Rad)
in 20% (v/v) ethanol at 25 V for 20 min. Membranes were blocked
for 40min in 5% (w/v) skimmed milk in TBS-T buffer [20mM
Tris-HCl, pH 7.4, 150mM NacCl, 0.1% (v/v) Tween-20], followed
by incubation for 1h with an antibody against the LRRK2 auto-
phosphorylation site T2483 (MJF-R8, Abcam, 1:2000).
Membranes were washed four times for 10 min with TBS-T buf-
fer, and incubated for 1h at room temperature with horseradish
peroxidase-conjugated rabbit secondary antibodies (1:15000) in
5% (w/v) skimmed milk in TBS-T buffer. Membranes were
washed in TBS-T buffer followed by visualization using ECL
Western Blotting Detection Reagents (GE Healthcare). Data were
normalized to the concentration of the individual proteins on
PVDF membranes directly stained with Coomassie [40% metha-
nol, 10% acetic acid, 0.1% (w/v) Comassie R-250], and densitome-
try analysis carried out using ImageJ software, with kinase
activities of the various proteins expressed relative wild-type
LRRK2, which was present on every gel for comparison.

Statistical analysis

All data are expressed as means * SEM. Data were analyzed by
one-way ANOVA with Tukey’s post hoc test, and P <0.05 was
considered significant.
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4. LRRK2: a death effector filament protein?

As previously mentioned in the introduction, LRRK2 has been involved in the Death
Signalling Cascades, consistent with its reported association with the main components of this
pathway. Indeed, an interaction with Fas associated death domain protein (FADD) and LRRK2
has been described, with pathogenic mutants having shown to enhance this association, thus
suggesting that pathogenic LRRK2 could play a role in the extrinsic cell death pathway. In
agreement with these findings, inhibition of this cascade via either overexpressing dominant-
negative FADD or downregulating caspase-8 could prevent cell death in cultured primary
cortical neurons transiently overexpressing pathogenic LRRK2 mutants. Additional indication
for the involvement of LRRK2 in this pathway is suggested by the finding that LRRK2 can
interact with the TNFR1-associated death domain protein (TRADD), although the strength of
this interaction seems minor compared to the one reported with FADD [233].

FADD and TRADD are characterized by containing a death effector domain (DED),
thus acting as a scaffold for the recruitment of caspases, and eventually leading to apoptosis.
Interestingly, DED-containing proteins have been shown to undergo a filamentous
conformation, forming the so-called death-effector filaments, which have been described to
mediate the recruitment and sequential activation of the death pathway components, thereby
triggering cell death [243]. These proteins assemble into a multiprotein complex termed death-
inducing signalling complex (DISC), which recruits and activates caspase-8, thereby triggering
cell death [244].

Since we found that pathogenic and kinase-inhibited LRRK2 formed filamentous
intracellular structures, we initially wondered whether these structures may reflect death effector
filaments, thus recruiting caspase-8 and inducing cell death.

First, we analyzed the localization of different DED-containing proteins shown to be
involved in this death signalling pathway. We overexpressed the following constructs (myc-

TRADD, myc-FADD, myc-caspase-8, GFP-RICK, GFP-RIP) and observed that all of them,

54



with the exception of caspase-8, exhibited a filamentous distribution, consistent with the
previously reported DED-mediated death effector filament formation (Figure 9A) .

In order to determine whether LRRK2 might be involved in the death signalling
pathway, we analyzed the colocalization of pathogenic LRRK2 with FADD or TRADD by co-
expressing GFP-R1441C-LRRK2 and myc-FADD or myc-TRADD, respectively. Whilst
pathogenic LRRK2 only partially colocalized with TRADD, more colocalization was observed
with FADD, consistent with previous work [243]. Importantly though, while FADD and
TRADD displayed a typical death-effector-type filamentous phenotype, GFP-R1441C
distribution seemed to be similar when coexpressed with either FADD or TRADD, but distinct
when overexpressed on its own, thus suggesting that the altered pathogenic LRRK2 localization
in the presence of FADD or TRADD may reflect its recruitment to death effector filaments
(Figure 9B).

As another approach to determine whether the pathogenic LRRK2 filaments reflected
death-effector filaments, we analyzed whether they would be able to recruit caspase-8. For this
purpose, we co-expressed GFP-R1441C-LRRK2 and myc-caspase-8. Whilst pathogenic
LRRK2 displayed its typical filamentous distribution, those filaments were not able to recruit
caspase-8. Similar results were observed when pharmacologically inhibiting the LRRK2 kinase
activity, suggesting that pathogenic or pharmacologically kinase-inhibited LRRK2 filaments are
not death effector filaments (Figure 9C). Finally, we also analyzed the percentage of apoptosis
either when overexpressing GFP-R1441C-LRRK2 or upon pharmacological kinase inhibition,
as compared to GFP-wildtype LRRK2. No significant differences in cell death were observed
when quantifying apoptosis by DAPI staining (data not shown), further supporting the idea that

the pathogenic or kinase-inhibited LRRK2 filaments are not death-effector filaments.
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Figure 9: LRRK2 filaments are not death effector filaments. (A) Cells were transfected with
the indicated constructs, they were subsequently stained for myc, when necessary, and
representative pictures for each condition were acquired. (B) Cells were cotransfected with

GFP-tagged R1441C-mutant LRRK?2 and either myc-FADD or myc-TRADD, as indicated, they
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were subsequently stained for myc, and representative pictures of each condition were acquired.
(C) Cells were cotransfected with GFP-tagged R1441C-mutant LRRK2 and myc-caspase-8, and
were either left untreated (ctrl) or incubated with 1uM LRRK2-IN1 for 4h as indicated. Cells

were then stained for myc, and representative pictures of each condition were acquired.
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5. Alterations in motility as a cellular readout for pathogenic LRRK2 in Parkinson's
Disease.

Previous work suggests that LRRK2 could play a role in MT dynamics [114, 115, 197,
238]. Thus, in order to asses that in a physiological model, we used age-sex-passage-matched
fibroblasts that express endogenous LRRK2 and used cell motility as a cellular readout. We first
evaluated the effect of kinase inhibition by treating control cells with Mli2, which has been
recently described to be the most specific LRRK2 kinase inhibitor [60]. However, no change on
cell migration speed was found, as measured by time lapse microscopy. We then analyzed
fibroblasts derived from skin biopsies taken from Parkinson's Disease (PD) patients carrying the
G2019S mutation, and found that there was a trend to display higher speed as compared to
control cells. However, more work will be required in order to further prove this effect, and
define the exact mechanism by which G2019S mutants could induce faster motility, such as
treatment with kinase inhibitors which would determine whether this might be a kinase activity

mediated effect.
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Figure 10: Pathogenic and kinase inhibited LRRK2 effect on MT dynamics. (A)
Example of a phase contrast picture of control and G2019S mutant fibroblasts. (B) Plot of
speed in control versus G2019S mutant cells. (C) Quantification of migration speed of
either untreated (control) or in the presence of 0.5uM MIi2 for 10h, as indicated. (D)

Quantification of migration speed of either control or G2019S mutant for 10h, as indicated.
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VIII. Discussion

The interaction of LRRK2 with MTs has been widely validated by several studies from
different labs, although whether LRRK2 displays higher affinity for stable versus dynamic MTs
remains controversial [63, 82, 83, 113, 115, 245]. Our data corroborate this interaction and
provide evidence for a preferential association of pathogenic or pharmacologically kinase-
inhibited LRRK2 with stable MTs. First, we describe significant colocalization of pathogenic
and kinase-inhibited LRRK2 with MT markers, which contrasts the absence of colocalization
with other markers for various organelles such as EEA1, LAMP2, GM130 or LC3 (data not
shown). Second, and consistent with previous work [82], we show that this association can be
partially reduced by nocodazole, but much more profoundly so by cold treatment. This is
reminiscent of the differential behaviour of stable MTs towards those distinct treatments, as
dynamic MTs are equally disrupted by both treatments. Third, we could also partially revert the
MT association of LRRK2 by deacetylase inhibitors, which in principle would point to the
acetylation status of tubulin being a determinant for altering LRRK2 localization, as suggested
by Godena et al. [83]. However, when overexpressing either wildtype or catalytically inactive
point-mutant o-TAT-1, this association was equally rescued, thus discarding the previous
hypothesis. Strikingly, recent work shows a shared role for both a-TAT-1 and its inactive
mutant in destabilizing MTs, as indicated by a decrease in detyrosinated tubulin staining [164].
Indeed, we also observed a decrease in detyrosinated tubulin staining upon wildtype or inactive
mutant a-TAT-1 overexpression. To modulate MT detyrosination status, given the lack of
knowledge about the identity of the carboxypeptidase catalyzing this detyrosination process, we
used parthenolide, an identified inhibitor for this enzyme activity [246, 247], which reduced the
LRRK2-MT association. Altogether, our data suggest that LRRK2 preferentially interacts with
stable MTs, and that this interation is modulated by detyrosinated, rather than acetylated tubulin
levels.

Detyrosinated tubulin has been shown to play a role in modulating vesicular trafficking

through preferentially associating with motor proteins [178-180], and differential interactions
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with depolymerizing and severing enzymes suggest further regulatory roles for this PTM in
regulating MT stability [172-174]. In addition, several studies have shown LRRK2-mediated
organellar transport defects [54, 83, 115, 239], Thus, the enhanced association between
pathogenic LRRK2 and stable MTs could result in trafficking deficits in a kinase activity-
mediated manner.

Whilst the precise mechanism(s) remain unknown, several scenarios are possible. On
the one hand, LRRK2 may directly impact upon MT stability by regulating the levels of
detyrosinated (and acetylated) tubulin and/or by altering the recruitment of motor proteins, with
downstream effects on vesicular trafficking events. Indeed, there is published work suggesting
that LRRK2 may act as a destabilizer for stable MTs, with deficits being rescued by deacetylase
inhibitors [83] or stabilizing drugs such as taxol [245]. Additionally, LRRK2 KO MEFs have
been found to display higher levels of acetylated tubulin, further supporting a destabilizing role
for LRRK2. In agreement with these findings, our data indicate that overexpression of
pathogenic LRRK2 causes enhanced disruption of acetylated MTs upon cold treatment. Whilst
tantalizing, more work will be needed in order to fully understand the effect(s) of LRRK2 on
MT stability.

Alternatively, the association of pathogenic LRRK2 with stable MTs may impact on
Rab8a phosphorylation, since it has recently been found that all pathogenic LRRK2 mutants
cause an increase in Rab8a phosphorylation, when assayed in intact cells [54]. Importantly, and
since only the G2019S mutant displays increased kinase activity in vitro [30, 31, 50], our
findings allows us to propose a working model by which the pathogenic mutants which display
unaltered kinase activity in vitro (the filament-forming mutants) may increase Rab8a
phosphorylation in intact cells, as they display enhanced association with MTs, thereby causing
enhanced Rab8a phosphorylation via "molecular proximity”, as vesicles carrying Rab8a traffic
along MTs [248]. Interestingly, this could as well result in vesicular trafficking alterations, since

Rab8a phosphorylation has been proposed to cause a loss-of-function protein [54], which may
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cause disruption of the interaction of Rab8a and its motor protein, as such interactions generally
only occur when Rabs are in their active, GTP-bound state [5].

In order to test this hypothesis, Rab8a phosphorylation could be assayed in both the
absence and presence of MTs destabilizing agents (especially those which modulate the
detyrosination status of MTSs). If this model is valid, the increase in Rab8a phosphorylation as
compared to wildtype LRRK2 should be abolished by the pathogenic LRRK2 mutants that are
known to display enhanced association with stable MTs, but not by the inherently kinase-
hyperactive G2019S mutant. Taken together, this model would for the first time allow us to

propose a common mechanism for all pathogenic mutants.

)
LRRK2
G2019s
hyperactive LRRK2

R1441C/IG
Y1699C
GTP-bound

Y1699C

GTP-bound

R1441C/G
Y1699C
GTP-bound

Figure 11: Possible models for how all pathogenic LRRK2 mutants may cause
increased Rab protein phosphorylation in intact cells. (A) The G2019S mutant causes
increased Rab protein phosphorylation due to an inherent increase in kinase activity. (B) The
other pathogenic LRRK2 mutants may positively regulate kinase(s) which phosphorylate the
Rab protein at the equivalent residue phosphorylated by LRRK2, or negatively regulate
phosphatase(s) (PPase) which dephosphorylate the phosphorylated residue in the Rab protein.
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(C) Regulation of such kinases and/or phosphatases by the pathogenic LRRK2 mutants may
involve direct protein—protein interactions. (D) Pathogenic LRRK2 mutants, due to enhanced
GTP binding, may preferentially associate with (stable) MTs, and such increased molecular
proximity may cause increased phosphorylation of Rab proteins bound to transport vesicles as
they move along the MT tracks. In all cases, Rab protein phosphorylation is hypothesized to
interfere with vesicular trafficking steps by currently unknown molecular mechanism(s).

Adapted from [5]

Having described that pathogenic and pharmacologically kinase-inhibited LRRK2
preferentially interact with stable, detyrosinated MTs, we next aimed to define the molecular
determinant(s) within LRRK2 responsible for such interaction. All pathogenic LRRK2 mutants
relocalized onto stable MTs (filamentous phenotype) with the exception of G2019S and 12012T
mutants, which displayed a mainly cytosolic distribution pattern identical to that observed with
wildtype LRRK2. Two artificial mutants which inhibit GTP binding (K1347A) or kinase
activity (K1906M), respectively, also did not display altered subcellular localization. When
measured in vitro, G2019S has been consistently reported to increase kinase activity [47, 51,
249, 250], with 12012T being shown to decrease kinase activity, the pathogenic ROC-COR
mutants displaying no change, and K1906M being a synthetic kinase-dead mutant [44-48, 251].
Thus, the reported differences in kinase activity amongst the various pathogenic mutants do not
seem to correlate with the enhanced association with stable MTs.

To test for the importance of kinase activity for such altered subcellular localization, we
also made a point mutation in an autophosphorylation site (S1292) which had been previously
validated both in vivo and in vitro [66]. Whilst a partial effect in reducing the stable MT
association was found when abolishing this autophosphorylation site within the context of a
triple pathogenic mutant (R1441C, Y1669C, G2019S), no change was observed in the context
of single pathogenic LRRK2 mutations. Autophosphorylation events in protein kinases are

generally of low stoichiometry. Therefore, altered kinase activity per se, as reflected by an
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altered autophosphorylation status, is unlikely to contribute to the enhanced association of
pathogenic LRRK2 mutants with stable MTs [66, 252] .

However, and in apparent contrast, when pharmacologically inhibiting LRRK2 kinase
activity by various specific and structurally distinct kinase inhibitors [55-60], wildtype as well
as all pathogenic LRRK2 underwent filament formation. As another means to test whether
filament formation could be due a kinase activity-mediated event, we analyzed the localization
of two different kinase-dead mutants (K1906M and T2035A). Neither of those mutants
displayed enhanced filament formation, suggesting that they cannot properly mimic the effect of
pharmacological kinase inhibitors. Indeed, pharmacological kinase inhibition, thought to cause a
conformational change within LRRK2, caused dephosphorylation of the N-terminal
phosphorylation sites, which was not observed with the kinase-dead mutants, consistent with
previous work [58, 74, 75, 251]. In summary, both pharmacological kinase inhibition as well as
most kinase-active pathogenic LRRK2 mutants displayed enhanced colocalization with stable
MTs, indicating that such altered localization does not correlate with the kinase activity of
LRRK2.

Apart from pharmacological kinase inhibition, most pathogenic mutants have been also
shown to display reduced N-terminal phosphorylation [48, 74]. We thus wondered whether
dephosphorylation of the N-terminus could correlate with the filamentous phenotype. Indeed,
the pathogenic filament-forming LRRK2 mutants showed significantly decreased levels of S935
phosphorylation, whereas a mutant displaying a cytosolic distribution, G2019S, showed no
change. Additionally, in the presence of pharmacological kinase inhibitors, K1906M did not
undergo filament formation and presented no change in S935 phosphorylation levels, whereas
T2035A displayed a filamentous phenotype and showed completely abolished S935
phosphorylation, which supports a correlation between N-terminal LRRK2 phosphorylation and
filament formation.

Since phosphorylation at the N-terminus has been shown to be required for the

interaction of LRRK2 with 14-3-3 proteins [48, 72, 75], we tested whether 14-3-3 could
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modulate filament formation. Thus, we coexpressed 14-3-3B, 14-3-3y, or a loss-of-function
point-mutant version of 14-3-3y with either wildtype or pathogenic LRRK2 and analyzed the
subcellular localization of LRRK2. Interestingly, whereas no effect was found with 14-3-3p, we
reported an almost complete reversal of filament formation, with a concomitant decrease in
S935 phosphorylation levels when overexpressing wildtype but not binding-deficient mutant
14-3-3y. This suggests that binding of 14-3-3y to the cluster of cellular phosphorylation sites
may maintain these sites in a phosphorylated state, which in turn may prevent the altered
subcellular localization of LRRK2. Our data are also consistent with previous work showing the
preferential association of LRRK2 with 14-3-3y, as compared to other 14-3-3 isoforms [72, 73].

Based on the above findings, we next evaluated whether abolishing N-terminal
phosphorylation is sufficient for inducing the relocalization of LRRK2. However, when making
S/A substitutions at the cellular phosphorylation sites as well as at one additional site that has
been equally described to be involved in the interaction of LRRK2 with 14-3-3 [73], we did not
find any change in filament formation, thus suggesting that an additional mechanism should be
involved in this process.

Interestingly, pharmacological kinase inhibitors have been reported to cause an increase
in steady-state GTP binding of LRRK2 [77]. In addition, most pathogenic LRRK2 mutants
which cause enhanced filament formation have been described to display increased GTP
binding [33, 71, 89, 101, 102, 105-108]. Therefore, we next wondered whether enhanced GTP
binding may play a role in filament formation.

In other to modulate steady-state GTP binding, we co-expressed LRRK2 with its
identified GEF (ArhGEF7) [100] or with its two reported GAPs (RGS2 and ArfGAP1),
respectively [101-103]. However, the presence of GAPs did not alter the subcellular localization
of LRRK2. Interestingly, whilst ArfGAP1 has been reported to alter the GTPase activity of
LRRKZ2, this was not associated with changes in GTP binding [102]. Furthermore, both active
and inactive ArhGEF7 interfered with the filamentous LRRK2 phenotype. The similar effects

induced by both wildtype and catalytically inactive ArhGEF7 suggest that since they both have
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been shown to equally bind to LRRK2 through the ROC domain [100, 124], the reversal in
filament formation may be due to ArfGEF7 competing with the MT binding site of LRRK2,
which is also located in the ROC domain [113], rather than by altering steady-state GTP
binding.

As another means to gauge for GTP binding regulation, we overexpressed synthetic
LRRK2 mutants which cluster in the ROC domain and which have been shown to alter GTP
hydrolysis/GTP binding [91]. Remarkably, we saw a significant decrease of the filamentous
phenotype upon introducing either the R1398L (RL) or the R1398L/T1343V (RL/TV)
mutations in the context of the filament-forming pathogenic mutants, whereas the T1343V (TV)
mutation on its own showed no effect. Such rescue was also observed in the context of
pharmacologically kinase-inhibited LRRK2, suggesting a common mechanism for filament
formation. To shed more light into this, we analyzed the GTP binding capacity of both
pathogenic as well as pharmacologically kinase-inhibited LRRK2 in the context of the RL and
RLTV mutations. Both pathogenic as well as pharmacologically kinase-inhibited LRRK2
displayed enhanced steady-state GTP binding which was reduced by either RL or RLTV
mutations, correlating with the alterations in subcellular localization.

Another amino acid substitution at the R1398 residue, R1398H, which also decreased
the filamentous phenotype, was also found to reduce GTP binding capacity, consistent with
previous work [253]. Interestingly, this mutant has been found to be a protective variant for PD
[38-40], raising the possibility that at least part of its protective effect may be due to inhibiting
alterations in the subcellular localization of LRRK2. In vitro kinase assays with the various
pathogenic LRRK2 mutants in the context of the RL or RLTV mutations showed no correlation
between kinase activity and filament formation, again indicating that the effects were not
mediated by altered kinase activity, but rather perfectly correlating with alterations in GTP
binding.

We next employed two novel compounds that have been shown to decrease LRRK2

GTP binding, namely 68 and 70 [110, 111], and we found that they reduced filament formation
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induced by either pathogenic or kinase-inhibited LRRK2. Whilst compounds 68 and 70 have
also been described to alter LRRK2 kinase activity [110], the observed absence of correlation of
the filamentous phenotype with kinase activity indicates that the effect of these compounds in
regulating LRRK2 localization is mediated by altering the steady-state GTP binding status of
LRRKZ2, rather than through modulating its kinase activity. Furthermore, modifying GTP
binding by either of these compounds or by the synthetic RL or RLTV mutants failed to alter N-
terminal phosphorylation, and overexpression of 14-3-3y, which decreased the filamentous
phenotype, caused a reduction in GTP binding. Therefore, whilst the N-terminal
phosphorylation status can correlate with altered subcellular localization, it is not necessary for
such altered localization. Finally, increasing GTP levels upon treatment of permeabilized cells
with a non-hydrolysable GTP analog, GTPaS, was found to enhance filament formation,
providing formal proof-of-concept that such altered localization is mediated by altered GTP
binding of LRRK2.

Taken together, our findings highlight the mechanism by which most pathogenic
mutants and as well as kinase-inhibited LRRK2 undergo abnormal localization to a subset of
stable MTs, thereby impacting upon vesicular trafficking events known to be crucial for the
proper functioning of neuronal cells. In agreement with this, a recent study has described that
GTP binding inhibitors can rescue the organellar transport deficits induced by R1441C mutant
LRRK2 [111]. Although more work will be needed to validate the relevance of GTP binding for
the pathogenicity of LRRK2 in vivo, such as by introducing an R1398H/L mutation in the
context of the pathogenic R1441C mutation in transgenic mice, our results provide strong

evidence for an important role for GTP binding in LRRK2-mediated pathogenicity.
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IX. Conclusions/Conclusiones

1. Wildtype LRRK2 is largely cytosolic, whilst most pathogenic LRRK2 mutants, as well as
pharmacologically kinase-inhibited LRRK2, colocalize with microtubules

2. Pathogenic and pharmacologically kinase-inhibited LRRK2 preferentially associate with
stable, detyrosinated microtubules

3. Abolishing a prominent autophosphorylation site in LRRK2 has no effect on its subcellular
localization

4. Synthetic kinase-dead LRRK2 mutants do not mimic pharmacologically kinase-inhibited
LRRK?2 in terms of cellular phosphorylation or subcellular localization

5. N-terminal dephosphorylation of LRRK2 correlates with altered subcellular localization, but
is neither necessary nor sufficient for it

6. Neither identified GTPase activating proteins (GAPs) nor GTP/GTP exchange factors (GEFs)
for LRRK2 modulate the subcellular localization of pathogenic or pharmacologically kinase-
inhibited LRRK?2

7. Synthetic mutants predicted to affect GTP binding potently impair the altered subcellular
localization of pathogenic or pharmacologically kinase-inhibited LRRK2

8. A protective LRRK2 risk variant largely reverts the altered subcellular localization of
pathogenic or pharmacologically kinase-inhibited LRRK2

9. Pathogenic LRRK2 mutations and pharmacologically kinase-inhibited LRRK2 display
increased GTP binding which correlates with altered subcellular localization, and synthetic
mutants which decrease the altered subcellular localization, or the protective LRRK2 risk
variant, decrease GTP binding

10. There is no correlation between altered kinase activity of pathogenic LRRK2 mutants, or
synthetic mutants impairing GTP binding, with the observed alterations in subcellular
localization

11. Two distinct LRRK2 GTP binding inhibitors rescue the altered subcellular localization of

pathogenic or pharmacologically kinase-inhibited LRRK2
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12. Non-hydrolysable GTP analogs increase the altered subcellular localization of pathogenic or
pharmacologically kinase-inhibited LRRK2, providing formal proof that modified GTP binding

correlates with altered localization

Conclusiones

1. Wildtype LRRK2 tiene una localizacién principalmente citosélica, mientras que la mayoria
de los mutantes patogenicos de LRRK2, asi como su version farmacolgicamente inhibida de la
actividad kinasa, colocalizan con microttbulos

2. Mutantes patogenicos de LRRK2, asi como su version farmacologicamente inhibida de la
actividad kinasa se asocian preferentemente con microtibulos estables con tincion positiva de
tubulina destirosinada

3. La eliminacion de un sitio prominente de autofosforilacion en LRRK2 no afecta a su
localizacion celular

4. Mutantes artificiales que inactivan la actividad kinasa de LRRK2 no mimetizan su inhibicién
farmacoldgica, ni en funcion de su localizacion celular ni tampoco en la localizacion celular de
LRRK2

5. La desfosforilacion del dominio N-terminal de LRRK2 correlaciona con la alteracion en la
localizacion celular de LRRK2, pero no es necesario ni suficiente para inducirla

6. La sobreexpresion de GAPs o GEFs para LRRK2 no modula la localizacion celular ni de
LRRK2 patogénico ni de su versién inactiva de la actividad kinasa mediante inhibicion
farmacoldgica

7. Mutantes sintéticos que afectan a la unién de GTP interfieren con la localizacion celular de
LRRK?2 patogénico, asi como de su versién farmacoldgicamente inhibida de la actividad kinasa

8. Un mutante protectivo de LRRK2 revierte la localizacion celular de LRRK2 patogénico y de
su version farmacoldgicamente inhibida de la actividad kinasa

9. LRRK2 patogénico y su version farmacol6gicamente inhibida de la actividad kinasa

presentan un aumento en union a GTP, lo cual se correlaciona con una alteracion en la
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localizacion celular de LRRK2, mientras que tanto los mutantes sintéticos del dominio GTPasa
como el mutante protectivo que revierten esta localizacion celular alterada, disminuyen la union
aGTP

10. La actividad kinasa de LRRK2 no se correlaciona con la alteracion en la localizacion celular
vista con los mutantes patdgenicos de LRRK2 o con los mutantes sintéticos del dominio
GTPasa

11. Dos inhibidores de unién a GTP son capaces de rescatar la alteracion en la localizacion
celular inducida por LRRK2 patogénico y por su version farmacol6gicamente inhibida de la
actividad kinasa

12. Anélogos no hidrolizables de GTP alteran en mayor manera la localizacion celular inducida
por LRRK2 patogénico y por su version farmacoldgicamente inhibida de la actividad kinasa, lo
cual supone una prueba formal de que un cambio en GTP correlaciona con la alteracion de la

localizacion celular de LRRK2
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