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Abstract
Mutations in leucine-repeat rich kinase-2 (LRRK2) are the most common known cause of late-onset
Parkinson's disease. In this study, a novel system to purify active recombinant LRRK2 expressed in
mammalian cells was generated. This recombinant enzyme was used to characterize the specificity
of LRRK2 and identify small compounds that can inhibit the kinase activity. Recombinant LRRK2
was shown to autophosphorylate and phosphorylate MBP and a peptide (LRRKtide) corresponding
to the T688 site in moesin. A series of well-characterized kinase peptide substrates was not modified
by LRRK2 demonstrating remarkable specificity. G2019S, the most common disease-causing
mutation in LRRK2, increased kinase activity more dramatically than previously appreciated (∼10-
fold). Several small molecules sharing a basic indolocarbazole structure (Gö6976, K252a and
staurosporine) where identified as potent inhibitors of LRRK2 kinase activity. These findings provide
important insights and tools to study the mechanisms of LRRK2 pathobiology, and could lead to
therapeutic applications.
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Introduction
Parkinson's disease (PD) is the most common neurodegenerative movement disorder. The
principal pathologies of PD are the loss of dopaminergic neurons in the substantia nigra pars
compacta in addition to the presence of intracytoplasmic inclusions known as Lewy bodies
and Lewy neurites in some of the remaining dopaminergic neurons [1;2]. The mechanism(s)
and cellular insults leading to the demise of neurons in PD are under investigation; however
oxidative stress, protein misfolding, and mitochondrial dysfunction have been implicated as
factors in the disease process [3-5].

The discovery of specific genes that can be causal of PD has provided important new insights
into the cellular pathways that are involved in the pathobiology of PD [6-9]. Studies in the past
few years have revealed that missense autosomal dominant mutations in the leucine-rich repeat
kinase 2 (LRRK2) gene (also known as PARK8) are collectively the single most commonly
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known cause of late-onset PD [10-12]. However, the G2019S mutation is the most common,
and it is responsible for 2–8% of hereditary PD, and 1-2 % of sporadic PD cases [12-18]. In
North African Arabs and Ashkenazi Jews, the G2019S has been reported to be causal of 20-40%
of PD cases [19-21].

LRRK2 is a large 2527 amino acid protein with several discrete domains that include many
leucine-rich repeats, a Ras (renin-angiotensin system) of complex (ROC) domain, which
belongs to the Ras GTPase superfamily, and a kinase domain towards the C-terminal end
[12;22;23]. In vitro, LRRK2 functions as a Ser/Thr kinase that can undergo
autophosphorylation, and can phosphorylate the generic kinase substrate myelin basic protein
(MBP) [24-26]. It was recently shown that T558 in moesin can be phosphorylated by LRRK2
[26]. The G2019S mutation appears to affect the activation loop of the kinase domain and in
some in vitro studies it results in 2-3 fold increase in kinase activity [26-28] which may lead
to neurotoxicity [25;28;29]. Nevertheless, there is still limited information on the specificity
of LRRK2, and inhibitors for this kinase have not been reported. In this study we describe a
novel system to purify active recombinant LRRK2. This recombinant enzyme was used to
characterize the specificity of LRRK2 and identify the first potent molecular inhibitors of
LRRK2 kinase activity.

Materials and Methods
Materials

Goat anti-glutathione-S-transferase (GST) polyclonal antibody was purchased from
Amersham Biosciences (Piscataway, NJ). 1182 is a rabbit polyclonal antibody raised against
a recombinant His-tagged LRRK2 protein fragment corresponding to amino acid residues
841-960. The shuttling vector pCR8/GW/TOPO and the mammalian expression GST-tagged
vector pDEST27 were purchased from Invitrogen (Carlsbad, CA). Bovine MBP and the
synthetic peptides Kemptide (LRRASLG), caesin kinase 2 substrate (RRRADDSD), MBP
fragment 104-118 (GKGRGLSLSRFSWGA), and [Ser25]-PKC fragment 19-31
(RFARKGSLRQKNV) were purchased from Sigma-Aldrich (St. Louis, MO). The synthetic
peptides MBP fragment 4-14 (KRPSQRSKYL), MBP fragment 94-102 (APRTPGGRR),
MARCKS-derived peptide (KKRFSFKKSFKL), and PKC-delta peptide substrate
(RFAVRDMRQTVAVGVIKAVDKK) were purchased from Calbiochem/EMD Biosciences
(Gibbstown, NJ). LRRKtide (RLGRDKYKTLRQIRQ) was synthesized and purified on
reverse phase HPLC by the W.M Keck Biotechnology Resource Center at Yale University,
New Haven, CT. The following kinase inhibitors were purchased from Calbiochem/EMD
Biosciences: IC261, 5,6-dichloro-1-beta-D-ribofuranosylbenzimidazole (DRB), Gö6976,
H89, K-252a, K-252b, kenpaullone, KN-62, LY294002, ML-7, olomoucine, PD98059, Raf1
kinase inhibitor I, rapamycin, roscovitine, SB203580, staurosporine, U0126, wortmannin,
Y-27632.

Cell Culture
Human embryonic kidney 293T cells (293T) were cultured in Dulbecco's modified medium
(DMEM) high glucose (4.5gm/L) supplemented with 10 % fetal bovine serum (FBS), 100U/
ml penicillin, 100U/ml streptomycin, and 2mM L-glutamine.

LRRK2 Expression Constructs
The full-length human LRRK2 cDNA was amplified by PCR using Taq polymerase AccuPrime
SuperMix (Invitrogen) and cloned by topoisomerase reaction into the shuttling vector pCR8/
GW/TOPO. To generate the cDNA encoding the G2019S mutation, the LRRK2 cDNA
fragment spanning the AvrII and NcoI restriction sites in LRRK2 was amplified by PCR and
cloned by topoisomerase reaction into the vector pCR4-TOPO (Invitrogen). The mutation
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corresponding to the G2019S amino acid substitution was generated using the QuickChange®
Site Directed Mutagenesis Kit (Stratagene, La Jolla, CA). A LRRK2 AvrII/NcoI cDNA
fragment containing the LRRK2 “triple kinase-dead” (TKD) mutant [28] was amplified by
PCR using a plasmid kindly provided by Dr. Mark Cookson and cloned in the vector pCR4-
TOPO. In this TKD mutant, the amino acid responsible for ATP binding (K1906A), the active
site aspartate (D1994A), and the Mg2+ binding site (D2017A) ware mutated. The AvrII/NcoI
DNA fragments containing either the G2019S or TDK mutant were reintroduced into full-
length LRRK2 by subcloning with these restriction enzymes. The sequence of the plasmids
was verified by DNA sequencing using primers that span the whole cDNA as a service offered
by the DNA Sequencing Facility of the University of Pennsylvania.

WT and mutants full-length LRRK2 cDNAs were introduced into the pDEST27 vector by
recombinase reaction using LR Clonase II enzyme (Invitrogen) to generate a plasmid
expressing N-terminal GST-tagged protein.

Western Blotting Analysis
Proteins were resolved on SDS-polyacrylamide gels by SDS-PAGE and electrophoretically
transferred onto nitrocellulose membranes (Bio-Rad Laboratories, Hercules, Ca) in buffer
containing 190 mM glycine, 25 mM Tris-base and 10 % methanol. Membranes were blocked
with a 5% powdered skimmed milk solution dissolved in Tris buffered saline (50 mM Tris,
pH 7.6, 150 mM NaCl), incubated with primary antibody followed with an anti-goat antibody
conjugated to horse radish peroxidase, developed with Western Lightning Chemiluminescence
Reagents (PerkinElmer Life Sciences (Boston, MA) and exposed onto X-Omat Blue XB-1
films (Kodak, Rochester, NY).

In-vitro LRRK2 Kinase assays
293T cells were transiently transfected with pDEST27/LRRK2 expression plasmid using
calcium phosphate precipitation method buffered with N, N-bis(2-hydroxyethyl)-2-amino-
ethanesulfonic acid (BES) [30]. 48-72 hours after transfection, cells were washed and harvested
with PBS, and resuspended in lysis buffer (25nM Tris pH 7.4, 5nM EDTA, 10mM beta-glycerol
phosphate, 1mM NaVO4, 1 % Triton X-100, 0.5% glycerol with protease inhibitor cocktail)
at 4°C. Cell debris were removed by sedimentation at 13,000×g for 15 min, and supernatants
were precleared by incubation with sepharose beads that were removed by sedimentation.
Supernatants were incubated with glutathione-sepharose beads (GE Healthcare) for 3 hrs at 4°
C. Beads were extensively washed with lysis buffer (5 times) and wash buffer (25 mM Hepes,
pH. 7.4, 1mM DTT, 10 mM β-glycerophosphate)(5 times) and eluted with wash buffer with
20mM glutathione. The kinase reactions were conducted at 25°C by incubating purified GST-
LRRK2 in 25 μL of kinase buffer (25 mM Hepes, pH 7.4, 1mM DTT, 10 mM β-
glycerophosphate, 10 mM MnCl2, 1 μM ATP, 5uCi [γ-32P]ATP) with 0.04 mg/ml MBP or
0.04 mg/ml synthetic peptide. For autophosphorylation or phosphorylation of MBP, reactions
were stopped with the addition of sodium dodecyl sulfate (SDS) sample buffer and heating to
100°C for 5 min. Samples were resolved onto 6% or 15% SDS-polyacrylamide gels, stained
with Commassie R-250 staining solution (0.5% Coomassie R-250, 25% isopropanol, 10%
acetic acid), destained with 50% methanol/5% glycerol, dried and exposed to a
PhosphorImager plate (Molecular Dynamics, Piscataway, NJ), and visualized using
ImageQuant software (Molecular Dynamics, Inc., Sunnyvale, CA). For the analysis of the
phosphorylation of peptides, peptides were applied to individual 2.5 cm-diameter disks of P-81
phosphocellulose filter paper (Schleicher & Schuell) that were immediately immersed in 75
mM phosphoric acid. After extensive wash with 75 mM phosphoric acid, P-81 filters were
rinsed with acetone and allowed to air dry. Filters were immersed in Cytoscint liquid
scintillation cocktail (Fisher Scientific) and 32P radioactivity on each filter was measured by
liquid scintillation using an LS6500 counter (Beckman Coulter).
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Results and Discussion
Generation and characterization of active full-length GST-LRRK2

In order to readily generate substantial amounts of purified LRRK2, the full-length enzyme
was expressed in 293T cells as an N-terminal tagged GST protein that was purified using
glutathione-sepharose beads as described in “Materials and Methods” (Fig. 1A). Since the
G2019S mutation is the most common alteration causal of PD and several studies have
demonstrated increased kinase activity due to this mutation, the enzyme with this mutation was
also produced. To verify the specificity of the purified recombinant GST-LRRK2, the “TDK”
kinase dead version of this protein [28] also was assayed. The in-vitro kinase activity of
recombinant WT and G2019S GST-LRRK2 was investigated by auto-phosphorylation and
phosphorylation of the generic kinase substrate MBP (Fig1A). The G2019S mutation resulted
in a 3-5 fold increase in levels of autophosphorylation as well as MBP phosphorylation. The
TKD protein demonstrated a paucity of kinase activity. To further confirm the specificity of
this activity, it was assessed with the synthetic peptide LRRKtide that contains residue T558
in moesin which was previously identified as a good substrate for LRRK2 [26]. Recombinant
WT GST-LRRK2 readily phosphorylated LRRKtide, while the dead mutant showed no
activity. In contrast, the activity for the G2019S mutant was ∼10 times higher than for WT in
this assay (Fig 1B), suggesting that the effects of the G2019S mutation may be more
pronounced than previously believed. The reason(s) for the greater increase in kinase activity
by the G2019S mutation using LRRKtide in this system are currently under investigation.

To further characterize the in-vitro kinase activity of LRRK2, and screen for other motifs that
this enzyme may recognize, the ability of GST-LRRK2 to phosphorylate characterized
synthetic peptides with known kinase recognition motifs was analyzed. Some of the peptides
studied were based on findings from the inhibitor studies (see below), as well as the ability of
LRRK2 to phosphorylate MBP. GST-LRRK2 was assayed for the ability to phosphorylate
PKC substrates (MBP fragment 104-118, [Ser25]-PKC fragment 19-31, MBP fragment 4-14,
MARCKS PSD-Derived peptide), ERK1/2 substrate (MBP fragment 94-102), PKA substrate
(Kemptide), and casein kinase II specific peptide (Figs 1C and D; data not shown). Compared
to reactions using LRRKtide, these peptides demonstrated less than 5% of the level of
phosphorylation indicating that they are not substrates for LRRK2 (Fig 1C). Similarly, none
of these peptides were substrates for G2019S GST-LRRK2 (Fig 1D).

Recombinant GST-LRRK2 was used to screen a range of defined kinase inhibitors
Compounds (listed in “Material and Methods”) specific for different families of kinases
including protein kinase A, protein kinase C, mitogen-activated protein kinase, mitogen-
activated protein kinase kinase, casein kinase I/II, Ca2+/calmodulin-dependent kinase II,
glycogen synthase kinase-3, Rho kinase, Raf kinase, myosin light chain kinase, cyclin-
dependent kinases and mixed lineage kinases were assayed using a 1-10 μM range. The
majority of compounds had no significant affect on kinase activity (data not shown); however
five inhibitors that abolished kinase activity were identified, and were further characterized
(Fig 2). Two of these inhibitors inhibited LRRK2 in the high nM range: Raf-1 kinase inhibitor
I (IC50 ∼500 nM) (Fig 2D) and Gö6976 (IC50 ∼250nM) (Fig 2A). Three other inhibitors were
much more potent, inhibiting LRRK2 in the low nM range: staurosporine (IC50 ∼1nM) (Fig
2E), K252a (IC50 ∼25nM) (Fig 2B), and K252b (IC50 ∼50nM) (Fig 2C). Similarly, all these
inhibitors demonstrated the ability to inhibit G2019S LRRK2 (Fig 2F).

The four most potent inhibitors of LRRK2 identified here (Gö6976, K252a, K252b and
staurosporine) all have a basic indolocarbazole structure: a symmetric fusion of alternating
three benzene and two pyrrole rings with a pyrrolidione ring fused to the central benzene
structure [31;32]. These molecules are competitive inhibitors interacting with the ATP binding
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site of kinases [33-35]. Although staurosporine is a potent kinase inhibitor, it is not very specific
[34;35]. K252a and K252b were identified from the culture broth of the Nocardiopsis
bacterium, and although they were initially shown to inhibit PKC [33], they also can inhibit
several other kinases [36;37]. Gö6976 was developed as a specific inhibitor of some PKC
isozymes [38], but more recently it was shown to also inhibit some other kinases [39]. The
identification of kinases inhibitors that are completely specific has been a challenge,
nevertheless once a specific basis structure has been identified several approaches can be used
to rationally modify kinase inhibitors to make them more selective ligands [37;40-42].

The findings described here further support the notion that elevated LRRK2 activity is a cause
of pathogenesis in patients with LRRK2 mutations. The identification of potent LRRK2 kinase
inhibitors will serve as useful tools for some future in vivo studies of LRRK2 biological
function. Collectively, these findings provide important insights and tools for the studies of
the mechanisms of LRRK2 pathobiology and could lead to the development of novel
therapeutic interventions.
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Figure 1. Characterization of recombinant GST-LRRK2 activity
(A) Western blot analysis with anti-GST or anti-LRRK2 (1181) antibody showing glutathione
affinity chromatography purified WT, G2019S and TDK GST-LRRK2 compared to mock
transfection. Autoradiography showing that WT and G2019S GST-LRRK2 undergo
autophosphorylation and that they phosphorylate MBP, while the TDK mutant is deficient in
activity, similar to mock transfection. (B-D) Substrate peptide analysis showing that WT and
G2019S GST-LRRK2 specifically phosphorylate LRRKtide, but not a spectrum of other kinase
peptide substrates.
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Figure 2. Analysis of GST-LRRK2 kinase activity in the presence of various inhibitors
(A) Gö6976, (B) K-252a, (C) K252-b, (D) Raf-1 kinase inhibitor 1 and (E) Staurosporine are
shown to be potent inhibitors of WT GST-LRRK2 using a range of concentration that was used
to approximate the IC50. (F) G2019S GST-LRRK2 was also efficiently inhibited by these
kinase inhibitors. The values correspond to the phosphorylation of LRRKtide in the presence
of each inhibitor relative to reactions without inhibitors expressed as percent activity. (n=3,
Error bars indicate standard error)
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