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Leucine-rich repeat kinase 2 (LRRK2) is a complex, multidomain protein which is
considered a valuable target for potential disease-modifying therapeutic strategies for
Parkinson’s disease (PD). In mammalian cells and brain, LRRK2 is phosphorylated
and treatment of cells with inhibitors of LRRK2 kinase activity can induce LRRK2
dephosphorylation at a cluster of serines including Ser910/935/955/973. It has
been suggested that phosphorylation levels at these sites reflect LRRK2 kinase
activity, however kinase-dead variants of LRRK2 or kinase activating variants do not
display altered Ser935 phosphorylation levels compared to wild type. Furthermore,
Ser910/935/955/973 are not autophosphorylation sites, therefore, it is unclear if inhibitor
induced dephosphorylation depends on the activity of compounds on LRRK2 or on yet
to be identified upstream kinases. Here we used a panel of 160 ATP competitive and
cell permeable kinase inhibitors directed against all branches of the kinome and tested
their activity on LRRK2 in vitro using a peptide-substrate-based kinase assay. In neuronal
SH-SY5Y cells overexpressing LRRK2 we used compound-induced dephosphorylation of
Ser935 as readout. In silico docking of selected compounds was performed using a
modeled LRRK2 kinase structure. Receiver operating characteristic plots demonstrated
that the obtained docking scores to the LRRK2 ATP binding site correlated with in vitro
and cellular compound activity. We also found that in vitro potency showed a high degree
of correlation to cellular compound induced LRRK2 dephosphorylation activity across
multiple compound classes. Therefore, acute LRRK2 dephosphorylation at Ser935 in
inhibitor treated cells involves a strong component of inhibitor activity on LRRK2 itself,
without excluding a role for upstream kinases. Understanding the regulation of LRRK2
phosphorylation by kinase inhibitors aids our understanding of LRRK2 signaling and may
lead to development of new classes of LRRK2 kinase inhibitors.
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INTRODUCTION
Leucine-rich repeat kinase 2 (LRRK2) is a 2527 amino-acid long
complex multidomain protein which is a member of the ROCO
protein family. This family of proteins is derived from a signature
homologous region including a domain encoding for a GTPase
of the Ras family, termed ROC (for Ras of complex proteins)
(Taymans, 2012), followed by a characteristic COR (C-terminal of
ROC) domain. The ROC-COR bidomain is flanked C-terminally
by a kinase domain and a WD40 domain and N-terminally by an
armadillo repeat domain (ARM), ankyrin repeat domain (ANK),
and the namesake leucine-rich repeat (LRR) domain. LRRK2 has
primarily been studied for its role in Parkinson’s disease (PD)
(Cookson, 2010), but is also reported to play a role in cancer,
Crohn’s disease, and leprosy (Lewis and Manzoni, 2012). LRRK2
is the single most prevalent genetic cause of PD known to date
(Paisan-Ruiz et al., 2008). Together with alpha-synuclein, LRRK2

has been both linked to familial PD and associated to sporadic
PD (Singleton et al., 2013). Also, PD patients carrying the LRRK2
mutations show a clinical and neuropathological profile which
is indistinguishable from sporadic PD, indicating that LRRK2
may contribute to a PD pathway common to both familial and
sporadic PD (Healy et al., 2008).

The kinase activity of LRRK2 has been proposed as a promis-
ing target for developing disease modifying therapy for PD
(Greggio and Singleton, 2007; Vancraenenbroeck et al., 2011; Lee
et al., 2012) and deletion of LRRK2 kinase activity has been
shown to be protective in cellular (Greggio et al., 2006; Smith
et al., 2006) or in vivo models (Lee et al., 2010; Yao et al., 2013)
of LRRK2 mediated toxicity. Currently, several compounds have
been reported that are capable of inhibiting LRRK2 kinase activity
(reviewed previously; Vancraenenbroeck et al., 2011; Deng et al.,
2012; Kramer et al., 2012). Of these examples, staurosporine,
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K252A, and sunitinib are promiscuous kinase inhibitors, known
to bind several classes of kinases. Other described compounds are
active on specific classes of kinases such as Ro-31-8220, H1152,
and Y-27632 (Davies et al., 2000; Bain et al., 2007). Recently,
several inhibitors for LRRK2 with an in vitro potency in the
low nanomolar range have been described including LRRK2-IN1
(Deng et al., 2011), CZC-25146 (Ramsden et al., 2011), TAE684
(Zhang et al., 2012), GSK2578215A (Reith et al., 2012), or HG-
10-102-01 (Choi et al., 2012). These compounds are currently
being implemented as tool compounds in basic research stud-
ies on LRRK2 and indicate the feasibility of developing LRRK2
inhibitors for other applications such as implementation as an
imaging tracer or clinical testing.

One key question in assessing LRRK2 kinase inhibitors for
these various applications involves understanding the molecu-
lar consequences of kinase inhibition in cells. Some clues are
given recently from the effects of various inhibitors on the
phosphorylation state of LRRK2 in cells. LRRK2 is a highly
phosphorylated protein in cells with a notable cluster of phos-
phorylation sites in the interdomain region between the ANK and
LRR domains, including sites Ser910/S935/S955/S973 (West et al.,
2007; Gloeckner et al., 2010; Nichols et al., 2010; Lobbestael et al.,
2012). Interestingly, these sites are dephosphorylated in cells or
tissues following treatment by inhibitors of LRRK2 kinase activ-
ity (Dzamko et al., 2010; Choi et al., 2012; Doggett et al., 2012). It
is tempting to conclude from these studies that phosphorylation
levels at these sites reflects LRRK2 kinase activity, however kinase-
dead variants of LRRK2 (K1906M or D2017A) or kinase acti-
vating variants (G2019S, T2031S) do not display altered Ser935
phosphorylation levels compared to wild type (Nichols et al.,
2010; Lobbestael et al., 2013). Furthermore, Ser910/935/955/973
are not autophosphorylation sites but are rather sites phos-
phorylated by other kinases (West et al., 2007; Dzamko et al.,
2010; Gloeckner et al., 2010; Nichols et al., 2010; Doggett et al.,
2012), therefore, it is unclear if inhibitor induced dephospho-
rylation of LRRK2 wildtype depends on the activity of com-
pounds on LRRK2 or on yet to be identified upstream kinases.
We have recently shown that LRRK2 regulates its own dephos-
phorylation through protein phosphatase 1, including dephos-
phorylation induced by the LRRK2 kinase inhibitor LRRK2-IN1
(Lobbestael et al., 2013). It remains to be verified that LRRK2
inhibitor-induced dephosphorylation is generalized across multi-
ple chemical classes and whether dephosphorylation is correlated
to inhibitor binding to LRRK2 kinase.

In the present study, we addressed these issues using a chemi-
cal biology approach. A panel of cell permeable kinase inhibitors
targeting all branches of the kinome was tested for its activity on
LRRK2 in vitro as well as in cells. Using an optimized LRRK2
kinase homology model, selected compounds were docked in sil-
ico to assess binding at the ATP-binding site.

RESULTS
TESTING OF A KINASE INHIBITOR PANEL ON LRRK2 IN VITRO KINASE
ACTIVITY
The assay employed here is based on phosphorylation of a pep-
tide termed LRRKtide derived from the cytoskeleton-associated
moesin protein (Jaleel et al., 2007) and is adapted to a phosphor
imaging readout (Asensio and Garcia, 2003; Taymans et al., 2011),

as described in Materials and Methods and shown in Figure 1.
The quality of the chosen assay is given by the average Z′ fac-
tor for this assay which we determined to be 0.82 (Figure 2),
well within the range of 0.5–1 which is considered an excel-
lent value for screening assays (Zhang et al., 1999). A panel of
160 kinase inhibitors was tested in the LRRK2 in vitro kinase
activity assay using GST-LRRK2970-2527 at one concentration
(10 μM) (Figure 1, quantifications given in Table 1). Of these 160
compounds, 35 compounds from three compound classes (A) 9-
methyl-N-phenylpurine-2,8-diamine, (B) N-phenylquinazolin-
4-amine, and (C) 1,3-dihydroindol-2-one analogs were selected
for further testing in the in vitro assay as well as for in silico
analysis (see further). These three compound classes were chosen
because they contain compounds with a common core or scaf-
fold possessing a wide variety of activities. Additionally, known
LRRK2 reference compounds were tested including LRRK2-
IN1, CZC-25146 and the pan-kinase inhibitor staurosporine as
well as compound CDK1/2 inhibitor III which displayed high-
est potency in inhibiting LRRK2. The selected compounds were
retested with full length recombinant enzyme at 100 μM, 10 μM,
1 μM and 100 nM. For those compounds that inhibited LRRK2
kinase activity more than 50% at 1 μM, a pIC50 [= −log(IC50)]
value was determined as described in Materials and Methods
(Figure 2 and Table 2). It can be noted that for known LRRK2
inhibitory compounds that we included in our testing, our
adapted LRRKtide phosphorylation assay yielded similar poten-
cies to those previously published (comparative examples of
obtained IC50 values are: LRRK2-IN1 3.54 nM vs. 13 nM (Deng
et al., 2011), CZC-25146 1.78 nM vs. 4.76 nM (Ramsden et al.,
2011), with values given from this study and from published
studies, respectively; for the LRRK2-IN1 comparison, the slightly
lower value obtained here may be due to the ATP concentrations
used which are 10 μM in the present study and 100 μM in the
original study).

TESTING OF KINASE INHIBITOR PANEL IN LRRK2 CELLULAR
PHOSPHORYLATION ASSAY
Using the same panel of 160 kinase inhibitors, cellular activity was
assayed by monitoring dephosphorylation of LRRK2 at Ser935
induced by kinase inhibitor treatment (5 μM for 2 h) of the SH-
SY5Y cell line with stable expression of LRRK2 as described in
Materials and Methods and shown in Figure 3. The mean Z′ fac-
tor for the dual detection immune-dotblot assay used here is
0.65 (Figure 4). A total of 20 compounds were found to reduce
Ser935 phosphorylation levels to less than 50% of control levels
(Tables 1, 2), all are ATP-binding site competitive compounds.
None of the 20 non ATP-competitive compounds of the panel
(see Materials and Methods) induce more than 50% dephos-
phorylation of LRRK2 at 5 μM although AG490 shows 49.32%
dephosphorylation of LRRK2 at 5 μM. Representative dot blot
images and bar diagrams are depicted in Figure 3, exact quan-
tifications are given in Table 1. For the selected compounds, the
IC50 was determined (Figure 4 and Table 2).

CORRELATION BETWEEN IN VITRO AND CELLULAR ACTIVITY OF
COMPOUNDS
Correlations between the in vitro and cellular activities for each
compound were investigated by drawing up correlation plots for
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FIGURE 1 | Testing of effect of reference kinase inhibitors on in vitro

LRRK2 kinase activity. (A,B) 160 kinase inhibitors from a panel of
inhibitors known to target kinases in all branches of the kinome were
tested for their ability to inhibit LRRK2 at 10 μM in an in vitro kinase
assay using the LRRKtide model peptide substrate, as described in
Materials and Methods. (A) Quantification of the LRRKtide
phosphorylation level for each kinase reaction. Signal intensity per
reaction was quantified via densitometry as described in Materials and
Methods and values are normalized to phosphorylation levels measured
in solvent controls (control values are set at 100%). Values obtained

(mean ± s.e.m., N = 3) are depicted as histogram bars ordered from
least active to most active compound, showing that the panel comprises
a broad range of activity on LRRK2 kinase function. Exact values are
given in Table 1. (B) Representative autoradiograms of P81 paper
spotted with kinase reactions from testing of the 160 compounds which
were used for densitometric quantification given in A. Also shown at the
right of the first panel are the solvent controls as well as positive
controls using potent inhibitors of the LRRK2 kinase, TAE684,
staurosporine, LRRK2-IN1, and CZC-25146. Illustration of detailed IC50

determination for active compounds is given in Figure 2.

FIGURE 2 | Dose-response curves and Z′ factor determination for in vitro

LRRKtide assay. (A,B) Detailed IC50 determinations were performed for
selected active compounds by testing LRRKtide phosphorylation in the
presence of a range of inhibitor doses, as described in Materials and
Methods. A representative autoradiogram for compound SU11652 is given

(A) as well as the fitted inhibition curves obtained for five compounds (B)

In vitro IC50 values for each tested compound are given in Table 2. (C)

LRRKtide phosphorylation values were used to calculate the Z′ of the in vitro
LRRKtide phosphorylation assay using the formula given in Materials and
Methods.
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FIGURE 3 | Testing of effect of reference kinase inhibitors on cellular

LRRK2 pS935 levels. 160 kinase inhibitors from a panel of inhibitors
known to target kinases in all branches of the kinome were tested for
their ability to dephosphorylate LRRK2 at phosphoserine 935 in a
spotblot assay, as described in Materials and Methods. (A)

Quantification of the cellular phosphorylation level at Ser935 for each

compound and ranked from least to most active (exact values per
compound can be found in Table 1). (B) Representative spot blots
detecting phospho-LRRK2 (pS935 detection in upper panels) and
total-LRRK2 (LRRK2 detection in lower panels) for 160 kinase inhibitors
tested at 5 μM. Illustration of detailed IC50 determination for active
compounds is given in Figure 4.

these two parameters and performing linear regression analysis
as described in Materials and Methods (Figure 5). This analy-
sis showed a significant correlation between in vitro and cellular
activity (with Pearson’s r coefficient of −0.7953).

LRRK2 KINASE STRUCTURAL MODEL
We constructed, optimized and quality improved a 3D homol-
ogy model of the LRRK2 kinase domain as described in detail in
Materials and Methods. Based on their sequence identity with the
LRKK2 kinase domain, the tyrosine-kinase like (TKL) kinases B-
Raf (PDB 3OG7; Bollag et al., 2010), MLK1 (PDB 3DTC; Hudkins
et al., 2008), and IRAK-4 (PDB 2NRU; Wang et al., 2006) were
selected as templates to model LRRK2 kinase (see Table 3 for
an overview of TKL kinases with available 3D structures and
their sequence identity with the LRRK2 kinase domain). The

alignment between the LRRK2 kinase domain and these three
kinases is given in Figure 6A. The final homology model colored
by conserved kinase motifs is shown in Figure 6B; the final model
colored by quality of each predicted amino-acid position is given
in Figure 6C and was determined as described in the Materials
and Methods section. The ATP-binding groove lies at the interface
of the N-and C-terminal lobes (Huse and Kuriyan, 2002; Nolen
et al., 2004).

IN SILICO ANALYSIS OF LRRK2 KINASE—LIGAND INTERACTIONS
A preliminary docking step, where staurosporine was docked
in the LRRK2 ATP-binding site, was applied to optimize the
local environment to get the most optimal binding pose during
the subsequent docking step. 35 compounds from three com-
pound classes (A) 9-methyl-N-phenylpurine-2,8-diamine, (B)
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FIGURE 4 | Dose-response curves and Z′ factor determination for

Ser935 cellular dephosphorylation assay. (A) Representative spotblot
of cell lysates of SH-SY5Y stably overexpressing 3flag-LRRK2 WT and
treated with a dose range of reference compounds LRRK2-IN1 or CZC
using concentrations as indicated. DMSO treatment was included as a
control. Total LRRK2 protein was detected with Flag-M2 antibody,
phosphorylation at Ser935 with a monoclonal LRRK2 PS935 antibody. (B)

Fitting of inhibition curves based on spot intensity in (A) (determined
by densitometric analysis and used to quantify phosphorylation levels

relative to total LRRK2 levels) and IC50 determination of
phosphorylation at LRRK2 Ser935 for reference compounds LRRK2-IN1
and CZC. N ≥ 5. Cellular pS935 dephosphorylation IC50 values for each
tested compound are given in Table 2. (C) Representative spotblot of
cell lysates of SH-SY5Y stably overexpressing 3flag-LRRK2 WT and
treated with DMSO or 10 μM CZC. Phosphorylation level values derived
from total LRRK2 and phospho-LRRK2 levels quantified via spotblot
were used to calculate the Z′ of the pS935 dephosphorylation assay
using the formula given in Materials and Methods.

FIGURE 5 | Correlation plot of cellular activity (pS935 spotblot assay)

and in vitro potency (pIC50 of LRRKtide assay). The assessment is
performed for compounds with in vitro pIC50 of 5 or better. Exact values of
the plotted data are given in Table 2.

N-phenylquinazolin-4-amine, and (C) 1,3-dihydroindol-2-one
analogs were docked into this active site using three class-specific
pharmacophore models (Figures 7A–C) as described in detail
in Materials and Methods. A summary of the in silico docking

scores, given as the Generalized-Born Volume Integral/Weighted
Surface area dG (GBVI/WSA dG) is given in Table 2. To eval-
uate the correlation between docking and in vitro and cellu-
lar compound activities, receiver operating characteristic plots
describing the trade-off between sensitivity and specificity were
constructed using the GVBI/WSA dG computed values and the
measured in vitro activities in the LRRKtide assay (IC50 of 1 μM
or better is scored active) or the measured pS935 cellular dephos-
phorylation (a measure of greater than 50% dephosphorylation
at 5 μM is scored as active). Receiver operating characteristic
plots which trace above the diagonal signify docking enrich-
ment, with best docking for those receiver operating character-
istic plots furthest above the diagonal. An indicative parameter
of the receiver operating characteristic plot is the area under
the curve (AUC) with values above 0.5 indicating a valid cor-
relation between in silico and measured activity values. The
receiver operating characteristic plots were determined for the
LRRK2 kinase model as well as the three separate kinase struc-
tures which were used as templates for constructing the LRRK2
kinase model. These receiver operating characteristic plots, dis-
played in Figures 7D–K clearly show that of these four models,
only docking results obtained with the LRRK2 kinase domain
model itself have predictive value for in vitro kinase activity and
cellular pS935 dephosphorylation activity for at least three dif-
ferent structural classes of LRRK2-active compounds. Illustrative
LRRK2 kinase—ligand binding poses for representative active
compounds representing the three different classes are given
in Figure 8.
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FIGURE 6 | Structural modeling of the LRRK2 kinase domain (residues

1859–2138). (A) Target (the LRRK2 kinase domain)—template (2NRU, 3DTC,
and 3OG7) alignment (see Table 3 for an overview of available structural
templates of TKL kinases). Secondary structure elements (predicted for
LRRK2 via NetSurfP or obtained from the 3D PDB structure) are indicated:
α-helices are red italic, and β-strands yellow underlined. The conserved
motifs are highlighted in bold and labeled. Identical residues are marked with
an asterisk (∗). (B) Illustration of the LRRK2 kinase homology model depicting
key residues and functional features. The P-loop is shown in red, the
conserved K in β3 and E in αC in green, the catalytic loop in purple, the

activation loop in yellow, the gatekeeper (gk), gk + 1, and gk +3 residues
from the hinge region in blue. Sticks colored by CPK convention correspond
to the residues that are affected by the G2019S and I2020T mutations
segregating with PD. G2019S is part of the beginning of the activation loop.
(C) Graphical representation of potential errors in the homology model as
predicted by Meta-MQAPII. The color spectrum from blue to red reflects the
accuracy of the 3D residue prediction from correct to incorrect respectively.
The spheres indicate the position of the residues in the disallowed and
generously allowed regions of the Ramachandran Plot and residues with
unfavorable bond angles and dihedrals. Figures generated with PyMol.
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FIGURE 7 | Illustration of the pharmacophore queries used during

“pharmacophore filtering” and receiver operating characteristic plots

assessing the correlation between inhibitor docking and in vitro or

cellular activity. (A–C) Pharmacophore queries are illustrated for purine,
quinazoline and oxindol derivatives [termed compound classes (A–C),
respectively, panels (A–C), respectively]. Shown are the hinge region
residues, pharmacophore features and the substructure of the respective
class. Only the main chain and Cβ side chain atoms are shown for the gk-1,
gk+1, gk+2, gk+3, and gk+4 residues. Depicted pharmacophore features
include aromatic rings (orange spheres), hydrogen bond acceptors (cyan
spheres), or donors (purple spheres). The substructures of the respective
compound classes are shown in stick representation. All molecules are
colored by CPK convention. Abbreviations: Acc, acceptor; Aro, aromatic; Don,

donor; gk, gatekeeper. Figures generated with MOE. (D–K) The receiver
operating characteristic plots were determined to evaluate the predictive
power of the docking method in the LRRK2 model compared to the separate
templates used to generate the LRRK2 model, i.e., B-Raf (3OG7), MLK1
(3DTC), and IRAK-4 (2NRU). Using the activity measures for in vitro activity
(D–G) or cellular activity (H–K), true positive rate (measure for sensitivity) as
function of false positive rate (indication of specificity) is plotted. The Area
Under Curve (AUC)-value of each receiver operating characteristic plot is
indicated on the plot, with an AUC > 0.5 indicating predictive value of the
docking. (D,H) receiver operating characteristic plots of LRRK2 docking, (E,I)

receiver operating characteristic plots of MLK1 docking, (F,J) receiver
operating characteristic plots of B-Raf docking, (G,K) receiver operating
characteristic plot of IRAK4 docking. Docking scores are given in Table 2.

DISCUSSION
The relationships between binding of kinase inhibitors to the
LRRK2 kinase pocket, in vitro inhibition of LRRK2 kinase activ-
ity and inhibitor-induced cellular dephosphorylation of LRRK2
hold clues for understanding LRRK2 signaling and interpreting
LRRK2 cellular activity assays. Here, we assessed the interrelation-
ship between these parameters, using in silico, in vitro and cellular
activity assays. Using a panel of 160 reference kinase inhibitors

targeting all branches of the kinome, we found a broad range
of potencies to inhibit LRRK2 in vitro kinase activity, ranging
from inactive compounds to compounds inhibiting LRRK2 in
the subnanomolar range. Similarly, the panel of kinase inhibitors
displayed a broad range of cellular potencies with strongest com-
pounds active in the low nanomolar range. Finally, the picture
of activities was completed by determining in silico docking of
compounds selected from three different structural classes which
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FIGURE 8 | Predicted ligand binding poses. (A–C) Selected active
compounds of the three different compound classes are depicted in the
LRRK2 kinase ATP-binding pocket. Compounds shown are (A)

Aminopurvalanol A (purine derivative), (B) JAK3 Inhibitor II (quinazoline
derivative), and (C) SU6656 (oxindole derivative). LRRK2 kinase is given in
cartoon and line representation, the ligands in stick representation. The blue

dotted lines denote hydrogen bond interactions. The green dotted lines
denote π—cation interactions. (D–F) Schematic representation of the
interactions between the LRRK2 kinase active site and the compound from
panels (A–C): (D) Aminopurvalanol A, (E) JAK3 Inhibitor II, and (F) SU6656.
See box for the explanation of colors and arrows. Figures generated with
MOE.

included compounds with identical scaffolds but varying activi-
ties ranging from potent to inactive in the in vitro kinase assay
and cellular dephosphorylation assay.

The activity assays selected and optimized here are suitable to
predict activity of compounds on LRRK2. First, for the in vitro
activity and cellular activity assays, we used established assays
with slight modifications, and we could demonstrate excellent

Z′-factors for these assays in our hands (Z′ of 0.82 for the in vitro
assay and of 0.65 for the cellular assay). The results obtained
with LRRKtide in vitro phosphorylation assay as performed
here yielded potencies similar to those reported for compounds
tested in previously published studies. Using LRRK2-IN1 as a
benchmark, the IC50 value obtained here of 3.54 nM is compara-
ble to the published value (13 nM) (Deng et al., 2011). The same
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holds true for the second assay testing cellular activity which is
based on kinase inhibitor induced dephosphorylation of LRRK2
at Ser935 and adapted here using a spotblot readout. For instance,
for LRRK2-IN1 the IC50 value obtained here (279.9 nM) is in
the same range as IC50 values obtained with other readouts
of pS935 levels such as western blot (about 100 nM; Dzamko
et al., 2010; Deng et al., 2011), time-resolved FRET (90–200 nM;
Hermanson et al., 2012), or ELISA (50–100 nM; Delbroek et al.,
2013). Thirdly, in the absence of a physical 3D atomic structure
of the LRRK2 kinase domain, an optimized 3D homology model
was generated for in silico docking. Because the available tem-
plates with closest homology showed only 30% sequence identity,
we took great care in optimizing the model. Homology models
of the LRRK2 kinase domain have been constructed before (see
for example references; Marin, 2006; Mata et al., 2006; Nichols
et al., 2009; Deng et al., 2011; Yun et al., 2011), however here
we refined the model extensively for use in molecular docking
studies. In particular, alignments between LRRK2 kinase and
potential templates were performed using alternative sequence-
to-structure alignments guided by conserved residues Also, multi-
ple templates were used to employ the most appropriate template
for each structural segment. Finally, the best model was cho-
sen according to the model evaluation rather than the alignment
score.

Our results show a strong correlation between the potency of
compounds to inhibit LRRK2 in vitro kinase activity and potency
to dephosphorylate LRRK2 in cells (Pearson’s r = −0.7953,
Figure 5). Kinase inhibitor induced dephosphorylation of LRRK2
in cells could be seen for compounds with an in vitro IC50
of 10 μM or better. Conversely, the majority of the com-
pounds which were inactive in vitro (no activity at 10 μM) were
also inactive in cells. This is consistent with the notion that
kinase inhibitors induce dephosphorylation through inhibition
of LRRK2 kinase activity and/or through binding to the LRRK2
kinase ATP binding pocket. This conclusion is supported by
receiver operating characteristic plots generated with the com-
pound docking scores and the in vitro potency of each tested
compound. It is often observed that in many cases docking
based virtual screening performs no better than random selec-
tion. Inclusion of pharmacophore methods however has shown
to significantly improve the virtual screening performance (Voet
et al., 2014). As such we also combine pharmacophore models in
our virtual screening setup. Via this approach, docking into our
modeled LRRK2 kinase structure is clearly better in discriminat-
ing actives from decoys than docking into the three other kinases
which were used to generate the LRRK2 model. Therefore, we can
conclude that the in vitro and cellular activities of the compounds
of the three structural classes tested are likely dependent on their
binding to the LRRK2 ATP-binding site.

While it is not surprising that LRRK2 kinase activity is inhib-
ited more potently by compounds that bind more tightly to the
kinase, this is less evident for the correlation between binding
and cellular dephosphorylation of LRRK2. Indeed, kinase inhibi-
tion of LRRK2 would be expected to reduce the phosphorylation
rate of LRRK2 autophosphorylation sites (Greggio et al., 2009;
Gloeckner et al., 2010), however the Ser935 used in the assay is
not an autophosphorylation site (Nichols et al., 2010; Doggett

et al., 2012; Lobbestael et al., 2012), rather it is a site phospho-
rylated by other kinases. This has implications for the signaling
properties of LRRK2. Indeed, the direct regulation of the phos-
phorylation/dephosphorylation equilibrium in cells involves two
partners, a phosphatase and a kinase. Using the kinase inhibitor
signaling panel with broad coverage of the kinome, we expected to
identify at least a few compounds which would be inactive on the
LRRK2 kinase activity in vitro, but active in dephosphorylating
LRRK2 as these active compounds would point to the upstream
kinases of LRRK2. Looking to Table 1, only a handful of in vitro
inactive compounds (such as LY303511, DNA-PK inhibitor V,
Aurora kinase inhibitor 3, BAY11-7082) could affect moderate
dephosphorylation of LRRK2 (∼50%). These four compounds
are directed against kinases of different branches of the kinome:
LY303511 (lipid kinases branch), DNA-PK inhibitor V (atypical
kinases branch), Aurora kinase inhibitor 3 (other kinase branch),
BAY11-7082 (other kinases branch). Although these compounds
were not among the top hits of the study, further characterization
of these compounds on their effects in regulating LRRK2 phos-
phorylation may provide more information on putative upstream
kinases of LRRK2. For example, BAY11-7082 is reported to be a
specific inhibitor of inducible IκB-alpha phosphorylation (Pierce
et al., 1997) which is in line with the finding that IκB-alpha shown
to phosphorylate LRRK2 in immune cells (Dzamko et al., 2012).
However, none of the other in vitro inactive compounds displayed
significant dephosphorylation of LRRK2 in cells. Also, it should
be noted that full dephosporylation of LRRK2 (>70–80%) was
not displayed by any of the in vitro inactive compounds and was
only observed for the most potent in vitro inhibitors of LRRK2.

Taking the overall results into account, we conclude that
LRRK2 dephosphorylation involves an important contribution of
the activity of compounds on LRRK2 itself. Therefore, the reg-
ulation of LRRK2 phosphorylation at Ser935, as well at other
sites of this phosphorylation cluster such as Ser910/955/973,
involves at least three partners, i.e., a phosphatase, a phospho-
rylating kinase as well as LRRK2 itself. We recently showed that
treatment of cells with the LRRK2 kinase inhibitor LRRK2-IN1
induced LRRK2 dephosphorylation by recruitment of protein
phosphatase 1 (PP1) (Lobbestael et al., 2013). Our findings pre-
sented here suggest that this is a more generalized phenomenon
for LRRK2 kinase inhibitors from multiple kinase classes. The
activity of these compounds may possibly require conformational
changes of the LRRK2 kinase domain to allow proper binding of
the inhibitor. Experimental evidence for this has recently been
reported, whereby detection of LRRK2 with a monoclonal anti-
body targeting the activation loop of the LRRK2 kinase domain
was altered upon binding of kinase inhibitors (Gillardon et al.,
2013). A compound induced conformational change of LRRK2
is likely to regulate binding affinities between LRRK2 and its cel-
lular interactors and is consistent with our previous observation
that PP1 is recruited to LRRK2 under conditions of dephospho-
rylation (Lobbestael et al., 2013). It remains to be determined
whether compounds can be developed which inhibit LRRK2
kinase activity but which do not induce major conformational
changes in LRRK2 leading to its dephosphorylation in cells. This
has important implications as the pS935 dephosphorylation is not
only observed after LRRK2 kinase inhibition (Deng et al., 2011;
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Choi et al., 2012; Reith et al., 2012; Zhang et al., 2012), but also in
at least some LRRK2 disease mutants (Nichols et al., 2010; Li et al.,
2011; Lobbestael et al., 2012; Rudenko et al., 2012), therefore it is
not yet clear whether dephosphorylation is a desired effect of a
potential PD therapeutic based on LRRK2 kinase inhibition.

In conclusion, we report here the correlations between the
in vitro, cellular and in silico activities of a kinome-wide panel
of kinase inhibitors on LRRK2. Our results indicate that cel-
lular LRRK2 dephosphorylation induced by kinase inhibitors
involves a strong component of inhibitor activity on LRRK2 itself,
without excluding a role for upstream kinases. Understanding the
regulation of LRRK2 phosphorylation by kinase inhibitors has
implications for cellular activity assays of LRRK2 and may lead
to development of new classes of LRRK2 kinase inhibitors.

MATERIALS AND METHODS
IN VITRO KINASE ASSAY
LRRK2 kinase activity was assessed using an isotopic peptide
substrate assay essentially as described in reference (Taymans
et al., 2011). In short, recombinant LRRK2 was incubated with
6 μCi γ-32P-ATP [3000 Ci/mmol; Perkin Elmer (USA)], 200 μM
LRRKtide (RLGRDKYKTLRQIRQ) (Jaleel et al., 2007) [Enzo
Life Sciences (USA)], 10 μM ATP and kinase inhibitor (see
below) or dimethylsulfoxide (DMSO) solvent per 40 μl reac-
tion in 1× kinase buffer for 30 min at 30◦C. The composi-
tion of 1x kinase buffer is: Tris 25 mM pH 7.5, MgCl2 10 mM,
dithiothreitol (DTT) 2 mM, Triton 0.02%, beta-glycerophosphate
5 mM, Na3VO4 0.1 mM. DMSO content of each in vitro kinase
reaction was 1 %. For the single dose testing (at 10 μM of
kinase inhibitor), the LRRK2 enzyme used was GST-tagged trun-
cated LRRK2 containing residues 970 to 2527 (Life Technologies).
Reactions were stopped by the addition of 500 mM EDTA
containing bromophenol blue. Reactions were spotted to P81
Whatman phosphocellulose paper (GE Healthcare) and washed
four times 10 min in 75 mM phosphoric acid. LRRKtide phos-
phorylation levels were measured via autoradiography (Asensio
and Garcia, 2003).

A commercially available panel of 160 kinase inhibitors
(EMD4Biosciences, Inhibitor select panel) was initially screened
at one concentration (10 μM). The inhibitor panel contains
cell-permeable and previously characterized inhibitors which
together target all branches of the kinome. All inhibitors
are confirmed cell permeable, with the exception of PKCβ

Inhibitor, PKR Inhibitor—Negative Control, Alsterpaullone—2-
Cyanoethyl, Cdk1/5 Inhibitor and JNK Inhibitor IX which are
of unknown permeability. Compounds in the inhibitor panel
are mostly ATP-binding site competitive inhibitors, although
20 compounds are labeled as non ATP-competitive compounds
(including 1 allosteric compound). These compounds are: Bcr-
abl Inhibitor, AG 490, AG 112, Akt Inhibitor X, AG 1024, Akt
Inhibitor V—Triciribine, Akt Inhibitor VIII, Isozyme-Selectiv—
Akti-1/2, Chelerythrine Chloride, MEK1/2 Inhibitor, MNK1
Inhibitor, KN-62, Cdk4 Inhibitor II—NSC 625987, ERK Inhibitor
III, MK2a Inhibitor, MEK Inhibitor I, Sphingosine Kinase
Inhibitor, PD 98059, GSK-3b Inhibitor I, KN-93 and the allosteric
inhibitor IGF-1R Inhibitor II. Information on the branch of the
kinome targeted is provided together with experimental results in

Table 1; further details on each inhibitor are available from the
supplier. Then, selected molecules were further tested at lower
doses. For those selected compounds that were found to inhibit
>50% at 1 μM, an IC50 (inhibitor concentration yielding 50%
inhibition) was determined. To this end, compounds were tested
in triplicate with full length LRRK2 protein (Taymans et al.,
2011; Civiero et al., 2012) at concentrations of 10 μM, 1 μM,
300 nM, 100 nM, 30 nM, 10 nM, 3 nM, 1 nM, 100 pM, 10 pM,
and solvent. An inhibition curve was fitted and IC50s calcu-
lated using GraphPad Prism version 5.01 for Windows (GraphPad
Software, San Diego, CA, USA). IC50s are expressed as pIC50
[= −log(IC50)].

LRRK2 CELLULAR ACTIVITY AND PHOSPHOSERINE 935 SPOTBLOT
DETECTION ASSAY
To assess LRRK2 cellular activity, an SH-SY5Y stable cell line
was first generated. SH-SY5Y cells were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 15% fetal bovine
serum and 1× non-essential amino acids (Gibco) at 37◦C and
5% CO2. Lentiviral vectors (LVs) encoding human 3xFlag-
LRRK2 under control of the cytomegalovirus (CMV) promoter
and co-expressing a hygromycin selection marker via an inter-
nal ribosomal entry site element were prepared and used for
cellular transduction as previously described (Civiero et al.,
2012). Following selection in medium containing 200 μg/ml
hygromycin, cells were expanded for use in experiments.

Cells were plated out into 96-well plates. When wells were
>80% confluent, cells were treated with kinase inhibitors by
dilution of the compounds into the cell culture medium to
the desired final concentration. Following a 2 h incubation of
the cells with kinase inhibitors, cells were immediately rinsed
in PBS and lysed in lysis buffer [20 mM Tris-HCl pH 7.5,
150 mM NaCl, 1 mM EDTA, 0.5% Tween 20 or 1% Triton X-100,
2.5 mM sodium pyrophosphate, 1mM beta-glycerophosphate,
1 mM NaVO4, protease inhibitor cocktail and phosphatase
inhibitor cocktail (Roche)]. Lysates were centrifuged for 30 min
at 14000 × g. Supernatant was spotted to hydrated pvdf mem-
branes and LRRK2 phospho-Ser935 levels as well as total LRRK2
levels were sequentially determined by immunoblot detection
using the rabbit monoclonal anti-phospho-S935-LRRK2 anti-
body [Epitomics, clone UDD2 10(12)] and the mouse mon-
oclonal anti-LRRK2 antibody N138/6 (Neuromab) or flag-M2
antibody followed by incubation with appropriate secondary
horseradish peroxidase coupled antibodies and chemilumines-
cent detection using ECL plus HRP substrate (Thermo Scientific,
Rockford, IL, USA). Densitometric analysis of the immunore-
active spots was performed using Aida analyzer v1.0 (Raytest,
Straubenhardt, Germany). Phosphorylation levels were deter-
mined by the ratio of phospho-LRRK2 to total LRRK2, normal-
ized to solvent controls.

Z′ DETERMINATION
To determine Z′ of the in vitro LRRKtide assay or the cellular
Ser935 dephosphorylation assay, the following formula was used:

Z
′ = 1 −

(
3σ+c + 3σ−c

|μ−c − μ+c|
)
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where σ+c, σ−c, μ+c, and μ−c are the standard deviation (σ)
and mean (μ) of the positive control samples (+c, LRRK2-IN1
10 μM for the LRRKtide assay, CZC 10 μM treated samples in the
pS935 dephosphorylation assay) or negative control samples (−c,
DMSO treated samples). Results are based on values from 3–10
replicates from the same assay run.

MODELLING THE LRRK2 KINASE DOMAIN BASED ON MULTIPLE
TEMPLATES
All the following steps were conducted using MODELLER
9v9 (Sali and Blundell, 1993), unless otherwise stated. First,
human TKL kinases with a DFG-in activation loop confor-
mation (i.e., active conformation) available at that time in
the “Kinase Database” implemented in Molecular Operating
Environment (MOE, Chemical Computing Group Inc., 1010
Sherbooke St. West, Suite #910, Montreal, QC, Canada, H3A
2R7, 2013) were structurally aligned using the alignment.salign
command. Afterwards, this structure domain was superimposed
on the LRRK2 kinase domain. The TKL kinases B-Raf (Rapidly
accelerated fibrosarcoma) (PDB 3OG7; Bollag et al., 2010) and
MLK1 (Mixed Lineage Kinase 1) (PDB 3DTC; Hudkins et al.,
2008) and—for one short stretch of 11 amino-acids in the N-
terminal region of LRRK2 kinase (corresponding to LRRK2
amino acids 1872–1882 found just N-terminal of the P-loop, see
Figure 6A)—IRAK-4 (Interleukin-1 Receptor–Associated Kinase
4) (PDB 2NRU; Wang et al., 2006) displayed the highest identity
with the LRRK2 kinase domain and were chosen as templates.
The final alignment between B-Raf, MLK1, IRAK-4, and the
LRRK2 kinase domain is shown in Figure 6A. A 3D model of
LRRK2 kinase domain was calculated by satisfaction of spatial
restraints and screened for unfavorable regions by computing the
Discrete Optimized Protein Energy (DOPE) score per residue.
The alignment was modified using iterative alignment-modeling-
evaluation steps until no improvement could be found. For the
top-scoring alignment, multiple models were computed and sub-
jected to a rough refining procedure: each model is optimized
with the variable target function method with conjugate gradi-
ents and further refined using molecular dynamics with simulated
annealing. The LRRK2 kinase domain model with the best DOPE
score, GA341 score and Modeler objective function was selected.

Explicit hydrogen atoms were added and the model was sub-
jected to a more thorough refining procedure with MOE using the
AMBER99 force field with Born solvation model. First, all incon-
sistencies and outliers were selected (as observed from values
in the Ramachandran plot, backbone bond angles and lengths,
the rotamer strain energy, and atom clashes), the other residues
were potentially fixed and an energy minimization (EM) was per-
formed with backbone atoms restrained to 100. The EM was
terminated when the RMS gradient fell below 0.1. A final EM was
performed on all atoms with all backbone atoms restrained to 10.
This minimization was terminated when the RMS gradient fell
below 0.1.

QUALITY
Model quality has been checked by computational methods, giv-
ing us a good validation of the reliability of the model. The
Ramachandran Plot assured very good confidence: only 0.7%
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Table 2 | Overview of in silico, in vitro and cellular activities of selected kinase inhibitors.

Compound Compound GBVI/WSA pIC50 in vitro IC50 in vitro Cellular pS935 pIC50 cellular IC50 cellular

class dG Score (lrrktide) (lrrktide, nM) (% @ 5 µM) (pS935) (pS935, nM)

AG 1478 B 0.6074 5.43 3732.50 75.11 NA NA

Aminopurvalanol A A −5.7089 5.69 2027.68 121.05 NA NA

Aurora kinase inhibitor II A 0.0905 <5 >1E4 69.85 NA NA

Bohemine A −4.9590 <5 >1E4 83.36 NA NA

BPIQ-I B −3.5711 5.12 7649.22 88.55 NA NA

Cdk1 inhibitor C −5.6508 <5 >1E4 78.35 NA NA

Cdk1 inhibitor. CGP74514A A −5.4352 5.46 3467.37 83.35 NA NA

CDK2 inhibitor III A −5.9534 <5 >1E4 100.49 NA NA

Compound 52 A −4.9190 5.41 3926.45 76.44 NA NA

Compound 56 B −2.8627 5.52 3013.01 86.56 NA NA

DMBI C −5.5592 5.83 1482.81 54.34 NA NA

EGFR/ErbB-2 inhibitor B 0.3668 <5 >1E4 67.43 NA NA

GSK-3 inhibitor IX C −3.9610 5.95 1122.02 104.53 NA NA

GSK-3 inhibitor X C −4.3149 <5 >1E4 106.06 NA NA

IC261 C −4.7642 <5 >1E4 78.81 NA NA

Indirubin derivative E804 C −6.0607 6.16 685.49 101.13 NA NA

Indirubin-3′-monoxime C −5.0838 5.75 1786.49 85.53 NA NA

JAK3 inhibitor II B 0.2193 5.92 1202.26 63.02 NA NA

JAK3 inhibitor VI C −5.6557 6.76 173.78 40.36 <5.7 >2000

Met kinase inhibitor C −4.7526 7.37 42.95 52.43 NA NA

NF-KB activation inhibitor B 0.7201 <5 >1E4 65.67 NA NA

PD 174265 B −3.4813 5.05 8871.56 67.74 NA NA

PDGF receptor tyrosine
kinase inhibitor III

B −1.7337 <5 >1E4 72.83 NA NA

PKR inhibitor C −5.8928 6.44 363.08 29 5.88 1312.00

PKR inhibitor. negative control C −5.9853 6.53 297.17 72.69 NA NA

Purvalanol A A −5.8267 5.34 4570.88 121.26 NA NA

Src kinase inhibitor I B 1.8876 6.03 936.22 61.51 NA NA

SU11652 C −7.5028 7.96 10.89 14.19 6.50 316.23

SU6656 C −7.3049 8.00 10.00 14.34 6.37 422.67

SU9516 C −5.8674 5.68 2103.78 94.62 NA NA

Syk inhibitor C −6.5548 6.20 632.41 57.29 NA NA

VEGF receptor 2 kinase
inhibitor I

C −6.6034 7.61 24.55 60.83 NA NA

VEGF receptor 2 kinase
inhibitor II

C −6.4887 7.44 36.31 37.26 <5.7 >2000

VEGF receptor 2 kinase
inhibitor III

C −5.4369 6.56 272.90 45.08 <5.7 >2000

VEGF receptor tyrosine
kinase inhibitor III. KRN63

B −0.9464 <5 >1E4 62.48 NA NA

Cdk1/2 inhibitor III NA NA 9.04 0.91 13.15 8.93 1.18

Staurosporine NA NA 9.57 0.27 8.89 8.76 1.75

LRRK2 IN1 NA NA 8.45 3.54 9.32 6.55 279.90

CZC25146 NA NA 8.75 1.78 8.62 7.36 43.65

Compounds belong to one of three different structural classes (A, 9-methyl-N-phenylpurine-2,8-diamine, B, N-phenylquinazolin-4-amine, or C, 1,3-dihydroindol-2-one

analogs, see second column) as well as selected reference compounds. In silico docking values given are GBVI/WSA dG. In vitro activities and cellular activities as

measured by the LRRKtide assay and phosphoserine 935 assay, respectively, are given both as pIC50 as well as the corresponding IC50 expressed in nM. In vitro

inhibition values at the single dose of 10 µM and cellular phosphorylation levels at 5 µM are given in Table 1 for all 160 compounds of the kinase inhibitor panel,

cellular phosphorylation levels at 5 µM are also given here for all compounds in the table. See Results and Materials and Methods sections for more details. NA,

not applicable.

Frontiers in Molecular Neuroscience www.frontiersin.org June 2014 | Volume 7 | Article 51 | 16

http://www.frontiersin.org/Molecular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Neuroscience/archive


Vancraenenbroeck et al. Kinome-wide analysis of LRRK2 dephosphorylation

Table 3 | Overview of TKL kinases with a DFG in conformation

available in the MOE “Kinase Database” and their sequence identity

with the LRRK2 kinase domain.

PDB Family Kinase Resolution (Å) SEQ ID

3HMM STKR TGFβR1 (or ALK5) 1.70 23

3OOM ALK2 (or ActR1) 2.00 24

3MDY BMPR1B 2.05 23

3MY0 ALK1 2.65 21

3G2F BMPR2 2.35 23

2QLU ActR2 2.00 21

2NRU IRAK IRAK4 2.00 24

3OG7 RAF B-RAF 2.45 29

3OMV C-RAF (or RAF-1) 4.00 27

2EVA MLK TAK1 2.00 25

3DTC MAPKKK9 (or MLK1) 2.60 34

The PDB code, resolution and the family each kinase belongs to as well

as the sequence identity to the LRRK2 kinase domain are provided. The

three TKL kinases chosen as templates are highlighted in red. Abbreviations:

IRAK, interleukin-1 receptor–associated kinase; MLK, mixed lineage kinase; RAF,

rapidly accelerated fibrosarcoma; SEQ ID, sequence identity to the LRRK2

kinase domain; STKR, S/T kinase receptors.

residues in the disallowed region and 2.1% residues outside
generously allowed regions. 2.9% of the residues had unfavor-
able bond angles and 1.1% had unfavorable dihedrals. However,
most of these residues were oriented away from the active site
(Figure 6C). Assessment of model quality using Meta-MQAPII
(Pawlowski et al., 2008) gave absolute global deviations, expressed
as RMS deviation (3.47 Å) and Global Distance Test Total Score
(65.98), for the model vs. the unknown true structure, indicating
a medium quality model. The Meta-MQAPII score per residue
is shown in Figure 6C. The only unfavorable regions were the
loop regions, especially the activation loop, explained by the lack
of a good template for these regions (Figure 6A). Overall, the
activation loop is also rather flexible for kinases (un-crystallized
region). Since these unfavorable modeled loops are not part of
the ligand binding site, we proceeded with the LRRK2 kinase
domain homology model. PyMOL and MOE were used as a visu-
alization tool. The model is freely available upon request to the
corresponding authors.

PREPARATION OF THE IN SILICO KINASE INHIBITOR DATABASE
The kinase inhibitor database was supplied as a two-dimensional
structure data file by EMD4Biosciences (USA). Using the MOE
Structure Database Tools (sdwash, sdcharges, and sdstereo com-
mands), the database was curated. Based on the fact that
different stereoisomers may have different activities, molecu-
lar docking simulations were carried out for both stereoiso-
mers. Generation of 3D structures was done via the energy
minimize command using default settings. We used the
MMFF94x force field. All data were stored in a MOE molecular
database file.

Common substructures, based on the analysis of PDB kinase
ligands by Ghose and co-workers (Ghose et al., 2008), were found
using Instant JChem (ChemAxon, Hungary).

PROTEIN-LIGAND DOCKING AND SCORING
After homology modeling with MODELLER (Sali and Blundell,
1993), the generated alternative conformations of the ligands were
docked into the active site using MOE. A preliminary docking
step, where staurosporine was docked in the LRRK2 active site,
was applied to optimize the local environment to acquire the most
optimal binding pose in the subsequent docking step. The crystal
structures B-Raf (PDB 3OG7), MLK1 (PDB 3DTC), and IRAK-
4 (PDB 2NRU) were protonated using Protonate3D module
of MOE.

For docking simulations, initial binding conformations were
generated for the purine, quinazoline, and oxindol deriva-
tives (termed compound classes A–C) of the kinase inhibitor
database. These initial binding conformations were refined
using pharmacophore models for these three compound classes
(Figures 7A–C). The pharmacophore models were based on
structural elements, shared by all derivatives in one class that are
essential for interaction with LRRK2. During the refinement step,
ligands that fulfilled the pharmacophore hypothesis were allowed
to advance and an optimized binding conformation was saved in a
MOE molecular database file. Ligands that didn’t satisfy the phar-
macophore requirements were excluded from subsequent steps.
The DOCK module was used and default settings were applied. A
force field based scoring function was used: GBVI/WSA dG. After
docking, the results were collected by receptor (i.e., docking val-
ues obtained with each of the four kinase structures tested). For
each ligand the best scoring (e.g., lowest energy) docking pose was
kept.

RECEIVER OPERATING CHARACTERISTICS PLOTS
Receiver operating characteristic plots are useful as a graphical
illustration of the performance of the in silico docking strategy
as they can evaluate the computed docking values together with
measured activities (either in vitro or cellular). Here, we plot-
ted the receiver operating characteristic plots as false positive rate
(equivalent to the 1—specificity) vs. the true positive rate (equiva-
lent to the sensitivity), therefore docking strategies which plotted
on average above the diagonal can be considered to have predic-
tive value (this is also reflected by the AUC which is >0.5 for
predictive docking strategies). In more detail, for each ligand,
the activity/inactivity was indicated by adding 1 and 0 respec-
tively based on the in vitro LRRKtide assay or cellular pS935
dephosphorylation assay. Ligands with at least 50% inhibitory
activity at 1 μM in the LRRKtide assay or at least 50% inhibitory
activity at 5 μM in the cellular pS935 dephosphorylation assay
were designated as active. A receiver operating characteristic plot
was generated for each receptor (i.e., for each kinase model)
using CROC v1.0 (Swamidass et al., 2010). Plots were made with
Deltagraph V7 (2014 RedRock Software, Salt Lake City, USA).

CORRELATION ANALYSIS
To evaluate the correlation between the different activities
obtained for tested kinase inhibitors, pairs of activity values were
plotted against each other in GraphPad Prism 5.01 (GraphPad
Software Inc.). Linear regression analysis was performed and a
trendline was drawn as well as the 95% confidence band. Finally,
Pearson’s r-coefficient was calculated and a two tailed correlation

Frontiers in Molecular Neuroscience www.frontiersin.org June 2014 | Volume 7 | Article 51 | 17

http://www.frontiersin.org/Molecular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Neuroscience/archive


Vancraenenbroeck et al. Kinome-wide analysis of LRRK2 dephosphorylation

significance test performed (GraphPad). The level of statistical
significance was set at P < 0.05.

ACKNOWLEDGMENTS
We thank the FWO-Vlaanderen (Research Foundation—
Flanders) [FWO project number G.0666.09, research credit
number KAN2012 1.5.216.12 and fellowships to Renée
Vancraenenbroeck, Evy Lobbestael, and Jean-Marc Taymans], the
IWT (Agency for Innovation by Science and Technology) [grant
SBO/80020], the KU Leuven [grant numbers OT/08/052A, IOF-
KP/07/ 001 and GOA 12/016] and the Fund Druwé-Eerdekens
managed by the King Baudouin Foundation for their support.

REFERENCES
Asensio, C. J., and Garcia, R. C. (2003). Determination of a large number of kinase

activities using peptide substrates, P81 phosphocellulose paper arrays and phos-
phor imaging. Anal. Biochem. 319, 21–33. doi: 10.1016/S0003-2697(03)00282-3

Bain, J., Plater, L., Elliott, M., Shpiro, N., Hastie, C. J., McLauchlan, H., et al. (2007).
The selectivity of protein kinase inhibitors: a further update. Biochem. J. 408,
297–315. doi: 10.1042/BJ20070797

Bollag, G., Hirth, P., Tsai, J., Zhang, J., Ibrahim, P. N., Cho, H., et al. (2010). Clinical
efficacy of a RAF inhibitor needs broad target blockade in BRAF-mutant
melanoma. Nature 467, 596–599. doi: 10.1038/nature09454

Choi, H. G., Zhang, J., Deng, X., Hatcher, J. M., Patricelli, M. P., Zhao, Z., et al.
(2012). Brain Penetrant LRRK2 Inhibitor. ACS Med. Chem. Lett. 3, 658–662.
doi: 10.1021/ml300123a

Civiero, L., Vancraenenbroeck, R., Belluzzi, E., Beilina, A., Lobbestael, E., Reyniers,
L., et al. (2012). Biochemical characterization of highly purified leucine-rich
repeat kinases 1 and 2 demonstrates formation of homodimers. PLoS ONE
7:e43472. doi: 10.1371/journal.pone.0043472

Cookson, M. R. (2010). The role of leucine-rich repeat kinase 2 (LRRK2) in
Parkinson’s disease. Nat. Rev. Neurosci. 11, 791–797. doi: 10.1038/nrn2935

Davies, S. P., Reddy, H., Caivano, M., and Cohen, P. (2000). Specificity and mech-
anism of action of some commonly used protein kinase inhibitors. Biochem. J.
351, 95–105. doi: 10.1042/0264-6021:3510095

Delbroek, L., Van Kolen, K., Steegmans, L., Da Cunha, R., Mandemakers, W.,
Daneels, G., et al. (2013). Development of an enzyme-linked immunosor-
bent assay for detection of cellular and in vivo LRRK2 S935 phos-
phorylation. J. Pharm. Biomed. Anal. 76, 49–58. doi: 10.1016/j.jpba.2012.
12.002

Deng, X., Choi, H. G., Buhrlage, S. J., and Gray, N. S. (2012). Leucine-rich repeat
kinase 2 inhibitors: a patent review (2006 - 2011). Expert Opin. Ther. Pat. 22,
1415–1426. doi: 10.1517/13543776.2012.729041

Deng, X., Dzamko, N., Prescott, A., Davies, P., Liu, Q., Yang, Q., et al. (2011).
Characterization of a selective inhibitor of the Parkinson’s disease kinase
LRRK2. Nat. Chem. Biol. 7, 203–205. doi: 10.1038/nchembio.538

Doggett, E. A., Zhao, J., Mork, C. N., Hu, D., and Nichols, R. J. (2012).
Phosphorylation of LRRK2 serines 955 and 973 is disrupted by Parkinson’s
disease mutations and LRRK2 pharmacological inhibition. J. Neurochem. 120,
37–45. doi: 10.1111/j.1471-4159.2011.07537.x

Dzamko, N., Deak, M., Hentati, F., Reith, A. D., Prescott, A. R., Alessi,
D. R., et al. (2010). Inhibition of LRRK2 kinase activity leads to
dephosphorylation of Ser(910)/Ser(935), disruption of 14-3-3 binding and
altered cytoplasmic localization. Biochem. J. 430, 405–413. doi: 10.1042/
BJ20100784

Dzamko, N., Inesta-Vaquera, F., Zhang, J., Xie, C., Cai, H., Arthur, S., et al. (2012).
The IkappaB Kinase Family Phosphorylates the Parkinson’s Disease Kinase
LRRK2 at Ser935 and Ser910 during Toll-Like Receptor Signaling. PLoS ONE
7:e39132. doi: 10.1371/journal.pone.0039132

Ghose, A. K., Herbertz, T., Pippin, D. A., Salvino, J. M., and Mallamo, J. P.
(2008). Knowledge based prediction of ligand binding modes and rational
inhibitor design for kinase drug discovery. J. Med. Chem. 51, 5149–5171. doi:
10.1021/jm800475y

Gillardon, F., Kremmer, E., Froehlich, T., Ueffing, M., Hengerer, B., and Gloeckner,
C. J. (2013). ATP-competitive LRRK2 inhibitors interfere with monoclonal
antibody binding to the kinase domain of LRRK2 under native conditions. A

method to directly monitor the active conformation of LRRK2? J. Neurosci.
Methods 214, 62–68. doi: 10.1016/j.jneumeth.2012.12.015

Gloeckner, C. J., Boldt, K., Von Zweydorf, F., Helm, S., Wiesent, L., Sarioglu,
H., et al. (2010). phosphopeptide analysis reveals two discrete clusters of
phosphorylation in the N-terminus and the roc domain of the parkinson-
disease associated protein kinase LRRK2. J. Proteome Res. 9, 1738–1745. doi:
10.1021/pr9008578

Greggio, E., Jain, S., Kingsbury, A., Bandopadhyay, R., Lewis, P., Kaganovich,
A., et al. (2006). Kinase activity is required for the toxic effects of mutant
LRRK2/dardarin. Neurobiol.Dis. 23, 329–341. doi: 10.1016/j.nbd.2006.04.001

Greggio, E., and Singleton, A. (2007). Kinase signaling pathways as potential targets
in the treatment of Parkinson’s disease. Expert Rev. Proteomics 4, 783–792. doi:
10.1586/14789450.4.6.783

Greggio, E., Taymans, J. M., Zhen, E. Y., Ryder, J., Vancraenenbroeck, R., Beilina,
A., et al. (2009). The Parkinson’s disease kinase LRRK2 autophosphorylates
its GTPase domain at multiple sites. Biochem. Biophys. Res. Commun. 389,
449–454. doi: 10.1016/j.bbrc.2009.08.163

Healy, D. G., Falchi, M., O’Sullivan, S. S., Bonifati, V., Durr, A., Bressman, S., et al.
(2008). Phenotype, genotype, and worldwide genetic penetrance of LRRK2-
associated Parkinson’s disease: a case-control study. Lancet Neurol. 7, 583–590.
doi: 10.1016/S1474-4422(08)70117-0

Hermanson, S. B., Carlson, C. B., Riddle, S. M., Zhao, J., Vogel, K. W., Nichols, R. J.,
et al. (2012). Screening for novel LRRK2 inhibitors using a high-throughput TR-
FRET cellular assay for LRRK2 Ser935 phosphorylation. PLoS ONE 7:e43580.
doi: 10.1371/journal.pone.0043580

Hudkins, R. L., Diebold, J. L., Tao, M., Josef, K. A., Park, C. H., Angeles,
T. S., et al. (2008). Mixed-lineage kinase 1 and mixed-lineage kinase 3
subtype-selective dihydronaphthyl[3,4-a]pyrrolo[3,4-c]carbazole-5-ones: opti-
mization, mixed-lineage kinase 1 crystallography, and oral in vivo activity in
1-methyl-4-phenyltetrahydropyridine models. J. Med. Chem. 51, 5680–5689.
doi: 10.1021/jm8005838

Huse, M., and Kuriyan, J. (2002). The conformational plasticity of protein kinases.
Cell 109, 275–282. doi: 10.1016/S0092-8674(02)00741-9

Jaleel, M., Nichols, R. J., Deak, M., Campbell, D. G., Gillardon, F., Knebel, A., et al.
(2007). LRRK2 phosphorylates moesin at threonine-558: characterization of
how Parkinson’s disease mutants affect kinase activity. Biochem.J. 405, 307–317.
doi: 10.1042/BJ20070209

Kramer, T., Lo Monte, F., Goring, S., Okala Amombo, G. M., and Schmidt,
B. (2012). Small molecule kinase inhibitors for LRRK2 and their applica-
tion to Parkinson’s disease models. ACS Chem. Neurosci. 3, 151–160. doi:
10.1021/cn200117j

Lee, B. D., Dawson, V. L., and Dawson, T. M. (2012). Leucine-rich repeat kinase
2 (LRRK2) as a potential therapeutic target in Parkinson’s disease. Trends
Pharmacol. Sci. 33, 365–373. doi: 10.1016/j.tips.2012.04.001

Lee, B. D., Shin, J. H., Vankampen, J., Petrucelli, L., West, A. B., Ko, H. S., et al.
(2010). Inhibitors of leucine-rich repeat kinase-2 protect against models of
Parkinson’s disease. Nat. Med. 16, 998–1000. doi: 10.1038/nm.2199

Lewis, P. A., and Manzoni, C. (2012). LRRK2 and human disease: a complicated
question or a question of complexes? Sci. Signal. 5, pe2. doi: 10.1126/scisig-
nal.2002680

Li, X., Wang, Q. J., Pan, N., Lee, S., Zhao, Y., Chait, B. T., et al. (2011).
Phosphorylation-dependent 14-3-3 binding to LRRK2 is impaired by com-
mon mutations of familial Parkinson’s disease. PLoS ONE 6:e17153. doi:
10.1371/journal.pone.0017153

Lobbestael, E., Baekelandt, V., and Taymans, J. M. (2012). Phosphorylation of
LRRK2: from kinase to substrate. Biochem. Soc. Trans. 40, 1102–1110. doi:
10.1042/BST20120128

Lobbestael, E., Zhao, J., Rudenko, I. N., Beylina, A., Gao, F., Wetter, J.,
et al. (2013). Identification of protein phosphatase 1 as a regulator of
the LRRK2 phosphorylation cycle. Biochem. J. 456, 119–128. doi: 10.1042/
BJ20121772

Marin, I. (2006). The Parkinson disease gene LRRK2: evolutionary and structural
insights. Mol. Biol. Evol. 23, 2423–2433. doi: 10.1093/molbev/msl114

Mata, I. F., Wedemeyer, W. J., Farrer, M. J., Taylor, J. P., and Gallo, K. A. (2006).
LRRK2 in Parkinson’s disease: protein domains and functional insights. Trends
Neurosci. 29, 286–293. doi: 10.1016/j.tins.2006.03.006

Nichols, R. J., Dzamko, N., Hutti, J. E., Cantley, L. C., Deak, M., Moran, J., et al.
(2009). Substrate specificity and inhibitors of LRRK2, a protein kinase mutated
in Parkinson’s disease. Biochem. J. 424, 47–60. doi: 10.1042/BJ20091035

Frontiers in Molecular Neuroscience www.frontiersin.org June 2014 | Volume 7 | Article 51 | 18

http://www.frontiersin.org/Molecular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Neuroscience/archive


Vancraenenbroeck et al. Kinome-wide analysis of LRRK2 dephosphorylation

Nichols, R. J., Dzamko, N., Morrice, N. A., Campbell, D. G., Deak, M., Ordureau,
A., et al. (2010). 14-3-3 binding to LRRK2 is disrupted by multiple Parkinson’s
disease-associated mutations and regulates cytoplasmic localization. Biochem. J.
430, 393–404. doi: 10.1042/BJ20100483

Nolen, B., Taylor, S., and Ghosh, G. (2004). Regulation of protein kinases; control-
ling activity through activation segment conformation. Mol. Cell 15, 661–675.
doi: 10.1016/j.molcel.2004.08.024

Paisan-Ruiz, C., Nath, P., Washecka, N., Gibbs, J. R., and Singleton, A. B. (2008).
Comprehensive analysis of LRRK2 in publicly available Parkinson’s disease
cases and neurologically normal controls. Hum. Mutat. 29, 485–490. doi:
10.1002/humu.20668

Pawlowski, M., Gajda, M. J., Matlak, R., and Bujnicki, J. M. (2008). MetaMQAP: a
meta-server for the quality assessment of protein models. BMC Bioinformatics
9:403. doi: 10.1186/1471-2105-9-403

Pierce, J. W., Schoenleber, R., Jesmok, G., Best, J., Moore, S. A., Collins, T., et al.
(1997). Novel inhibitors of cytokine-induced IkappaBalpha phosphorylation
and endothelial cell adhesion molecule expression show anti-inflammatory
effects in vivo. J. Biol. Chem. 272, 21096–21103. doi: 10.1074/jbc.272.
34.21096

Ramsden, N., Perrin, J., Ren, Z., Lee, B. D., Zinn, N., Dawson, V. L., et al.
(2011). Chemoproteomics-based design of potent LRRK2-selective lead com-
pounds that attenuate Parkinson’s disease-related toxicity in human neurons.
ACS Chem. Biol. 6, 1021–1028. doi: 10.1021/cb2002413

Reith, A. D., Bamborough, P., Jandu, K., Andreotti, D., Mensah, L., Dossang, P.,
et al. (2012). GSK2578215A; a potent and highly selective 2-arylmethyloxy-
5-substitutent-N-arylbenzamide LRRK2 kinase inhibitor. Bioorg. Med. Chem.
Lett. 22, 5625–5629. doi: 10.1016/j.bmcl.2012.06.104

Rudenko, I. N., Kaganovich, A., Hauser, D. N., Beylina, A., Chia, R., Ding, J.,
et al. (2012). The G2385R variant of leucine-rich repeat kinase 2 associated
with Parkinson’s disease is a partial loss-of-function mutation. Biochem. J. 446,
99–111. doi: 10.1042/BJ20120637

Sali, A., and Blundell, T. L. (1993). Comparative protein modelling by satisfaction
of spatial restraints. J. Mol. Biol. 234, 779–815. doi: 10.1006/jmbi.1993.1626

Singleton, A. B., Farrer, M. J., and Bonifati, V. (2013). The genetics of Parkinson’s
disease: progress and therapeutic implications. Mov. Disord. 28, 14–23. doi:
10.1002/mds.25249

Smith, W. W., Pei, Z., Jiang, H., Dawson, V. L., Dawson, T. M., and Ross, C.
A. (2006). Kinase activity of mutant LRRK2 mediates neuronal toxicity. Nat.
Neurosci. 9, 1231–1233. doi: 10.1038/nn1776

Swamidass, S. J., Azencott, C. A., Daily, K., and Baldi, P. (2010). A CROC stronger
than ROC: measuring, visualizing and optimizing early retrieval. Bioinformatics
26, 1348–1356. doi: 10.1093/bioinformatics/btq140

Taymans, J. M. (2012). The GTPase function of LRRK2. Biochem. Soc. Trans. 40,
1063–1069. doi: 10.1042/BST20120133

Taymans, J. M., Vancraenenbroeck, R., Ollikainen, P., Beilina, A., Lobbestael, E.,
De Maeyer, M., et al. (2011). LRRK2 Kinase Activity Is Dependent on LRRK2
GTP Binding Capacity but Independent of LRRK2 GTP Binding. PLoS ONE
6:e23207. doi: 10.1371/journal.pone.0023207

Vancraenenbroeck, R., Lobbestael, E., De Maeyer, M., Baekelandt, V., and
Taymans, J. M. (2011). Kinases as targets for Parkinson’s disease; from
genetics to therapy. CNS Neurol. Disord. Drug Targets 10, 724–740. doi:
10.2174/187152711797247858

Voet, A. R., Kumar, A., Berenger, F., and Zhang, K. Y. (2014). Combining in silico
and in cerebro approaches for virtual screening and pose prediction in SAMPL4.
J. Comput. Aided Mol. Des. doi: 10.1007/s10822-013-9702-2. [Epub ahead of
print].

Wang, Z., Liu, J., Sudom, A., Ayres, M., Li, S., Wesche, H., et al. (2006).
Crystal structures of IRAK-4 kinase in complex with inhibitors: a ser-
ine/threonine kinase with tyrosine as a gatekeeper. Structure 14, 1835–1844. doi:
10.1016/j.str.2006.11.001

West, A. B., Moore, D. J., Choi, C., Andrabi, S. A., Li, X., Dikeman, D., et al. (2007).
Parkinson’s disease-associated mutations in LRRK2 link enhanced GTP-binding
and kinase activities to neuronal toxicity. Hum. Mol. Genet. 16, 223–232. doi:
10.1093/hmg/ddl471

Yao, C., Johnson, W. M., Gao, Y., Wang, W., Zhang, J., Deak, M., et al. (2013). Kinase
inhibitors arrest neurodegeneration in cell and C. elegans models of LRRK2
toxicity. Hum. Mol. Genet. 22, 328–344. doi: 10.1093/hmg/dds431

Yun, H., Heo, H. Y., Kim, H. H., Dookim, N., and Seol, W. (2011). Identification
of chemicals to inhibit the kinase activity of leucine-rich repeat kinase 2
(LRRK2), a Parkinson’s disease-associated protein. Bioorg. Med. Chem. Lett. 21,
2953–2957. doi: 10.1016/j.bmcl.2011.03.061

Zhang, J., Deng, X., Choi, H. G., Alessi, D. R., and Gray, N. S. (2012).
Characterization of TAE684 as a potent LRRK2 kinase inhibitor. Bioorg. Med.
Chem. Lett. 22, 1864–1869. doi: 10.1016/j.bmcl.2012.01.084

Zhang, J. H., Chung, T. D., and Oldenburg, K. R. (1999). A simple statistical
parameter for use in evaluation and validation of high throughput screening
assays. J. Biomol. Screen. 4, 67–73. doi: 10.1177/108705719900400206

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Received: 28 February 2014; accepted: 14 May 2014; published online: 03 June 2014.
Citation: Vancraenenbroeck R, De Raeymaecker J, Lobbestael E, Gao F, De Maeyer
M, Voet A, Baekelandt V and Taymans J-M (2014) In silico, in vitro and cellular
analysis with a kinome-wide inhibitor panel correlates cellular LRRK2 dephosphory-
lation to inhibitor activity on LRRK2. Front. Mol. Neurosci. 7:51. doi: 10.3389/fnmol.
2014.00051
This article was submitted to the journal Frontiers in Molecular Neuroscience.
Copyright © 2014 Vancraenenbroeck, De Raeymaecker, Lobbestael, Gao, De Maeyer,
Voet, Baekelandt and Taymans. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Molecular Neuroscience www.frontiersin.org June 2014 | Volume 7 | Article 51 | 19

http://dx.doi.org/10.3389/fnmol.2014.00051
http://dx.doi.org/10.3389/fnmol.2014.00051
http://dx.doi.org/10.3389/fnmol.2014.00051
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Molecular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Neuroscience/archive

	In silico, in vitro and cellular analysis with a kinome-wide inhibitor panel correlates cellular LRRK2 dephosphorylation to inhibitor activity on LRRK2
	Introduction
	Results
	Testing of a Kinase Inhibitor Panel on LRRK2 in vitro Kinase Activity
	Testing of Kinase Inhibitor Panel in LRRK2 Cellular Phosphorylation Assay
	Correlation Between in vitro and Cellular Activity of Compounds
	LRRK2 Kinase Structural Model
	In silico Analysis of LRRK2 kinase—Ligand Interactions

	Discussion
	Materials and Methods
	In vitro Kinase Assay
	LRRK2 Cellular Activity and Phosphoserine 935 Spotblot Detection Assay
	Z' determination
	Modelling the LRRK2 Kinase Domain Based on Multiple Templates
	Quality
	Preparation of the in silico Kinase Inhibitor Database
	Protein-Ligand Docking and Scoring
	Receiver Operating Characteristics Plots
	Correlation Analysis

	Acknowledgments
	References


