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Abstract
Mutations in Leucine Rich Repeat Kinase 2 (LRRK2) are the leading genetic cause of Parkinson’s
disease (PD). LRRK2 is predicted to contain kinase and GTPase enzymatic domains, with recent
evidence suggesting that the kinase activity of LRRK2 is central to the pathogenic process associated
with this protein. The GTPase domain of LRRK2 plays an important role in the regulation of kinase
activity. To investigate the how the GTPase domain might be related to disease, we examined the
GTP binding and hydrolysis properties of wild type and a mutant LRRK2. We show that LRRK2
immunoprecipitated from cells has a detectable GTPase activity that is disrupted by a familial
mutation associated with PD located within the GTPase domain, R1441C.
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Introduction
LRRK2 is a 2527 amino acid protein of unknown function predicted to contain a kinase domain,
a ROC (Ras of Complex Proteins) domain and several protein/protein interaction domains
[1]. Mutations in LRRK2 result in autosomal dominant Parkinson disease (PD) [2;3;4;5] and
there is a great deal of interest in both the normal biology of LRRK2 and its role in the
pathogenesis of PD.

Pathogenic mutations are scattered throughout the predicted domains of LRRK2. Several
mutations have been described in the kinase domain of LRRK2 and two of these, I2020T and
G2019S, increase the kinase activity of the protein in autophosphorylation assays [6;7].
Furthermore, whilst expression of familial mutants in cultured cells leads to cell death,
expression of the mutants on a kinase dead background substantially reduces toxicity [8;9],
implying that the kinase activity of LRRK2 is required for pathogenesis. However, mutations
outside of the kinase domain have variable effects on kinase activity, at least as measured by
autophophorylation [9;10], leaving open the question of how mutations cause toxicity.

The ROC domain of LRRK2 is predicted to bind GTP and may have GTPase activity, similar
to other large proteins containing this domain [11]. However, sequence alignment of the ROC
domain with small GTPases reveals key differences between the two groups that imply that
LRRK2 would have lower intrinsic GTPase activity than small GTPases [12]. This is supported
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by experiments that report very low GTPase activity for LRRK2 compared to ras [12]. West
et al used GTP binding as a surrogate measure of GTPase activity and concluded that mutations
in LRRK2 increased activity [10]. Several previous studies have shown that GTP binding
increases kinase activity for both LRRK2 and the homologous kinase LRRK1 [8;12;13].

In this study, we established conditions where the low GTPase activity of LRRK2 could be
measured. We show that mutation in the ROC domain, R1441C, does not increase GTP binding
to any significant extent but instead decrease GTPase activity. We also determine the effects
of GTP binding mutations on the related kinase activity.

Materials and Methods
Vectors and cell lines

Wild type and pathogenic LRRK2 variants were cloned as previously described [9] and
expressed from the pDEST51 vector (Invitrogen, Carlsbad, CA) containing an EF1α promoter
and a C-terminal V5 epitope tag. The K1347A mutant in the GTP γ phosphate coordinating
motif, predicted to interfere with GTP binding [ 8; 13 ], was also made by mutagenesis (primer
sequences are available on request from the authors).

GTP Pulldown Assay
Pulldowns were carried out using GTP conjugated to sepharose beads as previously described
[13;14]. Competition experiments were performed by adding 10mM GTP to the beads after
pulldown. Amounts of V5 tagged LRRK2 were measured by densitometry using a STORM
840 scanner (Amersham) and results are expressed as the amount of protein in the pulldown
relative to the input.

GTPase Assay
Cells were lysed as described previously [14] and centrifuged to remove insoluble material.
Supernatants were incubated with anti-V5 agarose beads (Sigma) for 2 hrs at 4°C then washed
5 times with 1ml PBS supplemented with 300 mM NaCl and 1% Triton X-100. The beads were
washed once in 1mL of assay buffer (20mM HEPES pH 7.2, 2mM MgCl2, 1mM DTT, 0.005%
BSA), re-suspended in 40μL of the same buffer and α32P-GTP (5μCi; GE healthcare) was
added to each reaction. Samples were incubated at room temperature with vigorous shaking
and 1μL aliquots removed at time points from 0-60 minutes and spotted onto TLC plates
(Sigma). Samples were then subjected to rising thin layer chromatography under 1M formic
acid, 1.2M LiCl for two hours. Plates were dried for 5min and radioactive bands were detected
by autoradiography using a phosphoscreen. The precipitated V5 beads were washed with 1mL
of high salt PBS with 1% Triton X-100 and incubated with an equal volume of 2X Laemmli
sample buffer (Bio-rad) with 10% β Mercaptoethanol at 100°C for 10 min and run on SDS
PAGE. Gels were washed once and stained with coomassie blue to visualize isolated protein.

In vitro Kinase Assays
Autophosphorylation assays using immunoprecipitated LRRK2 were carried out as previously
described [9;14] and separated on 5% SDS-PAGE gels. Myelin basic protein (MBP) assays
were performed with the same kinase preparations and separated on 10-20% SDS-PAGE gels.
Quantitation was performed by measuring the amount of incorporated radioactivity in LRRK2
or MBP, and was corrected for protein loading by densitometry of blots for V5-tagged LRRK2
or from Ponceau staining of membranes for MBP.
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Results
GTP binding properties of LRRK2

LRRK2 variants were precipitated from whole cell lysates using immobilized GTP (figure 1).
Wild type and R1441C LRRK2 both bound strongly to GTP, which was blocked by a molar
excess of GTP. Quantitation of the amount of GTP bound LRRK2 compared to inputs did not
reveal any differences between R1441C and wild type. LRRK2 (P=0.94 by t-test; n=4).
K1347A could not be precipitated under the same conditions, confirming that this mutation
disrupts GTP binding.

GTPase activity of LRRK2
Using an in vitro GTPase assay system, the ability of wild type, R1441C and K1347A LRRK2
to hydrolyze GTP to GDP was examined. Compared to the K1347A mutant, wild type LRRK2
displayed an increased ability to convert GTP to GDP, demonstrating that LRRK2 contains an
active GTPase (figure 2). In contrast, the R1441C mutant had a much lower activity compared
to wild type LRRK2 under conditions of equal protein loading.

Kinase Analysis of LRRK2 GTPase mutants
The kinase activities of wild type, R1441C and K1347A LRRK2 were examined using an in
vitro assay for autophosphorylation and for phosphorylation of the generic substrate, MBP
(figure 3). As previously reported, the K1347A mutant displayed a decreased
autophosphorylation ability compared to wild type and decreased ability to phosphorylate
MBP. However, R1441C had activity indistinguishable from wild type in either assay.

Discussion
In this study, the GTP binding and hydrolysis properties of the PD associated protein LRRK2
were examined. In our experiments, immunoprecipitated LRRK2 is capable of both binding
and hydrolyzing GTP. We confirmed that the artificial K1347A mutant does not bind to GTP,
and showed that it also has a greatly decreased GTPase activity. Ito and colleagues [12] have
recently shown that the GTPase activity of LRRK2 is much less than that of ras, as expected
from sequence homology, but in apparent contradiction to our results. However, conditions for
immunoprecipitation differ slightly between the studies, suggesting that we may have co-
preciptated an active GTPase activating protein (GAP) that increases activity in a complex
with LRRK2. The low level hydrolysis of GTP in the K1347A mutant in our experiments would
be consistent with a copurifying GAP. There is some experimental evidence that LRRK2 can
be precipitated from cell lysates as a complex under conditions similar to those used for protein
isolation used in this study [7]. Identification of LRRK2 GAPs is an important priority to
resolve these difficulties. However, even in these conditions, ras is approximately 10-fold more
active than LRRK2 (data not shown), demonstrating that the GTPase activity of LRRK2 is in
fact very low and in agreement with previous studies [12].

Under these conditions, R1441C decreases GTPase activity. The R1441C mutation is predicted
to lie outside the GTPase binding pocket in a region that is not conserved through the various
GTPase families, so it is unlikely that it directly alters the GTPase activity of LRRK2. One
mechanism whereby this amino acid substitution could impact GTPase activity is by disrupting
an interaction between LRRK2 and a putative GAP or other co-factor. Whichever mechanisms
are involved, the fact that R1441C has lower GTPase activity in immune precipitated
complexes predicts that this mutation will increase the amount of time that LRRK2 spends in
a high affinity, GTP bound state. Although this does not increase kinase activity in two assays,
we suggest that it is likely to increase activity towards heterologous substrates, especially if
LRRK2 functions as a scaffold for other signaling molecules. We did not find that R1441C
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increases binding to GTP per se, despite previous suggestions that it might using similar
techniques [10]. Although we have validated (using K1347A) that these assays are capable of
distinguishing binding versus non-binding variants, whether these techniques are sensitive
enough to determine small differences in binding affinity is not yet clear.

In summary, this study represents the first demonstration that LRRK2 possesses GTPase
activity. Furthermore, the introduction of a PD familial mutation into the ROC domain of
LRRK2 disrupts GTPase activity, representing a mechanism whereby mutations in the ROC
domain could exert a pathogenic affect. These data are consistent with evidence that the GTPase
domain of LRRK2 is central to the regulation of the protein. To confirm this, investigation of
other mutations in and around the ROC domain and their impact on both GTPase activity and
the kinase activity of LRRK2 directed towards a physiologically relevant substrate is required.
However, our results suggest that both the GTPase and kinase domains of LRRK2 represent
tractable therapeutic targets for PD.
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Figure 1. Interaction of LRRK2 with GTP
(A) Full length, C-terminal V5 tagged, wild type (lane 1), K1347A (lane 2) and R1441C (lane
3) LRRK2 were expressed in COS7 and blotted for V5 (arrow shows LRRK2-V5) and β-actin
as a loading control (open arrowhead). Markers on the right of this and all blots are in
kilodaltons. (B) LRRK2 could be precipitated from cell lysates with sepharose beads
conjugated to GTP (lanes 1 and 5). Addition of 10mM GTP abolished this interaction (lanes
2 and 6). In contrast, the K1347A mutant could not be precipitated under the same conditions
(lanes 3 and 4). (C) Quantitation (n=4, error bars show the SEM) of the amount of V5-LRRK2
precipitated on GTP beads, corrected for the amount of V5-LRRK2 in the inputs, showed that
WT and R1441C were equivalent.

Lewis et al. Page 6

Biochem Biophys Res Commun. Author manuscript; available in PMC 2007 August 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. LRRK2 GTPase activity
(A) LRRK2-V5 constructs (lane 1, wild type; lane 2, K1347A; lane 3, R1441C) were
immunoprecipitated and analyzed by SDS PAGE with coomassie blue staining. Arrow shows
LRRK2 protein, the asterisks are non-specific immunoglobulin bands also present in
untransfected control samples (lane 4). (B) Over a 60-minute time course, wild type LRRK2
(left panel) hydrolyzes GTP (closed arrowhead) to GDP (open arrowhead) more readily than
K1347A (middle panel). Background hydrolysis was measured using samples from
untransfected cells (right panel). (C) Quantification of the percentage of GTP remaining (n=3;
error bars indicate the SEM) shows that the R1441C mutant (red) has lower GTPase activity
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than wild type LRRK2 (black). K1347A (blue) also had lower activity. Background activity
was measured using extracts from untransfected cells (green).
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Figure 3. Kinase assay of LRRK2 GTPase domain variants
The kinase activities of wild type (lane 1), K1347A (lane 2) and R1441C (lane 3) LRRK2 were
compared to untransfected cells (lane 4) for their ability to autophosphorylate (A, B) or to
phosphorylate the generic kinase substrate MBP (C, D). Activity was measured as
incorporated 32P into LRRK2 or MBP, corrected for LRRK2 protein in the assays by blotting
for V5 or for MBP loading by Ponceau staining and is expressed in arbitrary units (au).
Statistical significance was assessed with ANOVA with Newman-Kuells post-hoc tests (n=3;
**P<0.01 compared to wild type LRRK2). Background activity for autophosphorylation was
not detectable.
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