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Pathogenic mutations in the leucine-rich repeat kinase-2 (LRRK2) gene cause autosomal-dominant and
certain cases of sporadic Parkinson’s disease (PD). The G2019S substitution in LRRK2 is the most
common genetic determinant of PD identified so far, and maps to a specific region of the kinase domain
called the activation segment. Here, we show that autophosphorylation of LRRK2 is an intermolecular reaction
and targets two residues within the activation segment. The prominent pathogenic G2019S mutation in LRRK2
results in altered autophosphorylation, and increased autophosphorylation and substrate phosphorylation,
through a process that seems to involve reorganization of the activation segment. Our results suggest a mole-
cular mechanistic explanation for how the G2019S mutation enhances the catalytic activity of LRRK2, thereby
leading to pathogenicity. These findings have important implications for therapeutic strategies in PD.

INTRODUCTION

Dominant mutations in the leucine-rich repeat kinase-2
(LRRK2) gene are associated with both familial and sporadic
Parkinson’s disease (PD) (1,2). One specific missense
mutation in LRRK2 (G2019S) comprises the most common
genetic determinant of PD to date. While initially reported
with a frequency of 5–6% for familial and 1–2% for sporadic
PD cases (3–7), subsequent studies have revealed that
mutation frequency is dependent on ethnicity (8–11).
Extremely high frequency for the G2019S mutation has been
reported in Ashkenazi Jews (overall around 14%) and North
African Berber-Arabs (around 30%) (8,9), but low frequency
in Chinese (10,11). In addition, the majority of G2019S
carriers share a common haplotype dating several thousand
years back (12,13). Even though the reported high frequency
indicates a crucial role for mutant LRRK2 in PD suscepti-
bility, incomplete penetrance (2,12,14–16) suggests that
additional environmental and/or epigenetic factors may
regulate the expression of the PD phenotype.

The LRRK2 gene encodes for a large protein kinase
(280 kDa) with multiple domains (17). These include different

repeat sequences at the N-terminus such as ankyrin and
leucine-rich repeats (LRR), a Roc GTPase domain, followed
by a C-terminal of Roc (COR) domain, a kinase domain and
WD40 repeats (18,19). While the presence of multiple
protein–protein interaction domains hints towards a scaffold-
ing function, the presence of GTPase and kinase domains
suggests that LRRK2 may perform catalytic role(s). Indeed,
biochemical efforts to characterize LRRK2 have revealed
that it harbors kinase activity in vitro, which seems to be regu-
lated by its GTP binding and/or GTPase activity (20,21), such
that multiple signal transduction cascades may impact upon
LRRK2 function.

The prevalent G2019S mutation lies within the activation
segment of the kinase domain of LRRK2. Interestingly, the
activity of a large variety of protein kinases is controlled by
activation segment conformation, whereby phosphorylation
of this segment leads to a conformational change switching
the kinase from an ‘off’- to an ‘on’-state (22). Thus, the posi-
tion of the G2019S mutation within the primary sequence
suggests that it may directly modulate the catalytic status of
LRRK2. This possibility has been addressed by overexpres-
sing wild-type and mutant LRRK2 in tissue culture cells,
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followed by measurements of catalytic activity of immunopre-
cipitated protein. Indeed, the G2019S mutation was found to
increase the kinase activity of LRRK2 (23–25), in line with
an expected gain-of-function mechanism for its dominant
transmission. Furthermore, increased kinase activity of
G2019S-mutant LRRK2 resulted in increased apparent neuro-
toxicity (23–25). Although these studies suggest that
enhanced kinase activity may underlie the mechanism of PD
in G2019S carriers, the precise molecular basis by which
this mutation enhances LRRK2 catalytic activity remains to
be established.

In the present study, we have examined the effect of the
G2019S mutation on the catalytic activity of the purified,
recombinant LRRK2 kinase domain in vitro. For this purpose,
we established conditions to purify recombinant kinase in
vitro in its catalytically active form, and determined optimal
buffer conditions for autophosphorylation and model substrate
phosphorylation assays. We demonstrate that catalytic activity
of recombinant LRRK2 kinase is regulated by intermolecular
autophosphorylation at two residues within the activation
segment. In addition, we find that the mutation generates a
novel phosphorylation site within the activation segment. By
mutating select other residues within the activation segment

of wild-type and mutant kinase domain, we find that the
increased catalytic activity of the G2019S mutant seems to
involve reorganization of this segment to mimick the active
state of the kinase. Together, our results suggest a molecular
mechanism by which the G2019S mutation enhances the cata-
lytic activity of LRRK2, which has important implications for
the screening and design of kinase inhibitors as possible treat-
ment option for PD.

RESULTS

Catalytic activity of recombinant LRRK2 kinase

To establish in vitro phosphorylation reactions using purified,
recombinant LRRK2, we generated a series of GST-fusion
protein constructs encoding for various domains (Fig. 1A).
While the largest LRRK2 protein containing the Roc, COR,
kinase and WD40 domains was entirely insoluble under our
purification conditions, shorter domain combinations yielded
soluble proteins (Fig. 1B). The GST moiety enhanced solubi-
lity, which greatly decreased when GST-fusion proteins
were cleaved by thrombin to release the GST tag (data not
shown). A prominent contaminant, identified as hsp60 by mass

Figure 1. Characterization of the catalytic activity of recombinant LRRK2. (A) Schematic representation of LRRK2 domain structure, with domain boundaries
shown by amino acid residue numbers beneath, and of recombinant LRRK2 domain combinations (constructs 1–6) analysed in the present study. The predicted
molecular mass of each construct (including the GST moiety) is indicated in brackets. (B) The different recombinant GST-LRRK2 domains were purified as
described in Materials and Methods, and analysed for purity by SDS–PAGE and Coomassie staining. While the largest fusion protein (construct 1) was entirely
insoluble, other domain combinations (constructs 2–6) could be purified in soluble form (open circles). Significant amounts of GroEL (bacterial hsp60, as deter-
mined by mass spectroscopy) co-purified with all constructs containing the kinase domain. Positions of molecular weight markers are shown on the left (in kDa).
(C) Autophosphorylation and model substrate phosphorylation of 1 mg of purified recombinant LRRK2 domain (COR-kinase) (COR-kin) and 10 mg of MBP.
Top: Coomassie; Bottom: 32P autoradiograph. Phosphorylation reactions were performed in the presence or absence of 10 mM b-glycerolphosphate (+b-GP),
respectively. Note that the presence of b-glycerolphosphate preferentially stimulated autophosphorylation over substrate phosphorylation. (D) Quantitation of
MBP phosphorylation assays of the type depicted in (C) (mean + SEM; n ¼ 4). (E) Autophosphorylation of 1 mg of purified recombinant LRRK2 domain
(COR-kinase) in the presence or absence of 1 mM CaCl2 or 50 mg/ml phosphatidylserine (PS). Top: Coomassie; Bottom: 32P autoradiograph. (F) Quantitation
of assays of the type depicted in (E) (mean + SEM; n ¼ 4). Samples were subjected to autophosphorylation reactions in phosphorylation buffer (50 mM HEPES
pH 7.4, 5 mM MgCl2, 5 mM MnCl2, 0.5 mM DTT) for 30 min at 248C. Reactions were stopped with sample buffer and boiling for 5 min, followed by SDS–
PAGE and staining with Coomassie blue dye. Radioactive bands were quantified using ImageQuant (Molecular Dynamics) and corrected for background
values. Differences in protein amounts were quantified on Coomassie stained gels using QuantityOne (Bio-Rad), and corrected for background values. Radio-
activity values were corrected for differences in protein loading. Error bars represent SEM. �, P , 0.05.
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spectroscopy, copurified with all fusion proteins (Fig. 1B).
This contaminant copurified with fusion proteins containing
the kinase domain either on its own or in combination
(Fig. 1B), but not with recombinant proteins devoid of
kinase domain (data not shown). These data indicate that
hsp60 may perform a chaperone action in maintaining the
proper folding of recombinant LRRK2 kinase domain in
Escherichia coli, similar to that suggested for the reported
hsp90 interaction with full-length LRRK2 in mammalian
cells (26). Since reasonably large amounts of purified proteins
could only be obtained with COR-kinase and kinase con-
structs, subsequent studies were performed with those
GST-tagged LRRK2 proteins only.

To characterize the catalytic activity of recombinant
LRRK2, the purified COR-kinase and kinase domains were
subjected to autophosphorylation and model substrate phos-
phorylation assays in vitro. Recombinant LRRK2 kinase was
capable of autophosphorylation and substrate phosphorylation
using myelin basic protein (MBP) as a model substrate
(Fig. 1C and D). While recombinant GST was not phosphory-
lated (data not shown), the copurifying hsp60 protein served as
an additional model substrate for recombinant LRRK2 kinase
activity (Fig. 1C). Using a variety of buffer conditions, cataly-
tic activity was found to be dependent on the presence of
Mn2þ, in contrast to previous reports using overexpressed full-
length LRRK2 immunoprecipitated from mammalian cells
(20,23,24,26). This dependency could not be overcome by
increasing the concentration of Mg2þ, suggesting that recom-
binant LRRK2 kinase is an Mn2þ-preferring kinase in vitro
(data not shown). The presence of b-glycerolphosphate
favored autophosphorylation over substrate phosphorylation
(Fig. 1C and D). Catalytic activity was thermolabile, such
that all reactions had to be performed at 248C, and enzyme
activity was found to be slightly enhanced by Ca2þ and
profoundly inhibited by phospholipids (Fig. 1E and F).
Together, these results establish the conditions necessary to
measure the catalytic activity of recombinant LRRK2
kinase, which should aid in future studies aimed at screening
LRRK2 kinase inhibitors in vitro.

To assure that the observed autophosphorylation and sub-
strate phosphorylation were due to the catalytic activity of
recombinant LRRK2, rather than the presence of a bacterial
co-purifying kinase, we analyzed constructs predicted to
decrease the kinase activity of LRRK2. For this purpose, we
generated mutant D2017A, which alters the Mg2þ binding
loop, R1993A, a residue in the catalytic loop and K1906M,
which abolishes ATP binding (22,27). Both D2017A
(54 + 7%; mean + SEM; n ¼ 4) and R1993A (31 + 11%;
mean + SEM; n ¼ 4) mutations decreased, whereas the
K1906M mutation abolished autophosphorylation (Fig. 2A
and B), indicating that we are measuring inherent catalytic
activity of LRRK2. In addition, the ability of LRRK2 to phos-
phorylate both itself as well as a model substrate (Fig. 1C and
D) suggests that basal LRRK2 activity in vitro is independent
of an activating kinase.

Intermolecular nature and sites of autophosphorylation

Autophosphorylation of a kinase can represent either a true
intramolecular event, or transphosphorylation of one kinase

molecule by another. To distinguish between the two processes,
we performed kinase reactions using two electrophoretically
distinct forms of LRRK2, one of which was catalytically
competent (kinase domain only) and the other inactive
(mutant COR-kinase domain) (Fig. 2C). In such mixed kinase
reactions, the active kinase was able to phosphorylate a kinase-
dead mutant (COR-kinase-K1906M mutant), indicating that
autophosphorylation is an intermolecular reaction (Fig. 2D
and E).

Next, we aimed to determine the autophosphorylation sites
within recombinant LRRK2 kinase. The most common regu-
latory mechanism for kinase activity involves activation loop
phosphorylation (22). In protein kinases whose crystal struc-
tures have been determined in both inactive and active
forms, the non-phosphorylated activation loop usually binds
to another region of the kinase domain, trapping it in an inac-
tive conformation. Kinase activation is triggered by a critical
change in the conformation of the activation loop, mostly
induced by either autophosphorylation or exogenous phos-
phorylation by upstream activating kinases (22). LRRK2
kinase contains three putative residues (T2031, S2032 and
T2035) within the activation loop which could serve as autop-
hosphorylation sites (Fig. 3A). To determine whether autopho-
sphorylation targets those residues, we constructed proteins
with mutations of the Ser or Thr residue within the activation
loop and determined their effects on LRRK2 autophosphoryla-
tion and activity. While single mutations of T2031A or
S2032A caused a significant reduction in LRRK2 activity,
these mutants did retain some basal activity (Fig. 3B and C).
In contrast, when the two residues were simultaneously
mutated to Ala (T2031A/S2032A), the activity of this
mutant was almost completely lost (Fig. 3B and C), com-
parable to that of the kinase-dead mutant (Fig. 2A and B).
Similarly, the T2035A mutant did not show detectable
autophosphorylation (Fig. 3B and C). In transphosphorylation
assays, the T2035A mutant incorporated phosphate compar-
able to wild-type, but almost no phosphate incorporation
was detectable in the T2031A/S2032A double mutant
LRRK2 (Fig. 3D and E). Together, these data establish
T2031 and S2032 as the key regulatory phosphorylation
sites required for LRRK2 activation, and indicate that T2035
is important for catalytic activity, but does not serve as a
phosphate acceptor.

Mechanistic underpinnings of G2019S mutation

The activation loop is anchored into the kinase structure at its
N-terminus by a conserved DYG sequence (Fig. 3A). This
sequence is part of the Mg2þ-binding loop and is altered by
the prominent G2019S mutation. The G2019S mutant presum-
ably did not prevent Mg2þ binding, as it showed auto-
phosphorylation in vitro. On the contrary, G2019S mutant
LRRK2 kinase displayed around 3-fold higher autophosphor-
ylation activity as compared to wild-type kinase (Fig. 4A).
In contrast, the pathogenic I2020T mutation adjacent to
G2019 within the N-terminal hinge region of the loop did
not significantly affect activity. Similarly, a putatively patho-
genic mutation in the kinase domain (R1941H) and a patho-
genic mutation in the COR domain (Y1699C) were without
effect (Fig. 4A). Intriguingly, the pathogenic I2012T mutation,
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situated within the Mg2þ binding loop (Fig. 3A), displayed a
small but significant decrease in catalytic activity (Fig. 4A).
Thus, of all the mutations analyzed in this study, only
G2019S enhanced LRRK2 catalytic activity. The enhanced
autophosphorylation of the G2019S mutation was paralleled
by enhanced substrate phosphorylation (Fig. 4B). These data
indicate that the G2019S mutation results in a direct increase
in catalytic activity of recombinant LRRK2, as previously
shown for full-length LRRK2 (20).

To determine whether the substitution of the Gly for a Ser
residue generated another phosphorylation site within LRRK2,
we tested the G2019S mutation on the autophosphorylation-
negative T2031A/S2032A mutation. Autophosphorylation
assays showed that the triple mutant (G2019S/T2031A/
S2032A), but not the double mutant (T2031A/S2032A) incorpor-
ated phosphate, indicating that the substituted Ser residue at posi-
tion 2019 serves as an additional phosphorylation site (Fig. 4C).

To further analyze the mechanism by which the G2019S
mutation enhances LRRK2 kinase activity, we mutated this
residue to an Ala. The activity of the G2019A mutant was
comparable to wild-type (Fig. 4D and E). Thus, the bulkier

Ser substitution (and/or its phosphorylation) may selectively
enhance catalytic activity by helping to stabilize the
N-terminal hinge region of the activation loop, thereby
mimicking the active state of the enzyme. To test this possi-
bility, we analyzed residues at the C-terminal hinge region
of the activation loop for their effects on catalytic activity.
The C-terminal hinge in LRRK2 begins at T2035 (Fig. 3A),
a highly conserved residue amongst Ser/Thr protein kinases
which seems to play a structural role in maintaining close
contact of the activation segment with the catalytic loop
(22). The T2035A mutant LRRK2 did not show detectable
autophosphorylation (Fig. 4D and E) nor model substrate
phosphorylation (data not shown), but was phosphorylated in
transphosphorylation reactions (Fig. 3D and E). These
results indicate that T2035 is a structural determinant for
LRRK2 enzymatic activity, rather than a regulatory phos-
phorylation site. To determine whether the G2019S mutation
would bypass the requirement for T2035, we generated
double mutant constructs. The G2019S/T2035A mutant was
as hyperactive as G2019S, whereas the G2019A/T2035A
mutant was catalytically dead (Fig. 4D and E). Thus, the

Figure 2. Intermolecular nature of autophosphorylation of recombinant LRRK2 kinase. (A) Autophosphorylation of wild-type or catalytically impaired COR-
kinase (COR-kin) mutant. Top: Coomassie; Bottom: 32P autoradiograph. Experiments and data analysis were performed as described in legend to Figure 1.
�, contaminant observed in some protein preparations. (B) Quantitation of experiments of the type depicted in (A). The extent of autophosphorylation was com-
pared to results with wild-type protein and charted as percent of the control measurement. Average values from eight independent experiments are shown.
(C) Schematic diagram depicting the distinct outcomes of a transphosphorylation experiment. If autophosphorylation is an intramolecular reaction, mutant, cat-
alytically inactive COR-kinase is not phosphorylated. If autophosphorylation is an intermolecular reaction, mutant COR-kinase can be phosphorylated by active
kinase molecules in the reaction mixture, leading to phosphate incorporation. (D) Example of a transphosphorylation experiment using wild-type (COR-kin) or
the K1906M point-mutant COR-kinase protein (KM-COR-kin), together with wild-type kinase domain protein (kin). Top: Coomassie; Bottom: 32P autoradio-
graph. �, contaminant observed in some protein preparations. (E) Quantitation of experiments of the type depicted in (D). Experiments and data analysis were
performed as described in legend to Figure 1. The extent of phosphate incorporation was compared to results with wild-type protein and charted as percent of the
control measurement. Average values from four independent experiments are shown. Error bars represent SEM. �, P , 0.05.
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pathogenic G2019S mutant seems to reorganize the activation
loop in a T2035-independent manner to enhance the catalytic
activity of LRRK2. Further, this active-state mimickry is
dependent on the bulkier nature (and/or phosphorylation) of
the Ser residue, as it was not observed by an equivalent Ala
substitution. In this manner, the G2019S mutation seems to
modify the structure of the N-terminal hinge of the activation
segment to mimick the active state.

DISCUSSION

In the present study, we have examined the effect of select
pathogenic mutations on the catalytic activity of purified,
recombinant LRRK2 kinase in vitro, and the molecular mecha-
nism by which the prominent G2019S mutation may enhance
the catalytic activity of LRRK2. Amongst the pathogenic
mutations analysed, only the G2019S mutation was found to

enhance the kinase activity of LRRK2. Catalytic activity
was regulated by intermolecular autophosphorylation on two
sites within the activation segment, with the Gly to Ser
mutation generating an additional autophosphorylation site.
Importantly, wild-type but not G2019S mutant kinase activity
was crucially dependent on a residue in the C-terminal hinge
region of the activation segment. These data indicate that
the G2019S mutation may lead to a conformational change
in the activation segment structurally mimicking the active
state of the kinase.

The present data describe for the first time conditions suit-
able for the purification of bacterially expressed, active recom-
binant LRRK2 kinase. This allows for detailed measurements
of the enzymatic activity of recombinant kinase in vitro, which
should aid in the design of high-throughput drug screening
approaches. Indeed, while the activity of many kinases is
modulated by separate regulatory domains and/or regulatory
proteins (22,28), most inhibitors target the catalytic core of

Figure 3. Determination of autophosphorylation sites within recombinant LRRK2 kinase. (A) Sequence alignment of the activation segment of LRRK2. The
secondary structure of the kinase core of protein kinase A (PKA) is indicated above the alignment (22). Human LRRK2, LRRK1, MLK1, TAK1 and B-Raf
were aligned against the sequence of PKA by maximizing alignment across structurally homologous regions of Ser/Thr protein kinases. These structurally con-
served regions include the catalytic loop and its flanking b strands (b6 and b7), the Mg2þ binding loop and its flanking b strands (b8 and b9), and a segment
containing the Pþ1 loop and the +aEF helix (gray boxes). All kinases regulated through activation segment phosphorylation have a conserved arginine pre-
ceding the catalytic aspartate in the catalytic loop (27) (bold). The primary sequence of the activation segment is defined as the region between and including two
conserved tripeptide motifs, DF/YG and APE (bold). The N-terminal and C-terminal hinge regions of the activation segment are indicated in blue. For Ser/Thr
kinases, the C-terminal hinge region begins at a conserved Ser or Thr residue (orange arrow). The residue immediately preceding the C-terminal hinge region
often is a Gly, and its inherent flexibility may be important for kinase activity (22). Phosphorylation sites determined in PKA, TAK1 and B-Raf are indicated in
red (35,43,44). The amino acid number of relevant residues in LRRK2 across the sequence alignment is indicated. (B) Example of an autophosphorylation experi-
ment using wild-type or the indicated point-mutant COR-kinase proteins. Top: Coomassie; Bottom: 32P autoradiograph. �, contaminant observed in some protein
preparations. (C) Quantitation of autophosphorylation experiments of the type depicted in (B). Experiments and data analysis were performed as described in
legend to Figure 1. The extent of phosphate incorporation was compared to results with wild-type protein and charted as percent of the control measurement.
Average values from several experiments (S2032A, n ¼ 4; T2031A, n ¼ 4; T2031A/S2032A, n ¼ 3; T2035A, n ¼ 6) are shown. Error bars represent SEM. �,
P , 0.05. (D) Example of a transphosphorylation experiment using wild-type or the T2035A or T2031A/S2032A-point-mutant COR-kinase proteins, together
with wild-type kinase domain protein (kin). Top: Coomassie; Bottom: 32P autoradiograph. (E) Quantitation of experiments of the type depicted in (D). Experi-
ments and data analysis were performed as described in legend to Figure 1. The extent of phosphate incorporation was compared to results with wild-type
protein and charted as percent of the control measurement. Average values from several independent experiments (T2035A, n ¼ 3; T2031A/S2032A, n ¼ 4)
are shown. Error bars represent SEM. �, P , 0.05.
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the kinase (29,30). Therefore, inhibitor screens using the
recombinant kinase domain of LRRK2 alone should be suffi-
cient to identify compounds which selectively target LRRK2
kinase.

Recombinant kinase activity was found to be crucially
dependent on the presence of Mn2þ, while most assays
using full-length, immunoprecipitated LRRK2 have been per-
formed in the absence of added Mn2þ (20,21,23,24,26). Such
discrepancy may be due to traces of endogenous Mn2þ bound
to immunoprecipitated material. In addition, catalytic activity
was found to be profoundly inhibited by negatively charged
phospholipids, suggesting that membrane association of
LRRK2 (23,26,31,32) may further regulate its kinase activity.

The pathogenic G2019S and I2020T mutations lie within
the N-terminal hinge region of the activation segment,
which also forms part of the Mg2þ binding loop of the
kinase. Similarly, the pathogenic I2012T mutation maps to
this metal binding loop. Based on such position, mutations
in those residues have been hypothesized to abolish the
correct positioning of Mg2þ within the active site of the
kinase, with concomitant decrease in catalytic activity (33).

However, a multitude of studies, including ours, indicate
that the G2019S mutation leads to enhanced kinase activity,
thereby excluding that this mutation abrogates metal
binding. On the contrary, our observation that the extent of
enhanced catalytic activity of the G2019S mutant versus wild-
type LRRK2 kinase is dependent on the concentration of
Mn2þ (data not shown) may suggest an increase in metal
binding capacity, which needs further investigation.

The effect of other pathogenic mutations on LRRK2 kinase
activity is more controversial. For example, the I2020T
mutation has been documented to either increase (20,26) or
decrease (34) the activity of full-length LRRK2, and in our
assays had no effect on the kinase activity of recombinant
protein. Thus, the mechanism by which this mutation affects
LRRK2 function remains unknown. On the other hand, the
I2012T mutation was found to decrease the activity of full-
length LRRK2 in two independent studies (20,34). Similarly,
we found that this mutation decreased the catalytic activity
of recombinant kinase. Thus, all currently available data indi-
cate that the I2012T mutation leads to a decrease in LRRK2
kinase activity, and the manner by which this mutation

Figure 4. Effect of G2019S mutation on LRRK2 kinase activity. (A) Autophosphorylation of wild-type or various mutant COR-kinase proteins. Experiments and
data analysis were performed as described in legend to Figure 1. The extent of phosphate incorporation was compared to results with wild-type protein and
charted as percent of the control measurement. Average values from several experiments (G2019S, n ¼ 10; I2020T, n ¼ 5; I2012T, n ¼ 6; R1941H, n ¼ 4;
Y1699C, n ¼ 5) are indicated above the individual columns. Error bars represent SEM. �, P , 0.05. (B) Quantitation of MBP substrate phosphorylation
assays with wild-type and G2019S-mutant LRRK2 protein (COR-kinase). Average values from five independent experiments are shown. Error bars represent
SEM. �, P , 0.05. (C) Representative example of autophosphorylation of the phosphorylation-site mutant T2031A/S2032A in the presence or absence of the
pathogenic G2019S mutation. Top: Coomassie; Bottom: 32P autoradiograph. (D) Example of an autophosphorylation experiment using wild-type or the indicated
point-mutant COR-kinase proteins. Top: Coomassie; Bottom: 32P autoradiograph. (E) Quantitation of experiments of the type depicted in (D). Experiments and
data analysis were performed as described in legend to Figure 1. The extent of phosphate incorporation was compared to results with wild-type protein and
charted as percent of the control measurement. Average values from several independent experiments (T2035A; n ¼ 6; G2019A/T2035A, n ¼ 3; G2019S,
n ¼ 10; G2019A, n ¼ 9; G2019S/T2035A, n ¼ 3) are shown. Error bars represent SEM. �, P , 0.05.
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induces PD thus seems to involve mechanisms unrelated to its
kinase activity. Finally, a putatively pathogenic mutation
(R1941H) in the kinase domain, as well as a pathogenic
mutation in the COR domain (Y1699C) have been described
to decrease or increase the activity of full-length LRRK2
kinase, respectively (20,34), but were without effect on the
activity of recombinant kinase. Such discrepancy may reflect
differences in assay sensitivity or the necessity to examine
certain mutations in a full-length context. For example, the
COR domain may be responsible for correct positioning of
the catalytic Roc and kinase domains with respect to each
other, and the effect of mutations in such a domain on catalytic
activity may thus only be gauged from studying the full-length
protein.

We find that LRRK2 activity is regulated by phosphoryla-
tion in the activation segment, as are a large variety of other
protein kinases. The kinase-dead LRRK2 mutant (K1906M)
was not phosphorylated, indicating that basal activity is
required for the regulatory autophosphorylation. Our data
show that the catalytic domain of LRRK2 is capable of inter-
molecular self-phosphorylation and activation in the absence
of an upstream activating kinase. This is a feature shared
with for example protein kinase A (35), but is distinct from
the cascade phosphorylation demonstrated by MAP kinase
modules (28). Indeed, recent studies also indicate that full-
length LRRK2 expressed in tissue culture cells displays
basal kinase activity (36). Thus, while phosphorylation of
LRRK2 within regulatory domains by upstream kinases
remains a possibility, we speculate that regulation of
LRRK2 activity in vivo may be controlled by other mechani-
sms, such as its intrinsic GTP binding and/or GTPase activity
(20,21) or its subcellular localization and/or clustering, which
would serve to modulate the apparently intrinsic ability of
LRRK2 to auto-activate. Phosphorylation-state-specific anti-
bodies against active LRRK2 phosphorylated within the acti-
vation segment at the two identified sites will be required in
future studies to address such hypothesis.

A conserved Thr residue (T2035) in the C-terminal hinge
region of the activation segment seems to be essential for
LRRK2 kinase activity, and mutation of the equivalent
residue has been shown to affect the activity of other Ser/
Thr kinases as well (22,37,38). Our data indicate that this
Thr residue may play a crucial role for the rotational move-
ment of the activation loop involved in switching between
the active and inactive state of LRRK2. The G2019S mutation
in the N-terminal hinge region seems to bypass the require-
ment for T2035 in the C-terminal hinge, suggesting that the
G2019S mutation mimicks the constitutively active confor-
mational status of the activation segment. In addition, this
mimickry seems to be dependent on the hydrophilic nature
and/or phosphorylation of the serine residue. Such ‘active
state mimickry’ has been reported previously for other
kinases implicated in human cancers. For example, some
oncogenic mutations in B-RAF or BCR-ABL are situated
within the activation segment as well, and have been
suggested to destabilize the inactive conformation of the
DFG motif/activation segment, mimicking the conformational
changes normally promoted by activation segment phos-
phorylation (39,40). Consideration of such differential confor-
mational states will be important when screening compounds

for their ability to inhibit wild-type or G2019S mutant
LRRK2 kinase activity (29,30).

The observed intermolecular nature of autophosphorylation
and concomitant activation of LRRK2 kinase may explain the
absence of a difference in phenotype between heterozygous
and homozygous G2019S carriers (41), whereby mutant
kinase molecules can phosphorylate wild-type kinase mole-
cules, thereby increasing in a dominant manner the entire
cellular and active pool of LRRK2. However, the reported
incomplete penetrance (2,12,14–16) suggests that additional
mechanism(s) besides regulation of kinase activity per se con-
tribute to the pathogenesis of mutant LRRK2. The delineation
of LRRK2 function holds great promise for our understanding
of the molecular pathways underlying PD.

MATERIALS AND METHODS

Plasmid construction

Constructs encoding sequences for different human LRRK2
domain combinations, Roc-COR-kinase-WD40 (1315–
2527), COR-kinase-WD40 (1518–2527), kinase-WD40
(1845–2527), Roc-COR-kinase (1315–2143), COR-kinase
(1518–2143) and kinase (1845–2143) were generated by
PCR using a human full-length LRRK2 construct and sub-
cloned into the expression plasmid pGEX-KG (42). Domain
boundaries were established based on BLASTP sequence
alignments and the previously described domain architecture
of Roco proteins (19). The kinase and Roc-COR-kinase con-
structs were subcloned via the XbaI/XhoI restriction sites,
whereas the other constructs were subcloned non-directionally
via the XbaI restriction site. The glycine linker encoded in the
pGEX-KG plasmid, which separates the GST moiety and the
thrombin cleavage site from the different LRRK2 fusion
domains, was found to be crucial for efficient purification
of active LRRK2 protein. The entire coding sequences of all
constructs were verified by DNA sequencing.

Mutant constructs were generated using the QuickChange
mutagenesis kit (Stratagene) according to manufacturer’s
instructions and resequenced as indicated above. The
sequences of all primers used in the present study are available
upon author’s request.

Protein purification

All recombinant proteins were expressed as N-terminally
tagged GST fusion proteins in E.coli BL21 cells. Due to the
limited solubility of the larger recombinant proteins, only
COR-kinase and kinase domain proteins were analyzed in
the present study. For this purpose, an overnight culture of
cells was diluted 10-fold and grown at 168C to an OD600 of
around 0.6, followed by induction with 0.1 mM IPTG at
168C overnight. Cells were pelleted at 10 000g for 12 min,
and the pellet was resuspended in 6 ml (per liter culture) of
resuspension buffer [PBS containing 1% Triton-X100,
100 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM DTT,
50 mg/ml RNase, 5 mg/ml DNase and 100 mg/ml lysozyme].
The cell resuspension was incubated for 30 min at 48C on
a rotary shaker, followed by four sonication pulses (30 s
each, separated by 15 s intervals) on ice. Note that the gentle

Human Molecular Genetics, 2007, Vol. 16, No. 17 2037

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/16/17/2031/2527145 by guest on 25 April 2024



(albeit inefficient) disruption of cells by short sonication
pulses yielded less, but significantly more active recombinant
LRRK2 protein than that obtained by the use of a French
Press. Upon centrifugation at 16 000g for 30 min at 48C,
the soluble fraction was filtered through a 0.22 mm filter and
diluted with an equal volume of resuspension buffer. Proteins
were bound to glutathione Sepharose beads (Pharmacia)
(500 ml of packed bead volume per liter culture) for 2 h at
48C in binding buffer (PBS containing 1% Triton-X100,
100 mM PMSF and 1 mM DTT), followed by 12 washes in
binding buffer and 6 washes in elution buffer (50 mM Tris–
HCl pH 8.0, 1% Triton-X100, 100 mM PMSF and 1 mM

DTT). Proteins were eluted with 20 mM glutathione in
elution buffer (six times 500 ml for 15 min at 48C on rotary
shaker). Note that neither the presence of Triton-X100 (as
compared to proteins purified in the absence of detergent)
nor the GST moiety (as compared to proteins eluted by the
addition of thrombin) adversely affected LRRK2 kinase
activity. Protein concentrations were estimated using the
Bradford (Bio-Rad) assay with bovine serum albumin as a
standard. Small aliquots of recombinant LRRK2 proteins
were flash-frozen in liquid N2, stored at –808C and only
thawed up once.

Phosphorylation reactions

Unless otherwise indicated, the buffer used for phosphoryl-
ation reactions contained 50 mM HEPES pH 7.4, 5 mM

MgCl2, 5 mM MnCl2 and 0.5 mM DTT. LRRK2 recombinant
protein (1 mg) was preincubated in phosphorylation buffer
for 1 min at 248C, and reactions were initiated by the addition
of [g- 32P]ATP (final concentration, 100 mM). Reactions were
carried out in a final volume of 40 ml. After 30 min at 248C,
reactions were terminated by the addition of 0.2 volumes of
5� sample buffer and heating for 5 min at 958C. Transpho-
sphorylation reactions contained 0.5 mg of COR-kinase and
2 mg of kinase proteins. Substrate phosphorylation assays
contained 10 mg MBP.

Proteins were separated by SDS–PAGE on 7.5% polyacryl-
amide gels (or 12.5% gels for assays containing MBP), fol-
lowed by staining with Coomassie blue dye. Incorporation
of 32P was quantitated by using a PhosphorImager (Molecular
Dynamics). Radioactive bands were quantified using Image-
Quant (Molecular Dynamics), and corrected for background
values. Differences in protein amounts were quantified on
Coomassie stained gels using QuantityOne (Bio-Rad), and
corrected for background values, and radioactivity values
were corrected for differences in protein loading. Experiments
were done the indicated amount of times, and the data were
analyzed using the paired Student’s t-test.

Materials

Phosphatidylserine was from Avanti Polar Lipids. [g-32P]ATP
(specific activity, 150mCi/ml) was from GEHealthcare. MBP
was a gift from Prof. Paul Greengard. All other chemicals
were of reagent grade or better.
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