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Abstract
Leucine-rich repeat kinase 2 (LRRK2), a large and complex protein that possesses two enzymatic
properties, kinase and GTPase, is one of the major genetic factors in Parkinson’s disease (PD).
Here, we characterize the kinetic and catalytic mechanisms of truncated wild-type LRRK2 (t-wt)
and its most common mutant G2019S (t-G2019S) with a structural interpretation of the kinase
domain. First, the substitution of threonine by serine in the LRRKtide peptide results in a much
less efficient substrate as demonstrated by a 26-fold decrease in kcat and a 6-fold decrease in
binding affinity. The significant decrease in kcat is attributed to a slow chemical transfer step as
evidenced by the inverse SKIE in the proton inventory and pL- (pH or pD) dependent studies. The
shape of the proton inventory and pL profile clearly signals the involvement of a general base (pKa
of 7.5) in the catalysis with a low fractionation factor in the ground state. Next, we report for the
first time that the increased kinase activity of the mutant G2019S is substrate dependent.
Homology modeling of the kinase domain (open and closed forms) and structural analysis of the
docked peptide substrates suggest that electrostatic interactions play an important role in substrate
recognition, which is affected by G2019S and may directly influence the kinetic properties of the
enzyme. Finally, GTPase activity of the mutant t-G2019S was characterized and the mutation
modestly decreases GTPase activity without significantly affecting GTP binding affinity.

Parkinson’s disease (PD), characterized by tremor, rigidity, bradykinesia and postural
instability, is the second most common neurodegenerative disorder after Alzheimer’s disease
(AD). It affects over 1 million Americans and more than 60,000 patients are newly
diagnosed each year. PD is caused by a loss of dopaminergic neurons in the substantia
nigra. Once damaged, these neurons stop producing dopamine, an essential
neurotransmitter, and compromise the brain's ability to control movement. Mutations in
several genes have been genetically linked to PD in recent years (1). Among them, the
leucine-rich repeat kinase2 (LRRK2) has emerged as the most relevant player in PD
pathogenesis. At least 40 mutations in LRRK2 have been identified in the most common
familial forms and some sporadic forms of PD, and have been associated with typical
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idiopathic, late-onset PD (2–6). LRRK2 is a large and complex protein containing several
distinct domains, including a leucine-rich repeat (LRR) domain, a Roc domain followed by
its associated COR domain, a kinase domain, and a C-terminal WD40 domain (2, 7).
LRRK2 is unusual in that it encodes two distinct but functionally linked enzymes: a protein
kinase and a GTPase (7–11). Several lines of evidence have suggested that kinase activity of
LRRK2 plays a critical role in the pathogenesis of PD: (i) Several mutations demonstrate
increased kinase activity that is correlated with increased neurotoxicity in neurons (7, 12,
13); and (ii) Kinase inhibitors protect dopaminergic neuron loss in PD animal models (14).
However, most of the LRRK2 mutations do not manifest their effects by simply increasing
kinase activity. Even with the considerable debate about the role of LRRK2 kinase activity
played in the pathogenesis of PD, identification of LRRK2 inhibitors has still become a
priority in drug discovery for the treatment of PD. In addition, the identification of LRRK2
inhibitors can provide valuable information for our understanding of LRRK2’s functions.
Determining the kinetic and catalytic mechanisms of LRRK2 will support structure-based
inhibitor design. Herein, we integrate steady-state kinetics with both solvent kinetic isotope
effects and molecular modeling studies for both truncated LRRK2 and the most common
mutant G2019S. Specifically, we report results of studies aimed at (i) understanding the
kinetic and catalytic mechanisms of LRRK2 and (ii) revealing critical structural features of
LRRK2.

MATERIALS AND METHODS
Materials

ATP, ADP, AMP-PNP, DTT, magnesium chloride, HEPES, and bovine serum albumin were
purchased from Sigma (St. Louis, MO). GTP was from Bioline (Taunton, MA). Peptides
LRRKtide (RLGRDKYKTLRQIRQ), LRRKtideS (RLGRDKYKSLRQIRQ) and
LRRKtideA (RLGRDKYKALRQIRQ) and PO4-LRRKtide (RLGRDKYK(PO4)TLRQIRQ)
were purchased from American Peptide (Sunnyvale, CA). PLK-peptide (PLK-derived
peptide with a motif of RRRSLLE), Eu-anti-phospho-PLK, [γ-33P]-ATP, and [α-33P]-GTP
were from Perkin Elmer (Boston, MA). Truncated wild-type LRRK2 (aa 970–2527) and
mutant t-G2019S (aa 970–2527) expressed in baculovirus system were purchased from
Invitrogen.

TR-FRET Assay of LRRK2-Catalyzed PLK-peptide Phosphorylation
The kinase assay for phosphorylation of PLK-peptide (PLK-derived peptide with a motif of
RRRSLLE) was conducted in buffer containing 20 mM HEPES (pH 7.4), 50 mM NaCl, 10
mM MgCl2, 1 mM DTT, BSA 0.5 mg/ml, 1 mM beta-Gly-PO4, PLK-peptide, and ATP.
Beta-Gly-PO4 is a phosphatase inhibitor and was added to block phosphatases. PLK-peptide
and ATP were used at various concentrations as indicated in the results section. The
reactions were conducted in duplicate, initiated by the addition of 4 nM LRRK2, and
incubated at room temperature for 4 h. The reactions were stopped by the addition of 10 mM
EDTA and incubated with 2 nM Eu-anti-phospho-PLK for 2 h. The TR-FRET signal was
read by an EnVision plate reader (PerkinElmer). In all cases, reaction progress curves for
production of phospho-PLK-peptide were linear over at last 6 h and allowed calculation of
initial velocities.

Kinetic Analysis of LRRK2-Catalyzed LRRKtide and LRRKtideS Phosphorylation
The kinase assays for phosphorylation of LRRKtide (RLGRDKYKTLRQIRQ) or
LRRKtideS (RLGRDKYKSLRQIRQ) were conducted in buffer containing 20 mM HEPES
(pH 7.4), 50 mM NaCl, 10 mM MgCl2, 1 mM DTT, BSA 0.5 mg/ml, 1 mM beta-Gly-PO4,
LRRKtide, ATP, and [γ-33P]-ATP. Peptidic substrates and ATP were used at various
concentrations as indicated in the results section and the ratio of ATP to [γ-33P]-ATP was
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kept constant at all ATP concentrations (250 µM ATP/5 µCi [γ-33P]-ATP). The reactions
were conducted in duplicate, initiated by the addition of 6 nM LRRK2, and incubated at
room temperature for 150 min. The reactions were stopped by the addition of 20 mM EDTA
and the mixture was transferred to a multiscreen PH filtration plate (Millipore, Billerica,
MA) and washed six times with 75 mM H3PO4. The plate was dried, filters were removed,
and the samples were counted with a scintillation counter. Background reactions were
conducted in the absence of LRRK2. In all cases, reaction progress curves for production of
phospho-LRRKtide or phospo-LRRKtideS were linear over at last 60 minutes and allowed
calculation of initial velocities.

Isotope Exchange Studies of LRRK2-Catalyzed LRRKtide Phosphorylation
[γ-33P]-ATP was used as the labeled substrate in these studies and the exchange rates of
radioactive ATP with PO4-LRRKtide were measured in buffer containing 20 mM HEPES
(pH 7.4), 50 mM NaCl, 10 mM MgCl2, 1 mM DTT, BSA 0.5 mg/ml, and 1 mM beta-Gly-
PO4 at several different concentrations of reactants while maintaining the concentration of
the other reactants constant. The varied reactants were maintained at a constant ratio of 20.
The measurements were repeated for different pairs of reactants. In general, the study was
carried out by first mixing all the reactants of ADP, ATP, LRRKtide, and PO4-LRRKtide at
the desired concentrations. Then a trace amount of [γ-33P]-ATP was added before the
reaction was initiated by the addition of the enzyme. The exchange reactions were carried
out in duplicate, incubated at room temperature for 45 min and stopped by the addition of 20
mM EDTA. The mixtures were transferred to a multiscreen PH filtration plate (Millipore,
Billerica, MA) and washed six times with 75 mM H3PO4. The plates were dried, filters were
removed, and the samples were counted with a scintillation counter. Background reactions
were conducted in the absence of LRRK2. In all cases, exchange rate was linear over at least
60 minutes and allowed calculation of the initial exchange velocity.

Kinetic Analysis of LRRK2-Catalyzed GTP Hydrolysis
The GTPase assay was conducted in buffer containing 20 mM Tris (pH 7.4), 50 mM NaCl,
10 mM MgCl2, 1 mM DTT, BSA 0.5 mg/ml, GTP, and [α-33P]-GTP. The reactions were
conducted in triplicate, initiated by the addition of 30 nM LRRK2, and incubated at room
temperature for 20 min. The reactions were stopped by the addition of 20 mM EDTA, and
the product [α-33P]-GDP was separated from [α-33P]-GTP by PEI-cellulose thin layer
chromatography (TLC) (Sigma, ST. Louis, MO) developed with 0.5 M KH2PO4 (pH3.4)
developing buffer and analyzed by scintillation counter. In all cases, reaction progress
curves for GTP hydrolysis were linear over at least 30 minutes and allowed calculation of
initial velocities.

Mass Spectrometry Analysis of Cysteine Residues Modified by N-ethylmaleimide (NEM)
t-Wt LRRK2 was treated with 2 mM cysteine-specific inhibitor N-ethylmaleimide (NEM) at
room temperature for 30 min. The sample was then reduced with DTT and alkylated with
iodoacetamide and subjected to SDS-PAGE for mass spectrometry analysis.

Modeling of LRRK2 Kinase Domain
LRRK2 kinase domain between residues 1879–2138 was modeled using MODELLER (15).
Briefly, the main criteria in homology modeling were template selection and sequence
alignment between the target and the template. The top three hits based on sequence identity
were yeast snf1 (39% identity), ack1 kinase (33% identity) and B-Raf (33% identity). In this
case, the template of B-Raf kinase which had 33% sequence identity was used for homology
modeling since this enzyme had higher sequence conservation around the ATP binding site
region compared to the other kinases. The Cα RMSD and the backbone RMSD deviations
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for the model and the template crystal structure were < 1.0 Å and < 1.2 Å respectively. The
best model was subjected to geometric evaluations using PROCHECK by calculating the
Ramachandran plots (16). Standard bond lengths and bond angles of the model were
determined using WHAT IF (17) with an RMS-Z score of 0.889 and 0.91 suggesting that the
model is of high quality. ATP was docked into the binding pocket and LRRKtide,
LRRKtideS and PLK were modeled based on the x-ray structures of protein kinase A (PKA)
complexed with a peptidic inhibitor (1atp.pdb). Individual structues with bound peptides
were subjected to 2000 cyles of energy minimization using a steepest descent protocol using
DESMOND 3.0 (Schrödinger inc. and D.E Shaw research). The final structures obtained
were used for further analysis.

Data Analysis – Basic Equations
Data were analyzed by nonlinear least-squares using either Sigma-Plot or Grafit software
packages. Standard kinetic mechanisms for two-substrate reactions and their rate equations
are shown below:

Ping-Pong:

(1)

KA and KB are Michaelis constants.

Rapid Equilibrium Ordered:

(2)

KA and KB are substrate dissociation constants from EA and EB, respectively.

Rapid Equilibrium Random/Steady-State Ordered:

(3)

For rapid equilibrium systems, KA, KB, αKA, and αKB are substrate dissociation constants
from EA, EB, and EAB; for steady-state systems, KA is substrate dissociation constant from
EA, αKA and αKB are Michaelis constants. See Segel for definitions of mechanisms,
substrate dissociation constants, and α (18).

RESULTS
t-WT LRRK2- and the Mutant t-G2019S-Catalyzed Phosphorylation of LRRKtide– Initial
Velocity Studies

To determine the kinetic mechanism for the phosphorylation of LRRKtide
(RLGRDKYKTLRQIRQ), initial velocities were measured as a function of LRRKtide
concentration at several fixed concentrations of ATP for t-wt LRRK2 and the t-G2019S
mutant (see Supporting Information, S1), respectively. The complete data sets were
subjected to global analysis by nonlinear least-squares fits to the three standard mechanisms
(ping-pong, rapid equilibrium order, and random/steady-state ordered) using eqs 1–3.
Statistically the data fits the random mechanism (or steady-state ordered mechanism) the
best for both t-wt LRRK2 and the mutant t-G2019S, yielding the following estimates
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averaged from two independent experiments: kcat = 8.1 ± 0.7 min−1, KATP = 69 ± 6.6 µM,
KLRRKtide = 87 ± 11 µM, and α = 1.8 ± 0.1 for t-wt LRRK2; kcat = 17 ± 1.6 min−1, KATP =
101 ± 16 µM, KLRRKtide = 79 ± 11 µM, and α = 2.0 ± 0.5 for the mutant t-G2019S, as
summarized in Table 1. The mutant t-G2019S increases the kcat by 2-fold without
significantly affect the binding affinity of ATP and LRRKtide. A direct comparison of the t-
G2019S mutant with t-wt LRRK2 is shown in Figure 1A, where the initial velocities were
measured as a function of [LRRKtide] at a saturating concentration of ATP.

Initial Velocity Studies of LRRK2-Catalyzed LRRKtideS Phosphorylation
A peptide LRRKtideS (RLGRDKYKSLRQIRQ) was derived from LRRKtide, in which the
phosphorylatable threonine was replaced by a serine residue. The initial velocities were
measured as a function of LRRKtideS concentration, at several fixed concentrations of ATP
for t-wt LRRK2 and the t-G2019S mutant (see Supporting Information, S2), respectively.
Statistically the data fits the random mechanism (or steady-state ordered mechanism) the
best for both t-wt LRRK2 and the mutant t-G2019S. The kinetic parameter estimates
averaged from two independent experiments were generated: kcat = 0.31 ± 0.06 min−1, KATP
= 77 ± 19 µM, KLRRKtideS = 554 ± 187 µM, and α = 2.6 ± 0.5 for t-wt LRRK2; kcat = 0.87 ±
0.04 min−1, KATP = 161 ± 38 µM, KLRRKtideS = 470 ± 104 µM, and α = 0.7 ± 0.2 for the
mutant t-G2019S, as summarized in Table 1. A direct comparison of the phosphorylation of
LRRKtideS by the t-G2019S mutant and t-wt LRRK2 is shown in Figure 1B, where the
initial velocities were measured as a function of [LRRKtideS] at a saturating concentration
of ATP.

t-WT LRRK2- and the Mutant t-G2019S-Catalyzed Phosphorylation of PLK-peptide–Initial
Velocity Studies

A TR-FRET assay has been developed for measuring the phosphorylation of PLK-peptide (a
motif of RRRSLLE). Previously, the reaction was evaluated using a radiometric assay and
linear correlation between the units of FU and nM allowed the conversion of initial
velocities from FU/h to nM/h (19). To determine the kinetic mechanism of t-wt LRRK2- and
the mutant t-G2019S-catalyzed phosphorylation of PLK-peptide, initial velocities were
measured over a range of ATP concentrations at several fixed concentrations of PLK-
peptide (see Supporting Information, S3). The data fits the random (or steady-state ordered)
mechanism the best for both t-wt LRRK2 and the t-G2019S mutant, yielding the following
estimates averaged from two independent experiments: kcat = 0.018 ± 0.004 min−1, KATP =
7.1 ± 0.7 µM, KPLK-peptide = 0.43 ± 0.05 µM, and α = 0.5 ± 0.1 for t-wt LRRK2; kcat = 0.016
± 0.001 min−1, KATP = 10 ± 3.9 µM, KPLK-peptide = 0.5 ± 0.2 µM, and α = 0.6 ± 0.3 for the
mutant t-G2019S, as summarized in Table 1. Unlike LRRKtide and LRRKtideS results, the
mutant t-G2019S shows similar activity compared with t-wt LRRK2. The mutant t-G2019S
also had little effect on the binding affinity of ATP and PLK-peptide. A direct comparison
of the phosphorylation of PLK-peptide by the t-G2019S mutant and t-wt LRRK2 is shown
in Figure 1C, where the initial velocities were measured as a function of [PLK-peptide] at a
saturating concentration of ATP.

Isotope Exchange and Product Inhibition Studies for t-WT LRRK2- and the Mutant t-
G2019S-Catalzyed LRRKtide Phosphorylation

Attempts to measure the exchange rate of radioactive ATP with PO4-LRRKtide at
equilibrium were not successful due to the inaccurate determination of the equilibrium
constant of the reaction. To keep the system at the same distance from equilibrium under all
the conditions, the concentrations of the varied reactants were maintained at a constant ratio
while keeping the other reactant concentration constant (18). The concentrations of the
varied reactants were kept at a ratio of 20 ([product]/[substrate] = 20), while the other
reactants were kept at 1 and 20 µM for the substrate and product, respectively. The
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exchange was initiated by the addition of the enzyme. The effects of increasing
concentrations of the varied reactants on exchange rates were tested for both t-wt LRRK2
and the mutant t-G2019S. First, in all the cases the exchange was linear for at least 60 min
(see Supporting Information, S4) and was stopped after 45 min incubation, which allowed
the calculation of the initial exchange rate. Next, the initial exchange rate was tested as a
function of enzyme concentration and found to be linearly proportional to the enzyme
concentration (see Supporting Information, S5). Finally, the effects of increasing
concentrations of reactants were examined on the initial exchange rate of radioactive ATP
with PO4-LRRKtide. For the mutant t-G2019S, increasing the concentrations of structurally
related reactants (i.e., ADP/ATP or PO4-LRRKtide/LRRKtide) resulted in increased ATP
with PO4-LRRKtide exchange (Figures 2A and 2B). However, substrate inhibition was
observed when structurally unrelated reactants (i.e., PO4-LRRKtide/ATP or ADP/
LRRKtide) were varied: the exchange rate initially rose with increasing reactant
concentration and gradually and partially decreased (Figures 2C and 2D). Identical patterns
were revealed for t-wt LRRK2 as summarized in Table 2. These patterns are consistent with
a random mechanism for both t-wt LRRK2 and the mutant t-G2019S with abortive complex
formed, i.e. E:ADP:LRRKtide or E:ATP:PO4-LRRKtide.

The product inhibition studies were also conducted with products ADP and PO4-LRRKtide
(see Supporting Information, S6). For the mutant t-G2019S-catalyzed LRRKtide
phosphorylation, symmetric inhibition patterns were revealed where ADP was competitive
with ATP and noncompetitive with LRRKtide; PO4-LRRKtide was competitive with
LRRKtide and noncompetitive with ATP as summarized in Table 3. These product
inhibition patterns are also consistent with a rapid equilibrium random mechanism with
abortive complexes E:PO4-LRRKtide:ATP and E:LRRKtide:ADP formed. Identical
inhibition patterns were revealed for t-wt LRRK2.

Inhibition Studies of t-WT LRRK2- and the Mutant t-G2019S-Catalyzed LRRKtideS and PLK-
Peptide Phosphorylation

The kinetic mechanism of t-wt LRRK2- and the mutant t-G2019S-catalyzed PLK-peptide
and LRRKtideS phosphorylation was determined by conducting the inhibition studies using
substrate analogues AMP-PNP and LRRKtideA (RLGRDKYKALRQIRQ), in which the
phosphorylatable threonine was replaced by alanine. Symmetric inhibition patterns were
revealed for all the reactions as summarized in Table 3 suggesting that both t-wt LRRK2 and
the mutant t-G2019S follow a random mechanism for the phosphorylation of PLK-peptide
and LRRKtideS.

Proton Inventory Studies
The proton inventory studies of both t-wt LRRK2- and the mutant t-G2019S-catalyzed
phosphorylation of LRRKtide were carried out for kcat (initial velocity was measured at
saturating concentrations of both ATP and LRRKtide) in a mixture of H2O and D2O at pH
8.2 and pD equivalent. The dependence of the ratio of kcat (kn/k0) in the presence and
absence of varying atom fractions of D2O (n) on n is presented in Figure 3A for t-wt
LRRK2-catalyzed LRRKtide phosphorylation. The solvent deuterium isotope effect on kcat
can be expressed by the Gross-Butler equation (20):

(4)

where ϕR and ϕT are fractionation factors for the exchangeable hydrogen in the reactant and
transition state, respectively. Fitting the data in Figure 3A to the equation gives the
following estimates: ϕR = 1, ϕT = 1.03. Given this, we can assign the estimate to SKIE on

Liu et al. Page 6

Biochemistry. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



kcat, Dkcat = ϕR /ϕT = 1.1 ± 0.1 for t-wt LRRK2 determined from three independent
experiments. A similar proton inventory was observed on kcat for the mutant t-G2019S-
catalyzed LRRKtide phosphorylation and a SKIE of 1.2 ± 0.2 was determined from three
independent experiments.

Proton inventory studies for LRRKtideS phosphorylation were also carried out for kcat
(initial velocities were measured for both ATP and LRRKtideS at saturating concentrations)
for both t-wt and the mutant t-G2019S. Figure 4A shows the dependence of the ratio of kcat
(kn/k0) on atom fractions of D2O (n) in the presence and absence of varying D2O for t-wt
LRRK2. The plot revealed a nonlinear dependence of kn/k0 on n and was fit to equation 4
well, yielding the following estimates: ϕT =1 and ϕR = 0.7. Given this, we can assign the
estimate to SKIE for kcat: Dkcat = ϕR/ϕT = 0.7 and also expect that the reciprocal of the
equation should be linear in n. The inset in Figure 4A shows that this expectation is met (the
reciprocal of the ratio of kcat (k0/kn) linearly depends on n). Similar proton inventory was
observed on kcat for the mutant t-G2019S-catalyzed LRRKtideS phosphorylation and an
inverse SKIE of 0.7 ± 0.1 was determined from three independent experiments.

pL-Dependence of Steady-State Kinetic Parameters and SKIE
The steady-state kinetic parameter-pL (pH or pD) profile of LRRKtideS phosphorylation
was carried out in a triple buffer consisting of 50 mM MES, 100 mM Tris, and 50 mM
acetic acid along with other components as described in Material and Methods section. The
combination of the three buffers has the advantage of providing a constant ionic strength for
the entire pL range studied. The pH stability of LRRK2 was determined by incubating the
enzyme at the desired pH and assaying aliquots at pH 7.5. The enzyme was determined to be
stable from pH 6 to 9.3. Small activity loss occurs at pH < 5.5. However, the small activity
loss does not affect the measurement of initial velocities, since enzyme was added from a
stock solution at pH 7.5 to the assay mixture and assayed for 30 min in the presence of
substrate which is likely to provide some protection against denaturation. The LRRK2-
catalyzed phosphorylation of LRRKtideS was monitored in a pL range of 4.9–9.3 for kcat
(initial velocities were measured at saturating ATP and LRRKtideS concentrations of 1 mM
and 2 mM, respectively) and for kcat/Km (initial velocities were measured at ATP and
LRRKtideS concentrations 10-fold less than the Km’s, 10 µM and 50 µM, respectively). The
pL profile of kcat for t-wt LRRK2 revealed an acidic limb (Figure 4B) and was fit to
equation 5, yielding one apparent pKa of 7.7 and 8.2 from pH and pD profile, respectively.

(5)

kcat/Km exhibited a similar pL dependence as kcat, revealing one apparent pKa of 7.5 and 8.0
from pH and pD profile, respectively (Figure 4C). The pL-independent steady-state
parameters revealed SKIE values of 0.65 and 0.57 for kcat and kcat/Km, respectively. Similar
pL profile and SKIE values were observed for the mutant t-G2019S (see Supporting
Information, S7).

The same pL-dependent studies were conducted for LRRKtide as well. The pL profiles
revealed similar shape with one apparent pKa of 7.6 and 7.9 from pH and pD profile,
respectively for kcat; and one apparent pKa’s of 7.7 and 8.2 from pH and pD profile,
respectively for kcat/Km (Figure 3B and 3C). The pL-independent steady-state parameters
revealed SKIE values of 1.1 and 1.2 for kcat and kcat/Km, respectively. Similar pL profile and
SKIE values were observed for the mutant t-G2019S (see Supporting Information, S8).
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Mass Spectrometry Analysis of Cysteine Residues Modified by N-ethylmaleimide (NEM)
The mass spectrometry analysis revealed twenty-eight cysteine residues modified by NEM.
Twenty-three of them locate in the LRR, COR, and WD40 domains. Only one cysteine
C1465 is in the GTPase domain and four (C2024, C2025, C2101, and C2114) are in the
kinase domain.

LRRK2-Catalyzed Hydrolysis of GTP – Steady-State Kinetic Study
To characterize LRRK2-catalyzed hydrolysis of GTP, a radiometric assay in which [α-33P]-
GDP is separated from [α-33P]-GTP by TLC and counted by a scintillation counter was
developed. The production of GDP is linearly dependent on both time and enzyme
concentration (data not shown). Initial velocities were measured as a function of GTP
concentration for t-wt and the mutant t-G2019S (Figure 5). The dependence of initial
velocities on GTP concentration adheres to the simple Michaelis-Menten equation, which
allowed us to calculate the steady-state kinetic parameters: kcat = 0.04 ± 0.004 s−1, KGTP =
0.7 ± 0.1 mM for t-wt LRRK2; and kcat = 0.03 ± 0.002 s−1, KGTP = 0.4 ± 0.1 mM for the
mutant t-G2019S. These results suggest that the mutation decreases the GTPase activity by
20% without significantly affects the binding of GTP.

Modeling of LRRK2 Kinase Domain
The LRRK2 kinase domain between residues 1879–2138 was modeled using MODELLER
(15) (details in materials and method section). ATP was docked into the ATP-binding
pocket using GLIDE (21, 22) and the final model in complex with peptide substrates is
shown in Figure 1D and also Supporting Information S9. The LRRK2 kinase model shows
all of the expected subdomains of a Ser/Thr protein kinase (see Supporting Information,
S9c) (23–26). The ATP binding cleft shows a glycine-rich loop (residues 1885–1982)
facilitating backbone interactions with the γ-phosphate of ATP (see Supporting Information,
S9c) (27). D2017 is part of the regulatory DYG loop and makes a stabilizing interaction
with ATP via Mg2+ ion (25, 26). The DYG loop in this case was modeled on the “DYG-in”
active form of the kinase. In addition, the catalytic loop shows H1998, K1996 and D1995
correctly positioned for catalysis in close proximity to the γ-phosphate of ATP. The LRRK2
kinase domain shows spatial conservation of residues in the regulatory spine like other
kinases in this subfamily (25) and comprises residues L1924, L1935, Y1992, and Y2018.
The catalytic spine comprises V1893, L1955, L2001, L2062, and I2066. The adenine group
of the ATP molecules completes this catalytic spine by positioning itself between V1893
and L2001. In addition, the model shows C2024 and C2025, which are both on the
regulatory loop, exposed to solvent.

DISCUSSION
Source of LRRK2 Enzymes

We have reported the characterization of the kinase and GTPase activities of full-length
mouse wt LRRK2 purified from mouse brain (19). Due to the difficulty of generating the
full-length G2019S mutant, for this study, we used the truncated version of human LRRK2
and the mutant G2019S containing residues 970–2527 which includes the Roc, COR, kinase,
WD40, and entire C-terminal domains expressed in baculovirus system. The truncated
protein demonstrated both kinase and GTPase activities.

The Mutant t-G2019S Increases the Kinase Activity in a Substrate-Dependent Manner—
Initial Velocity Studies

The natural substrate(s) of LRRK2 are not known. Several potential substrates of LRRK2
have been described, including ezrine, radixin, and moesin (ERM), eukaryotic initiation
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factor 4E (eIF4E)-binding protein (4E-BP), MAPK kinases, tubulin beta, and α-synuclein
(28–32). However, none of the proteins have proven to be efficiently phosphorylated by
LRRK2 in cells or animals. Therefore, in this study LRRKtide and PLK-peptide were used
as phosphoryl acceptors.

The mutant G2019S has been consistently reported to increase the kinase activity of LRRK2
by 2- to 3-fold (7, 8, 11, 33). In this study, we were able to replicate this finding for
LRRKtide phosphorylation. However, when PLK-peptide was used as the phosphoryl
acceptor, surprisingly the mutant t-G2019S showed no difference in specific activity to that
of t-wt LRRK2. It has been reported that LRRK2 favors threonine over serine for
phosphorylation. Replacement of threonine with serine in the Nictide peptide abolished
phosphorylation by LRRK2 (34). The lack of increased activity of the mutant t-G2019S
might be attributed to the unfavorable serine residue. Therefore, LRRKtideS peptide was
prepared, in which phosphorylatable threonine was replaced by serine. The replacement
resulted in a much less efficient substrate. This is most likely due to a possible charge
repulsion introduced by serine which weakens the electrostatic network between LRRK2
and the peptide substrate (Figure 1D, also see supporting information for detail). However,
the mutant t-G2019S still retains a 3-fold increase in kcat compared to t-wt LRRK2.

Modeling the LRRK2 kinase domain in complex with ATP, LRRKtide(T/S) and/or PLK-
peptide provides a model for understanding the substrate-dependent effect of the mutant t-
G2019S (Figure 1D). PLK-peptide has a higher charge density with excellent charge
complementarity with the nearby LRRK2 substrate binding pocket (see supporting
information for detail) and is consistent with > 200-fold tighter binding of the PLK-peptide
relative to LRRKtide, as demonstrated by differences in Km values (Km of 0.4 µM for PLK-
peptide versus 87 µM for LRRKtide). The tight binding of the PLK-peptide minimizes any
effect that the t-G2019S mutant may have therefore eliminating any difference between the
t-wt and the mutant t-G2019S. The individual interactions between peptide substrates and
LRRK2 will be tested by making a series of single amino acid changes in a future study.

The observation that the mutant t-G2019S shows substrate-dependent effect on kinase
activity highlights the uncertainty that the mutant G2019S will necessarily have increased
kinase activity toward physiological substrates compared to wt LRRK2. The fact that most
of the LRRK2 mutations do not simply increase kinase activity, along with our observation
on the mutant t-G2019S raises the possibility that there might be complex mechanisms that
regulate the functions and enzymatic activities of the mutant G2019S and other mutations. A
more comprehensive understanding of the effects of LRRK2 mutations must take into
account the complex mechanisms that regulate LRRK2’s functions. The recent discovery of
14-3-3 (33) has begun to reveal the mutant-specific regulating mechanisms of LRRK2.

Formation of a Nonproductive Complex and Its Impact on Inhibitor Efficacy In Vivo
Values of KATP for the reaction of LRRK2 with PLK-peptide and LRRKtide/LRRKtideS

dramatically depend on the identity of the phosphoryl acceptor with a notable difference of
10-fold. Given a α value of 2 versus 0.5, this difference in KATP is large. As discussed in
more detail previously (35), a mechanism that involves the formation of nonproductive
binary complex upon the binding of the phosphoryl acceptor to free enzyme, to which
nucleotides bind nonproductively, could account for these results. The measured values of
KATP are complex terms that include the contribution from the nonproductive binding of the
phosphoryl acceptor and would be dependent on the identity of the phosphoryl acceptor. It
would be expected that dissociation constants of the ATP competitive inhibitors could also
show phosphoryl acceptor-dependence resulting in a similar potency difference between in
vitro and in vivo situations. In other words, inhibitors of LRRK2 currently assessed using
peptide substrates may not truly represent efficacy with its physiological substrates. Given
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the amount of efforts currently dedicated to drug discovery targeting LRRK2 kinase,
identifying LRRK2 physiological substrates has become even more urgent for potential
therapeutic applications in PD, not to mention the importance for elucidating LRRK2’s
functions.

The Mutant t-G2019S Follows the Same Kinetic Mechanism as t-WT— Inhibition and
Isotope Exchange Studies

The inhibition and isotope exchange patterns rule out a steady-state ordered mechanism and
indicate a rapid equilibrium random mechanism for all three reactions catalyzed by t-wt and
the mutant t-G2019S. In our previous study, we had determined that full-length mouse wt
LRRK2 follows the same rapid equilibrium random mechanism for LRRKtide and PLK-
peptide phosphorylation (19). The results indicate that the truncation of the N-terminus or
the source of LRRK2 enzyme does not change the substrate binding order.

There is General Base Involved in the Reaction
Linear proton inventories with small SKIE on kcat of LRRKtide phosphorylation for both t-
wt LRRK2 and the mutant t-G2019S suggest that the rate-limiting step of the process
governed by kcat is the product release or any conformational change associated with this
process. The use of the proton inventory shape and the size of the solvent isotope effect to
determine the number of hydrogenic sites and to diagnose the mechanism have previously
discussed by Schowen and Venkatasubban (20, 36). In order to understand the catalytic
mechanism and to identify the critical residues involved in catalysis, the experiments must
be carried out using a rapid-quench instrument to measure the phosphoryl transfer, which is
a rapid step. However, here we used the less efficient substrate, LRRKtideS, with the
expectation that the 26-fold decrease in kcat would lead to a slow phosphoryl transfer. Proton
inventory studies for LRRKtideS phosphorylation revealed a nonlinear dependence of kn/k0
on n with an inverse SKIE of 0.7 for both t-wt and the mutant t-G2019S. The reciprocal of
the ratio of kcat (k0/kn) linearly depends on n. These results suggest that (i) the phosphoryl
transfer step is rate-limiting for LRRKtideS phosphorylation and is associated with one
proton transfer and (ii) the fractionation factor in the ground state is less than unity.

To make certain that changes in side chain pKa values in light and heavy water were not
causing a dramatic difference in SKIE, studies of the pL-dependence of kcat and kcat/Km
were carried out. For the LRRKtideS phosphorylation, the pL-profile revealed inverse SKIE
on kcat at the optimal pL for both the t-wt and mutant t-G2019S and identified a residue with
pKa of 7.5. The pK value of the catalytic residue was shifted by + 0.5 unit in D2O and may
result from the solvent equilibrium isotope effect on the residue. Similar results were
obtained for kcat/Km. First we postulated that SH ionization of a cysteine residue in the
active site was the possible source of the low fractionation factor, although a solvent
equilibrium isotope effect on pK value of sulfhydryl group is expected to be 0.15–0.18 (20).
To test this hypothesis, t-wt LRRK2 was treated with the cysteine-specific irreversible
inhibitor N-ethylmaleimide (NEM). A dose-response curve was obtained with signs of
complete inhibition at high NEM concentration, suggesting that cysteine residues play an
important role in LRRK2 catalysis. A mass spectrometry analysis revealed that four
cysteines (C2010, C2014, C2025, and C2114) in the kinase domain of LRRK2 were
modified by NEM to different extent. However, modeling of the kinase domain of LRRK2/
LRRKtide complex revealed no cysteine in the active site— C2101 and C2114 are away
from the active site while C2024 and C2025 are on the catalytic loop of the enzyme. Instead,
H1998 was identified in close proximity to the hydroxyl proton of threonine and could
function as the possible general base for catalysis. The shift of pK of the catalytic residue by
0.5 unit is consistent with the expected solvent equilibrium isotope effect on pK of histidinyl
group of 0.5–0.7 (20). However, it raised a question: what is the source of the less-than-

Liu et al. Page 10

Biochemistry. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



unity fractionation factor in the ground state? Certainly the thiol group of cysteine is not the
source. In general, a low-barrier hydrogen bond would give rise to such a fractionation
factor and that would be formed only when the pK values of the two groups in the hydrogen
bond are similar. There are some examples of low-barrier hydrogen bond for enzyme groups
involved in acid-base catalysis (37). In the case of enolase, the base appears to be a water
molecule held between two glutamates (38). Identification of the source of the low
fractionation factor and the general base involved in catalysis will be greatly facilitated by
the future elucidation by x-ray crystal structure of LRRK2 kinase domain. In addition, site-
directed mutagenesis may also help elucidate the role and function of H1988 in the future.

Effects of the Mutant t-G2019S on the GTPase Activity
The kinetic study of GTP hydrolysis revealed similar kinetic parameters for the mutant t-
G2019S and t-wt LRRK2. The mutant t-G2019S does not significantly affect GTP binding
and slightly decreases the turnover of GTP to GDP. We have previously reported that GTP
or GDP binding to the GTPase domain does not affect the downstream kinase activity in
vitro when full-length protein purified from mouse brain was used (35). Those results raised
the question of whether LRRK2 undergoes intramolecular regulation in a GTP-dependent
manner. In the current study, we were still unable to detect any effect of GTP or GDP on
kinase activity using truncated proteins. Interestingly, we recently identified a GTPase
activating protein that downregulates the kinase activity of LRRK2 by increasing GTPase
activity (manuscript in preparation). Those findings constitute direct evidence that LRRK2
requires the GTPase activating protein in order to undergo intramolecular regulation.

In summary, the studies reported herein provide important information for understanding the
critical interactions in the active site of LRRK2, which provides an enzymology foundation
to assist drug discovery efforts for PD. Designing selective kinase inhibitors is a challenge
given the fact that all kinases in the TKL sub-family have very similar active sites. The final
active site of the enzyme is comprised of residues not only from the kinase but from the
substrate as well. The identification of critical residues in LRRK2’s substrate will provides
important information for identifying physiologically relevant substrates of LRRK2 via a
consensus motif. The identification of LRRK2’s substrates will be critical not only for
accurately estimating the efficacy of inhibitors but also for selective inhibitor design.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

PD Parkinson’s disease

t-wt LRRK2 truncated wild type leucine-rich repeat kinase 2

t-G2019S truncated G2019S

PLK-peptide PLK-derived peptide with a motif of RRRSLLE

LRRKtide RLGRDKYKTLRQIRQ

LRRKtideS RLGRDKYKSLRQIRQ
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Figure 1.
Steady-state kinetic studies of LRRK2-catalyzed phosphorylation. (A) Phosphorylation of
LRRKtide by t-wt LRRK2 (○) and the mutant t-G2019S (●). (B) Phosphorylation of
LRRKtideS by t-wt LRRK2 (●) and the mutant t-G2019S (○). (C) Phosphorylation of PLK-
peptide by t-wt LRRK2 (●) and the mutant t-G2019S (○). (D) Structural details of peptide
binding (LRRKtide on the top-left and PLK-peptide on the top-right) near the ATP binding
site of LRRK2. Both peptides show a series of conserved interactions involving residues
such as D1887 and R1915. In case of LRRKtide, R14 makes hydrogen bonds with ATP as
well as D2017 (DGY loop) of LRRK2. The structural equivalent position in PLK-peptide is
occupied by L6 and does not participate in hydrogen bonding with ATP or D2017. This
suggests that LRRKtide is likely to be more sensitive to mutations in the DYG-loop region
compared to PLK-peptide. In the bottom-left panel, the interaction of LRRKtideS with the
active site of LRRK2 is shown in details. S12 of LRRKtideS is in close proximity of charged
residues including D2017 and D1994. In the bottom right-panel, the interaction of
LRRKtide (contains Thr instead of Ser) with the active site of LRRK2 is shown in detail.
The methyl group of T12 is placed between the oxygen of T12 and D1994 leading to charge
shielding in this region.
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Figure 2.
Isotope exchange analysis for the mutant t-G2019S-catalyzed LRRKtide phosphorylation.
Effect of [ADP]/[ATP] (A), [PO4-LRRKtide]/[LRRKtide] (B), [ADP]/[LRRKtide] (C), and
[PO4-LRRKtide]/[ATP] (D) concentrations on the initial rates of the ATP to PO4-LRRKtide
isotopic exchanges. The concentrations of the varied reactants were maintained at a constant
ratio of 20 while the other reactants were kept as 1 and 20 µM for the substrate and product,
respectively. The trace amount of radioactive ATP was added prior to the initiation of the
reaction by the addition of enzyme. The data in panel A and B were fit to the simple
Michaelis-Menton equation, and data in panel C and D were fit to the equation reflecting the
substrate inhibition: v = vmaxS/(Km + [S](1 + [S]/Ki)).
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Figure 3.
Proton inventory and pL-dependent studies for t-wt LRRK2-catalyzed LRRKtide
phosphorylaiton. For the proton inventory study, the initial velocities were measured at
saturating concentrations of both ATP and peptide substrates for kcat in the mixture of H2O
and D2O at pH 8.2 and pD equivalent. The dependence of the ratio of kcat (kn/k0) in the
presence and absence of varying atom fractions of D2O (n) on n revealed a normal SKIE of
1.1 (A). pL-dependent studies were carried out using a triple buffer consisting of 50 mM
MES, 100 mM Tris, and 50 mM acetic acid. Panel B revealed pH (●) and pD (○)
dependencies of kcat with a SKIE of 1.1 and panel C revealed pH (●) and pD (○)
dependencies of kcat/Km with a SKIE of 1.2.
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Figure 4.
Proton inventory and pL-dependent studies for t-wt LRRK2-catalyzed LRRKtideS

phosphorylation. Panel A shows proton inventory studies of LRRKtideS phosphorylation.
The inset shows the reciprocal of the ratio of kcat (k0/kn) dependence on n. Panel B reveals
pH (●) and pD (○) dependencies of kcat with a SKIE of 0.65 and panel C reveals pH (●) and
pD (○) dependencies of kcat/Km with a SKIE of 0.57.
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Figure 5.
LRRK2-catalyzed GTP hydrolysis. Initial velocities were measured as a function of [GTP]
for t-wt LRRK2 (○) and the mutant t-G2019S (●).
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