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ABSTRACT: Various mutations in leucine-rich repeat kinase 2 (LRRK2) have been linked to susceptibility for
both familial and idiopathic late-onset Parkinson’s disease (PD). In this study, we have demonstrated that
phosphorylation of MBP and LRRK tide by the LRRK2 G2019S mutant was activated by Mn*" in vitro. This
enhanced G2019S kinase activity was due to the combination of an increase in kinase and a decrease in
ATPase activity by Mn*". Compared to 10 mM Mg*", | mM Mn?" reduced ATP K,,, for G2019S from 103 to
1.8 uM and only modestly reduced k., (2.5-fold); as a result, the Mn*" increased its ke /Ky by 22-fold. This
change in ATP K., was due in large part to an increase in nucleotide affinity. While Mn*" also increased ATP
affinity and had similar effects on k.,/ K, for LRRK2 WT and R1441C enzymes, it reduced their k., values
significantly by 13—17-fold. Consequently, the difference in the kinase activity between G2019S and other
LRRK?2 variants was enhanced from about 2-fold in Mg*" to 10-fold in Mn®" at saturating ATP
concentrations relative to its K.,. Furthermore, while Mg2+ yielded optimal V.« values at Mg2+ concentra-
tion greater than 5 mM, the optimal Mn®" concentration for activating LRRK2 catalysis was in the
micromolar range with increasing Mn>* above 1 mM causing a decrease in enzyme activity. Finally, despite
the large but expected differences in ICs tested at 100 uM ATP, the apparent K; values of a small set of
LRRK2 ATP-competitive inhibitors were within 5-fold between Mg®*- and Mn”>"-mediated reactions except

AMP-CPP, an ATP analogue.

Leucine-rich repeat kinase 2 (LRRK2)" is a 2527 amino acid
long protein comprised of a number of protein—protein interac-
tion domains including N-terminal ankyrin repeats (ANK), a
leucine-rich repeat region (LRR), and a C-terminal WD40
domain (Figure 1A). This large protein also hosts a Ras of
complex (Roc) GTPase domain and a kinase domain with the
two enzyme domains flanking a linker region called C-terminus
of Roc (COR) (Figure 1A) (/). While multiple interacting
partners and protein chaperons of LRRK?2 have been characteri-
zed (e.g., Hsp70, Hsp90, microtubules) (2—35), the physiologi-
cally relevant substrates of LRRK2 have not yet been identified
or confirmed. Current studies involving biochemical character-
ization of the enzyme activity have utilized autophosphoryla-
tion (6), phosphorylation of myelin basic protein (MBP) (7), or
phosphorylation of the peptide substrate derived from ezrine/
moesin/radixin (8). Recent human genetics findings have linked
multiple mutations at different regions of LRRK2 to the
susceptibility of both familial and sporadic Parkinson’s disease
(PD) (1, 9). Among the mutations identified, G2019S found in
the kinase domain is the most common mutation, and this
mutant has been shown to have higher kinase activity in vitro (7).
Other mutations such as 12020T in the kinase domain and
R1441C and Y1699C in the Roc domain have not been con-
sistently shown to affect kinase activity in vitro (8, 10, 11). It has
been suggested that various cofactors, including GTP and
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manganese, are required for LRRK2 optimal kinase activity
(12, 13). The modulation of kinase activity by the GTPase domain
is thought to parallel the interaction between GTP-bound Ras and
its kinase effectors; thus LRRK?2’s PD-linked mutations located in
the Roc domain have been proposed to augment kinase activity
indirectly by enhancing GTP binding, inhibiting GTP hydrolysis,
or changing protein conformation (/4—16).

Previously, Luzon-Toro and colleagues have suggested that
manganese is required for LRRK2 kinase activity (/3) despite the
commonly accepted view that magnesium, which is more abun-
dant in cells (17), is the physiologically relevant divalent ion used
by kinases (/8) and the fact that the majority of published LRRK?2
reactions were carried out in the presence of divalent magnesium.
The most common G2019S mutation is located in the highly
conserved Mg>"-binding D(F/Y)G domain where the mutated
residue is N-terminal to the activation loop (Figure 1A) (7, 8). It
has been hypothesized that a conserved small residue like glycine
at this position would allow for maximal conformational flexibility
of the activation loop that is required for modulating kinase
activity (19). Consequently, mutations of the glycine residue could
either disrupt the ordering of the magnesium binding domain and
the activation loops or might lock the loop in the active con-
formation that typically is induced upon phosphorylation within
the activation loop (7, 19, 20). Even though LRRK?2 does contain,
upstream to the catalytic D1994, an arginine residue that is
conserved among kinases that are regulated through activation
segment phosphorylation (2/), neither phosphorylations nor
changes in the conformation of the activation loop have been
demonstrated to be the regulatory mechanism of LRRK?2 kinase
activity. Understanding how cofactors such as GTP or divalent
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FIGURE 1: Phosphorylation activity of LRRK2. (A) Schematic re-
presentation of LRRK2’s domain structure and the most commonly
known PD-linked mutations. gB) Autophosphorylation and phos-
phorylation of MBP using [y-**PJATP were compared among WT,
G2019S, 12020T, and R1441C variants in reaction buffer containing
either 10 mM MgCl, or I mM MnCl,. Phosphorylation of MBP by
G2019S was significantly enhanced by Mn>". (C) Using a capillary
electrophoresis assay that directly monitored the phosphopeptide
product formation, the phosphorylation of FAM-LRRKtide by
G2019S was also increased in the presence of Mn>* as compared to
Mg>*. (D) LRRKtide K, measured in Mn>" reaction buffer using
G2019S and a luciferase-based assay was similar to the reported
values using Mg>" (8, 10). (E) Kinase activity on LRRKtide was
compared among LRRK2 variants in Transcreener ADP> assay
using 10 uM ATP. G2019S showed increased catalytic turnover of
ATP in the presence of Mn>* compared to Mg>* by ~3-fold, while
WT and R1441C showed a decrease. The kinase inactive mutant
D1994A did not yield observable activity in either condition.

ions regulate LRRK2 enzyme activities can potentially provide
clues in explaining how the enzymatic function of LRRK2 is
associated with the onset and progression of PD. In this study, we
demonstrated that different divalent ions (magnesium vs man-
ganese) have significant impact on the catalytic activity of
LRRK2. Compared to Mg>", Mn>" increased ko /Koy of LRRK2
kinase activity by lowering the ATP K, by about 100-fold. The
increase in the nucleotide binding to LRRK2, however, was
accompanied by a significant reduction (13—17-fold) in k¢, for
all proteins except the G2019S mutant. As a result, the differential
kinase activity of the G2019S mutant relative to other LRRK2
variants was enhanced in the Mn®"-mediated reaction compared
to Mg®" at saturating ATP concentrations relative to their res-
pective ATP K,,,.

MATERIALS AND METHODS

Reagents, Proteins, and Peptides. All variants (WT,
G2019S, R1441C, D1994A) of GST-tagged LRRK2 containing
amino acids 970—2527 (lacking only the ANK domain) were
purchased from Invitrogen (Madison, WI). LRRKtide (RLGR-
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DKYKTLRQIRQ) and FAM-LRRKtide (5-FAM-GAGRL-
GRDKYKTLRQIRQ) were synthesized by American Peptide
Co. (Sunnyvale, CA). Transcreener ADP? detection reagents were
purchased from Bellbrook Laboratories (Madison, WI). EasyLite
kinase luminescence reagents were purchased from Perkin-Elmer
(Waltham, MA) and Kinase-Glo Max luminescent kinase assay
reagent was purchased from Promega (Madison, WI).

Radiometric LRRK?2 Kinase Assay. Autophosphorylation
and myelin basic protein (MBP) phosphorylation by LRRK2
were assessed using 120 nM LRRK2 enzymes in the presence or
absence of 0.2 ug of MBP in kinase reaction buffer (50 mM
HEPES, pH 7.5, and 5mM DTT) containing either | mM MnCl,
or 10 mM MgCl, . The kinase reactions were initiated by addition
of 50 uM ATP spiked with 20 uCi of [y-**PJATP (Perkin-Elmer)
and were incubated at 30 °C for 30 min in a final reaction volume
of 10 uL. Reactions were terminated by the addition of lithium
dodecyl sulfate sample buffer (Invitrogen) followed by heating at
70 °C for 10 min. Denatured proteins were separated on
SDS—PAGE and analyzed by autoradiography.

Transcreener ADP? and EasyLite Luciferase Assays for
Kinase Reaction. Unless stated otherwise, kinase reactions
(4 uL) containing 1 nM LRRK2 G2019S, 100 uM LRRKtide
substrate, and 10 uM ATP in kinase reaction buffer (50 mM
HEPES, pH 8.0, 0.003% Triton X-100, 5 mM DTT, and either
1 mM MnCl, or 10 mM MgCl,) were incubated at ambient
temperature for 75 min in low-volume 384- or 1536-well black
plates. To quench kinase reactions and detect ADP production,
3 uL of Transcreener ADP? detection mixture containing 20 mM
EDTA, 15 ug/mL anti-ADP antibody, and 8§ nM ADP Alexa-
Fluor633 tracer were added into the kinase reactions. The ADP
in the assay was detected by measuring the change in the
fluorescence polarization of the ADP AlexaFluor633 tracer upon
binding to anti-ADP in the presence of enzyme-catalyzed ADP
production. The final mixture was allowed to equilibrate at
ambient temperature for 30 min. Fluorescence polarization was
detected with either an EnVision multilabel plate reader (Perkin-
Elmer) using the optimized Cy5 FP dual emission label from
Perkin-Elmer (excitation filter, nonpolarized Cy5 620/40; emis-
sion filters, Cy5 FP S-pol 688/45 and Cy5 FP P-pol 688/45;
optical module, Cy5 FP D658/fp688 dual mirror) or Wallac
ViewLux (Perkin-Elmer) plate reader using Alexa 594 dichroic
mirror in combination with 618/8 excitation filter and 671/7.8
emission filter. Luciferase-coupled luminescence ATP detection
was performed by adding 3 uL of EasyLite reagent (Perkin-
Elmer) to the 4 uL kinase reaction and allowing reaction mixtures
to equilibrate at ambient temperature for 10 min. Luminescence
was measured with either an EnVision multilabel plate reader or
Wallac ViewLux.

LRRKtide and ATP K,,, Determinations. LRRKtide K,
was determined using 200 uM ATP and various concentrations
of LRRKtide in the Mn?"-containing reaction buffer described
above. The catalytic ATP turnover was measured using Kinase-
Glo Max luminescent kinase assay (Promega). ATP K, was
determined in kinase reactions using the same Mn** and Mg>"
reaction buffers described above with 500 uM LRRKtide
substrate. In Mn®" reaction buffer, WT, G2019S, and R1441C
LRRK2 enzymes were tested at 10, 1, and 8 nM, respectively,
and at 7, 2, and 4 nM, respectively, in MgZJr reaction buffer. A
2-fold serial dilution of ATP from 400 to 0 uM was added to the
enzyme to initiate reactions and then quenched in 10 min inter-
vals from 0 to 60 min. Anti-ADP antibody concentration used in
the detection reagent was unique to each ATP concentration and
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was 2x of the ECgs values calculated using the linear correlation
equation (eq 1) provided by Bellbrook Laboratories:

ECgs ADP antibody (ug/mL) = 0.51 x uM ATP + 0.4 (1)

Standard curves were generated for each ATP concentration in
both Mn?" and Mg>" reaction buffers, and the quantity of
micromolar ADP produced was determined for each reaction at
each time point. Initial velocities of ADP production were
calculated by measuring the slope of the linear region of each
reaction as a function of time. The initial velocities up to 10%
ATP conversion obtained were then plotted against ATP con-
centrations and fitted to a Michaelis—Menten plot using Graph-
Pad Prism 5 (La Jolla, CA) to obtain k¢, Vimax and K, values.

Continuous spectrophotometric measurement of ATP conver-
sion to ADP by LRRK2 phosphorylation of LRRKtide was
also measured in a pyruvate kinase—lactate dehydrogenase
coupled assay. LRRK2 (88 nM WT, 100 nM G2019S, or 230 nM
R1441C) was prepared in reaction buffer containing 50 mM
HEPES, pH 8.0, 0.003% Triton X-100, 5mM DTT, 1 mM phos-
phoenolpyruvate (Sigma), | mM NADH (Sigma), 18.6 units/mL
pyruvate kinase (Sigma), 22.7 units/mL lactate dehydrogenase
(Sigma), and 500 uM LRRKtide with either I mM MnCl, or
10 mM MgCl,. The reaction was initiated by addition of a 2-fold
serial dilution of ATP (200 to 0 «M in Mn”" reaction buffer and
4000 to 0 M in Mg*" reaction buffer). The reaction progress was
monitored by NADH absorbance at 340 nm for 6 h using a
Spectramax plate reader (Molecular Devices). The change in
absorbance at 340 nm was plotted against time, and the initial
rates were calculated. Initial velocities were then plotted against
ATP concentrations and fitted to a Michaelis—Menten plot to
determine Vi, and K, values. k., was calculated as micromoles
per second of product produced per micromole of enzyme.

ICs5y and K; Determinations. A panel of Sigma LOPAC
compounds were screened in single point followed by dose
response against G2019S LRRK2 in both Mn>"- and Mg>*-
containing reaction buffers as described above for Transcreener
ADP? assays. ICsy values were converted to K; using the
Cheng—Prusoff equation (22) where the K, values of ATP were
1.8 uM in Mn>" buffer and 103 uM in Mg*" buffer.

Active Site Competitive Florescence Polarization Bind-
ing Assay. Compound binding affinities to G2019S and WT
LRRK2 were assessed using a florescence polarization-based
competitive binding assay. The ECgs values of the binding curves
were determined to be 15 and 30 nM using 2 nM kinase tracer
236 (Invitrogen) for G2019S and WT variants, respectively, in an
enzyme titration experiment. LRRK2 G2019S (15 nM) and WT
(30 nM) was preincubated with a 2-fold serial dilution of
compounds (3000 to 0 M) in reaction buffer (50 mM HEPES,
pH 7.2,0.003% Triton X-100, 5mM DTT, and 1 mM MnCl, or
10 mM MgCl,) for 30 min at ambient temperature. Two
nanomolar kinase tracer 236 (Invitrogen) was added to a final
reaction volume of 9 uL, and kinase tracer 236 binding to the
kinase active site was allowed to equilibrate for 30 min. Fluor-
escence polarization was measured on the EnVision multilabel
plate reader (Perkin-Elmer) using the optimized Cy5 FP dual
emission label.

Microfluidic Capillary Electrophoresis Assay. LRRK2
reactions were carried out in a final volume of 40 L per well in a
384-well microplate. A standard enzymatic reaction, initiated by
the addition of 20 uL of 2x ATP to 20 uL of 2x enzyme, con-
tained 10 nM G2019S, 1 uM FAM-LRRKtide, 12.5 uM ATP,
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25 mM Tris, pH 8.0, 1 mM MnCl, or 5 mM MgCl,, 0.01% Triton
X-100, 2 mM DTT, 5 mM f-glycerophosphate, 5 mM NaF,
100 uM Na3VO,, and 1x protease inhibitor cocktail (Calbiochem).
After incubation for 120 min at ambient temperature, the
product and substrate in each reaction were separated using a
12-sipper microfluidic chip (Caliper Life Sciences, Hopkinton,
MA) run on a Caliper LC3000 (Caliper Life Sciences, Hopkin-
ton, MA). The separation of product and substrate was opti-
mized by choosing voltages and pressure using Caliper’s
optimizer software (Hopkinton, MA). The separation buffer
contained 100 mM HEPES, pH 7.2, 0.015% Brij-35, 0.1%
coating reagent 3, 10 mM EDTA, and 5% DMSO. The separa-
tion conditions used a downstream voltage of —500 V, an up-
stream voltage of —2350 V, and a screening pressure of —1.4 psi.
The product and substrate fluorescence was excited at 488 nm
and detected at 530 nm. Substrate conversion was calculated
from the electrophoregram using HTS Well Analyzer software
(Caliper Life Sciences, Hopkinton, MA).

RESULTS

Divalent Manganese Enhances Phosphorylation of M BP
and LRRKtide by LRRK2 G2019S. The observation of
differential effects of divalent ions on the catalytic activity of
kinases has been reported previously (23, 24), with Mg*" as a
generally preferred activator for serine/threonine kinases and
Mn”" often preferred by tyrosine kinases (24). In this study
LRRK2, a serine/threonine kinase, was shown to have higher
autophosphorylation and MBP substrate phosphorylation acti-
vities in the presence of Mg>", with the exception of the G2019S
variant (Figure 1B). While Mn*" yielded a comparable level of
G2019S autophosphorylation compared to Mg**, MBP phos-
phorylation by G2019S was significantly enhanced by the pre-
sence of Mn®". This result suggests that there may be differences
in substrate recognition and the rate of ATP turnover between
G2019S kinase and autophosphorylation mediated by the two
divalent ions. This type of differential effects between kinase and
autophosphorylation activities by various divalent metal ions has
also been observed previously in p21-activated protein kinase,
y-PAK (23). Consistent with the MBP phosphorylation data, a
6-fold enhancement in G2019S kinase activity by Mn*" was also
observed with a peptide substrate derived from ezrin/moesin/
radixin (LRRKtide) (8) using capillary electrophoresis assays
(Figure 1C). The LRRKtide K,, with Mn>" was shown to be
comparable (K, = 158 £+ 8 uM) to those reported for reactions
carried out in the presence of Mg*" (8, 10) (Figure 1D). This result
is different from the activation of C-terminal Src kinase (CSK)
where Mn®" was shown to lower the K, of the poly(Glu, Tyr)
peptide substrate when compared to the K, obtained with
Mg*" (25). A comparison of catalytic ATP turnover in the presence
of 100 uM LRRKtide substrate among LRRK2 WT, G2019S, and
R1441C also confirmed the unique activation of kinase activity of
the G2019S variant by Mn*" (Figure 1E). Neither Mg”* nor Mn*"
produced observable activity in the kinase inactive mutant
D1994A, suggesting that the differential enzyme activities were
intrinsic to LRRK2 proteins and not due to kinase contaminants
from protein purification. In the presence of Mn>", LRRK2
G2019S kinase activity was about 10-fold greater than WT and
R1441C variants while only a 2—3-fold increase was observed with
Mg”" buffer (Figure 1E). This modest level of difference in G2019S
kinase activity compared to WT observed in Mg*"-mediated
reactions is consistent with previously reported values (19).
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FIGURE 2: Michaelis—Menten plots of ATP titration against G2019S in either (A) Mn*" or (B) Mg*>" reaction buffer using the Transcreener
ADP? detection assay. (C) Comparison of ATP K, and k., values with the two divalent ions for WT, G2019S, and R1441C.

Divalent Ions Modulate K, and k.., of ATP Catalysis.
To understand how divalent metal ions regulate catalysis of ATP
by LRRK2 variants, steady-state kinetic profiles were characteri-
zed in Transcreener ADP? assay for WT, G2019S, and R1441C
variants. First, the apparent K, values of ATP measured in the
presence of 500 uM LRRKtide (excess to the peptide Ki,,) and
10 mM Mg*" were found to be 49.9, 103, and 34.0 uM for WT,
G2019S, and R1441C, respectively. These values are comparable
to those previously reported (10, 26). However, in contrast to
previous reports that G2019S has an approximately 4—>5-fold
higher k., in a radiometric assay (10), our current studies showed
that the G2019S k¢, value (0.517 £ 0.037 s~ 1) increased only
modestly compared to the WT and R1441C values (0.450 +
0.021 s~ and 0.367 & 0.024 s, respectively) (Figure 2C). The
ATP K, and k., determination using a LDH/PK-coupled assay
also confirmed the rank order of K, values among the LRRK?2
variants in the presence of Mg>" and the lack of a significant
enhancement of k., for G2019S (Figure 2C). In the presence of
1 mM Mn*", the Transcreener ADP* assay showed an increase in
kcat/ K for all LRRK?2 variants (Figure 2C). This change in the
catalytic efficiency is largely due to ~100-fold lower ATP K,
compared to the values obtained with Mg®", suggesting that
different divalent ions have significant impacts on ATP binding
affinity at the LRRK2 kinase active site. While changing divalent
ions from Mg”" to Mn*" resulted in a large reduction in ATP K,
for all three LRRK2 variants tested, it significantly decreased the
maximum catalytic rate of WT and R1441C by 13—17-fold while
affecting the G2019S k., more modestly by only 2.5-fold.
Because of the differential impacts on the ke, that Mn*" had
among LRRK?2 variants, the enhancement of G2019S kinase
activity on LRRKtide relative to WT and R1441C is more
pronounced in the Mn**-mediated reaction than the activation
observed with Mg”" at the saturating ATP concentration relative
to their respective ATP K, values. These results can also explain
the selective increase in LRRKtide phosphorylation by G2019S
using 10 or 12.5 4uM ATP in the presence of Mn>" (Figure 1C,E).
At 10 uM concentration, ATP is in excess to the ATP K, for all
LRRK2 enzymes in reactions containing Mn>"; thus the en-
hanced phosphorylation activity is predominantly reflected by
keq rather Ko, In contrast, 10 uM ATP in reactions containing
Mg*" is below ATP K,,, for all LRRK2 variants tested; thus the
kinase activity is affected by both K, and k., values. Because of
the large reduction in ke, for WT and R1441C by Mn>", even

with ATP concentrations at 5.0- and 3.4-fold lower than their
respective ATP K, values obtained with Mg”*, the phosphoryla-
tion activity in the presence of Mn®" is still expected to be lower
compared to Mg**. G2019S at 10 uM ATP, in contrast, showed
an expected 4—6-fold higher LRRK?2 phosphorylation activity in
Mn*"-mediated reactions (5.5-fold > ATP K,,) compared to
Mg*" (10-fold < ATP K,,). Taken together, these data also
emphasize the importance of considering ATP concentration
relative to the ATP K, determined under specific reaction
conditions with peptide or protein substrates when interpreting
the different degrees of kinase activation as reported in vitro by
the G2019S mutation (19).

Effect of Mg®" and Mn”" Concentrations on ATP K,,
and V.. To characterize the concentration dependency of
divalent ions on LRRK2 catalytic activity, ATP K, and V.«
values for G2019S were determined in the titration experiments of
each metal ion. Increasing amounts of Mg>" (1.25, 2.5, 5, and
10 mM) resulted in an increase in V., by greater than 2-fold with-
out affecting apparent ATP K, values (91 + 18 uM, 107 & 26 uM,
119 £ 25 uM, and 103 +£ 21 uM, respectively) (Figure 3A). A plot
of the apparent Vi, versus [Mg®"] showed that the maximum
reaction velocity reached a plateau at 5 mM Mg>" (Figure 3B).
Mg*" tested below 1 mM vyielded lower apparent ATP K, values
for G2019S (43 + 13 uM with 0.625 mM Mg”") suggesting that
the formation of the ATP—metal complex reached saturation at
approximately 1 mM Mg*". This result is similar to that demon-
strated for CSK where ATP—Mg complex formation reached
saturation with 1 mM Mg*" but additional Mg*" could further
activate the enzyme’s catalytic rate (27). In contrast to the Mg>"
experimental results, increasing concentration of Mn*' from
0.625, 2.5, 5, to 10 mM resulted in an overall 4.5-fold decrease
in the apparent ATP K, values (2.7 £0.4uM, 1.4 £ 0.5uM, 1.0 £
0.2uM, and 0.6 £ 0.2 uM, respectively) (Figure 3C). Furthermore,
increasing levels of Mn?" were shown to reduce ¥V, values with
the optimal Mn*" concentration below the lowest tested concen-
tration of 625 uM (Figure 3C,D). These opposite effects on both
the K, and Vi, values between varying concentrations of Mg>"
and Mn>" suggest (1) an inhibitory mechanism specific to high
concentration of Mn®" and/or (2) potentially two divergent
metal—ATP—enzyme interactions at the phosphotransfer transi-
tion state. These data also suggest that the observed 2.5-fold
difference in ke, between 10 mM Mg>™ and 1 mM Mn*" for
G2019S might be further minimized by using Mn>" at micromolar
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FIGURE 3: Effects of divalent ion concentration on G2019S catalytic activity measured in the Transcreener ADP? assay. (A, B) The Vinay of the

enzyme reaction was enhanced with increasing concentrations of Mg2+
LRRK2 V,ax increasing as Mn>" concentration was reduced below 1 mM. For Mg>*

reaching saturation at 5 mM. (C, D) Mn>" showed the opposite effect with

, ATP K, values were not affected by the concentration of

the divalent ion while increasing concentration of Mn>* resulted in an overall slight decrease in the apparent ATP K., values. (E) A titration of
Mn?" in the presence 5 mM Mg>", 10 uM ATP, and 50 uM LRRKtide was performed in a luciferase-based ATP detection assay. Increasing
concentration of Mn>" enhanced the ATP turnover with maximum activity observed at Mn*" concentration ranging between 78 and 156 zM.

concentration, which would also be closer to its known cellular
concentration (26).

Micromolar Mn’" Activates G2019S Activity in the
Presence of Millimolar Mg”". To assess potential impacts
of the large cellular molar ratio difference between the two
divalent ions on the ability of Mn®" to modulate LRRK tide-
dependent G2019S kinase activity, a titration of Mn®" was
performed in the presence of 5 mM Mg>" where the catalytic
rate for G2019S reached its plateau. Increasing concentration of
the Mn>" enhanced the LRRKtide-dependent ATP turnover,
and the activation reached a maximum at Mn*" concentration
ranging between 78 and 156 uM (Figure 3E). This optimal
concentration range is consistent with conditions found for
optimal V,,.x values observed in the Mn?* titration experiment.
This result thus demonstrates that even in the presence of the vast
excess amount of Mg>" that mirrors the cellular environment
Mn?" is still capable of exerting its activating effect on G2019S
kinase activity.

LRRK2 Enzymes Have ATPase Activity That Can Be
Minimized by Mn’*. In the absence of peptide substrate
LRRKtide, recombinant LRRK?2 enzymes displayed significant
ATPase activity with the commonly used 10 mM Mg”" buffer
(Figure 4A). Comparing LRRK2 variants (WT, G2019S,
R1441C, and D199%4A), the relative enzyme-dependent ATP
hydrolysis rates were parallel to the relative kinase activities
(G2019S > WT = R1441C > D1994A) (Figure 4A), suggesting
that contaminating proteins such as HSP90 (known to be
associated with LRRK2) (4) were unlikely to be the source of
the observed ATPase activity. These data also support the
hypothesis that the phosphorylation and ATP hydrolysis acti-
vities of LRRK2 are processed through the same enzymatic
active site. Using the Transcreener ADP? assay, the rate of ATP
turnover was compared between Mg®"- and Mn>*-containing
buffers in the absence of the LRRKtide substrate. Similar to the
reaction conditions carried out using 100 uM LRRKtide, WT
and R1441C enzymes had decreased rates of ADP production
with 10 uM ATP substrate and no peptide when the divalent ion
in the assay was switched from Mg®" to Mn®". The kinase
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FIGURE 4: ATPase activity of LRRK2 enzymes. (A) Using the
Transcreener ADP? assay in which a decrease in fluorescence polari-
zation of detection tracer ( Y-axis) corresponds to an increase in ADP
production, LRRK?2 showed enzyme concentration-dependent ATP
turnover in the absence of LRRKtide substrate. Among the LRRK?2
variants tested, G2019S showed the greatest ATPase activity. WT
and R1441C yielded comparable ATP hydrolytic rates while the
kinase inactive mutant D1994A did not produce observable ATP
hydrolysis. (B) All of the active LRRK?2 variants, including G2019S,
showed a decrease in ATPase activity when Mg>" was replaced with
Mn>*. Titrations of either (C) Mg>* or (D) Mn>" in the presence or
the absence of 50 uM LRRKtide were compared in a luciferase-based
ATP detection assay. While the catalytic turnover of the ATP in the
presence of LRRK tide reached a plateau at 5 mM Mg”>", decreasing
amount of Mn>* from 10 to 1 mM activated LRRKtide-dependent
ATP turnover and inhibited ATP hydrolysis.

inactive mutant, D1994A, showed minimal ATPase activity
under both conditions (Figure 4B). Mn>*, however, did not
produce the same effect between kinase and ATPase activities for
the G2019S variant. In the absence of LRRKtide, G2019S
displayed a similar behavior observed with WT and R1441C
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FIGURE 5: Representative titration curves of LRRK2 ATP-competitive inhibitors in either (A) 10mM Mg>* or (B) | mM Mn>* reaction bufferin
Transcreener ADP? assay. Compared to reactions performed with 100 M ATP (at ATP K,,) in Mg?" buffer, ICs, values were shifted higher in
Mn** buffer where 100 uM ATP was ~55-fold higher than ATP K. (C) Correlation of inhibitor K; values derived from ICs, obtained with
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except one compound (open circle), the ATP analogue AMP-CPP. (D) AMP-CPP exhibited a shift in K; values from 16.6 t0 0.474 uM in Mg** and

Mn*", respectively.

and had a decrease in ATP turnover when Mn®" was substituted
for Mg*" in the reaction (Figure 4B). This decrease in ATP
turnover is opposite to the increase in Mn>"-mediated G2019S
phosphorylation activity (Figure 1E). Titration of ATP against
G2019S without the peptide substrate showed that the ATP K,
values were similar between ATPase and kinase activities and
also displayed a comparable shift between the two buffers (ATP
K Mg®" = 88 + 15 uM; ATP K., Mn*" = 1.5 + 0.4 uM) but
reduced the Vi, in Mn?"-mediated ATPase activity by about
8-fold (Vimax Mg®™ = 0.211 £ 0.013 gmol/min; Vipax Mn>™ =
0.026 £ 0.001 umol/min). Again, this result is consistent with the
hypotheses that (1) the catalytic turnover of ATP observed in the
two enzymatic activities both came from LRRK2 protein and (2)
the two activities were unlikely to be caused by the presence of
two or more subpopulations of the LRRK2.

To confirm that Mn®" differentially modulates G2019S kinase
and ATPase activities, a reaction was set up using 10 uM ATP
either with or without 50 uM LRRKtide in luciferase-based ATP
detection assay. The chosen substrate concentrations produced a
ratio of approximately 1:2 ATP turnover between ATPase acti-
vity alone (no LRRKtide) and ATPase/kinase activity combined
(plus LRRKtide) at divalent ion concentrations ranging from
10 to 15 mM (Figure 4C,D). Titration of divalent ions showed
that while the LRRKtide-dependent turnover of ATP increased
with increasing levels of Mg>" and reached a plateau at 5 mM Mg>",
the catalytic turnover of ATP in the presence of the LRRKtide
substrate was significantly enhanced with lower levels of Mn*"
(Figure 4C,D). These data are consistent with the differential
Vimax 0f G2019S kinase activity observed in the divalent ion
titrations (Figure 3). The specific activities of G2019S in this
experiment calculated based on the percent ATP conversion are
~200 h™! and 2450 h™" for 5 mM Mg”>" and 1 mM Mn*",
respectively. Under the same assay conditions (10 uM ATP
and 50 uM LRRKtide in a luciferase-based ATP assay), the

specific activity shown in the optimal 156 xM Mn**/5 mM Mg*"
mixture is ~325 h™!, which is lower than the specific activity
derived from Mn>* alone. In the absence of LRRKtide, ATP
hydrolysis by G2019S was not affected by various tested con-
centrations of Mg>" that also showed no effect on the kinase
activity, but the ATP hydrolysis was decreased by the low levels
of Mn*" which was the same range of Mn** capable of activating
G2019S kinase activity. If LRRK?2’s ATPase and kinase activities
are additive, our data suggest that low concentrations of Mn>"
could shift G2019S from having significant ATPase activity
(~50%) to having predominantly kinase activity (>90%).
Therefore, this modulation of the overall activity is due to a
combination of ATPase inhibition and kinase activation for the
G2019S variant. To understand the molecular mechanism behind
the differential effects of Mn>* on G2019S ATPase and kinase
activities will require structural characterization of the metal-
bound kinase active site.

ATP Analogue Inhibitors Show Higher Potency in the
Presence of Mn” " Previously, a set of ATP-competitive inhibi-
tors were shown to yield weaker ICs, values against LRRK2
12020T when compared to LRRK2 WT and G2019S due to
12020T’s lower ATP K, value (26). With the approximately
100-fold shift in the ATP K}, between the two divalent ion media-
ted reactions, ATP-competitive inhibitors were also expected to
produce significantly different ICs, values at a given concentra-
tion of ATP. A set of Sigma LOPAC compounds were tested in
Transcreener ADP? assay against LRRK2 at 100 xM ATP under
both Mn*" and Mg”* conditions (Figure 5A,B). All of the com-
pounds showed a significant loss in inhibitory potency in the
presence of Mn** ([ATP] at 55-fold over K,,) compared to Mg*"
(JATP] at K;,). However, when K; values obtained from apply-
ing the Cheng—Prusoff equation (22) were compared between
the reactions mediated by the two different divalent ions, all
compounds except one yielded good correlation with <5-fold



3098  Biochemistry, Vol. 49, No. 14, 2010

Table 1: 1Csy Values of ATP Competitive Inhibitors and ATP Analogues
in Competitive Binding FP Assay

I1Cso (uM)
LRRK2 Mg**" Mn** ratio
G2019S inhibitor A 0.322 0.143 2
inhibitor B 0.153 0.094 2
inhibitor C 0.116 0.056 2
staurosporine 0.004 0.004 1
AMP-CPP 334 0.127 2630
ATP 395 1.46 271
ATPyS 408 6.61 62
ADP 629 26.0 24
WT AMP-CPP 795 2.57 309
ATP 718 4.05 177
ATPyS 725 24.8 29
ADP 1259 73.3 17

differences between the two values (Figure 5C). Not surprisingly,
the compound that displayed a 35-fold more potent K; in Mn>" is
an ATP analogue, AMP-CPP (Figure 5D). Whether a small
molecule inhibitor that is not an ATP-like molecule will show
selectivity for LRRK2 enzyme in the presence of different
divalent ions will require testing with a larger array of small
molecule inhibitors.

Divalent Manganese Enhances the Relative Affinity of

both ATP and ADP to the LRRK?2 Kinase Active Site. The
data from steady-state kinetic characterization showed a signifi-
cant change in ATP K, with a change in the divalent metal ions.
Using an AlexaFluor 647-labeled kinase active site binder (kinase
tracer 236) as a probe whose binding affinity was not affected by
divalent ions (data not shown), the competitive FP binding assay
showed that Mn*" increased the apparent ATP, ATPyS, and
AMP-CPP binding affinity (ICso) to G2019S by greater than
50-fold compared to Mg>" (Table 1). Binding was increased to a
lesser extent in WT enzyme. These data confirmed that the
change in ATP K., in the Mn*" buffer was due in large part to
a change in the ATP binding affinity. Other ATP-competitive
small molecule inhibitors, compounds A—C and staurosporine,
showed roughly equivalent affinity to the enzyme between Mn*"
and Mg”" buffers. This result is consistent with the enzyme
inhibition dose—response study where non-ATP-like small mole-
cules had comparable K; values between Mn>" and Mg”*. These
data also suggest that, between the two divalent ions, any
potential difference in the LRRK2 active site recognition by
small molecules may require the compound binding to amino
acid residues important to metal ion binding. Furthermore,
among the nucleotide analogues containing triphosphates
(AMP-CPP, ATP, and ATPyS), the apparent binding affinity
(ICsp) to each LRRK2 variant in the presence of Mg”" shown in
this competition binding assay was constant (ICsy = 334, 395,
and 408 uM, respectively, for G2019S and ICs, = 795, 718, and
725 uM, respectively, for WT). The three nucleotides, however,
showed differential binding affinity in the presence of Mn*" (ICs, =
0.127, 1.46, and 6.61 uM, respectively, for G2019S and 1Csy =
2.57,4.05, and 24.8 uM, respectively, for WT) with the binding
affinity following the order of AMP-CPP > ATP > ATPyS for
both G2019S and WT. This result is consistent with the hypo-
thesis that the two divalent ions may have different coordination
with ATP in the LRRK2 active site either during the ATP—metal
complex formation or during the phosphotransfer transition
steps. Moreover, the affinity difference between ADP and the
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three ATP analogues was much larger in Mn*" buffer than in
Mg”" buffer (<2-fold for Mg*" and 3—18-fold for Mn>"),
suggesting that the interaction between the y-phosphate and
Mn”" contributed significantly to the metal—nucleotide binding.
Interestingly, similar to ATP, ADP also displayed a higher affi-
nity to the enzyme in the presence of Mn>*. It has been suggested
that a change in the rate-limiting ADP release step can modulate
the ke, as seen with cAMP-dependent protein kinase (PKA)
(29, 30); therefore, an increase in the ADP affinity by Mn>" could
potentially contribute to the observed decrease in the LRRK2
catalytic rate. Finally, the competitive FP assay data also suggest
that the binding of ATP to the active site does not require prior
peptide substrate binding, a finding that is consistent with the
enzyme’s intrinsic ATPase activity.

DISCUSSION

In this study we have demonstrated that, under certain
reaction conditions, the phosphorylation of MBP and LRRKtide
by the G2019S mutant of LRRK?2 can be selectively activated by
Mn**. This increase in substrate phosphorylation by G2019S
appears to be due to a combination of ATPase inhibition and
kinase activation. Compared to Mg>", Mn*" provided a favor-
able k,/ Koy, for all of the active LRRK2 variants tested, and this
enhancement in catalytic efficiency was due to a 100-fold decrease
in ATP K,, values. Mn*", however, also significantly reduced ky
on all variants except G2019S. As a result, the apparent difference
in the kinase activity between G2019S and other LRRK?2 variants
was enhanced in the presence of Mn>" at ATP concentrations in
excess to their K, (e.g., =10 uM). This distinct behavior of
G2019S suggests that the G2019 residue at the metal binding
domain plays a critical role in modulating ATP catalytic turnover
rather than ATP binding affinity, and the mutation to a serine
residue may provide a favorable transition state for the phospho-
transfer step especially for the Mn”*'-mediated reaction. In
addition, our current data also showed that while increasing
the concentration of Mg2+ above 1 mM increased Vi, for
G2019S without affecting ATP K, the V. values obtained
with Mn”" were enhanced with Mn*" concentrations well below
the millimolar range. These ranges of optimal activities observed
for each of the divalent ions are similar to those observed for
cAMP-dependent kinase. The K,p, values for enhancing the
binding of labeled adenosine nucleotide to the kinase catalytic
domain of cAMP-dependent kinase for Mn>" and Mg>" were
shown to be 31 uM and 2.82 mM, respectively (37). For CSK and
Src kinases, the increasing ¥y, for the Mg® -mediated reaction
beyond the saturation concentration of Mg*>"—ATP complex
formation has been thought to be attributed to a second metal
binding (27) potentially also in the kinase active site, and G2019S
activation by increasing concentration of Mg may be parallel
to this scenario. Taken together, the differential effects of divalent
ions on ATP K, and V.., values suggest potential differences in
metal—ATP coordination in LRRK?2 active sites. Although there
are various possible structures of metal—ATP complexes, it is
known that metal binding to the y-phosphate group is essential
for catalyzing nucleophilic attack by water molecule or amino
acid side chain of the protein substrate. Because of the differ-
ences in the ionic radii and the strength of Lewis acidity among
different divalent ions (32), the structure of the metal-ATP—
LRRK2 complex may be different between Mg®™ and Mn?".
Mn”", as a slightly larger ion and a softer Lewis acid, has a
preference for coordinating in an environment mixed with some
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weaker Lewis bases such as nitrogen and sulfur, whereas Mg*"
binds almost exclusively with oxyanions (32, 33). Mg*" and
Mn?", for example, have been shown in a crystallographic
structure to bind at two distinct locations in the phosphoenol-
pyruvate carboxykinase (PEPCK) active site, with Mg>" chelat-
ing both the - and y-phosphate of ATP while Mn”" binds to
only the y-phosphate. The two divalent ions coexist in the
PEPCK active site making contacts with different amino acid
residues (33). Structural insights into the LRRK2 active site will
be the key in elucidating potential causes for the variations
observed in ATP binding and catalysis among different divalent
ions for each LRRK?2 variant.

Using an active site binding probe, the competitive FP binding
assay confirmed that Mn®" caused a significant enhancement in
nucleotide binding in the LRRK2 active site compared to Mg*"
supporting the hypothesis that the change in the apparent
nucleotide affinity contributed to the decrease in the observed
ATP K,,. The binding of the ATP nucleotide in the absence of
peptide/protein substrate is also consistent with the observed
LRRK2 ATPase activity. Furthermore, while no difference in the
apparent binding was observed among the various ATP ana-
logues in the presence of Mg*", the LRRK?2 active site affinities
among the nucleotide analogues were different in the presence of
Mn?", with AMP-CPP showing 52- and 10-fold higher affinity
than ATPyS for G2019S and WT, respectively. This difference in
affinity suggests that the active site of Mn>"-bound LRRK2 is
sensitive to the slight conformational changes in the nucleotide
induced by the changes in the phosphodiester bonds and the
substitutions on the phosphate group(s). This different sensitivity
toward the phosphodiester backbone of ATP between Mg> " and
Mn”" is consistent with the hypothesis that the two divalent ions
might coordinate differently with ATP at the LRRK?2 active site.
If the two divalent metal ions do bind to both ATP and the
LRRK?2 active site differently, Mg®" and Mn*" could potentially
induce subtly different conformations in the kinase active site.
If conformation of the ATP binding pocket can indeed be modu-
lated by the divalent ions, the active site recognition by small
molecule ATP-competitive inhibitors could be affected as well.
With the limited compounds tested in this study, however, no
inhibitor except AMP-CPP yielded a different K; between Mn**-
and Mg*"-mediated kinase reactions, suggesting that any effect
on small molecule recognition may require direct interaction of
the molecule with the divalent ions and/or with the amino acid
residues involved in coordinating the ATP phosphotransfer
transition state. This hypothesis, however, needs to be investi-
gated with a more diverse array of small molecule inhibitors.

Previously, Reichling and Riddle have shown that inhibitors
yield different inhibitory potencies between 12020T and G2019S
due to their difference in ATP K, values (26). Even though the
apparent K; values of the non-ATP analogue inhibitors tested in
this study were comparable between Mg>™ and Mn’>", the
effective inhibitory potency at cellular ATP concentrations can
be very different depending on which physiologically relevant
divalent ion LRRK2 utilizes in cells. With physiologically
relevant ATP concentrations at the millimolar range in cells,
the cellular ICsy of an ATP-competitive inhibitor can be shifted
to a weaker value from its K; by 1000-fold with Mn>"-LRRK2
but only by 10-fold with Mg®"-LRRK?2. The common assump-
tion that Mg>" is the physiologically relevant metal ion for
kinases because of its abundance in cells (single digit millimolar)
suggests that LRRK2 would likely utilize Mg*" for enzymatic
catalysis. With WT and R1441C variants, the large inhibitory
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effects of Mn>" shown in vitro on their ke, could suggest that
utilizing Mn*" instead of Mg”" at millimolar ATP levels (excess
to its K,,) is catalytically inefficient. This could support the
hypothesis that Mg*" is likely the preferred catalytic cofactor for
productive activity. With G2019S, however, the negative impact
of Mn** on the ke, is minimal, and the concentration of Mn**
required for optimal G2019S kinase activity is in the approximate
range of its physiological concentration (micromolar) which is
significantly lower than the optimal concentration required for
Mg**. With ATP K, at single digit micromolar for G2019S, a
kinase reaction mediated by the physiological level of Mn*" is
certainly feasible. The titration data of Mn”" into Mg>" suggest
that, at vast molar excess of 5 mM Mg>", Mn*" at micromolar
levels is still capable of activating G2019S kinase activity, further
lending support to our hypothesis that a kinase reaction mediated
by the physiological level of Mn*" is feasible. However, an
obvious caveat to this hypothesis is the disparity that may exist
between in vivo conditions and in vitro assays used in our studies.
Whether the G2019S mutation at the metal binding domain may
truly influence the utilization of different divalent ions for its
catalytic activity in vivo compared to other variants will require
further investigation using endogenous proteins in a cellular
environment.
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