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Leucine-rich repeat kinase 2 (LRRK2) is a multidomain protein

implicated in Parkinson disease (PD); however, the molecular

mechanism and mode of action of this protein remain elusive.

cAMP-dependent protein kinase (PKA), along with other kinases,

has been suggested to be an upstream kinase regulating LRRK2

function. Using MS, we detected several sites phosphorylated by

PKA, including phosphorylation sites within the Ras of complex

proteins (ROC) GTPase domain as well as some previously de-

scribed sites (S910 and S935). We systematically mapped those

sites within LRRK2 and investigated their functional consequences.

S1444 in the ROC domain was confirmed as a target for PKA phos-

phorylation using ROC single-domain constructs and through site-

directed mutagenesis. Phosphorylation at S1444 is strikingly re-

duced in the major PD-related LRRK2 mutations R1441C/G/H,

which are part of a consensus PKA recognition site (1441RASpS1444).

Furthermore, our work establishes S1444 as a PKA-regulated 14-3-3

docking site. Experiments of direct binding to the three 14-3-3 iso-

types gamma, theta, and zeta with phosphopeptides encompassing

pS910, pS935, or pS1444 demonstrated the highest affinities to

phospho-S1444. Strikingly, 14-3-3 binding to phospho-S1444 de-

creased LRRK2 kinase activity in vitro. Moreover, substitution of

S1444 by alanine or by introducing the mutations R1441C/G/H, abro-

gating PKA phosphorylation and 14-3-3 binding, resulted in increased

LRRK2 kinase activity. In conclusion, these data clearly demonstrate

that LRRK2 kinase activity is modulated by PKA-mediated binding of

14-3-3 to S1444 and suggest that 14-3-3 interaction with LRRK2 is

hampered in R1441C/G/H-mediated PD pathogenesis.

cAMP-dependent protein kinase | protein–protein interaction |
pathogenic mutation

Parkinson disease (PD), one of the most prevalent neurode-
generative afflictions, is characterized pathologically by the

selective loss of dopaminergic neurons in the midbrain and by
the presence of intracellular inclusions in the remaining cells,
termed Lewy bodies (1). However, the molecular mechanisms
underlying the complex pathological process are poorly un-
derstood. Many genetic and environmental factors contribute
to the disease, and mutations in the leucine-rich repeat kinase
2 (LRRK2) gene are the most common cause of familial PD.
LRRK2 is a large protein of 285 kDa and encodes several
structural motifs, such as armadillo, ankyrin, and the namesake
leucine-rich repeats, a Ras of complex proteins (ROC) GTPase,
a C-terminal of ROC (COR), a kinase domain [with sequence
homology to MAP kinase kinase kinase (MAPKKKs)], and a C-
terminal WD40 domain (2). Notably, mutations known to cause
PD are located within the catalytically active GTPase (ROC) and
kinase domains of LRRK2 (see Fig. 3A) (3). Particularly for a single
residue located within the ROC domain, three independent PD-
associated mutations (R1441C, R1441G, and R1441H) have been

found (4), whereas the kinase domain may harbor the most fre-
quent pathogenic mutation, G2019S. Mutations at both these sites
have been associated with enhanced kinase activity compared with
wild type (5, 6), suggesting that dysregulation of these enzymatic
activities may contribute to PD pathogenesis.
LRRK2 is a cytosolic phosphoprotein (7) phosphorylated in

vitro by a variety of serine/threonine kinases, including PKC zeta
(8), serine protein kinase ataxia telangiectasia mutated (9), the
IκB kinase family (10), and cAMP-dependent protein kinase
(PKA) (11, 12). PKA is a key regulator of a vast number of
signaling molecules and is critical for neuronal functions such as
synaptic plasticity, protein trafficking, protein degradation, neu-
ronal excitability, and regulation of dopamine physiology (13–17).
In LRKK2, the conserved residue (S935) was shown to be phos-
phorylated by PKA (12), and recently this site was proposed as
a biomarker for LRRK2 activity (10, 18, 19). Phosphorylation of
S910 and S935 within LRRK2 promotes binding of 14-3-3 proteins
(19), a family of small 29–30 kDa acidic regulatory proteins, highly
conserved and ubiquitously expressed in various tissues. The
binding of 14-3-3 proteins results in various downstream effects,
such as changes in structural conformations, kinase activity, and
subcellular localization of the target proteins (20, 21). Nichols
et al. (19) proposed a role for 14-3-3 proteins in regulating the
cytoplasmic localization of LRRK2, whereas Li et al. (12) ob-
served protection from dephosphorylation of S935 after 14-3-3
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binding. Furthermore, recent data from Fraser et al. (22) suggest
a regulatory function of 14-3-3 binding in controlling extra-
cellular release of LRRK2. Dysregulation of 14-3-3/client
protein interaction has been shown to facilitate the development
of several human disorders (23, 24), and an influence of the
pathogenic mutation R1441G on LRRK2/14-3-3 interaction has
been demonstrated (12, 19). Although these data support an in-
volvement of PKA and 14-3-3 proteins in regulating LRRK2
function, LRRK2 phosphorylation by PKA, as well as 14-3-3
binding and possible (patho)physiological consequences of this
interplay, have not yet been addressed in detail.
Here, we systematically mapped PKA phosphorylation sites in

LRRK2 and further investigated the impact of this phosphory-
lation in terms of 14-3-3 binding and LRRK2 function. Our
results predict an essential function for PKA phosphorylation
and subsequent 14-3-3 interaction in the negative regulation of
LRRK2 kinase activity.

Results

Phosphosite Mapping by MS Reveals PKA Target Sites Within LRRK2.

PKA previously was shown to phosphorylate S935 on LRKK2
(12). To systematically map other potential PKA phosphoryla-
tion sites within the LRRK2 sequence, we used MS. We per-
formed in vitro kinase assays using purified kinase-dead (K1906M)
full-length or kinase-dead N-terminal deletion (∆967) mutants of
LRRK2 expressed in insect cells as a substrate for purified catalytic
(C)-subunit of human PKA. As a negative control for PKA
specificity, experiments were performed in the presence of the heat-
stable protein kinase inhibitor (PKI) (25). A total of 18 phosphor-
ylated serine and 2 threonine residues were identified (Table S1),
15 of which correspond to residues already published (T833, S850,
S858, S860, S908, S910, S933, S935, S954, S955, S958, S971, S973,
S976, and S979), all of which are located between the ankyrin and
LRR domain, which we previously termed constitutive phos-
phorylation cluster (7). Six serine residues (S910, S955, S971,
S973, S976, and S979) also were found in the negative controls
(Table S2), indicating that LRRK2 already was phosphorylated
to some extent in the insect expression system. Remarkably, spectral
counting showed that PKA treatment leads to an increase in
identification of phosphopeptides, particularly peptides encom-
passing S910. Three of the identified phosphopeptides are lo-
cated outside the constitutive phosphorylation cluster. One of
these peptides resides in the ROC GTPase domain bearing the
so-far uncharacterized residues pS1443 and pS1444 (Fig. S1),
one peptide in the COR domain bearing T1849, and another
peptide in the WD40 domain containing the phosphorylation site
S2166 (Muda et al., in preparation). We focus our studies here on
the analysis of S910, S1443, and S1444 that were recovered multiple
times in MS-based approaches.

S910, Along with S935, Is a PKA Phosphorylation Site. S935 pre-
viously was described as a PKA phosphorylation site in vitro and
in cell culture (12); furthermore, S910 and S935 were identified
as putative IκB kinase sites (10). Here, we demonstrate that
besides S935, S910 also is a PKA phosphorylation site. First, we
phosphorylated recombinant LRRK2 WT (expressed and puri-
fied using Sf9 insect cells) with PKA in vitro and probed the
samples with the phosphospecific antibody anti-pS910 or anti-
pS935. LRRK2 already showed basal phosphorylation on both S910
and S935, which were increased significantly upon incubation with
PKA (Fig. 1A). These in vitro findings were confirmed in cell cul-
ture with transfected COS7 cells after forskolin (FSK)/3-isobutyl-1-
methylxanthine (IBMX) stimulation. Whereas FSK is a potent
activator of adenylate cyclase, IBMX inhibits phosphodiesterase
activity, causing a rapid increase of intracellular cAMP concen-
trations. Congruently, we observed an increase in LRRK2 phos-
phorylation at both S910 and S935 as a result of FSK/IBMX
treatment compared with untreated controls (Fig. 1B).

PKA Phosphorylates the Isolated LRRK2 ROC Domain on S1443 and

S1444. Because MS identified S1443 and S1444 as potential PKA
phosphorylation sites (Table S1), isolated ROC GTPase domain
(1334–1516) was used in an in vitro kinase assay. As shown in
Fig. 2A, ROC WT was phosphorylated efficiently by PKA, and
its phosphorylation was blocked in the presence of the PKA-
specific inhibitor PKI. The ROC domain on its own did not in-
corporate any detectable radiolabel (Fig. 2A). These results were
validated further by site-directed mutagenesis. ROC mutants were
generated in which serines at position 1443, 1444 individually or
together were substituted by alanine and incubated with PKA.
Reaction products were visualized by autoradiography (Fig. 2C)
or quantified in a scintillation counter (Fig. 2D). The S1443A
mutant was as efficiently phosphorylated as the wild-type ROC
domain (100%), whereas 32P incorporation into S1444A was
decreased significantly. The double mutant S1443A_S1444A
resulted in a complete loss of the phosphorylation signal, sug-
gesting that both residues may serve as PKA phosphorylation
sites in LRRK2.

Mutation of a PKA Consensus Motif Largely Reduces Phosphate

Incorporation at Both S1443 and S1444. An alignment of LRRK2
protein sequences from several mammalian species showed that
S1443 and S1444, as well as their flanking motifs, are highly con-
served (Fig. 2B). PKA, in particular, efficiently phosphorylates
proteins containing the consensus sequence RRXpS/pT (where X
is any amino acid and pS/pT is phosphorylated serine or threo-
nine), but PKA-mediated phosphorylation does not depend strictly
on this motif, and deviations in basic residues and spacing are
tolerated, such as RXXpS/pT or RKXpS/pT and RXpS/pT,
KRXpS/pT, or KKXpS/pT, found in confirmed in vivo substrates
such as phosphorylase kinase, fructose-6-phosphate-1-kinase,
fructose-1.6-bisphosphatase, and glycogen synthase (26–28).
Interestingly, pS1444, together with the upstream residue R1441
(1441RASpS1444) in LRRK2, constitutes an RXXpS/pT PKA rec-
ognition motif (26, 28), in which the third position preceding pS/pT
should be occupied by an arginine (P-3, the corresponding position
in LRRK2 is marked in bold and underlined) for PKA substrate
recognition. Therefore, we hypothesized that the pathogenic mu-
tation of arginine (on P-3) to a cysteine, glycine, or histidine residue
would efficiently prevent phosphorylation by PKA. To answer this
question, we probed the effect of the known pathogenic LRRK2
mutations R1441C/G/H within the ROC fragment on phosphory-
lation by PKA. Notably, neither ROC R1441C nor R1441G or
R1441H were phosphorylated in an in vitro kinase assay by PKA
(Fig. 2 E and F), identifying the arginine at position R1441 as a do-
or-die situation for PKA phosphorylation at S1444.

PKA Phosphorylation of LRRK2 on S1444 Induces 14-3-3 Binding. Previous
studies showed that phosphorylation of S910 and S935 promotes
interaction of LRRK2 and 14-3-3 (12, 19). However, many 14-3-3
client proteins, such as Cdc25B, contain more than one 14-3-3
binding site (29). To examine the possibility that regions other
than S910 and S935 might associate with 14-3-3, we performed
GST–14-3-3 pull-down experiments with StrepII/Flag-tagged
LRRK2 WT and a corresponding N-terminal truncation mu-
tant (LRRK2 WT ∆967) lacking the 14-3-3 binding site around
S910 and S935. GST–14-3-3 gamma showed specific interaction
with wild-type and the N-terminally truncated LRRK2 com-
pared with the GST control (Fig. 3B). Thus, LRRK2 WT ∆967,
which does not contain S910/S935, was precipitated efficiently
by GST–14-3-3 gamma, strongly indicating an additional 14-3-3
docking site in LRRK2.
Next, we looked at the residues that mediated 14-3-3 binding

to LRRK2 WT ∆967 in detail. Most interactions between 14-3-3
proteins and their binding partners depend on phosphorylation
of serine/threonine residues within discrete motifs in the target
proteins, termed mode I (RSXpS/pTXP) and mode II [RX(F/Y)
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XpS/pTXP] (30). Interestingly, by comparing these motifs, we
found that S1444, with its surrounding amino acid sequence,
closely resembles a 14-3-3 mode I binding sequence (Fig. 3A).
To test whether S1444 has a potential role as a PKA-induced

14-3-3 binding site in LRRK2, we synthesized LRRK2 peptides
containing nonphosphorylated S1444 (LFNIKARASSSPVILVGT)
and phosphorylated S1444 (LFNIKARASpSSPVILVGT) and ex-
amined their ability to compete with LRRK2 WT ∆967 binding
to GST–14-3-3 gamma in a pull-down. By applying the peptides at
increasing concentrations, we found that the peptide containing
phosphorylated S1444 inhibited LRRK2 WT ∆967 interaction with
GST–14-3-3 gamma in a dose-dependent manner, whereas no effect
was observed for the corresponding nonphosphorylated peptide
(Fig. 3C).
To test the hypothesis that PKA phosphorylation of LRRK2

region 1334–1516 (ROC GTPase domain, including S1444) might
modulate its interaction with 14-3-3 proteins and to exclude other
regions, we performed Far western assays with the isolated ROC
domain. ROC WT was incubated in the presence or absence of
PKA, and the proteins then were separated by SDS/PAGE and
blotted to a PVDF membrane for Far western analysis (Fig. 3D).
When recombinant 14-3-3 gamma was applied at a concentration
of 0.1 μM, binding of 14-3-3 was detected exclusively to PKA-
phosphorylated but not to nonphosphorylated ROC fusion protein.
Beside the ROC WT, mutant proteins lacking the specific PKA
phosphorylation sites (S1443A, S1444A, and S1443A_S1444A)
were tested for 14-3-3 binding upon PKA treatment. Replacing
serine 1444 by alanine completely abrogated the phosphorylation-
dependent 14-3-3 interaction, whereas replacing the neighboring

serine (S1443A) showed no significant reduction in 14-3-3 binding
compared with ROC WT. Correspondingly, an ROC double-mu-
tant S1443A_S1444A also showed no interaction with 14-3-3 after
PKA incubation.

Determination of Binding Affinities of LRKK2 to 14-3-3. To further
characterize the binding capability of LRRK2, posttranslationally
modified at serine 1444, to 14-3-3, we analyzed 14-3-3 binding to
either phosphorylated or nonphosphorylated LRRK2 peptides by
fluorescence polarization (FP) and surface plasmon resonance
(SPR). FP was used to determine the affinity of three 14-3-3
isoforms (gamma, theta, and zeta) to four different fluorescein-
labeled LRRK2 peptides. Besides a peptide encompassing the
LRRK2 residues R1441, S1443, and S1444 (referred to as wild-
type sequence), three variant peptides, containing S1444 phos-
phorylation, the pathogenic mutation R1441G, or the non-
phosphorylable variant S1444A, were tested. The peptides were
incubated in the presence or absence of PKA and subsequently
mixed with the respective 14-3-3 proteins before the FP signal
was measured.
As shown in Fig. 4, phosphorylated LRRK2 WT peptide (pS-

LRRK2-1444) bound to all three 14-3-3 isoforms, indicated by
a high FP signal, whereas the nonphosphorylated WT LRRK2
peptide did not bind to any of the 14-3-3 isoforms. Preincubation
of the nonphosphorylated WT peptide with recombinant PKA
led to a significant increase in binding to all 14-3-3 isoforms. As
a control, WT peptide phosphorylation was blocked in the pres-
ence of PKI (1 μM) during PKA preincubation, and subsequently
no interaction with 14-3-3 protein was observed. The peptides

Fig. 1. S910 und S935 are both PKA phosphoryla-

tion sites in LRRK2. (A) StrepII/Flag-tagged LRRK2

WT purified from an insect cell expression system

was phosphorylated by PKA in vitro. Products were

separated on 4–12% gradient gels and analyzed

by Western blot using phosphospecific antibodies

against pS910 and pS935. (B) Forty-eight hours after

transfection with StrepII/Flag-tagged LRRK2 WT,

COS7 cells were serum starved for 4 h and sub-

sequently incubated with 50 μM FSK and 100 μM

IBMX for 30 min at 37 °C. LRRK2 subsequently was

enriched with Strep-Tactin Superflow, separated by

SDS/PAGE, and immunoblotted with anti-p910 or

anti-p935 antibodies. Amido Black stain confirmed

equal protein loading.
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containing either the pathogenic variant LRRK2-R1441G or the
phospho-dead variant LRRK2-S1444A showed no interaction with
any 14-3-3 protein, independent of PKA pretreatment (Fig. 4).
Next, we measured the affinity of the two corresponding pep-

tides to each 14-3-3 isoform in a direct FP-binding assay using
10 nM of fluorescein-labeled peptide each and a serial dilution
of the corresponding 14-3-3 protein. Phosphorylated WT peptide
(pS-LRRK2-1444) bound to 14-3-3 gamma with an affinity of
220 nM, whereas the nonphosphorylated WT peptide showed no
binding (Fig. S2). The affinity for 14-3-3 theta (Kd: 940 nM) and
14-3-3 zeta (Kd: 650 nM) was determined to be 4.5-fold and 3.3-
fold lower, respectively (Table 1).

Using FP, we further quantitatively compared 14-3-3 binding
to phospho-S1444 with the recently published phosphorylation
sites S910 and S935. Phosphorylated and nonphosphorylated
peptides were synthesized corresponding to phospho-S910 (pS-
LRRK2-910, SFLVKKKSNpSISVGEFYRD) or phospho-S935
(pS-LRRK2-935, SPNLQRHSNpSLGPIFDHED). Based on
those experiments, the phosphopeptide pS-LRRK2-1444 corre-
sponding to the ROC domain had higher affinities for 14-3-3
gamma, theta, and zeta compared with pS-LRRK2-910 (Table 1).
None of the corresponding nonphosphorylated peptides showed
binding to 14-3-3 proteins (Table 1 or Fig. S2). It is noteworthy
that in contrast to previous reports describing phosphorylated

Fig. 2. S1443 and S1444 are targets for PKA and

not phosphorylated in the PD-related LRRK2 muta-

tions R1441C/G/H. (A) Isolated ROC fragment WT

(amino acids 1334–1516) was incubated alone (lane

1) or with PKA in the absence (lane 2) or presence

(lane 3) of the PKA inhibitor PKI (10 μM) and radi-

olabeled ATP. The reaction products were separated

by SDS/PAGE and visualized by autoradiography. (B)

Sequence alignments of the amino acids adjacent to

the newly identified PKA phosphorylation sites

S1443 and S1444 in different species. Positions of

the P-3 arginine (R1441) and the phosphorylation

sites (S1443 and S1444) are underlined. Protein

sequences from human (Homo sapiens; GenBank

accession no. Q55007), chimp (Pan troglodytes;

GenBank accession no. H2Q5Q4), rat (Rattus norve-

gicus; GenBank accession no. F1LNJ1), mouse (Mus

musculus; GenBank accession no. Q5S006), pig (Sus

scrofa; GenBank accession no. A9XXE0), and bovine

(Bos taurus; GenBank accession no. E1BPU0). (C)

Isolated WT and mutant (S1443A, S1444A, and

S1443_S1444A) ROC domain constructs were in-

cubated with PKA; activity was assessed by autoradi-

ography and quantified by scintillation counting (D).

(E and F) PKA phosphorylation of ROC R1441C/G/H

was investigated as described for C and D. Coomassie

staining demonstrates equal loading. (D and F) ROC

phosphorylation by PKA was normalized to WT. Data

are the average of three experiments, and error bars

indicate ± SEM. n.s., not significant; ***, P < 0.0001

compared with ROC WT, calculated by one-way

ANOVA and Tukey’s post hoc test.
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S935 as a 14-3-3 acceptor site (12, 19), we found no significant
binding of the pS-LRRK2-935 phosphopeptide to 14-3-3.
We also applied SPR for direct interaction analysis between

N-terminally biotinylated, unphosphorylated (S1444) and phos-
phorylated (pS1444) LRRK2 peptides immobilized separately on
one sensor chip, and injected 14-3-3 protein gamma, theta, or
zeta over the surface. None of the three isoforms interacted with
the unphosphorylated peptide, whereas binding to the phos-
phorylated peptide was clearly detectable (Fig. 5). Taken to-
gether, the above experiments suggest that LRRK2 phosphorylated
at S1444 directly binds to 14-3-3 and that this interaction depends
on phosphorylation by PKA.

Phosphorylation of S1444 Modulates LRRK2 Kinase Activity. To in-
vestigate a possible regulatory function of 14-3-3 binding on
LRRK2 activity, we compared the kinase activity of recombinant
LRRK2 WT with that of the LRRK2 variants S1444A and
R1441H. As a control for enhanced LRRK2 activity, we moni-
tored LRRK2 kinase activity of the disease-associated mutation
G2019S, characterized by increased kinase activity (6, 31). Using
an in vitro kinase assay in the presence of [32P]ATP, LRRK2
activity was determined by measuring LRRK2 autophosphor-
ylation as well as by using GST–moesin as a substrate (Fig. 6A)

(32). In both cases, when either the PKA phosphorylation site
S1444 or the P-3 arginine 1441 of the PKA consensus motif was
mutated, a slight increase in LRRK2 kinase activity was ob-
served. Although the increase in autophosphorylation activity for
LRRK2 R1441G and S1444A clearly was lower than for LRRK2
G2019S, all three variants phosphorylated GST–moesin equally
well, possibly indicating complete GST–moesin phosphorylation
(Fig. 6). As shown in Fig. 6B, autophosphorylation of LRRK2
was increased 1.6-fold in LRRK2 R1441H and S1444A com-
pared with LRRK2 WT, as determined by liquid scintillation
counting. For LRRK2 G2019S, we observed enhanced protein
autophosphorylation activity of approximately threefold, as de-
scribed earlier by others (19, 33). To exclude that the observed
increase in activity was caused by the amino acid substitution
itself rather than by PKA-mediated phosphorylation and to test
whether LRRK2 kinase activity is regulated by 14-3-3 binding on
S1444 in vitro, we performed kinase assays monitoring phos-
phorylation of the previously identified LRRK2 autophosphor-
ylation site T2483 (7) in the presence or absence of PKA, 14-3-3,
or both (Fig. 6C). We could demonstrate that this site is not
phosphorylated by PKA in vitro (Fig. S3A), making this site
suitable to selectively determine LRRK2 autokinase activity in

Fig. 3. S1444 on LRRK2 is a PKA-induced 14-3-3

binding site. (A) Multidomain structure of LRRK2. ANK,

ankyrin repeat region; LRR, leucine-rich repeat domain;

ROC, Ras of complex (GTPase); COR, C-terminal of ROC.

The potential 14-3-3 interaction motif in LRRK2 is

shown and aligned to a mode I 14-3-3 binding

consensus sequence. Known pathogenic mutations

R1441C/G/H and G2019S are indicated. (B) LRRK2

pull-down with recombinant GST–14-3-3 gamma.

LRRK2 WT and LRRK2 WT ∆967 were expressed in

Sf9 cells. Lysates were incubated with GST–14-3-3

gamma for 4 h. GST–14-3-3 gamma pulled down

both LRRK2 WT full length and LRRK2 WT ∆967.

Samples were separated on a 4–12% gradient SDS

gel, and the membranes were probed with Strep-

Tactin HRP or GST antibody. (C) LRRK2 WT ∆967 was

precipitated with GST–14-3-3-agarose in the absence

or in the presence of increasing concentrations of

chemically synthesized LRRK2 peptides (LFNIKAR-

ASSSPVILVGT) phosphorylated or nonphosphorylated

at S1444. Sample separation and Western blotting

were carried out as described under B. (D) Two

micrograms of His-ROC WT, S1443A, S1444A, or

S1443A-S1444A mutant proteins was incubated in

the presence or absence of PKA for 1 h at 30 °C. Far

western blotting was performed using GST–14-3-3

protein as a probe. PKA-induced ROC–GST–14-3-3

interaction could be observed only when S1444 was

present. Equal loading was demonstrated using

anti-His antibody.
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the presence of active PKA (Fig. 6C). LRRK2 WT, R1441H or
S1444A, PKA, or 14-3-3 gamma alone had no effect; however,
the combination of PKA and 14-3-3 gamma caused a decrease in
LRRK2 autokinase activity. In line with these findings, inhibition
was blocked in the presence of the PKA-specific inhibitor pro-
tein PKI (Fig. S3B). Notably, whereas the kinase activity of
LRRK2 WT was decreased in the presence of PKA and 14-3-3
gamma, LRRK2 R1441H and S1444A showed no effect on ki-
nase activity (Fig. 6C).

Discussion

Several mutations in LRRK2 have been linked to PD, yet
molecular mechanisms contributing to this disease remain
largely undefined. Several lines of evidence implicate that al-
tered kinase activity of LRRK2 may play an important role in
neurodegeneration (34, 35). In addition, LRRK2 is a phospho-
protein, being phosphorylated at various sites via either auto-
phosphorylation or upstream kinases (7, 18). Here, we extend
current knowledge demonstrating that PKA-mediated phos-
phorylation of LRRK2 can modulate LRRK2 kinase activity and
control 14-3-3 binding, thus correlating PD-related mutations
with a disturbed phosphorylation pattern.
PKA also is one of the key regulators in signal transduction

in the brain. This kinase is activated in response to increasing
concentrations of cAMP and phosphorylates a vast number of
protein kinases, including the MAPKKK c-Raf (36). Further-
more, PKA facilitates synaptic transmission (13) and assumes an
important function as a regulator of dopamine synthesis (17).
In this context, the occurrence of the recently published PKA
phosphorylation site S935 in LRRK2 (12) implicates a possible
involvement of PKA in regulating LRRK2 function. Here, we
examine the functional relevance of PKA phosphorylation in
LRRK2 and provide evidence for PKA acting as an upstream
kinase for LRRK2. Based on the PKA consensus substrate
motifs RRXpS/pT, RXXpS/pT, and KKXpS/pT described by
Kemp et al. (26), in silico sequence analysis predicted several
putative PKA phosphorylation sites within LRRK2. We experi-
mentally identified 20 serine/threonine residues being phos-
phorylated within LRRK2 after PKA treatment. In agreement
with a previous report (12), our study demonstrates that PKA
can phosphorylate LRRK2 at S935 in vitro as well as in cell
culture. Furthermore, we could demonstrate that phosphoryla-
tion at S910 is increased either upon PKA treatment in vitro or
by FSK/IBMX stimulation in cell culture.

In addition to S910, we identified PKA-mediated phosphory-
lation of the phosphoacceptor sites S1443 and S1444, previously
reported by Pungaliya et al. (37). These sites are located within
the LRRK2 GTPase domain ROC already described as a target
for autophosphorylation (7). Using the recombinant ROC do-
main, we could verify the residues S1443 and S1444 as PKA
substrate sites, in vitro. However, we cannot exclude that other
kinases, such as protein kinase B (Akt/PKB), phosphorylate
these two sites. The consensus motif of Akt/PKB (K/RxK/RxxS/T)
also matches the sequence around S1444. However, as demon-
strated by Ohta et al. (38), Akt/PKB acts as an LRRK2 substrate
rather than an LRRK2 upstream kinase. Interestingly, the res-
idues S1443 and S1444 are located close to the PD-causing
mutations R1441C/G/H (4). These mutations critically alter the
general PKA consensus motif RXXS formed by the residues
1441–1444. Indeed, we could confirm that the PD mutation
R1441G completely abolishes PKA phosphorylation at the sites
S1443 and S1444, giving unique mechanistic insights into the
pathogenesis of LRRK2 mutations.
Nichols et al. (19) and Li et al. (12) recently identified 14-3-3

proteins as binding partners of LRRK2 interacting with residues
pS910 and pS935 localized between the ankyrin and LRR domains.
Here, we demonstrate the presence of additional 14-3-3 sites based
on GST pull-down experiments with an N-terminally truncated
version of LRRK2 (∆967) not containing S910 and S935. In-
terestingly, our newly identified PKA phosphorylation site
(1441RASpSSP1446) resembles a canonical 14-3-3 binding motif
type I as described by Yaffe et al. (30) (RSXpSXP or RXXXp-
SXP). Consequently, we show that 14-3-3 specifically binds only
the PKA-phosphorylated ROC domain or LRRK2 peptides

Fig. 4. Binding of GST–14-3-3 to synthetic peptides

corresponding to the newly identified 14-3-3 bind-

ing region of LRRK2. Direct FP assays: 20 nM of

fluorescein-labeled LRRK2 peptides were incubated

in the presence or absence of 500 nM PKA in kinase

buffer. Control experiments were performed in the

presence of the PKA-specific inhibitor PKI (10 μM).

Each data point represents the mean ± SEM from

triplicate measurements.

Table 1. Binding constants for the fluorescein-labeled synthetic

peptides corresponding to pS910, pS935, and the newly

identified 14-3-3 binding region of LRRK2 containing pS1444 to

three different 14-3-3 isoforms derived from FP measurements

Kd (nM) ± SD

Peptide 14-3-3 gamma 14-3-3 theta 14-3-3 zeta

pS910 661 ± 121 4,100 ± 416 1,336 ± 318

pS935 — — —

pS1444 216 ± 44 938 ± 85 653 ± 93

Kd determinations were carried out as detailed in the Fig. S2 legend. Kd

values were derived from seven independent experiments (three protein

preparations), each performed in triplicate.
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containing the sequence motif 1441RASpSSP1446. Intriguingly,
we could demonstrate that the PD-associated mutations at
R1441C/G/H or mutations at S1444 abolish complex forma-
tion with the 14-3-3 isoforms gamma, theta, and zeta.
In mammals, seven 14-3-3 isoforms exist, forming homo- as

well as heterodimers. Generally, 14-3-3–interacting proteins show
a distinct preference for a specific 14-3-3 isoform. For instance,
whereas tryptophan hydroxylase binds to all 14-3-3 isoforms, the
MAPKKK c-Raf preferentially interacts with the beta and zeta
isoforms (39, 40). In our study, we analyzed 14-3-3 gamma, theta,
and zeta for their binding to LRRK2, as these isoforms previously
were shown to bind LRRK2 (12, 19) and are present within Lewy
bodies (23, 41). Based on FP and SPR, we provide evidence that
all three 14-3-3 isoforms interact with LRRK2 peptides containing
S1444 in a phosphorylation-dependent manner. Among the iso-
forms tested, 14-3-3 gamma shows the highest affinity for
LRRK2. With a Kd of about 210 nM, the affinity of 14-3-3
gamma is similar to that of other 14-3-3 client proteins with Kd

values ranging between 55 and 190 nM (30, 42). Furthermore,
our findings are consistent with results by Li et al. (12) that also
suggest a preferential LRRK2 association with 14-3-3 gamma.
When we quantified 14-3-3 binding to pS1444 in comparison

with binding to pS910 and pS935, only peptides containing pS910
and pS1444 could bind 14-3-3, whereas pS935, previously pro-
posed as a major 14-3-3 client site of LRRK2, did not show
significant binding to any of the 14-3-3 isoforms tested. One
explanation for this unexpected finding is that previous studies
were based on longer, diphosphorylated peptides containing
both pS910 and p935 (19) and thus not capable of differentiating
between these sites. Comparing the Kd values of 14-3-3 binding
to pS910 and to pS1444 reveals a two- to fourfold higher affinity
of 14-3-3 to the newly identified PKA site pS1444. This may be
explained by the sequence surrounding of S910 not matching
a perfect 14-3-3 consensus binding motif. We conclude that
LRRK2 contains at least two distinct binding regions for 14-3-3;
one is located within the N-terminus encompassing the region
around pS910 (19), and another, higher-affinity site is located in
the ROC domain encompassing pS1444. Multiple binding sites
as a requirement for stable 14-3-3 association have been dem-
onstrated for Cdc25B (29) and c-Raf (43). Because 14-3-3 pro-
teins form dimers, an LRRK2 molecule might associate with one
14-3-3 monomer via the pS910 motif and the other 14-3-3
monomer interacting with the newly identified pS1444 motif
located within the ROC domain (see also Fig. 7).
Dysregulation of 14-3-3/target protein interaction has been

associated with several human disorders, including PD, estab-
lishing 14-3-3 proteins as a novel class of molecules for thera-
peutic intervention (44). In agreement with the findings by Li

et al. (12) and Nichols et al. (19), we demonstrate that 14-3-3
binding is impaired in the common familiar LRRK2 mutation
R1441C/G/H. However, the latter reports correlate reduced
phosphorylation of S910 and S935 in the pathogenic LRRK2
R1441G protein with a perturbed 14-3-3/LRRK2 interaction.
Our results give a unique mechanistic explanation of how a mu-
tation of an arginine in the P-3 position to a cysteine, glycine, or
histidine prevents phosphorylation by PKA and thus efficiently

Fig. 5. SPR analysis of the interaction of GST–14-3-3 with synthetic peptides corresponding to the newly identified 14-3-3 binding region of LRRK2 S1444.

Sixty nanomolars of S1444 peptides, either unphosphorylated (S1444, gray line) or phosphorylated (pS1444, black line) was immobilized via a biotin linker to

the sensor surface, and 14-3-3 (gamma, theta, or zeta, 1 μM each) was injected over the surface. Only the phosphorylated peptide shows binding to the

different 14-3-3 proteins. The maximum SPR signal of 14-3-3 theta and zeta is reduced in comparison with the gamma isoform, indicating a lower affinity to

pS1444.

Fig. 6. LRRK2 kinase activity is modulated by phosphorylation of S1444 and

14-3-3 binding. (A) Activity of LRRK2 WT, S1444A, R1441H, and G2019S was

determined in a radioactive in vitro kinase assay using GST–moesin as sub-

strate. Probes were visualized by autoradiography. Samples were analyzed

on the same gel, and equal protein loading was confirmed via Coomassie

staining. (B) Incorporation of 32P into LRRK2 protein bands was measured by

liquid scintillation. Error bars represent ± SEM, and results from three in-

dependent experiments are shown (one-way ANOVA and Tukey’s post hoc

test). **, P < 0.001; ***, P < 0.0001 relative to LRRK2 WT. (C) Kinase activity

of LRRK2 WT, R14441H, and S1444A also was measured by LRRK2 auto-

phosphorylation in the presence of PKA and/or GST–14-3-3 gamma in vitro.

Immunoblotting was performed with anti-pT2483 antibody, and equal

protein loading was warranted by Amido Black staining.
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impairs the interaction of LRRK2 with 14-3-3 proteins. An al-
ternative concept recently was presented by Daniëls et al. (45),
who correlate the R1441G mutation with weakened ROC–COR
interdomain interaction, which in turn affects GTPase activity
shown to negatively regulate LRRK2 kinase activity.
The 14-3-3 proteins dynamically control the activity of many

intracellular proteins that regulate different physiological and
pathophysiological processes (41). Our data suggest that LRRK2–
14-3-3 interaction might control kinase activity, as mutations at
R1441 or S1444 do influence LRRK2 catalytic activity. In par-
ticular, we have shown that the LRRK2 mutants R1441H and
S1444A, both of which prevent 14-3-3 binding to the ROC do-
main, had an ∼1.6 times enhanced LRRK2 kinase activity. This
finding is in agreement with other studies in which enhanced ki-
nase activity already was correlated with the PD-linked LRRK2
mutation R1441C (5, 9). On the other hand, LRRK2 WT kinase
activity is decreased in the presence of 14-3-3 and PKA in vitro,
whereas LRRK2 S1444A (P-site) or R1441H (P-3 site) are un-
affected. Binding of 14-3-3 is thought to play an important role in
modulating kinase activity, such as c-Raf and Bad, by stabilizing
specific conformations, leading to either their inhibition or acti-
vation (46, 47).
Our results explain how the lack of negative feedback regu-

lation by upstream kinases might contribute to the pathophysi-
ology underlying R1441C/G/H mutations. Taken together, 14-3-3
may regulate LRRK2 kinase activity negatively by stabilizing an
inactive conformation of LRRK2 (Fig. 7). In particular, phos-
phorylation of S1444 allows PKA in combination with 14-3-3 to
delicately counterbalance LRRK2 activity, mediating an overall
negative regulation on LRRK2 kinase activity. This idea is sup-
ported further by the fact that the newly identified 14-3-3 binding
motif in LRRK2 is conserved between different species. In-
terestingly, it was proposed previously that the GTP-bound state
of a subgroup of GTPases, including Roco proteins, may induce
juxtaposition of two GTPase domains in a homodimer (48). In
agreement with this model, PKA phosphorylation and subsequent
binding of 14-3-3 might regulate LRRK2 kinase activity nega-
tively by preventing dimerization of its ROC domain. Considering
the recent findings by Daniëls et al. (45), this negative regulation
also might be mediated by 14-3-3, affecting the interaction of

ROC with the adjacent COR domain. Future studies are needed
to correlate PKA-mediated phosphorylation of pS1444 with
14-3-3 binding and LRRK2 activity in vivo.
The regulative effects of PKA phosphorylation and 14-3-3

binding, described here, may foster concepts for the development
of specific drugs targeting pathophysiological LRRK2 activity by
allosteric effectors as a promising alternative to kinase inhibition
by ATP-competitive compounds.

Materials and Methods
Generation of Fusion Proteins and Site-Directed Mutagenesis. The full-length

human LRRK2 gene was generated as described in detail in Gloeckner et al.

(49). For expression in insect cell culture, LRRK2 with a C-terminal tandem

StrepII/Flag tag (50) was cloned into pFastBac1 (Invitrogen). According to the

manufacturer’s instructions, LRRK2 baculovirus was produced with the Bac-

to-Bac expression system (Invitrogen). Adherent Sf9 insect cells were infec-

ted with virus with a multiplicity of infection of 10 and harvested after 72 h.

Cells then were lysed in lysis buffer [100 mM Tris (pH 7.4), 130 mM NaCl,

1 mM NaF, 1% Triton X-100, all from Roth] supplemented with protease

inhibitor mixture (cOmplete EDTA-free; Roche) and DNase I (80 U/μL; Appli-

chem) at 4 °C for 30 min and centrifuged at 16,000 × g for 10 min. Supernatant

including solubilized proteins was used for Strep-Tactin Superflow affinity

chromatography following the supplier’s instructions (IBA GmbH). Purified

protein was stored in elution buffer [100 mM Tris (pH 8.0), 150 mMNaCl, 1 mM

EDTA, 2.5 mM desthiobiotin] containing 10% (vol/vol) glycerol, 0.1 mM EGTA,

and 1 mM DTT at −80 °C.

A codon-optimized construct of isolated ROC domain was cloned into the

hexahistidine-tagged fusion protein vector pETM-11 (EMBL) via NcoI/KpnI

digestion. His6-tagged human ROC (WT and mutants) was expressed over-

night at room temperature in Escherichia coli BL21 (DE3) RIL cells (Novagen)

after 400 μM isopropyl β-D-1-thiogalactopyranoside (IPTG) induction and

purified using HIS-Select Cobalt Affinity resin (Sigma–Aldrich) and standard

conditions. Proteins were stored in 20 mM Hepes (pH 7.4), 150 mM NaCl

on ice.

Site-directedmutations were carried out using the QuikChange site-directed

mutagenesis kit (Stratagene) according to the manufacturer’s protocols.

The 14-3-3 theta and zeta genes used in the present study were amplified

from human fetal brain from Matchmaker cDNA Library (Clontech) using

standard PCRmethods with High Fidelity PCR EnzymeMix (Thermo Scientific).

The resulting PCR products were cloned into bacterial pGex expression vector

as EcoRI-SalI fragments. The pGex–14-3-3 gamma plasmid was a gift from

Michael Yaffe, David H. Koch Institute for Integrative Cancer Research,

Cambridge, MA (Addgene plasmid ID 13280) (51). GST–14-3-3 isoforms were

expressed in E. coli BL21 (DE3) RIL cells (Novagen) with 100 μM IPTG induction

Fig. 7. Model for the regulation of LRRK2 kinase

activity via PKA-mediated 14-3-3 binding to the ROC

GTPase domain. Based on the experimental data, we

propose a model in which LRRK2 kinase activity is

controlled by a conformational change driving the

kinase into an inactive state, which is stabilized by

14-3-3 interaction with pS910 and pS1444 (marked

in red). Phosphorylation of S910 and S1444 in the

ROC GTPase domain is mediated by the catalytic

subunit of PKA. S1444 phosphorylation is abrogated

in the PD-related LRRK2 mutations of R1441, thus

preventing PKA-mediated attenuation of LRRK2 ki-

nase activity.
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at room temperature for 4 h and purified using Glutathione Agarose 4B beads

(Macherey–Nagel) according to the manufacturer’s protocols.

Protein concentrations were assessed by the Bradford method with BSA as

the standard or using SDS/PAGE followed by Coomassie staining.

Cell Culture and Stimulation of PKA in Cellulo. COS7 cells were maintained in

DMEM with 10% (vol/vol) FCS (GE Healthcare) at 37 °C and 5% CO2 atmo-

sphere. Sf9 cell culture monolayer was maintained in Insect-XPRESS medium

(Lonza) supplemented with 10% (vol/vol) FCS (GE Healthcare) in a 27 °C

constant temperature incubator.

Before treatment with 50 μM FSK (Sigma–Aldrich) and 100 μM IBMX

(Sigma–Aldrich), cells were serum starved in serum-free medium for 4 h.

Subsequently, the cells were incubated for 30 min with these drugs. LRRK2

protein had to be enriched by Strep-Tactin Superflow (IBA). COS7 cells were

washed once with 1X PBS and lysed in ice-cold lysis buffer [30 mM Tris (pH 7.4),

150 mM NaCl, 0.05% Nonidet P-40] supplemented with protease and phos-

phatase inhibitor mixture (Roche). Samples from Sf9 insect cells were prepared

as described above. Supernatant including solubilized proteins was applied

with suspended resin toMobicol columns (MoBiTec). After being washed three

times with washing buffer [100 mM Tris (pH 8), 150 mM NaCl, 1 mM EDTA],

protein-bound resins were resuspended in 30 μL 4X NuPAGE sample buffer

(Invitrogen) containing 0.25 mM DTT (Roth) and bound proteins were eluted

by boiling at 95 °C for 5 min. Proteins were resolved by SDS/PAGE followed by

transfer onto PVDFmembrane (Roth). Phosphorylation of LRRK2 in PBS or FSK/

IBMX-treated cells was detected by immunoblotting with the phosphospecific

LRRK2 antibodies anti-pS910 and anti-pS935 (Biomol). Both antibodies were

applied at a dilution of 1/10,000 overnight at 4 °C in 20 mM Tris (pH7.5), 140

mM NaCl, 0.05% Tween 20 (TBS-T) with 5% (wt/vol) milk powder. Immune

complexes were visualized using anti-rabbit HRP secondary antibodies (GE

Healthcare) and ECL chemiluminescence (PerkinElmer).

PKA Assay and Far Western Blot. His-tagged ROC domain constructs were

tested as in vitro substrates for PKA. Equal amounts (∼1 μg each) of purified

proteins were incubated in either the absence or presence of the human

catalytic subunit of PKA (Calpha1) (0.5 U/μL) or 10 μM of the pseudosubstrate

PKA inhibitor PKI alpha (52) in kinase assay buffer [25 mM Tris·HCl (pH 7.5),

10 mM MgCl2, 2 mM DTT, 0.1 mM Na3VO4, 5 mM β-glycerophosphate, and

0.1 mM ATP] comprising 2 μCi [γ-32 P]-ATP for 1 h at 30 °C under continuous

agitation. Assays were set up in a total volume of 20 μL. Reactions were

terminated by boiling with 10 μL of 4X NuPAGE sample buffer (Invitrogen)

containing 0.25 mM DTT (Roth) for 2 min at 95 °C. Subsequently, products

were separated on 4–12% gradient gels (Invitrogen); gels were stained with

Coomassie Brilliant Blue, dried, and exposed to X-ray film. Gel slices con-

taining isolated ROC domain were cut out and transferred into a scintillation

counter, and the percentage of phosphate incorporation in ROC was cal-

culated. All experiments were conducted at least three times. To compare

levels of 32P-incorporation, statistical significance was determined by per-

forming a one-way ANOVA and Tukey’s post hoc test using GraphPad Prism

Version 5.0 (GraphPad Software).

Alternatively, PKA phosphorylation within LRRK2 was examined either by MS

or by immunoblotting. For mapping phosphorylation sites within LRRK2 by MS,

400 nM purified LRRK2 protein was incubated with 40 nM PKA for 1 h at 30 °C.

For Far western analysis, 2 μg of isolated ROC domain was phosphorylated

as described above. Reaction products were separated by SDS/PAGE and

transferred onto PVDF membrane. The membrane was blocked in 5% (wt/vol)

milk powder in TBS-T at room temperature for 1 h. Afterward, 0.1 μMGST–14-3-3

gamma was incubated with the membrane at 4 °C overnight, followed by

washing with TBS-T and incubation with anti-GST antibody (GenScript) at

a dilution of 1/3,000 for 1 h at room temperature in TBS-T with 3% (wt/vol)

milk powder. To visualize the bands, HRP-conjugated secondary antibody

and ECL chemiluminescence (PerkinElmer) were used. To ensure equal pro-

tein loading, the membrane was stripped in stripping buffer [25 mM glycin

(pH 2.2), 1% SDS] at 60 °C for 15 min and probed with anti-His antibody

(GE Healthcare) at a dilution of 1/40,000 for 1 h at room temperature in

TBS-T with 5% (wt/vol) milk powder.

LRRK2 Kinase Assays. To determine LRRK2 kinase activity, radioactive and

nonradioactive kinase assays were performed. GST–moesin (500 ng, kindly

provided by Frank Gillardon, Boehringer Ingelheim, Biberach an der Riss,

Germany) was denatured at 65 °C for 10 min and used as a substrate for

purified LRRK2 (1 μg). The radioactive kinase reactions were carried out by

incubating both proteins in kinase buffer for 1 h at 30 °C. Reaction products

were visualized by autoradiography or quantified as described above. In

a nonradioactive kinase assay, 1 μg of recombinant LRRK2 was incubated in

kinase buffer with 10 μg GST–14-3-3 gamma and/or 9 U PKA for 1 h at 30 °C.

The reaction was terminated by boiling at 95 °C for 2 min. LRRK2 activity was

detected by Western blotting with anti-pT2483 antibody (Abcam) diluted

to 1/2,000 in 5% (wt/vol) milk powder overnight at 4 °C. Subsequently,

blot membranes were stained with Amido Black.

GST Pull-Down Assay and Competition of Precipitates by Peptides. Equal molar

amounts of GST or GST–14-3-3 fusion proteins were conjugated to Glutathione

Agarose 4B beads (Macherey–Nagel) according to supplier protocols. Then, 40

μL aliquots of conjugated agarose bead slurry were incubated with 1 mg of Sf9

cell lysate supernatant for 4 h in lysis buffer [30 mM Tris (pH 7.4), 150 mMNaCl,

0.5% Nonidet P-40] at 4 °C. Afterward, beads were washed three times with

washing buffer [30 mM Tris (pH 7.4), 150 mM NaCl] resuspended in 30 μL 4X

NuPAGE sample buffer (Invitrogen) containing 0.25 mM DTT (Roth), and

bound proteins were eluted by boiling at 95 °C for 5 min.

In the case of competition assays, Sf9 cell lysates were incubated in the

presence of various concentrations of the following peptides: LFNIKAR-

ASSSPVILVGT in either nonphosphorylated or serine-phosphorylated form.

Samples were separated on NuPAGE 4–12% gradient gels (Invitrogen), and

the presence of LRRK2 ∆967 in the pull-down experiment was analyzed

by Western blotting with anti–Strep-HRP conjugate (IBA) at a dilution of

100,000 in TBS-T with 2% (wt/vol) BSA for 1 h at room temperature. Sub-

sequently, Western blot membranes were incubated with GST antibody

(GenScript) or 14-3-3 (pan) antibody [Cell Signaling; dilution: 1/1,000 in

TBS-T with 5% (wt/vol) BSA, overnight at 4 °C] to demonstrate equal

protein loading.

FP. To investigate the binding of 14-3-3 isoforms to LRRK2, we used a direct FP

assay. For peptide phosphorylation, 20 nM of the fluorescein-labeled LRRK2

peptides [S-LRRK2-1444 LFNIKARASSSPVILVGT (S1444 bold and underlined),

pS-LRRK2-1444 LFNIKARASpSSPVILVGT, LRRK2-R1441G LFNIKAGASSSPVILVGT,

and LRRK2-S1444A LFNIKARASASPVILVGT] was incubated with or without 500

nM PKA in 20 mM 4-morpholinopropanesulfonic acid (MOPS) (pH 7), 150 mM

NaCl, 0.05% (vol/vol) CHAPS, 1 mM ATP, and 10 mM MgCl2 for 4 h at 37 °C. As

a control, the assay was performed in the presence of PKI (1 μM), purified from

E. coli as described in Thomas et al. (53). For FP measurements, peptide at

a final concentration of 10 nM was mixed with 2 μM 14-3-3 (gamma, theta, or

zeta) in 150 mMNaCl, 20 mMMOPS, 0.005% (vol/vol) CHAPS using a FusionTM

α-FP plate reader at room temperature for 2 s at Ex 485 nm/Em 535 nm in

a 384-well microtiter plate (OptiPlate, black; PerkinElmer). Data were analyzed

with GraphPad Prism 6.01 (GraphPad Software). Data presented in each graph

are the mean ± SEM of triplicate measurements.

To determine the affinity between the 14-3-3 isoforms and phosphory-

lated and nonphosphorylated fluorescein-labeled LRRK2 peptide, increasing

concentrations of GST–14-3-3 protein (from 1 nM to 100 μM) were mixed

with 10 nM fluorescently labeled LRRK2 peptide as described above. Data

presented in each graph are the mean ± SEM of triplicate measurements (n = 3

per data point) for a single experiment. Kd was determined with GraphPad

Prism by plotting the fluorescence polarization signal against the logarithm of

the 14-3-3 protein concentration and fitting a sigmoidal dose–response.

SPR.A Biacore 3000 instrument (GE Healthcare Biacore) was used to study the

interaction of biotinylated LRRK2 peptides and 14-3-3 proteins. A Biotin

CAPture kit (GE Healthcare Biacore) was used according to the manual. On

the CAP sensor chip (carboxymethylated dextranmatrix with ssDNAmolecule

preimmobilized) 3,700 response units were captured. Then, 60 nM peptide

(flow 5 μL/min; injection of 5 μL corresponds to 80 response units) was

immobilized via a biotin linker to the Biotin CAPture reagent sensor surface.

A reference surface was saturated with biotin capture reagent without

peptide, and the response was subtracted. All interaction experiments were

performed at room temperature in running buffer [20 mM MOPS (pH 7), 150

mM NaCl, 0.005% surfactant P20] at a flow rate of 30 μL/min. After injection

of 1 μM 14-3-3 over the surfaces (2 min), the dissociation phase was moni-

tored for 2 min. Sensor surfaces were regenerated by injection of 6 M

guanidine hydrochloride/150 μM sodium hydroxide.
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