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MATERIALS AND METHODS

Constructs, antibodies and reagents

PPla and PPly were cloned from PlasmidlD clones
HsCD00004106 and HsCD00005169. PP18 was cloned
from PlasmidID clone HsCD00000467, the sequence has an
L51P mutation, and was corrected to WT using the GeneArt
Site-Directed Mutagenesis System (Invitrogen). PP2Aa was
cloned from Addgene plasmid 10689 [1]. All of the constructs
were inserted into the pcDNA5-FRT/TO backbone with an N-
terminal FLAG tag. Constructs of truncated NIPP1 (NIPP1,43 54,
residues 143-224) and 12 with N-terminal tags of eGFP and CFP
respectively are described in [2]. 3 x FLAG-LRRK2 constructs
are described by Daniéls et al. [3]. eGFP-tagged constructs
of LRRK2 were generated by cleaving out the 3x FLAG tag
and ligating an eGFP sequence derived from the pEGFP-C1
plasmid. N-terminal eGFP-tagged LRRK2 used for the T-Rex
cell line was cloned into the pcDNA5-FRT/TO backbone for
generation of T-REXx cell lines. All constructs were confirmed by
restriction digest analysis and sequencing. Recombinant protein
phosphatases were purchased from Calbiochem (EMD Millipore
Chemicals). LRRK2 was detected with the anti-LRRK2 antibody
N138/6 (Neuromab) or monoclonal rabbit anti-LRRK2
antibody MJFF-2 (clone C41-2, Epitomics). The immunoprecip-
itation of endogenous LRRK2 was performed with a monoclonal
rabbit antibody directed against LRRK2 residues 100-500 (5097-
5091; Epitomics). Sheep anti-LRRK2 pSer®® (S357C) was used
as described in [4] and monoclonal rabbit anti-pSer™® and pSer®®
co-developed by the Michael J. Fox Foundation, Epitomics and
University of Dundee were described in [5], polyclonal rabbit
anti-LRRK2 pSer®®, pSer*® and pSer® are described in [6].
FLAG M2 antibody was purchased from Sigma—Aldrich, eGFP
antibody was produced in-house [7], from Roche (clones 7.1 and
13.1) or rabbit monoclonal anti-GFP from LifeTechnologies was
used for PLAs. Mouse monoclonal anti-pan-PP1 antibody was
described previously in [8] and anti-PPla antibody was from
Santa Cruz Biotechnology, Life Technologies (clone 10C6-10C3)
or Cell Signaling Technologies. Anti-B-tubulin antibody was
purchased from Sigma. Rat anti-pan-tubulin antibody was
purchased from Santa Cruz Biotechnology. LICOR DyeLight
labelled 14-13-3 protein (recombinant His-tagged BMH1&2, a
gift from Professor Dario Alessi, MRC Protein Phosphorylation

and Ubiquitylation Unit, Department of Biochemistry, University
of Dundee, Dundee DD1 5EH, U.K.) was prepared according to
the manufacturer’s instructions and used to detect 14-3-3 binding
as described previously [6,9], calyculin A was obtained from
Enzo Life Sciences, okadaic acid was purchased from Merck and
LRRK2-IN1 was used as described in [10]. GFP-Trap Agarose
was purchased from Chromotek.

Isolation and culture of primary neurons

Primary cortical neurons were prepared from newborn (P,; post-
natal day zero) pups (C57BL/6J). Neuronal cells were dissociated
by papain (Worthington), plated on to 6-well plates precoated with
poly-D-lysine (BD Biosciences) ata density of 2.5 x 10° cells/well
in Basal Medium Eagle (Sigma—Aldrich) supplemented with B27,
N2, glutaMAX-I, penicillin/streptomycin (Invitrogen) and 0.45 %

glucose (Sigma—Aldrich). The medium was replaced by half
every 2 days. Cytosine arabinoside (3 p M; Sigma—Aldrich) was
added for the first 3 days to inhibit glial cell proliferation. At 14
DIV (days in vitro), neurons were treated for 30 min with 20 or
100 nM calyculin A, 100 nM okadaic acid, 1 yM LRRK2-IN1,
20 nM calyculin Aand 1 yM LRRK2-IN1 or DMSO alone. Cells
were collected and spun down at 16 000 g for 10 min. The pellet
was lysed in 30 ul of buffer containing 10 mM Tris/HCI, 2%

SDS, protease inhibitors cocktail (Roche), and HALT phosphatase
inhibitor cocktail (Thermo Scientific), sonicated and subjected to
immunoblot analysis. All mouse work followed the guidelines
approved by the Institutional Animal Care and Use Committees
of the National Institute of Child Health and Human Development.

In vitro dephosphorylation

For the dephosphorylation of radioactively labelled LRRK2,
HEK-293T cells expressing 3 x FLAG-LRRK2 were grown to
confluence in 10-cm-diameter petri dishes then metabolically
labelled as described above. Following labelling, cells were
lysed and 3 x FLAG-LRRK?2 was purified as described above.
FLAG-M2 beads holding the purified 3 x FLAG-LRRK2 were
rinsed in dephosphorylation buffer (20 mM Tris, pH 7.5, 10 mM
MgCl,, 2mM DTT and 0.02% Triton) and protein was
eluted using 3x FLAG peptide (0.1 mg/ml, Sigma). Protein
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(approximately 10 pg/ml) was incubated with a panel of
recombinant phosphatase catalytic subunits (PPla, PP2A,
PP2A,, PP2B, PP2Ca and PPA, all from Calbiochem, Merck
Millipore) at the limiting concentration of 12.5 units per ml, as
well asan alkaline phosphatase control (250 units/ml) (Fermentas,
Thermo Scientific) for 30 min at 30 °C. Reactions were stopped
by the addition of SDS loading dye. Samples were resolved on
Nupage 3-8 % Tris-acetate gels. Incorporated **P was detected by
autoradiography using a Storm 840 phosphorescence scanner (GE
Healthcare). The same membranes were stained with Ponceau S
(Sigma) to correct for protein loading and probed with the
monoclonal rabbit anti-LRRK2 antibody MJFF-2 to confirm
the presence of LRRK2.

Co-immunoprecipitation (co-1P)

Per 10-cm-diameter dish of T-REx HEK-293 cells overexpressing
GFP-LRRK2, cells were washed once with PBS and lysed
in situ with 500 pyl of lysis buffer (50 mM Tris/HCI, pH 7.4,
1 mM EGTA, 1 mM EDTA, 0.27 M sucrose, 1 mM benzamidine
and 1mM PMSF and was supplemented with 1% Nonidet
P40) on ice, then centrifuged at 15000 g at 4°C for 15 min.
Protein concentrations were determined using the Bradford
method with BSA as the standard. Cell lysates were subjected
to immunoprecipitation with GFP-Trap agarose beads at 5l
beads per 500 p 1 lysate for 1 h at 4 °C. Beads were washed twice
with lysis buffer supplemented with 300 mM NacCl, then twice
with buffer A (50 mM Tris/HCI, pH 7.4, 50 mM NaCl, 0.1 mM
EGTA and 0.27 M sucrose). Immune complexes were incubated in
NUPAGE LDS (lithium dodecyl sulphate) sample buffer at 70°C
for 10 min, then boiled for 5 min.

Confluent dishes of A549 cells were treated with 2 yM LRRK2-
IN1 for 90 min, or 20 nM calyculin A for 30 min. Then cell
lysates were prepared and subjected to immunoprecipitation as
described above for GFP-Trap with 6 pg/10-cm-diameter dish of
anti-LRRK2 100-500 (Epitomics) or rabbit 1gG (Bethyl) for 2 h
at4-C.

Gel electrophoresis and immunoblotting

The protein content of cell lysates was determined using the
BCA protein determination assay (Pierce Biotechnology) or the
Bradford method. Cell lysates were boiled and resolved by
electrophoresis on a NuPage 3-8% tris-acetate gradient gel, 4—
12 % Bis-Tris gradient gel or 12.5% SDS gel. Separated proteins
were transferred on to a PVDF membrane (Bio-Rad Laboratories)
or Protran Nitrocellulose membrane (Whatman, GE Healthcare)
and non-specific binding sites were blocked for 30 min in PBST
(PBS supplemented with 0.1% Triton X-100) or TBST (Tris-
buffered saline with 0.1% Tween20)and5% (w/v) non-fat dried
skimmed milk powder or 5% BSA. After overnight incubation at
4°C with the appropriate antibodies, blots were washed three
times with PBST. After incubation with the appropriate
horseradish peroxidase-conjugated secondary antibody (Dako)
for 1 h, blots were washed again as mentioned before. Bands
were visualized using ECL (GE Healthcare) or LI-COR dual
probes (Lincoln). To normalize the signal of phospho-specific
antibodies to LRRK2 expression levels, blots were stripped after
detection of the phospho-specific signal and reprobed with anti-
LRRK2 antibody. To strip antibodies from a blot, the blot was
incubated with methanol for 30's, followed by two wash steps
of 5min with distilled water and two wash steps with PBST.
Next, the blot was incubated with stripping buffer (62.5 mM
Tris/HCI, pH6.8, 2% SDS and 100 mM 2-mercaptoethanol)
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for 30 min at 70°C, followed by two 10 min wash steps with
PBST. Immunodetection on stripped blots was performed as
described above. Densitometric analysis of the bands on the
blot autoradiograms and immunoreactivity were performed using
Aida Analyzer v1.0 (Raytest) or Odyssey infrared imaging system
(Lincoln).

TR-FRET LanthaScreen Cellular assay for LRRK2 pSer®®

LanthaScreen pSer®*® assays were performed essentially as
described previously [11]. In brief, U20S cells were transduced
with 205 BacMam LRRK2-GFP virus overnight. Cells were
replated at 10000 cells per well in 384 well plates. The cells were
either left untreated or treated with 0.093, 1 or 10 yM LRRK2-
IN1 inhibitor or in the presence of the indicated dilution series of
calyculin A for 30 min. Cells were directly lysed in the presence of
terbium-labelled pSer® antibody and, after 3 h incubation, TR-
FRET ratios for terbium and GFP were read on a PerkinElmer
EnVision Plate Reader.

Imunocytochemistry and proximity ligation assay

For immunocytochemistry, cells were grown on coverslips
and washed with PBS and fixed with 4% paraformaldehyde
for 15 min, followed by two wash steps with PBS. After
permeabilization for 5 min with PBST, a 30 min blocking step
with 10% goat serum (Dako cytomation) in PBS was performed.
This was followed by a 2 h incubation with FLAG M2 and
in-house anti-eGFP antibody in PBS. After three washes with
PBS for 5 min, the cells were incubated for 1 h with secondary
antibody (Alexa Fluor®-conjugated antibody, 1:500 dilution,
Molecular Probes) and washed three times for 5 min with PBS.
The coverslips were mounted on a microscope slide with Mowiol
(Sigma) supplemented with DAPI (Roche). Visualization was
performed by confocal laser-scanning microscopy (Fluoview
1000, Olympus) using a 100 x lens.

PLAs were performed on eight-well CC2 chamber slides. Cells
were fixed and permeabilized as in the immunocytochemistry
experiments, then blocked with Duolink Blocking Solution for
30min at 37°C. Immediately after blocking, the cells were
incubated with the indicated primary antibodies in the Duolink
Antibody Diluent for 1 h at room temperature (20-24°C). The
cells were washed twice with Duolink Wash Buffer A for 5 min
before the incubation of the PLUS and MINUS PLA probes. The
cells were incubated with PLA probes for 1 h at 37 °C, followed
by two washes with Wash Buffer A for 5 min. The cells were
then incubated with pre-mixed Ligation-Ligase solution at 37 °C
for 30 min. After two washes with Wash Buffer A for 2 min, the
cells were incubated with pre-mixed Amplification-Polymerase
solution for 60-90 min at 37 °C. Finally, the cells were washed
twice with Duolink Wash Buffer B for 10 min, followed by
0.01x Wash Buffer B for 1min. The slides were dried in the
dark and mounted with Duolink 1l Mounting Medium. Images
were quantified with the Duolink Image Tool Software (Version
1.0.1.2).

Quantification of skein-like structures

HEK-293FT cells (Invitrogen) were seeded on coverslips and
transfected with 3x FLAG-LRRK2 plasmids for WT and
series of mutants: S910A/S935A, R1441C, R1441G, Y1699C,
K1906M, G2019S and 12020T. At 24 h after transfection cells
were treated with DMSO, 1 yM LRRK2-IN1, 5nM calyculin
A, or 1yM LRRK2-IN1 and 5nM calyculin A for 30 min at



PP1 dephosphorylates LRR2
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Figure S1  Schematic representation of the LRRK2 domain structure
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Figure S2 LRRK2 mutants show decreased metabolic labelling

Metebalic labdlling of WI' LRRK2 and mutetions R1441C, Y1699C, K1906M, G2019S and
(G2385R ¥P vaues were controlled for expression level and normelized to WI LRRK2 val ues.
Resuilts are consistent with reduced phosphonylation levels a Ser®™® and Ser® as previously
reported (see text for more details). Representative blots are shown (with molecular mess
indicated in kDa) and the histogram shows quantifications of four independent experiments,
results aremeens * SEM. **P< 0.01.

37°C. Immediately after treatment, cells were fixed with 4%
paraformaldehyde for 20 min, permeabilized with 0.1 % Triton X-
100 for 10 min and stained with primary anti-FLAG M2 antibody
(2 ng/ul final concentration) and secondary anti-mouse Alexa
Fluor® 488-conjugated antibody (1:500 dilution, Invitrogen).
Nuclei were stained with TO-PRO-3 iodide (Invitrogen). A total
of 100-150 LRRK2-transfected cells per sample were counted
over multiple fields on a 100 % objective for the presence of
skein-like structures.
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Figure S3 Control of in vitro phosphatase activity of recombinant
phosphatases

Recombinant phosphetases were tested on generic substrates in the same conditions as those
used to dephosphorylate LRRR2 in vitro (seeFigure 1 of themeintext). (A) Theability of different
phosphetases to dephosphorylate PKA-phosphorylated MBP in vitro wes tested. MBP wes first
labelled with radicedtive phosphates by in vitro phosphorylation by PKA in the presence of
[y -2P/ATR, then subritted to dephosphorylation (in the presence of 2 M staurosporine to
inhibit PKA) using theindi cated pandl of phosphatases as desaribedin theMeaterid s and methods
section. Sanples were andysed by SDS/PACGE and blotted to PYDF membranes as described in
theMeterids and methods section. Shownis theautoradiogramblot ill ustreting theincorporated
2P Jevels. The graph in the lower pendl of (A) shows the quantification of incorporated 2P in
MBPfor each phosphataserd ativeto thecontral (non-dephosphorylated MBP). (B) Theability of
different phospheatases to dephosphorylate pNPP (Sigme) in vitrowes tested. Dephosphorylation
wes tested according to the menufacturer’s instructions. Shown are quantifications of triplicate
messures (meens* SEM.) rdaive to the maximum dephosphorylation given for dkdine
phosphetase (for which values were set to zro,). CIF, calf intestind dkaline phosphatase
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Figure S4 Overexpression of PP1 inhibitors

GFP immunoblot showing overexpression of eGFR, OFP-12 and eGFP-NIPPl145 24 i
HEK-293T odls. 3-Tubulin wes used to control for equd loading.

REFERENCES

1 Chen, W, Possardio, R, Campbel, K T, Rattner, C. A, Pdlas, D. C. and Hehn, W C.
(2004) Identification of specific PP2A complexes involved in humen odll transformetion.
Cancer Gl 5, 127-136

2 Baulens, M, Visteke, \V, Ven Bnde, A, Jagidllo, I., Staimens, W and Bollen, M. (2000)
The G-terminus of NIPP1 (nudeer inhibitor of protein phasphatase-1) contains anove
binding site for protein phosphatase- 1 thet is contralled by tyrosine phosphorylation and
RNAbinding. Biochem J. 352, 651-658

3 Denids, V, Vancraenenbroedk, R, Law; B. M., Greggio, E, Lobbestad, E, Geo, F, De
Meeyer, M., Cookson, M. R, Harvey, K, Baekdandt, V. and Taymens, J. M. (2011) Insight
into the mode of action of the LRRK2 Y1699C pathogenic mutant. J. Neurochem 116,
34-315

Reosived 23 Noverrber 2012/6 August 2013; acoepted 12 August 2013
Published as BJ Inmediate Publication 12 August 2013, doi:10.1042/BJ20121772

(G The Authors Joumd corrpilaion (€ 2013 Biocheicd Sodiely

10

1

12

Nichadls, R J., Dzarko, N, Morricg, N A, Capbl, D. G, Degk, M., Grdureau, A,
Mecartney, T, Tong, Y., Shen, J., Presoott, A R and Alessi, D. R (2010) 14-13-3 binding
o LRRK2 is disrupted by muitiple Parkinson's disesse-assodiated mutations and
regulates cytoplasmic locdiztion. Biochem J. 430, 393-404

Dzako, N, Inesta-Veaquera, F, Zhang, J., Xie, C, Ca, H, Athur, S, Tan, L, Choi, H,
Gay, N, Cohen, P et d. (2012) The Ik B kinase farily phosphorylates the Parkinson's
disease kinase LRRR2 a Ser935 and Ser910 during tall-like reoeptor signding. PLoS
ONE7, 639132

Doggett, E A, Zhao, J., Mork, C. N, Hu, D. and Nichdls, R J. (2012) Phosphorylation of
LRRK2 serines 955 and 973 is disrupted by Parkinson's disease mutations and LRRK2
phamecologicd inhibition. J. Neurochem 120, 37-45

Baskelandt, \, Eggermont, K, Michids, M., Nuttin, B. and Debyser, Z (2003) Qptimized
lentivirdl vector production and purification procedure prevents immune response after
transduction of mouse brain. Gene Ther. 10, 1933-1940

Lesage, B, Baullens, M., Peddlini, L, Garda-Gmeno, M. A, Wedkens, E, Saz, P ad
Bollen, M. (2007) A complex of cataytically inactive protein phosphetase-1 sandwiched
between Sds22 and inhibitor-3. Bochemistry 46, 8909-8919

Moorheed, G, Douglas, P, Cotelle, \, Harthill, J., Morrice, N, Meek, S, Deiting, U, Stitt,
M., Scarabel, M., Aitken, A and MacKintosh, C. (1999) Phosphorylation-dependent
interactions between enzymes of plant metebolismand 14-3-3 proteins. Flant J. 18,
1-12

Deng, X, Dzamko, N, Presoatt, A, Davies, P, Liu, Q, Yang, Q, Lee, J. D, Paricdli, M.
P, Nomenbhoy, T K, Alessi, D. R and Gray, N. S. (2011) Characterizetion of a sdective
inhibitor of the Parkinson's disesse kinase LRRK2. Net. Chem Bdl. 7,

203-205

Hermenson, S B, Calson, C. B, Rdde, S. M, Zhao, J., Vogd, K W, Nichdls, R J. and
B, K (2012) Screening for novel LRRK2 inhibitors using a high-throughput TR-FRET
cellular assay for LRRK2 Ser935 phosphorylation. PLoS CNE7, e43580

Lobbestad, E, Bagkdandt, V. and Taymens, J. M. (2012) Phosphorylation of LRRK2: from
kinase to substrate. Biochem Soc. Trans. 40, 1102-1110



