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Mutations in the Leucine Rich Repeat Kinase-2 (LRRK2) gene cause lateonset Parkinson's disease (PD). LRRK2, contains Leucine Rich Repeats, a GTPase domain, a COR domain, a kinase and a WD40 motif. Little is known about how LRRK2 is regulated, what its physiological substrates are or how mutations affect LRRK2 function. Thus far LRRK2 activity has only been assessed by autophosphorylation and phosphorylation of myelin basic protein, which is catalysed rather slowly. We undertook a KESTREL screen in rat brain extracts to identify proteins that were phosphorylated by an activated PD mutant of LRRK2 (G2019S). This led to the discovery that moesin, a protein which anchors the actin-cytoskeleton to the plasma membrane, is efficiently phosphorylated by LRRK2, at Thr558, a previously identified in vivo phosphorylation site that regulates the ability of moesin to bind actin. LRRK2 also phosphorylated ezrin and radixin that are related to moesin, at the residue equivalent to Thr558, as well as a peptide encompassing Thr558 (LRRKtide). We exploited these findings to determine how nine previously reported PD mutations of LRRK2 affected kinase activity. Only one of the mutations analysed, namely G2019S, stimulated kinase activity. Four mutations inhibited LRRK2 kinase activity (R1941H, I2012T, I2020T and G2385R), whereas the remainder (R1441C, R1441G, Y1699C and T2356I), did not influence activity. Therefore, the manner in which LRRK2 mutations induce PD, is more complex than previously imagined, and not only caused by an increase of LRRK2 kinase activity. Finally, we show that the minimum catalytically active fragment of LRRK2, requires an intact GTPase, COR and kinase domain as well as WD40 motif and C-terminal tail. This study suggests that moesin, ezrin and radixin may comprise LRRK2 substrates, findings that have been exploited to develop the first robust quantitative assay to measure LRRK2 kinase activity.

Introduction.

There has been much interest raised by the recent discovery that different autosomal dominant point mutations within the gene encoding for the Leucine Rich Repeat protein Kinase-2 (LRRK2), predispose humans to develop late-onset Parkinson's disease (PD, OMIM accession number 609007), with a clinical appearance indistinguishable from idiopathic PD [START_REF] Paisan-Ruiz | Cloning of the gene containing mutations that cause PARK8-linked Parkinson's disease[END_REF][START_REF] Zimprich | Mutations in LRRK2 cause autosomal-dominant parkinsonism with pleomorphic pathology[END_REF][START_REF] Mata | LRRK2 in Parkinson's disease: protein domains and functional insights[END_REF][START_REF] Taylor | LRRK2: a common pathway for parkinsonism, pathogenesis and prevention?[END_REF]. The genetic analysis undertaken to date indicates that mutations in LRRK2 are relatively frequent, not only accounting for 5-10% of familial PD, but are also found in a significant proportion of sporadic PD cases [START_REF] Farrer | LRRK2 mutations in Parkinson disease[END_REF][START_REF] Zabetian | A clinic-based study of the LRRK2 gene in Parkinson disease yields new mutations[END_REF]. Little is known about how LRRK2 is regulated in cells, what are its physiological substrates and how mutations in LRRK2 cause or increase risk of PD.

In mammals there are two isoforms of the LRRK protein kinase, LRRK1 (2038 residues) and LRRK2 (2527 residues). They belong to a protein family that has also been termed Roco [START_REF] Marin | The Parkinson disease gene LRRK2: evolutionary and structural insights[END_REF]. Thus far, mutations in LRRK2, but not LRRK1 have been linked to PD.

The LRRK/Roco class of protein kinases was initially characterised in the slime mould Dictyostelium discoideum, as a protein termed GbpC (cGMP binding protein C), that comprised an unusual member of the Ras/GTPase superfamily, distinct from other small GTPase domains as it possesses other domains including a protein kinase [START_REF] Marin | The Parkinson disease gene LRRK2: evolutionary and structural insights[END_REF][START_REF] Goldberg | Identification of four candidate cGMP targets in Dictyostelium[END_REF]. Subsequent studies suggested that GbpC regulates chemotaxis and cell polarity in Dictyostelium [START_REF] Bosgraaf | A novel cGMP signalling pathway mediating myosin phosphorylation and chemotaxis in Dictyostelium[END_REF], but the physiological substrates for this enzyme have not been elucidated. The defining feature of the LRRK/Roco-proteins is that they possess Leucine Rich Repeat (LRR) motif, a Ras-like small GTPase, a region of high amino acid conservation that has been termed the C-terminal Of Ras of complex (COR) domain, and a protein kinase catalytic domain [START_REF] Marin | The Parkinson disease gene LRRK2: evolutionary and structural insights[END_REF]10]. The protein kinase domain of LRRK2 belongs to the tyrosine-like serine/threonine protein kinases and is most similar to the Rho-Interacting Protein kinases (RIPK), that play key roles in innate immunity signalling pathways [11]. Other domains are also found on specific members of the LRRK kinases. For example, the GbpC possesses an additional DEP (for Disheveled, EGL-10, Pleckstrin), cyclicGMP-binding and Ras-GEF domains that are not found in mammalian LRRK1 and LRRK2. Human LRRK1 possesses 3 ankyrin repeats at its N-terminus, whereas LRRK2 lacks these domains, but possesses a WD40 repeat located towards its C-terminus not found in LRRK1 [START_REF] Marin | The Parkinson disease gene LRRK2: evolutionary and structural insights[END_REF].

Human LRRK2 consists of leucine rich repeats (residues 1010-1287), a small GTPase domain (residues 1335-1504), a COR domain (residues 1517-1843), a serine/threonine protein kinase domain (residues 1875-2132) and a motif that has low resemblance to a WD40 repeat (2231-2276) (Fig 1A). To date ~20 single amino acid substitution mutations have been linked to autosomal-dominant PD, and these have been found within or in close proximity to conserved residues of the small GTPase, COR, protein kinase and WD40 domains [START_REF] Mata | LRRK2 in Parkinson's disease: protein domains and functional insights[END_REF][START_REF] Taylor | LRRK2: a common pathway for parkinsonism, pathogenesis and prevention?[END_REF].

The most prevalent mutant form of LRRK2 accounting for ~6% of familial PD and 3% of sporadic PD cases in Europe, comprises an amino acid substitution of Gly2019 located within the conserved DYG-Mg 2+ -binding motif, in subdomain-VII of the kinase domain, to a Ser residue [START_REF] Mata | LRRK2 in Parkinson's disease: protein domains and functional insights[END_REF]. Recent reports suggest that this mutation moderately enhances, ~2-3-fold, the autophosphorylation of LRRK2, as well as its ability to phosphorylate myelin basic protein [START_REF] West | Parkinson's disease-associated mutations in leucine-rich repeat kinase 2 augment kinase activity[END_REF][START_REF] Greggio | Kinase activity is required for the toxic effects of mutant LRRK2/dardarin[END_REF]. These findings suggest that over-activation of LRRK2 predisposes humans to develop PD, implying that drugs which inhibited LRRK2, could be utilised to delay the onset or even treat some forms of PD. The study of LRRK2 has been hampered by the difficulty in expressing active recombinant enzyme and by the lack of a robust quantitative assay. In this study we have developed a method to express active recombinant LRRK2 and utilised this in a KinasE Substrate TRacking and ELucidation (KESTREL) screen, that has recently been developed to identify physiological substrates of protein kinases (reviewed in [START_REF] Cohen | KESTREL: a powerful method for identifying the physiological substrates of protein kinases[END_REF]). This led to the identification of moesin, that when denatured was efficiently phosphorylated by LRRK2 at Thr558, a previously characterised physiologically relevant phosphorylation site. Although further investigation is required to determine whether moesin comprises a physiological substrate, we have utilised these findings to develop a robust and quantitative assay for LRRK2. Using this methodology we demonstrate that several LRRK2 mutations identified in patients with PD, either do not affect or actually inhibit, rather than activate LRRK2. We also demonstrate a requirement for an intact GTPase, COR and C-terminal region to maintain LRRK2 in a catalytically active conformation. General methods. Tissue culture, transfection, immunoblotting, restriction enzyme digests, DNA ligations, and other recombinant DNA procedures were performed using standard protocols. All mutagenesis was carried out using the Quick-Change site-directed mutagenesis method (Stratagene). DNA constructs used for transfection were purified from E.coli DH5 using Qiagen plasmid Mega or Maxi kit according to the manufacturer's protocol. All DNA constructs were verified by DNA sequencing, which was performed by The Sequencing Service, School of Life Sciences, University of Dundee, Scotland, UK, using DYEnamic ET terminator chemistry (Amersham Biosciences) on Applied Biosystems automated DNA sequencers. Buffers. Lysis Buffer contained 50 mM Tris/HCl pH 7.5, 1 mM EGTA, 1 mM EDTA, 1 % (w/v) Triton-X100, 1 mM sodium orthovanadate, 10 mM sodium-glycerophosphate, 50 mM sodium fluoride, 5 mM sodium pyrophosphate, 0.27 M sucrose, 0.1 % (v/v) 2-mercaptoethanol and complete proteinase inhibitor cocktail (one tablet/50 ml, Boehringer). Buffer A contained 50 mM Tris/HCl pH 7.5, 0.1 mM EGTA and 0.1% (v/v) 2-mercaptoethanol. Extraction Buffer contained 50 mM Tris/HCl pH 7.5, 5% (v/v) glycerol, 10 mM 2-mercaptoethanol, 1 mM EDTA, 1 mM EGTA, 0.03% (v/v) Brij-35, complete proteinase inhibitor cocktail (one tablet/50 ml). Sample Buffer was 1X NuPAGE® LDS sample buffer (Invitrogen) containing 1% (by vol) 2-mercaptoethanol. Plasmids. A full-length cDNA clone encoding LRRK2 corresponding to NCBI Acc.

Materials and

AAV63975 was a generous gift from Dr Michel Goedert (LMB Cambridge). The full length and the fragments of LRRK2 gene that were utilized in this study were amplified from the LRRK2 cDNA fragment, according to standard PCR methods, using KOD polymerase (Novagen). The resulting PCR products were subcloned into mammalian pEBG2T and pCMV5 expression vectors as Bamh1-Not1 fragments. A cDNA encoding full-length as well as C-terminal fragments of human moesin (NCBI Acc. NP_002435) were amplified by PCR from an EST ordered from Geneservice (IMAGE clone 4908580). The PCR product was ligated into different expression vectors as Not1-Not1 fragments. Expression and purification of GST-LRRK2. Typically 10 to100 ten cm diameter dishes of HEK 293 cells, were cultured and each dish transfected with 5 g of the pEBG-2T construct encoding wild type or different mutant forms of LRRK2 using the polyethylenimine method [15]. The cells were cultured for a further 36 h and lysed in 0.5 ml of ice-cold lysis buffer, the lysates pooled and centrifuged at 4°C for 10 min at 26,000 x g. The GST-fusion proteins were purified by affinity chromatography on glutathione-Sepharose (10 l per dish of 293 cells) and were eluted in Buffer A containing 20 mM glutathione and 0.27 M sucrose. The enzyme was snap frozen in small aliquots and stored at -80 o C. LRRK2 KESTREL screen. Brains derived from 50 rats were minced and homogenized with four volumes of Extraction Buffer. Insoluble material was sedimented by centrifugation for 20 min at 28, 000 x g at 4 o C, and the protein in the supernatant precipitated for 2 h by stirring with 60% (w/v) ammonium sulphate. The precipitated protein was collected by centrifugation for 20 min at 28,000 x g, resuspended in Extraction Buffer, desalted by chromatography on Sephadex-G25 fine into 30 mM MOPS pH 6.9, 10% (v/v) glycerol, 10 mM 2-mercaptoethanol, 0.03% (v/v) Brij-35 and chromatographed in the latter buffer on heparin-Sepharose. The flow-through of the heparin column was titrated with 1 M NaOH to pH 7.5 and applied onto a 8 ml Source 15 Q column, which was developed in 30 mM Tris/HCl pH 7.5, 10% (v/v) glycerol, 10 mM 2-mercaptoethanol, 0.03% (v/v) Brij-35 with a 136 ml gradient to 1 M NaCl. Aliquots of all fractions were diluted 10-fold in 50 mM Tris/HCl pH 7.5, 10 mM 2-mercaptoethanol, 10 g/ml leupeptin, 1 mM Pefabloc, incubated at 65 o C for 15 min prior to incubation for 5 min with 3 mM MnCl 2 , 1 MBq/ml [ 32 P]-ATP in the absence or presence of 2 g GST-LRRK2[1326-2527, G2019S] (purity of LRRK2 enzyme estimated at 2-5% of total protein). The reactions were terminated by addition of SDS-Sample Buffer, subjected to polyacrylamide gel electrophoresis and electro-transferred to Immobilon P. The membranes were dried and autoradiographed. All fractions and test aliquots were frozen at -80 o C. Substrate containing Q-fractions 5 and 6 were diluted five times in 30 mM Tris/HCl pH 8.2, 10% (v/v) glycerol, 10 mM 2-mercaptoethanol, 0.03% (v/v) Brij-35 and applied to a 1 ml Source 15 Q column. This column was developed in 30 mM Tris/HCl pH 7.5, 10% (v/v) glycerol, 10 mM 2-mercaptoethanol, 0.03% (v/v) Brij-35 with a 10 ml gradient to 1 M NaCl and 0.5 ml fractions were collected and aliquots were screened with LRRK2 as before. Substrate containing Q-fractions 6 and 7 were applied to a 120 ml Superdex-200 column and 1.2 ml aliquots were collected and screened. Substrate containing Superdex-fractions 12-15 were pooled, concentrated and desalted by filtration in a 2 ml VivaScience system. 4 g aliquots were denatured or left native and tested for the presence of the substrate by phosphorylation in the presence or absence of LRRK2. The samples were electrophoresed on a polyacrylamide gel, stained with colloidal blue and analysed by autoradiography. The protein band corresponding to the substrate signal was excised, digested with trypsin and subjected to protein identification by Mass-Spectrometry Fingerprinting. Expression and purification of human moesin in E. coli. The pGEX expression constructs encoding wild type and mutant forms of human moesin were transformed into E.coli BL21 cells and 1-litre cultures were grown at 37°C in Luria Broth containing 100 g/ml ampicillin until the absorbance at 600 nm was 0.8. Induction of protein expression was carried out by adding 100 M isopropyl--D-galactoside and the cells were cultured for a further 16 hr at 26°C. Cells were isolated by centrifugation, resuspended in 15 ml of ice-cold Lysis Buffer and lysed in one round of freeze/thawing, followed by sonication to fragment DNA. The lysates were centrifuged at 4°C for 30 min at 26,000 x g, and the recombinant proteins were affinity purified on 0.2 ml of glutathione-Sepharose and were eluted in 0.4 ml of Buffer A containing 20 mM glutathione and 0.27 M sucrose. Mapping the sites on Moesin phosphorylated by the G2019S LRRK2. Moesin (4 g) was treated at 65 °C for 15 min and then incubated at 30 o C with 1.5 g of GST-LRRK2[1326-2527, G2019S] in Buffer A containing 10 mM MgCl 2 and 100 M [ 32 P]-ATP (10000 cpm/pmol) in a total reaction volume of 50 l. The reaction was terminated after 40 min by adding Sample Buffer to a final concentration of 1% (w/v) LDS-10 mM dithiothreitol (DTT) and the samples heated at 100 °C for 1 min and cooled on ice. 4-vinylpyridine was added to a concentration of 50 mM, and the sample was left on a shaking platform for 30 min at room temperature to alkylate cysteine residues. The samples were subjected to electrophoresis on a BisTris 4-12% polyacrylamide gel, which was stained with colloidal blue and then autoradiographed. The phosphorylated moesin band was excised, cut into smaller pieces, washed sequentially for 15 min on a vibrating platform with 1 ml of the following: water, a 1:1 mixture of water and acetonitrile, 0.1 M ammonium bicarbonate, a 1:1 mixture of 0.2 M ammonium bicarbonate and acetonitrile and finally acetonitrile. The gel pieces were dried by speedi-vac and incubated in 0.1 ml of 50 mM ammonium bicarbonate, 0.1% (w/v) n-octyl-glucoside containing 1 g of mass spectroscopy grade trypsin (Promega). After 16 h, 0.1 ml of acetonitrile was added and the mixture incubated on a shaking platform for 10 min. The supernatant was removed and the gel pieces were further washed for 10 min in 0.3 ml of 50 mM ammonium bicarbonate, and 0.1% v/v trifluoroacetic acid. The combined supernatants, containing >90% of the 32 Pradioactivity, were chromatographed on a Vydac 218TP5215 C 18 column (Separations Group, Hesperia, CA) equilibrated in 0.1% v/v trifluoroacetic acid in water. The column was developed with a linear acetonitrile gradient (diagonal line) at a flow rate of 0.2 ml/min and fractions of 0.1 ml were collected. Phosphopeptides were further purified by Immobilised Metal-chelate Affinity Chromatography (IMAC) on Phospho-Select resin (Sigma). Phosphopeptide sequence analysis. Isolated phosphopeptides were analysed by MALDI-TOF on and Applied Biosystems 4700 Proteomics Analyser using 5 mg/ml alpha-cyanno-4-hydroxy cinnamic acid as the matrix. Spectra were acquired in reflector mode and the phosphopeptides were analysed further by performing MALDI-TOF-TOF on selected masses. The characteristic loss of phosphoric acid (M-98 Da) from the parent phosphopeptide was seen. The site of phosphorylation of all the 32 P-labelled peptides was determined by solid-phase Edman degradation on an Applied Biosystems 494C sequencer of the peptide coupled to Sequelon-AA membrane (Milligen) as described previously [16]. Assay of LRRK2 using moesin or MBP as substrates. Assays were set up in a total volume of 25 l of Buffer A containing 0.5-0.7 g of either wild type or mutant forms of LRRK2, 1 M moesin (full length or indicated mutants, that had been left on ice or incubated at 65 o C for 15 min prior to assay) or 1 M myelin basic protein, 10 mM MgCl 2 and 0.1 mM [ 32 P]-ATP (300 cpm/pmol). After incubation for 30 min at 30 °C, the reactions were stopped by the addition of LDS-Sample Buffer. The incorporation of phosphate into moesin or MBP substrates as well as LRRK2 autophosphorylation was determined after electrophoresis of samples on a 4-12 %-polyacrylamide gels and autoradiography of the dried Coomassie Blue-stained gels. The phosphorylated substrates were also excised from the gel and 32 P-incorporation quantified by Cherenkov counting. Assay of LRRK2 using LRRKtide as substrate. Assays were set up in a total volume of 50 l of Buffer A containing 0.5-0.7 g of either wild type or mutant forms LRRK2, 10 mM MgCl 2 and 0.1 mM [ 32 P]-ATP (300 cpm/pmol) in the presence of 300 M or the indicated concentration of LRRKtide (RLGRDKYKTLRQIRQ) peptide substrate. After incubation for 30 min at 30 °C, reactions were terminated by applying 40 l of the reaction mixture onto P81 phosphocellulose paper and phosphorylation of LRRKtide was quantified following washing the P81 phosphocellulose in 50 mM phosphoric acid and Cherenkov counting. One Unit (U) of LRRK2 activity was defined as the amount of enzyme that catalysed the incorporation of 1 nmol of 32 P into LRRKtide. Km and Vmax parameters were determined by performing the assay described above using varying concentration of LRRKtide. The Km and Vmax parameters were calculated using the Graph-Pad prism programme. Immunoblotting. Samples were heated at 70 o C for 5 min in Sample Buffer, subjected to polyacrylamide gel electrophoresis and transferred to a nitrocellulose membrane. Membranes were blocked for 30 min in 50 mM Tris/HCl pH 7.5, 0.15 M NaCl, 0.2% (v/v) Tween (TBST Buffer) containing 10% (w/v) skimmed milk. The membranes were probed with 1 g/ml of anti-GST antibody for 16 h at 4°C in TBST Buffer containing 5% (w/v) skimmed milk. Detection was performed using horseradish peroxidase conjugated secondary antibodies and the enhanced chemiluminescence reagent.

Results.

Expression of an active fragment of LRRK2 for use in KESTREL.

As a source of protein kinase for the KESTREL screen, we expressed GST-fusions of LRRK2 in 293 cells. Following affinity purification on glutathione-Sepharose, the expression level of full-length LRRK2 was low, but an LRRK2 fragment encompassing residues 1326-2527, lacking the Leu Rich Repeats, but still containing the GTPase, COR, kinase, WD40 and C-terminal tail was significantly higher (Fig 1A) ). Aliquots of each column fraction were diluted in a reaction buffer and incubated for 15 min at 65 o C in order to inactivate endogenous protein kinases that might phosphorylate proteins and hence reduce background levels of phosphorylation that can otherwise interfere with the KESTREL analysis [START_REF] Troiani | Searching for biomarkers of Aurora-A kinase activity: identification of in vitro substrates through a modified KESTREL approach[END_REF]. Each fraction was then incubated in the presence or absence of GST-LRRK2[1326-2527] or GST-LRRK2[1326-2527, G2019S] and [ 32 P]-ATP as described in the Materials and Methods. Utilising purified non-mutated GST-LRRK2[1326-2527], no significant phosphorylation of any rat brain protein was detected (data not shown). Deploying the more active GST-LRRK2[1326-2527, G2019S] mutant, three proteins were observed to be phosphorylated (Figure 2). These proteins were purified, subjected to electrophoresis on a polyacrylamide gel and the identity of the Coomassie blue-stained band phosphorylated by LRRK2 in each preparation was established by tryptic peptide mass-spectral fingerprinting procedures (Fig 3). This revealed that the proteins phosphorylated by LRRK2 were collapsin response mediator protein-2 (CRMP2), creatine kinase and moesin. CRMP2 and creatine kinase were observed to be 50-100-fold more abundant in brain extracts than moesin (AK data not shown). To examine the relative phosphorylation of these proteins by LRRK2, similar amounts of purified, CRMP2, creatine kinase and moesin proteins were phosphorylated with GST-LRRK2[1326-2527, G2019S] and under these conditions, moesin was phosphorylated to a markedly greater extent than CRMP2 or creatine kinase (Fig 3). Because CRMP2 and creatine kinase are highly abundant proteins and were phosphorylated by LRRK2 much less efficiently than moesin, we focused on studying the phosphorylation of moesin by LRRK2. Mapping phosphorylated residues in moesin phosphorylated by LRRK2. We found that recombinant human GST-moesin expressed in E.coli that had been incubated at 65 o C for 15 min as performed in the KESTREL screen was phosphorylated by LRRK2 in a time dependent manner to a maximum stoichiometry of ~0.1 moles of phosphate per mole of moesin (Fig 4A). 32 P-moesin phosphorylated with LRRK2 was digested with trypsin and chromatographed on a C 18 column to isolate 32 Further analysis of the phosphorylation of moesin by LRRK2. Moesin is a member of the Ezrin/Radixin/Moesin (ERM) family of proteins that functions to anchor the actin cytoskeleton to the plasma membrane, and plays an important role in regulating membrane structure and organization [START_REF] Bretscher | ERM proteins and merlin: integrators at the cell cortex[END_REF]19]. Moesin consists of a band Four-point-one/Ezrin/Radixin/Moesin (FERM) domain (residues 1 to 298) that interacts with several plasma membrane proteins [START_REF] Bretscher | ERM proteins and merlin: integrators at the cell cortex[END_REF]19], as well as phosphoinositide 4,5 bisphosphate (PtdIns4,5P 2 ). The FERM domain on moesin is followed by anhelical domain (residues 298 to 460), a flexible linker region (residues 460 to 489) and a conserved C-terminal tail (also termed C-ERMAD domain, residues 489 to 575). The last 30 amino acids of moesin encompassing Thr558, form an F-actin binding site [START_REF] Gary | Ezrin self-association involves binding of an N-terminal domain to a normally masked C-terminal domain that includes the F-actin binding site[END_REF][START_REF] Pestonjamasp | Moesin, ezrin, and p205 are actin-binding proteins associated with neutrophil plasma membranes[END_REF][22]. Moesin and the other ERM proteins exist in at least two conformational states, namely an active "open" form capable of binding to membranes and F-actin and an inactive or dormant "closed" form, incapable of linking actin cytoskeleton to the plasma membrane, as the actin-binding site is masked. The structure of the closed state of moesin reveals that the FERM domain and C-terminal tail of moesin interact with each other, whilst in the open form the FERM and C-terminal domains are dissociated [START_REF] Pearson | Structure of the ERM protein moesin reveals the FERM domain fold masked by an extended actin binding tail domain[END_REF]. Phosphorylation of moesin at Thr558, in conjunction to the FERM domain binding membrane proteins and perhaps to PtdIns(4,5)P 2 , promotes the dissociation of the C-terminal tail from the FERM domain enabling moesin to bind to F-actin [START_REF] Huang | Replacement of threonine 558, a critical site of phosphorylation of moesin in vivo, with aspartate activates F-actin binding of moesin. Regulation by conformational change[END_REF][START_REF] Nakamura | Regulation of F-actin binding to platelet moesin in vitro by both phosphorylation of threonine 558 and polyphosphatidylinositides[END_REF]. The kinases that phosphorylate moesin at Thr558 have not been firmly established, although some candidates include the Rho associated kinase (ROCK) that phosphorylates the C-terminal tail of ERM proteins in vitro and when overexpressed in cells [START_REF] Matsui | Rho-kinase phosphorylates COOH-terminal threonines of ezrin/radixin/moesin (ERM) proteins and regulates their head-totail association[END_REF][START_REF] Oshiro | Phosphorylation of moesin by rho-associated kinase (Rho-kinase) plays a crucial role in the formation of microvilli-like structures[END_REF][START_REF] Quang | Ezrin function is required for ROCK-mediated fibroblast transformation by the Net and Dbl oncogenes[END_REF].

Previous reports found that the bacterially expressed C-terminal tail of moesin was phosphorylated by ROCK to a much greater extent than the full length moesin protein [START_REF] Matsui | Rho-kinase phosphorylates COOH-terminal threonines of ezrin/radixin/moesin (ERM) proteins and regulates their head-totail association[END_REF][START_REF] Quang | Ezrin function is required for ROCK-mediated fibroblast transformation by the Net and Dbl oncogenes[END_REF]. This is presumably because when moesin is expressed in E.coli it will be in the closed conformation in which Thr558 is inaccessible for phosphorylation. We speculated that in the KESTREL screen, incubating moesin at 65 o C prior to phosphorylation, may have induced a conformational change that exposed Thr558. To investigate this, we studied how heating moesin expressed in Side by side assay of PD mutant forms of LRRK2. Utilising the assays elaborated on in this study, we next compared the activity of nine mutant forms of LRRK2 that have been reported in humans suffering from PD (reviewed in [START_REF] Mata | LRRK2 in Parkinson's disease: protein domains and functional insights[END_REF]). The mutations studied were found in the GTPase domain (R1441C, R1441G), COR region (Y1699C), kinase domain (R1914H, I2012T, G2019S, I2020T) and in a region of the C-terminal tail that lies beyond the WD40 repeat (T2356I, G2385R) (Fig 7A). We found that only the commonly observed G2019S mutation significantly stimulated LRRK2 autophosphorylation as well as phosphorylation of moesin, LRRKtide and MBP (Fig 7B). Four mutants (R1441C, R1441G, Y1699C and T2356I), possessed similar activity as non-mutated LRRK2 in all assays (Fig 7B ). Two out of the four mutations in the kinase domain (R1914H, I2012T) were nearly inactive, displaying only marginally greater activity than the kinase-inactive LRRK2[D2017A] used as a control. A third kinase domain mutant (I2020T), possessed significantly less activity than non-mutated LRRK2, but higher activity that the R1914H and I2012T mutants. Intriguingly, one of the two C-terminal tail LRRK2 mutations (G2385R), also possessed very low catalytic activity in all assays (Fig 7B ).

Defining the minimum fragment of LRRK2 that retains protein kinase activity.

We compared the activity of full length and mutant forms of LRRK2 lacking specific domains. Wild type full length LRRK2 possessed similar activity towards the moesin, 

Discussion.

In this study we have employed the most active mutant G2019S form of LRRK2 encompassing residues 1326-2527 for a kinase substrate screen in brain and identified moesin and the related ezrin and radixin proteins as substrates for this enzyme. A peptide encompassing the phosphorylation site Thr558, whose sequence is identical in moesin, ezrin and radixin was efficiently phosphorylated by LRRK2. Based on these findings we developed the first robust quantitative assay for LRRK2 and analysed the requirements for catalytic kinase activity of LRRK2, by comparing a set of point mutants and deletions and to establish how mutations of LRRK2 found in PD patients impacted on enzyme activity. This study is another example for the usefulness of the KESTREL approach for finding substrates for poorly characterised protein kinases.

Further work is required to evaluate whether moesin, ezrin or radixin comprise physiological substrates for LRRK2. To do this rigorously, it would be vital to assess phosphorylation of moesin at Thr558 in LRRK2 knock-out/down mice or cells or in knock-in mice expressing the G2019S mutation. It may also be necessary to knockout/down the expression of the LRRK1, that most likely would also phosphorylate ERM proteins efficiently.

Were the ERM proteins found to comprise physiological substrates for LRRK2, the role that these might play in neurodegeneration and development of PD would require further investigation. In this regard, moesin and radixin have been implicated in playing a key role in regulating neurite outgrowth, as neurones that are deficient in these proteins display a marked reduction of growth cone size, disappearance of radial striations, retraction of the growth cone, and a marked disorganization of actin filaments that invade the central region of growth cones [START_REF] Paglini | Suppression of radixin and moesin alters growth cone morphology, motility, and process formation in primary cultured neurons[END_REF]. Recent studies also demonstrate that overexpression of the activated G2019S LRRK2 mutant induces a progressive reduction in neurite length and branching both in primary neuronal cell culture and in the rat nigrostriatal pathway, whereas LRRK2 deficiency leads to increased neurite length and branching [30]. Taken together these data suggest that deregulation of moesin phosphorylation by mutant LRRK2 might contribute to the early loss of dopaminergic axon terminals in PD. In humans inactivating mutations in a gene encoding a protein related to moesin, termed merlin, cause neurofibromatosis type 2, a form of cancer affecting predominantly the nervous system [START_REF] Mcclatchey | Membrane organization and tumorigenesis--the NF2 tumor suppressor, Merlin[END_REF]. Little is known regarding the identity of the kinases that phosphorylate the residue equivalent to Thr558 in the merlins's C-terminal tail. It would be of interest to investigate whether LRRK2 could phosphorylate merlin at this residue.

Our results confirm that the most common G2019S LRRK2 PD mutation enhances kinase activity, a conclusion that is consistent with two recent studies in which LRRK2 activity was assessed by autophosphorylation and phosphorylation of MBP [START_REF] West | Parkinson's disease-associated mutations in leucine-rich repeat kinase 2 augment kinase activity[END_REF][START_REF] Greggio | Kinase activity is required for the toxic effects of mutant LRRK2/dardarin[END_REF]. Our kinetic analysis with LRRKtide, also indicates that the G2019S mutation stimulates LRRK2 activity by increasing the catalytic Vmax constant rather than enhancing substrate-binding Km affinity. It would be interesting to crystallise the LRRK2 catalytic domain and determine how substitution of the conserved Gly residue nearby the Mg 2+ Asp residue in sub-domain VII of the kinase domain could stimulate the catalytic efficiency of phosphorylation. Analysis of the 518 human kinases indicates that two protein kinases (TSSK1, BUBR1), as well as seven predicted inactive pseudokinases (KSR2, STLK6, RSKL1, SgK071, Domain2_GCN2, SgK269, SgK196), have a Gly to Ser substitution motifs at subdomain VII of their catalytic domain [11,[START_REF] Boudeau | Emerging roles of pseudokinases[END_REF]. It would be interesting to establish how mutation of the TSSK1 and BUBR1 subdomain-VII Ser residue to Gly, affected activity of these kinases. It is possible that such amino acid substitutions were used as an evolutionary mechanism to increase the basal activity of these enzymes. It might also be interesting to investigate the effect of Gly to Ser mutation in other protein kinases.

Our data indicate that not all PD mutations stimulate the activity of LRRK2. We found that four PD mutations R1441C, R1441G (located in GTPase domain), Y1699C (located in COR domain) and T2356I (located in C-terminal tail) did not significantly influence LRRK2 kinase activity. Moreover, three mutations R1941H, I2012T (located in kinase domain) and G2385R (located in the C-terminal tail) markedly inhibited LRRK2 kinase activity. Another PD mutation I2020T (in the residue located next to the Gly2019) reduced LRRK2 autophosphorylation and phosphorylation of MBP and moesin, but to a lower extent than the R1941H, I2012T and G2385R mutations ( Fig 7). A recent report indicated that the Y1699C mutation possessed ~50% increased autophosphorylation compared to the wild type protein [START_REF] West | Parkinson's disease-associated mutations in LRRK2 link enhanced GTPbinding and kinase activities to neuronal toxicity[END_REF]. Although our data may indicate that this mutant possesses marginally greater activity than the wild type protein (Fig 7 ), it is significantly less active than the G2019S mutant. Another report judged the ability of the I2020T LRRK2 mutant to autophosphorylate to a ~40% higher level than wild type LRRK2 [START_REF] Gloeckner | The Parkinson disease causing LRRK2 mutation I2020T is associated with increased kinase activity[END_REF], which contrasts to our findings that this mutant possess lower activity. The reasons for this discrepancy are not clear, but measurement of autophosphorylation is potentially unreliable, not least as it is difficult to ensure that these assays are linear. Moreover, autophosphorylation of a protein kinase is not always proportional to the intrinsic activity of the enzyme. Our results indicate that not all mutations exert their effects in the same manner as the G2019S mutation, which increases protein kinase activity. It is possible that some of the mutations exert their effects by interfering with the cellular interaction of LRRK2 with regulatory binding partners and/or alter LRRK2 cellular stability or localisation. The finding that some mutations reduce kinase activity, indicate that inhibition of LRRK2 might also have the potential to lead to degeneration of dopaminergic neurones and development of PD. If this was the case, it would suggest that the therapeutic efficacy of LRRK2 inhibitors might be limited to treatment of patients with activating G2019S LRRK2 mutations and that doses of such drugs would need to be utilised that do not reduce the activity of the disease causing LRRK2[G2019S] enzyme below basal levels.

Our work also demonstrates that an intact C-terminal tail of LRRK2 is required for activity, as truncation of only the seven C-terminal residues of this region ablated LRRK2 activity (Fig 8). We also found that the G2385R PD mutation located C-terminal to the WD40 motif inactivated LRRK2 kinase activity (Fig 7). Recent work suggest that this mutation, that is especially prevalent in ethnic Chinese Taiwanese populations, may represent a polymorphism that increases the risk of developing PD rather than a PD causative mutation [START_REF] Farrer | Lrrk2 G2385R is an ancestral risk factor for Parkinson's disease in Asia[END_REF]. The C-terminal region of LRRK2, apart from the WD40 motif, possesses no homology to any other known protein or other functional domain and further analysis is required to investigate the mechanism by which this domain can regulate LRRK2.

In summary the results in this study define the minimum fragment of LRRK2 that retains protein kinase activity and also demonstrate that in vitro, LRRK2 efficiently phosphorylates moesin at Thr558. Although further work is required to establish whether moesin comprises a physiological substrate of LRRK2, our findings will aid the functional analysis of LRRK2 by providing a more quantitative and robust methodology to assess LRRK2 protein kinase activity. They will also enable a better characterisation of how different PD mutations affect LRRK2 activity and assist drug discovery programmes in screening for LRRK2 inhibitors for the treatment of PD. 

  Methods. Materials. Protease-inhibitor cocktail tablets were obtained from Roche; P81 phosphocellulose paper was from Whatman; [ 32 P]-ATP and all protein chromatography media were purchased from Amersham Biosciences. Myelin basic protein (MBP) was from Invitrogen, Precast SDS polyacrylamide Bis-Tris gels were from Invitrogen; tissue culture reagents were from Life Technologies; Millipore Immobilon-P was from Fisher Scientific. Active rat ROCKII [residues 2-543] was expressed in baculovirus by the Division of Signal Transduction Therapy Unit (University of Dundee). The LRRKtide peptide (RLGRDKYKTLRQIRQ) was synthesised by Dr Graham Bloomberg at the University of Bristol. Antibodies. The anti-GST was raised in sheep against the glutathione S-transferase protein. The secondary antibodies coupled to horseradish peroxidase used for immunoblotting were obtained from Pierce.

  . The LRRK2[1326-2527] fragment autophosphorylated when incubated with magnesium and [ 32 P]-ATP and phosphorylated myelin basic protein (MBP), albeit weakly (Fig 1B). A kinaseinactive mutant of LRRK2[1326-2527, D2017A] in which the Mg 2+ -binding Asp residue was mutated, failed to autophosphorylate or phosphorylate MBP in a parallel reaction (Fig 1B). We also found that the common PD mutant LRRK2[1326-2527, G2019S] mentioned in the Introduction, displayed ~3-fold higher level of autophosphorylation and MBP phosphorylation compared with non-mutated LRRK2[1326-2527] (Fig 1B), consistent with previous work indicating that this mutation stimulated LRRK2 activity [12, 13]. LRRK2 KESTREL screen. To search for proteins in brain that are phosphorylated by LRRK2, an extract derived from 50 rats brains was precipitated with 60% (w/v) ammonium sulphate, desalted, chromatographed on heparin-Sepharose (Fig 2A), followed by Source-Q at pH 7.5 (Fig 2B) and Source-Q at pH 8.2 (Fig 2C) and finally on Superdex 200 gel filtration (Fig 2D & 2E

  P-labelled phosphopeptides. This revealed two major peaks (P1 & P2) and one minor peak (P3) (Fig 4B). Solid phase Edman sequencing (Fig 4C) and mass spectrometry (Fig 4D & Supplementary Fig 1 for the MALDI-TOF-TOF spectrum of P2) of P1 and P2, established their identity as peptides phosphorylated at Thr558 and P3 as a peptide phosphorylated at Thr526. We next assessed how mutation of Thr526 and Thr558 in moesin affected phosphorylation by GST-LRRK2[1326-2527, G2019S]. Mutation of Thr526 moderately decreased phosphorylation of moesin by LRRK2, whereas mutation of Thr558 significantly reduced moesin phosphorylation (Fig 4E), indicating that this was the major site of phosphorylation. No phosphorylation of moesin was observed when both Thr526 and Thr558 residues were mutated.

  E.coli affected its phosphorylation by LRRK2 (Fig 5A) as well as ROCK-II (Fig 5B) in parallel reactions. Strikingly, we found that neither LRRK2 nor ROCK-II were capable of phosphorylating moesin that had not been pre-incubated at a temperature of at least 60 o C (Fig 5A and 5B). In contrast, fragments of moesin lacking the FERM domain, could be phosphorylated by LRRK2 (Fig 5C) or ROCK-II (Fig 5D) in the absence of heat treatment prior to phosphorylation. Under the conditions employed, the moesin[400-577] C-terminal fragment was phosphorylated to ~2-fold greater extent than full length GST-moesin (Fig 5B). Ezrin and Radixin are phosphorylated by LRRK2 at the residue equivalent to Thr558 of moesin. The amino acid sequence surrounding the Thr558 site of phosphorylation in moesin, is identical in ezrin and radixin, suggesting that these proteins will also be phosphorylated by LRRK2. To investigate this, we studied whether LRRK2 would phosphorylate full-length ezrin and radixin that had been expressed in E.coli. Similarly to full-length moesin, Ezrin and Radixin were only phosphorylated by LRRK2[1326-2527, G2019S] after they were heated at 70 o C (Fig 5D). Mutation of the residue equivalent to Thr558 in ezrin (Thr567) and Radixin (Thr564) to Ala, strongly reduced phosphorylation of these proteins by LRRK2indicating that these are major phosphorylation sites. Under the conditions used GSTezrin was phosphorylated at ~2-fold greater extent by LRRK2[1326-2527, G2019S] than GST-moesin and GST-radixin, suggesting that this might represent the best in vitro substrate to assess LRRK2 enzymic activity Development of a peptide-based substrate assay for LRRK2. We next investigated whether LRRK2 could phosphorylate a short peptide substrate that encompassed the Thr567/Thr564/Thr558/ of ezrin/radixin/moesin (RLGRDKYKTLRQIRQ sequence identical in all 3 proteins), in which the underlined Thr residue is equivalent to Thr558. We found that GST-LRRK2[1326-2527, G2019S] phosphorylated this peptide at ~3-fold higher initial rate than non-mutated GST-LRRK2[1326-2527], under conditions in which a kinase-inactive GST-LRRK2[1326-2527, D2017A] failed to phosphorylate the peptide (Fig 6A). The peptide was termed LRRKtide and was phosphorylated by both non-mutated GST-LRRK2[1326-2527] and GST-LRRK2[1326-2527, G2019S] with a similar Km of ~200 M (Fig 6B). The Vmax of phosphorylation of LRRKtide by GST-LRRK2[1326-2527, G2019S] was ~2.5-fold higher than that by non-mutated GST-LRRK2[1326-2527] (Fig 6B). The GST-LRRK2[1326-2527, G2019S] had a Vmax of 10 U/min/mg and the purity of the enzyme in this preparation was estimated at ~5% (Fig 6C), suggesting that a pure preparation of the LRRK2[G2019S] enzyme would phosphorylate LRRKtide with specific activity of 200 U/min/mg, a respectable rate for a relatively active kinase phosphorylating a favourable substrate.

  LRRKtide and MBP substrates, as the did the LRRK2[1326-2527] fragment utilised in the rest of this study. A mutant lacking either the GTPase domain (LRRK2[1541-2527]) or both the GTPase and COR domains (LRRK2[1856-2527]) displayed no autophosphorylation and did not phosphorylate any substrate. Moreover, LRRK2 mutants lacking either the C-terminal WD40 domain (LRRK2[1326-2149]) or just the Biochemical Journal Immediate Publication. Published on 20 Apr 2007 as manuscript BJ20070209 seven C-terminal amino acids ([LRRK2[1326-2520]), were also inactive. Consistent with the notion that the GTPase, COR, WD40 and C-terminal region of LRRK2 are required for its activity, a fragment of LRRK2 encompassing only the kinase domain (LRRK2[1856-2145]) was devoid of any kinase activity (Fig 8).

Figure. 1 .

 1 Figure. 1. Generation of an active LRRK2 fragment for KESTREL screen. (A) (Upper panel) Schematic representation of the domain structure of LRRK2 showing predicted functional domains. Numbering of residues corresponds to human LRRK2 (accession number AAV63975). Abbreviations LRR (leucine-rich repeat), COR (Cterminal Of Ras conserved motif), KD (Serine/threonine protein kinase domain). (Lower panel) 293 cells were transfected with constructs encoding the indicated forms of GST-LRRK2. 36 h post-transfection, LRRK2 kinases were affinity purified and analysed by electrophoresis on a polyacrylamide gel and stained with colloidal blue to quantify relative protein levels. GST-LRRK2 was assayed by measuring autophosphorylation of LRRK2 following electrophoresis on a polyacrylamide gel and subsequent autoradiography of the colloidal blue-stained bands corresponding MBP or LRRK2. Asterisks on lower panel correspond to LRRK2 coomassie-staining bands. (B), As in (A) except that LRRK2 was also assayed by measuring phosphorylation of MBP. Abbreviation: KI, kinase-inactive (D2017A) LRRK2. Similar results were obtained in three separate experiments.

Figure 2 .

 2 Figure 2. The LRRK2[G2019S] KESTREL screen. (A to E) Proteins extracted from rat brain, that did not bind to Heparin-Sepharose, were sequentially chromatographed on the indicated columns. The specified fractions were phosphorylated in the presence (+) or absence (-) of GST-LRRK2[1326-2527, G2019S] and [ 32 P]-ATP as described in the Materials and Methods. Phosphorylation of substrates was analysed following the polyacrylamide electrophoresis of the samples and autoradiography. The identity of the moesin, CRMP2 and creatine kinase as the phosphorylated substrates was established by mass spectrometry in Fig 3.

Figure 3 .

 3 Figure 3. Identification of moesin as an LRRK2 substrate. Fractions 10-15 of a Superdex 200 column containing the 62 kDa substrate (CRMP2) that interacted with Heparin-Sepharose (Fig 2A) that was further purified in Source-Q prior to Superdex, fractions 12-15 of a Superdex 200 column containing a 68 kDa substrate (Moesin) (Fig 2) and fraction 11 of a Q-column containing a 43 kDa substrate (creatine kinase) were concentrated using VivaScience spin filter. The samples were phosphorylated in the absence (-) or presence (+) of GST-LRRK2[1326-2527, G2019S] and [ 32 P]-ATP as described in the Materials and Methods. Phosphorylation of substrates was analysed following the polyacrylamide electrophoresis of the samples and autoradiography. All samples were run on the same gel, but the bands shown were cut and pasted together to simplify the data. The black lines indicate where the gel was cut. The colloidal blue stained bands that were phosphorylated by LRRK2 (marked

Fig. 4 .

 4 Fig. 4. Identification of residues on moesin that are phosphorylated by LRRK2. (A) E. coli expressed moesin was incubated at 65 0 C for 15 min, prior to phosphorylation with GST-LRRK2[1326-2527, G2019S] and [ 32 P]-ATP for the indicated times. Phosphorylation of the moesin protein was determined following electrophoresis on a polyacrylamide gel and subsequent autoradiography of the colloidal blue-stained bands corresponding to moesin. Similar results were obtained in three separate experiments. (B) 32 P-labelled moesin after phosphorylation with the GST-LRRK2 [1326-2527, G2019S] for 40 min, was digested with trypsin and chromatographed on a C 18 column. Fractions containing the major 32 P-labelled tryptic peptide (P1), peptide (P2) and peptide (P3) are shown and no other major 32 P-labelled peptides were observed in other fractions of the chromatography. (C) The indicated peptides were subjected to solid-phase sequencing and the 32 P-radioactivity released after each cycle of Edman degradation was measured. (D) Peptides were also analysed by MALDI-TOF and MALDI-TOF-TOF mass spectrometry (the latter spectra for Peptide P2 is shown in Supplementary Fig 1) and the inferred amino acid sequence and the site of phosphorylation denoted by (p) is indicated, together with the observed and theoretical mass of each peptide. (E) As in (A) except the indicated wild type and mutant forms of moesin were phosphorylated with GST-LRRK2[1326-2527, G2019S] for 30 min. Similar results were obtained in two separate experiments.

Fig. 5 .

 5 Fig. 5. Analysis of phosphorylation of moesin by LRRK2 (A) E. coli expressed GST-moesin (1 M) was incubated at the indicated temperatures for 15 min, prior to phosphorylation with GST-LRRK2[1326-2527, G2019S] (upper panel) or ROCK-II (lower panel) at 30 o C. Phosphorylation of the moesin protein was determined following electrophoresis on a polyacrylamide gel and subsequent autoradiography of the colloidal blue-stained bands corresponding to moesin. (B & C) As in (A) except the indicated wild type and truncated forms of moesin (all at a concentration of 1 M) were "heat denatured" by incubating at 70 o C for 15 min prior to phosphorylation with either active GST-LRRK2[1326-2527, G2019S] or kinase-inactive (KI) GST-LRRK2[1326-2527, D2017A] or ROCKII. Similar results were obtained in two separate experiments. Numbers above the Gel bands indicate the relative phosphorylation compared to MBP (B) or moesin[500-577] (C) not heat denatured. (D) As above, except that phosphorylation of full length wild type and indicated

Fig. 6 .

 6 Fig. 6. Generation of a peptide substrate for LRRK2. (A) 293 cells were transfected with constructs encoding the indicated forms of active and kinase-inactive (KI, D2017A) GST-LRRK2. 36 h post-transfection, LRRK2 kinases were affinity purified and analysed by electrophoresis on a polyacrylamide gel and stained with colloidal blue to quantify relative protein levels. GST-LRRK2 (1 g of total protein from each preparation) was assayed by measuring phosphorylation of the LRRKtide peptide (RLGRDKYKTLRQIRQ) at 300 M, as described in the Materials and Methods. Results of the kinase catalytic assays are presented as the mean catalytic activity ± S.D. of assays carried out in triplicate. The results presented are representative of 2 to 3 independent experiments. (B) As in (A) except that concentrations of LRRKtide varied to enable calculation of the Vmax and Km enzymatic parameters. (C) 2 g of the indicated forms of GST-LRRK2 assayed in (A) was analysed by electrophoresis on a polyacrylamide gel that was stained with colloidal blue.

Fig. 7 .Fig. 8 .

 78 Fig. 7. Analysis of PD disease LRRK2 mutants. (A) Schematic representationshowing the location of nine PD causing mutations on LRRK2 that we analysed (abbreviations as in Fig1). (B) The non-mutated and indicated mutant forms of GST-LRRK2[1326-2527] were expressed in 293 cells and affinity purified on glutathione-Sepharose. 2.0 g of each preparation was analysed by electrophoresis on a polyacrylamide gel that was stained with colloidal blue to quantify relative protein levels. Each preparation was assayed by measuring autophosphorylation as well as phosphorylation of MBP, moesin [500-577] and LRRKtide peptide. The data for LRRKtide phosphorylation are presented as the mean specific activity (Units per mg of total protein within purified GST-LRRK2 preparation) ± S.D. of assays carried out in triplicate. The results presented are representative of 2 to 3 independent experiments. Abbreviations: WT, wild type; KI, kinase-inactive (D2017A) LRRK2
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