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ABSTRACT

The Parkinson’s disease (RBgusative leucinech repeat kinase 2 (LRRK2)
belongstothe Roco family of G-proteins comprising a Ras-of-complex (Roc) domain
followed'bya C-terminal of Roc (COR) domain in tandem (called ®O& domain).

Two prokaryotic Rodc=OR domains have been characterized as “G proteins activated by
guanine nucleotideependent dimerization” (GADs), which require dimerization for
activation of their GTPase activity and bind guanine nucleotides with réyaltve

affinities. Additionally, LRRK2 Roc domain in isolation binds guanine nucleotidés w
relatively bw affinities. As such, LRRK2 GTPase domain was predicted to be a GAD.
Herein,,we describe the design and Hig\el expression of human LRRK2 RGOR
domain(ERRK2 Rog€COR). Biochemical analyses of LRRK2 RGOR reveal that it

forms homoedimers, with the @rminal portion of COR mediating its dimerization.
Furthermore, it cgurifies and binds MGGTP/GDP at 1:1 stoichiometry, and it
hydrolyz€S GTP with K andkes0f 22 nM and 4.70xIbmin™ respectively. Thus, even
though LRRK2 Rod&=OR forms GADIlike homodimers, it exhibits conventional Risee
GTPaSe properties, with high affinity binding of M@ TP/GDP and low intrinsic
catalyticvaetivity. The PErausative Y1699C mutation mapped to the COR domain was
previouslysreported to reduce the GTPase actofiiyll-length LRRK2. In contrast, this
mutation induces no change in the GTPase activity, and only slight perturbations in the
secondary structure contents of LRRK2 R&OR. Asthis mutation does not directly

affect the GTPase activity of the isolatedcREOR tandem, it is possible that the effects

of this mutation on full-length LRRK2 occur via other functional domains.
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INTRODUCTION

Human LRRK2, encoded by the Parkinson’s disease-{aD3ativd_RRK2 gene,
is a large protein of 2527 amimaeids consisting of predicted domainsan Nterminal
armadillo-repeat domain, an ankyrin repeat domain, a levicheepeat (LRR) domain,

a Raslike GTPase domain (Ro®asof complex proteins), a COR {ferminal of Roc)
domain;aprotein kinase domain, and a Drepeat domai(Mills et al. 2014,Mataet

al. 2006)"The arrangement of LRR, Roc, COR and kinase domains is typical of Roco
family (proteins,found in eukaryotic angrokaryotic specie¢Bosgraaf & Van Haastert
2003, Marimet al. 2008).All Roco family members contain a Roc domain followed by a
C-terminal COR domairiBosgraaf & Van Haastert 200Blarin et al. 2008 Structural

and biochemical analyses of two prokaryotic Roco proteins revealed that thendRoc a
COR domains form extensive itdomain interactions to govern dimerization and
catalytic_properties of their GTPasetiaity (Gotthardtet al. 2008, Terheyderet al.
2015) Asssuch, the Roc and COR domains are censdlto act as a single functional
unit, whichsisreferred to as the RECOR tandem domain.

Dysregulation of the Roc GTPase domain of LRRK2 is implicated in PD
pathogenesis because of the prevalenic®Bative R1441C/G/H mutations mapped to
this domain; these mutations lead to decreased GTPase a@tluiig et al. 2009,Matta
et al. 2012,PaisanRuiz et al. 2004) In addition to altering GTPase activity, the R1441H
mutation“alsgperturbsthe thermal stability of the LRRK2 Roc domain when boumd t
guaninesnucleotides or theinalog (Liao et al. 2014,Li et al. 2009) Emerging evidence
suggests the Roc domain may be central to LRRK2 function, possibly exerting a
regulatory influence on the kinase domain [reviewe arheyderet al. 2016). LRRK2
forms homodimers in cells, and purified recombinantigdigth LRRK2 forms dimers in
solution Civiero et al. 2012, Guaitoliet al. 2016,Klein et al. 2009,Sejwalet al. 2017)
Furthermore, LRRK2 is known to form heterodimers with Leucine Repeat Rich Kinase 1
(LRRKI)'and DeattAssociated Protein Kinase 1 (DAPK(Dachselkt al. 2010,Klein et
al. 2009. This suggests LRRK2 enzymatic regulation cosihilarly occur intrans,
between neighlvang LRRK2 subunitsor between LRRK2 and its neighboring binding
partners and hence dimemion may be crucial for governing GTPase actiy@ypaitoli
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et al. 2019. However, further exploration of this possibility has been hampered by low
expression levels of recombinant human LRRK2.

Study of humanLRRK2 has beenbenefited by comparison with prokaryotic
homologuesA crystal structure of the nucleotidiee state of Roc and COR domains of
a prokaryetic Roco family member expressed in the bacte@utapidum showed that
the COR demain comprises two globular subdomg@iwtthardt et al. 2008Deyaert, et
al. demonstrated thaC. tepidum RocCOR protein forms dimers when it is in the
nucleotidefree state or complexed with KfgGDP but forms monomers when
complexed 'with M§-GTP. Furthermore, its transition between the dimeric and
monomeriesstates is a dynamic process governed by GTévarr@eyaertet al. 2017).

The*molecular basis of enzymatregulation in LRRK2 and its prokaryotic
homologs has yet to be comprehensively defindowever, previous findings have
supported _a possible functional similarity with the family @froteirs activated by
dimerization (GADB) [reviewed in(Nixon-Abell et al. 2016, Gasperet al. 2009)]. In
order towefficientlycatalyzeGTP hydrolysis,GADs require intermolecular interactions
between ‘dimeric unitso assemble the active site appropriately for efficient catalysis
GADsware also distinguisheflom other GTPaseby their much lower affinies for
guaninpe nucleotidelsvith Kp in the uM range) [refer tONittinghofer & Vetter 201} for
review]. Results of mchemical and structural analyses of Rec-COR domain®f Roco
proteinsfrom prokaryote<C. tepidum andM. barkeri confirm that theypossess properties
of GADs"(Terheyden et al. 20]1585otthardt et al. 2008 A role for dimerization in
catalyticaregulation, as observed for GADs, is supported by the ability elefigth
humanLRRK2 and LRRK2 Roc domain to form dimers in solut{@enet al. 2009, Ito
& lwatsubo 2012Liao et al. 2014Sejwal et al. 201, 7Guaitoli et al. 201pand the low
affinities exhibited by LRRK2 Roc domain for GDP and a GTP analag~K-7 uM)
(Liao et.al..201x1

Because othe technicakhallenges posed by expressing sufficient quantities of
high quality recombinant humanLRRK2 RocCOR tandem domain one of our
objectives ig0 overcome these challenges to express a recombinant proteinicgrodist
this LRRK2 tandem domairfior detailed biochemical analyses and future structural
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studies.Specifically, wehave addresslthree key questions: (i) What is the appropriate
LRRK2 cmstruct suitable for high level expression and purification of active
recombirant LRRK2 RoeCOR tandem domah (i) Does the recombinant protein
consistingof_just the LRRK2 RocCOR tandem domaifunctionsasa GAD orasa
conventional Ratke GTPase? (i) How does the Pizausative Y1699C mutation
impact.thestructure and catalytic activity r@combinantLtRRK2 RocCOR domain?
This'manuscript describélse design and expressiaf a catalyticallyactiverecombinant
LRRK2 fragment consisting of thRocCOR tandemdomain Results of our analysis
suggesthat the Ro€COR tandem domaiexhibitsboth GAD-like and conventional Ras
like GTPase properties it forms homodimers like GADs and yet funct®iike the
conventional Ratke GTPasedn binding guanine nucleotides and hydrolyzing GTP
Our analysis of the Y1699C mutant of the LRRK2 ROR tandemdomainrevealed
that the mutation has no significamtpacton its stability andcatalytic activity.

MATERIALSAND METHODS

This study wasot preregistered and that pregistration was not required.
Materials

The pcDNA3LRRK2 plasmid for generating LRRK2 R@&OR was a kd gift
of Dr. M#JdnFarrer of the University of British Columbia. The gene encoding the LRRK2
(13241858) segment was synthesized by GensdRRID:SCR_002891)The gene
encoding mouse Racl (Uniprot ID P63001) with ateNninal HA tag was synthesized
by Bioneer Pacific (Melbourne, Australiafhe pGEX6P3 vector and the pBacPAK9
vector_were from GE Bioscience (RRID:SCR_00004) and Clontech
(RRID:SCR. 004423)respectively The QuickChange Il site directed mutagenesis kit
was fromrAgilentGrace’smediumsupplemented with 10% (v/v) fetal bovine serand
S-900™u}l serumfree medium(Cat. #:10902104for insect cell culturevere purchased
from ThermoFisherThe Spodoptera frugiperda clone 9 and clone 21 cell lineSf9 and
S21 cell lines; RR1D: CVCL_0549 and CVCL_0518, respectively) were from
ThermoFishe(RRID:SCR_008817)they are not listed as commonly misidentified cell
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lines by the International Cell Line Authentication CommitfElee dutathioneagarose
for purification of GST-LRRK2 RocCOR was from GE Healthcare
(RRID:SCR_000004)Carrierfree [*?P] inorganic phosphate wdsom PerkinElmer.
GDP, . GTP and the sequencing gradeypsin were from SigmaAldrich
(RRID:SER_008988)The HPLC instrumentAgilent HPLGChip Cube MS Interface
from G4240A) was from Agilent TechnologigSA, USA). The mass spectrometer relied
on LTQ Orbitrap XL Hybrid lon Tra@rbitrapwas fromThermaFisher MA, USA). All
otherchemicals used in owtudy were ofinalytical gradeNo experimental models were

used in this study. Thus, institutional approval for the use of animals was notdequire

Plasmids foriexpression of LRRK2 Roc-COR and short LRRK2 Roc-COR in E. coli
and baculovir us-infected insect cells

To _generate the plasmids for expression of LRRK2-B0&R proteins with
differentwaffinity tags we clonedthe cDNA encoding the human LRRK2314-1878)
segment from the pcDNABRRK2 plasmid by PCRSupplemental Proceduredjor
expression of LRRKZ131441878) with different affinity tags in insect cells andir
coli, the"PCR product was subcloned to pBacPAK9 vector ad the pPGEX6P3 vectar
respectively(Supplemental Procedures).

For expression of thehort LRRK2 RocCOR, the gene encoding the LRRK2
(132441:858), segment with a pollis and a Flagag at the Nterminus and an HAag at
the CGterminus, was synthesideby Genscripfrior to sulzloning into the pBaeAK9
vector. The resultant pPBacPAKMRRK?2 (13241858) plasmid was used to generate the
baculovirus to direct expression of the shd*RK2 RocCOR protein.

The truncated LRRK2 Re€ORAC mutant lacks the C-terminal portion of the
COR danain and the linker connecting the COR &mthse domais For its expression,
the genesencoding the LRRK2(131873) segment with a poly histidine tag (§)iat the
C-terminus.and a Flag tag at thet&minus was amplified by PCR. The reaction product
was subcloned into the pBacPAK9 vector. The resultant LRRK2 -®ORAC-
pBacPAK9 plasmid was used to generate the recombinant baculovirus to direct
expression of the LRRK2 RACORAC mutant.
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Purification of GST-LRRK 2 Roc-COR expressed in E. coli and Sf9 cells

Transformed E. coli or baculovirusnfected 9 cells were lysed by
homogenization in ysis Buffer (25 mM HEPES, 1 mM EDTA, 0.2 mg/raenzamidine,
0.1 mg/ml,phenylmethylsulfonylfluoride (PMSF), mM B-mercaptoethanol, 0.1 mg/ml
soybean trypsin inhibitor (STI), pH 7). For purification fréncoli, lysozyme was added
to the Lysis'Biffer to a final concetration of 0.1 mg/mto facilitate lysis of the bacterial
cell wall"™WhereS9 cells were used, LysisuBfer was supplemented with 1 % (v/v) NP
40 to disrupt the cell membrane. Insoluble material was pelleted by ggatidn at
34540 gefor 20 min at 4 °C anlde supernatant wascubated with glutathione agarose
with roeking at 4 °C for 20 min. Thagarosewas rinsed with 25 mM HEPES, 1 mM
EDTA, 0.2 mg/ml benzamidine, 0.1 mg/ml PMSFmM B-mercaptoethanol, pH 7, and
washed with the same buffer plus 0.5 M NaCl in order to removepecifically bound
proteins. Proteins bound to the glutathione agmneere eluted with 25 mM HEPES, 0.2
mg/ml benzamidine, 0.1 mgil PMSF,2 mM B-mercaptoethanol, 26M glutathione, pH
7 and dialyzed to 25 mM HEPES, 0.1 mg/ ml PMSRM B-mercaptoethanol, pH 7.

Gengration of recombinant [T1348N]LRRK2 Roc-COR and [Y 1699C]LRRK 2 Raoc-
COR

We used the QuicKkhange Il sitedirected mutagenesis kit to generaieo
mutants*ofiLRRK2 Ro€OR by introducing the T1348N or Y1699C mutationsthe
pBacPAKSLRRK?2 (131441878) plamid The resultant plasmids were used to generate
the recombinant baculovirus that direct expression of the LRRK2ZO&R-mutants.

Purification.of recombinant LRRK?2 Roc-COR and its mutants, and short LRRK?2
Roc-COR

Forlargescaleproduction(up to 10 mg)of purified recombinant LRRKZRoc
COR [Y1699C]LRRK2 RocCOR, [T1348N]LRRK2 R0o¢€COR, LRRK2 R0oeCORAC
and shor.RRK2 RocCOR, §9 cells (1! at a cell density of 0-8x1@ cells per ml) or
21 (11 at a cell density of 2.5x10 cells per nf) were infected with the recombinant
baculovirus at an MQ11 . At 48 h after infection, the infected insect cells were pelleted
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by centrifugation at 1588 g at 4 °C. Cell pellets wef@st re-suspended in &l Lysis

Buffer (30 mM Tris, pH 8.0, 150 mM NacCl, 0.1 mg/ ml PMSF and 1 %40pprior to
homogenizationwith a Dounce homogenizer. The homogenate was centrifuged at
~35,000 x g_for 20 min at 4 °C. The supernatant containing the recombinant LRRK2 Roc-
COR protein or its mutants was loaded onto &"MWTA agarose column (10 ml of
packed,volume). The agarose beads were rinsed with Column Buffer (30 mM Tris, 150
mM®NaCl;"0.1 mg/ ml PMSF, pH 8) to remove the unbound proteins. They were
subsequently washed with the same buffer supplemented with 30 mM imidazole. Proteins
bound to the agarose were eluted in Column Buffih 300 mM imidazole. The peak
proteinreontaining fractions were pooled and dialyzed in Column Buffer prior to

biochemical analysis.

Expression and purification of mouse Racl

The synthetic gene encodinmouse Racl (Uniprot ID P63001) with an N
terminal*HA tag was subcloneda the BamH1 and EcoR1 sites to the pGEX6P3 vector
directing “expression of an Nterminal glutathione $ansferase (GST) tagged
recombinant proteinThe resultant pGEX6P3 plasmid was used to transform BL21
(DH3).c€ls. The transformed BL21 (DH3) cells were grown at°@7to a cell density
that gave anODgyp = 0.5 prior to induction with 0.1 mM isopropyl B-D-1-
thiogalactopyranoside (IPTG)he inducedcells were cultured furthext 16 °C for 1618
h before“they were harvested by centrifugation at 3000xg for 15 mincélheellets
were lysedby sonication in Buffer A (10 mM HEPES, 250 mM NacCl, 10Md¢l,, 10
mM glycine, 5% glycerol, 2 mM benzamidine, 0.1 mg/@MSF, 1 mM -
mercaptoethanol, pH 8.@upplementedvith 10 uM GTP and 1 mg/mlysozyme to
facilitate.lysis of the bacterial cell walAfter centrifugation of the homogenate at
35,000xg.for 20 min at AC, the supernatant containing the recombinant-G8TRacl
was ineubatedor 90 min with glutathionegaose pre-equilibrated with Buffer A. Te
GST-HA=Raclbound glutathioneagarosewvas washed with 20 ml Buffer A to remove
the nonspecifially boundproteins. Buffer A with 20 mM reduced glutathione was used
to elutethe lund GSTHA-Racl.Thepurified protens were aliquotednd stored at80

°C prior to biochemical analyses.
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Determination of the secondary structure contents of recombinant LRRK2 Roc-
COR and [Y1699C]LRRK 2 Roc-COR by circular dichroism spectr oscopy

Circular dichroism (CD) spectra were recorded fromM and 300 plpurified
LRRK2_RocCOR and [Y1699C]LRRK2 RoeCOR in a quartz cuvette (1 mm path
length),.in @ temperatweontrolled sample chamber attached to a Jasco circular
dichroismspectropolarimeteBpectra were collected froh®0to 260 nm, recordingne
data pointper nm, with a bandwidth of 1 nm and a scanning speed of 20 nn@min.
spectra were obtained from three independent séarepresentative spectrum was used
to estimatessecondary structucontentsFor secondary structure estimatiolata for the
range 200 to 2Z5nm were fitted tdahe Bestseprediction progranfMicsonaiet al. 2015)

containingreferenceproteins wih varying secondary structures.

Deter mination of the protein concentrations of the purified recombinant enzymes
Concentrations of the purified proteins we generated were quantified by

measurement of thabsorbancef the protein preparations at 280 nm and calculation

using“the_molar extinction coefficient of 76320'Mm*, 74830 M! cm* and 75033 M

cmi’ forPRRK2 RocCOR [Y1699C]LRRK2 Roc€ORand Raclrespectively

GTPaseactivity assays

GTRhydrolysiscatalyzed bypurified LRRK2 Roc-CORand its mutantsas
measured-By theelease of radidabelledinorganic phosphatom [y-*P]GTP as
described previously by us and Foulketsal. to monitor tyrosine phosphatase activity
(Foulkeset al, 1981, Chiaet al. 2010). In brief, the purified enzymes dilutedhe
designated.concémtions were incubated at 30 with 30 mM Tris,pH 8.0,1 mM
MgCl,,and100 nM [y-**P}-GTP (specificadioactivity: 55000 cpm/pmo) in a final
volume.of25 ul for the indicated time periods. The GTP hydrolysis reaction was stopped
by addition.of 50 pl of a mixture consisting of 1.25 mM #¥D, and 0.5 M HSO,;.
Released**PJinorganic phosphate was complexgth 100 pl of 5 % (w/v) ammonium
molybdate The phosphatenolybdate complex was extracted by the addition of 200 pl
mixture of isobutanachndtoluene mixedt a ratio of 1:Xv/v). Themixtures were
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centrifuged at 9,450 x g for 1 min to separate the aqueous and organic phadaf150

the upper organic phase containing the molybdate-bound phosphate was taken out and
mixed withscintillant (Ultima Gold XR, Packard Bioscience) prior to scintillation
counting.The specific enzymatic activities of LRRK2 RGOR, [Y1699C]LRRK2 Roe
COR, and.Racl were determined from the radioactivity associated with the organic
phase, For.the “blank’eaction of the assay, the aliquot of the diluted enzyme was

replaced by an aliquot of the elution buffer of a similar volume.

Metabolic labeling of baculovirus-infected Sf9 and Sf21 cells with [*°P] inorganic
phosphate

Both"S9 and 21 cells infected wth the baculovirus directing expression of
LRRK2 Ro6COR were metabolically labelled witi#4P] inorganic phosphateFor
labelling of S9 cells, cells were grown in a sixell plate(1 x 1¢ cells/well) in 3 nh of
completeGrace’s mediaand grown overnight at 25 °C. They were thefected with
baculovirusat MOI>1. At 24 h post infection, culture media wermhanged to 1 mof
fresh completeGrace’s mediavith 0.25 mCi of 2P] inorganic phosphatpger well for
metabolic labelling At 48 h post infection, the cells wetwarvested and washed with
incomplete Grace’s media without fetal bovine serum. The harvested wells re-
suspended in 1 ndf Lysis Buffer anchomogenized byepeategipettingthrough a 200
pl pipette tip. After centrifugation, LRRK2 Ro€OR in the lysate as purified by
bindingste"500 pbf Ni?*-NTA agaroseFor labelling theSf21 cells, 100 of cultured
cells (2x1@ cell per n) were infected, metabolically labelled with 1 mCi of*4P]
inorganic phosphate at 24 h posection. The labelled infected cells were harvested at
48 h post Iinfection. Recombinant LRRK2 RGOR in the lysate was ptied by
incubation with 0.5 mbf Ni**-NTA agarose. After washing with Column Buffer, the
LRRK2.RocCORbound Nf*-NTA agarose was divided into two portions. For the first
portiongthe bound protein was eluted by incubation with 250 mM imidazole in Column
Buffer. " The eluted proteins were analyzed by SDS PA&tkaliquot from each column
fraction 6 pl out of a final volumeof 100 |l) was spotted onto a 3MM filter paper. The
radioactivity associated with each fraction was recorded by autoradiogfaphyhe
second portion, the suspensionLRRK2 RocCOR-bound Nf*-NTA agarose was heat
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treated at~95 °C for 5 min. After centrifugation, the supernatant contained the
radioactively labelled compound(s) released from LRRK2-B8&R immobilized to
Ni?*-NTA agarose.

For thin layer chromatographyfLC) analysis,an aliquotof the supernatant was
spottedento a PECellulose F TLC plateand chromatographed for 1.5ih 1 M
KH>PQy, pH 3.4.UnlabeledGDP and GTP standards (30 nneaich) were ircluded as
controls:After chromatography, migration of tl&TP and GDP standardsasvisualized
by illumination with UV light.The F?P] inorganic phosphateas detectely exposure to
a phosphoscreen and imaged on a Typhophosphamager at 200 nm per pixel.
Identities (of, the radioactively labelled compoundspoofied with LRRK2 RoeCOR

were determined by their qoigrationwith the standards.

Determination of metal ions in the purified LRRK2 Roc-COR preparations by
inductively coupled plasma mass spectrometry (ICP-MS) and atomic emission
spectrascopy (I CP-AES)

To-=prepare the samples for IGOFS analysis, LRRK2 Re€OR and
[Y 1699C]LRRK2 R0eCOR preparations expresseddi21 cells cultured in the serum
free 'meditfmwere purified by Ni-NTA agarose. The purified samples were dialyzed
against the 4 x 1of Dialysis Buffer (20 mM Tris, 150 mM NacCl, 10 % (v/v) glycerol,
pH 8.0). The dialyzed protein samples (at concentrations ranging from12& M)
were used foranalysis by ICRMS. To prepare for ICIRS, the diluted samples we
further diluted 1/5 withl % (v/v)nitric acid in triplicate. Measurements were made using
an Agilent=7700 series IGMS instrument under routine mukilement operating
conditions using a Helium Reaction Gas Cell. The instrument was calibratgdous,
10, 50, 100 and 500 parts peHibn (ppb) of certified multielement ICPMS standard
calibration  solutions (ICRMS-CAL2-1, ICRMS-CAL-3 and ICPMS-CAL-4,
Accustandard) for a range of elements. A certified internal standard soluti@naamt
200 ppb of Yttrium (Y89) was used as anemm@al control (ICPMS-IS-MIX1-1,
Accustandard)After correcting for the raw ppb values of the buffer onbncentrations
of Mg®* bound to the recombinant LRRK2 REOR and [Y1699C]LRRK2 RoEOR
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are expressed as unmddy calculation of the sigis (in rav ppb valuesps described in
Supplemental Table S1.

To prepare the protein sample for KBES analysis, LRRK2 Re€OR
expressed.irf9 cells cultured in Grace’s complete media was purified By-NTA
column,chromatography. After dialysis against 30 mis,T150 mM NaCl, 0.1 mg/m
PMSF;"pH"8.0, the purified protein sample (30 pg) was diluted to a final conaamtti
0.01 mg/nhin 0.25 % (v/v) HNQ and 8 g/ CsCl (to suppress ionization of Na, K, Ca
and Mg), and with 1 mgRh and 1 md/Rb as internal standards to monitor ionization.
The dilutedhL RRK2 Ro«COR protein samples were analyzed alone, and with addition of
standards containing the indicated elements at 1, 0.1 and 0.01usigg a Vista AX
CCD simultaneous ICP atomic emission spectrometer (Varian). Briefly, the sample was
atomized In a nebulizer and injected directly into inducthselypled plasma (Argon gas,
6000 te, 8000K). Light resulting from atomic emission was diffracted by an echelle
gratingrandidetected by a chargexiple device (CCD) camera. Atomic emission spectra
were recorded, and intensities at the indicated wavelengths for each element were
analyzed by comparing the LRRK2 RGOR samples alone with separate samples to
whichsstandards of known concentrations had been added. Sample intensity was
subtracted from intensities of the standards, and a linear regression was performed. This
allows"the conversion of the measured intensity to the concentration of eacimteleme
Measuredintensities for each element in the KRRocCOR sample and in the buffer
only samplé were converted to concentration inlniffie concentration ofg®* co-
purified with LRRK2 RoeCOR was determined by subtracting the concentratidfgst
in the buffer,only sample from that in the LRRK2 R0 sample.

Statistical .analyses

Ne‘randomization or blinding was performed in this study. Assays of the GTPase
activities'of all recombinant proteins were conducted by more than one of the aéthors.
GTPase assays and the OIS experiments were performed at least twice and with
triplicate samples. More than five enzyme preparations of LRRK2d®aR-and
[Y1699C]LRRK2 R0oeCOR were used to perform the assay. The enzymatic activities of
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LRRK2 RocCOR and its mutantsere presented as the mean + 3 statistical
analyses of GTPase activity assay data were performed with studstarid the
Graphpad Prism software Version 7. All data points were included in the results
presented. Thus, we did not conduct a test for outliers on the data.

RESULTS

Design“of 'L'RRK 2 constructs to optimize expression of recombinant LRRK2 Roc-
COR tandem domain

The functions of the two catalytdomainsof LRRK2 have so far been explored
using fultlength LRRK2 immunoprecipitated from mammalian ceigy recombinant
proteins“containing thésolatedLRRK2 Roc domain produced i&. coli (Denget al.
2008,Liao et al. 2014 a fragment containing the Roc, COR and kinase don{Ringi et
al. 2015)and a fragment comprising the LRR, Roc, COR, kinase and WD40 domains
(Anandet al. 2009) In order to further elucidate the function of the COR donaaid
assessrtheveffects of tR®-causativeY1699C mutatiormapped to the COR domain, a
LRRK2 construceaind its mutants consisting thfe Roc and COR domaimgere produced
for bioehemical characterizations

We defined te LRRK2 Roc and COR domains to reside in the segment
containing residues 1331840 of the human LRRK2 sequenwgth the aid of (i)
alignment of Roco family members from diverse spefBesgraaf &van Haastert 2003
Civierosetval. 2012Sejwal et al. 201)7and (ii) alignment of the LRRK2 sequence with
sequeneces’of Raand the RG€OR tandem domaiof two prokaryotic Roco proteins
with known threedimensional structus(Gotthardt et al. 20Q8Terheyden et al. 2015
Mills et al. 2012,Mills et al. 2014 (Supplemental Figur81). The N-terminal truncation
site (residue, 1314) was chosen to include a lyesenserved region of 2&sidues N
terminal of the Roc domain-Pop; this region wa predicted to be a linker between the
LRR andfRoc domain&Supplemental Figurel® Trunation at this distance from the P
loop matchesmany structurallystable truncations of Rdke GTPasesand therefore
was expected to minimize the impact of the truncation on the structure ofdbe R
domain. Determinatiorof the truncationsite at the Gterminus, on the other hand,
presented a more difficult undertakiragthis region exhibg low sequence similarity to
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the successfullyexpressed and foldedecombinantC. tepidum and M. barkeri Roco
proteins with potentiallyunpredictable effects ostructure Thus,we decided to include
most of the putative linker connecting the COR dontaitine kinase domainn orderto
minimize the impact of truncation on tiséructural integrity of theCOR domain.The
chosen @erminal truncation sitéresidue 878)is 7 residues Nerminal to the glycine
rich loop_of‘the kinase domain. The resultant construct consistiresidues 1314878
of the"ERRK2 sequence, was used to generate three recombinant LRRK2 GTPase
proteinsexpressedn E. coli and in baculovirusinfected insect cell§Figure 3. To
facilitate their purification and detection, a pehistidine (Hig) tagwas added at the-C
terminal endand a Flag oa GST-tag at the Nlerminusof the recombinant proteins.
Their expression levels amirities afteraffinity column chromatographyere assesed.
As listed inyFigure 1expression levels of GSIRRK2 (13144878) inE. coli and
baculovirusmfected 9 cells were low and the protein preparations after @siHity
column, chromatography Bticontained several major protein contamina(data not
shown)sin=contag, the FlagLRRK2 (131441878) was expressed at a much higher level
in baculovirusinfected insect cells. Furthermori¢,could readily be purified by K-
NTA affinity column chromatography (Figu&A). This recombinanLRRK2 fragment
which.was used in biochemical analyses described in this manuscnipterred to as
LRRK2 RocCOR.

To ascertain the impact of deletion pdrt of the linker connecting the LRR and
Roc domains and that connecting the COR and kinase domains on the expression of
LRRK2'GTPase, we generatde baculovirus directing expression afshorter fragment
(residues #1324858) of LRRK2. This shortarersion ofLRRK2 RocCOR, referred to
as short LRRK2 RoCOR, consists of the intact Roc and COR domains as well as the
truncated_ linkers at both the-tdrminal awl C-terminal ends (Figure)1We found that
shortLRRK2 RocCOR wasexpressed in insect cells at a level much lower thanothat
LRRK2+R0cCOR. Furhermore,a number of major protein contaminam®re co
purified®with short LRRK2 Roc¢COR (Supplemental Figure S2Yaken together, our
results suggest that the linker of LRR and Roc domains and/or thhe &fOR and
Kinase domains stabilize LRRK2 GTPase and enhance its expression in inse@fcells.

relevance, MASL1, the smallest human Roco protein, contains just thR€®Ralomain
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flanked by a long Nerminal segment (residues4D6) and a short ®rminal segment
(residues 1024052 (Supplemental Figure3p Similar to the role of the linker of the
LRR and Roc domains and that of the COR and kinase domains of LRRK2; #ral N

C-terminal segments may stabilize the structure of the MASL1@E@R domain.

LRRK2 Roc-CORisfolded, and migrates as a dimer in solution

LRRK2 RocCOR was expessed at relatively high levet [LO mg/l of S21 cell
culture€eldensity: 2.0- 2.5x16 cells/m)] and purifiedto over 90% purity by Ni'-

NTA affinity. column chromatographgFigure 2) Its authenticity was confirmed by L-C
MS/MSsanalysis of its tryptic fragmentSypplemental Figur&4). Circular dichroism
analysis‘offits secondary structure corgeetvealed that it is folded (FigureB). The
theoretical moleculamass of moromeric LRRK2 RoeCOR is 67 kDa.From the
mobility of L RRK2 RoecCOR relative to those of the molecular size standards in the size
exclusion_column chromatograplffigure 2C and 2D), we determined the molecular
mass eftRRK2 Ro€OR to be 111 kDa. The deviat of this value from that of the
theoreticalkmolecular mass (134 kDa) LRRK2 R&OR dimersuggests two possibilities.
First, bRRK2 RoeCOR exists as a dimer in solution, and the deviatiarissult of the

low reselution of size exclusion column chromatography method. Second, LRRK2 Roc
COR exits a monomer with unique molecular shape such tledtitéd fromthe size
exclusion columnwith a molecular mass (111 kDa) significantly higher than the
theoretical'molecular mass (67 kDa) of the LRRK2 R@R monaner.

Thercrystal structures of the two prokaryotic RBOR domains reveal that
determinants governing their dimerization mainly reside in ther@inal portion of the
COR domain(Terheyden et al. 201%sotthardt et al. 2008 A truncation mutant oM.
barkeri.RocCOR (RoeCORAC) lacking this portion of the COR domain existed as a
monomer.in solution, and exhibited much lower GTPase activity than that of wild type
RocCOR{(Terheyden et al. 20)15We therefore attempted the same approach to explore
whethersthe @erminal portion of the COR domain mediates dimerization of LRRK2
RocCOR, and whether dimerization enhances its GTPase actiMity. Gterminal
portion of LRRK2 COR domain was predicted éacompass residues 16¥840 by
alignment of the sequences of LRRKE, tepidum Roco andM barkeri Roco
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(Supplemental Figure S1) and by inspecting the structu@e tepidum Roco Figure3A).
Based upon this prediction, we design and generated the reemhlhiRRK2 Roe
CORAC encompassing residues 1314 to 1673 of human LRRK2, flanked by- an N
terminal Flag tag and a-términal polyHis tag(Figures 1B and 3B. We were able to
purify thesrecombinant LRRK2 ReCORAC from the lysate of the infected S21 cells
usng Ni?*-NTA affinity column chromatographySupplemental Figure S5). However,
the purified"'LRRK2 Rog€_ORAC readily aggregated to form precipitates in solution. In
spite of this“property, we managed to use the soluble recombinant LRRKQOREC
to determme/its molecular mass by size exclusion chromatography. Figure 1E shows that
it migrateg+as a protein of ~KPa (theoretical monomeric molecular mass: 43.7 kina)
the chrematographic rufFigure 3C and 3D)suggesting that it exists as a monomer in
solution.

Taken together, our datuggestthat LRRK2 RoeCOR formshomodimers in
solution, and the @rminal portion of the COR domain governs its dimerization.

Mg?* and guanine nuclectides co-purified with LRRK2 Roc-COR

Whetherthe enzymatic properties of LRRK2 R@OR domains matcimore
closelywith those of theconventionalRaslike GTPase orwith those of the numerous
emerging examples @ADs, is an outstanding question in the field of LRRK2 research.
To address this questipwe attempted to measure the affinity of the LRRK2 @R
for twosfluerescent GTP analog®'-(or-3')-O-(N-methylanthraniloy TP (mantGTP)
and its'nerhydrolyzable analoghantGMPPNP. However, we failed tietect significant
binding of mantGTP or mat-GMPPNP to LRRK2 Ro€OR (data not shown). One
potentialexplanation for this observation is that unlike the LRRK2 Roc domain, which
binds guanine nucleotides with relatively low affin{tyiao et al. 201% LRRK2 Roc
COR binds.guanine nucleotides tightly. As such, most of the recombinant LRRK2 Roc
COR molécules used in our analysisy have already haal copurified Mg?*-GTP or
Mg?*-GDR.tightlybound to their active sit€onsequently, they were unableetxchange
the bound M§"-GTP and M§"-GDP for the exogenous maBfP and marRGMPPNP
under the conditions we conducted the analysis. In agreement with this explahation, t
UV absorption spectrum of the purifietdRRK2 RocCOR preparation revealed
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significart absorption at 260 nm, suggesting the preseht#/-absorbing materialso-
purified with LRRK2 RoeCOR (Figure4A). The likely candidates of the U&bsorbing
material at 260 nm are guanine nucleotides. Relevant to this.ePale,reported that
recombirant viralK-Ras with GDP bound to its active site at $toichiometry also gave

a UV-visible absorption spectrum with significant UV absorption at 260(lPoget al.
1985).Thus; these findings suggest that significant UV absorption at 260 nm found in the
UV-visibleabsorptin spectra of LRRK2 Re€OR (Figure4A) is caused by the guanine
nucleotidestightly bound to their active sites.

To confirm that LRRK2 RocCOR is capable ofight binding to guanine
nucleotides, in cells, and to determine whetllee GTR or GDR bound form
predominates, bound nucleotides were examined in LRRK2ARR purified from
infected S9jand S21 cells metabolically labelled with*Pinorganic phosphateAs
shown inFigure 4Cand Supplement&ligure $, LRRK2 RocCOR wasco-purified with
a radioactive compound. This tightly bound radioactive compound dissociated from
LRRK2*ReeCOR upon heat treatment of the purified protein prepamaticC of the
releasedradioactive compoundith GTP and GDP standardtowsthat GTP wasthe
guanine.nucleotide epurified with LRRK2 RocCOR expressed i&21 cellscultured in
serumiree meda (Figure 4C). Interestingly, GP wasthe radioactive compound -co
purified with LRRK2 RoeCOR expressed &9 cells cultured in Graces’ medi
supplemented with 10% fetal bovine serum (Supplemental Fig€). SThe
predominance of GTP bound to LRRK2 RBGOR expressed i&f21 cellscultured in
serumfreesmedia(Figure 4) suggests that the GTPase activityre¢ombinant.RRK?2
RocCOR was suppressed timesecells. In contag, LRRK2 RocCOR expressed if9
cells cultured in Gracestnedium with fetal bovine serumas more catalytically active
and capable, of hydrolyzing all the bound GTP to GDP (Supplemental Figi)reABy
LRRK2 RocCOR proteinsexpressed in different types of insect cealhgl/orcultured in
differentsmedia exhibitifferent catalytic activity in cells remains unclear. N#veless,
our datarsuggest thatmilar to theconventionalRaslike GTPases, LRRK2 Re€COR
binds both GTP and GDWith very high affinities.

GTPases binguanine nucleotidesomplexedwith a Mcf* ion as a cofactor. To
further confirm tight binding of LRRK2 Re€OR to Mg*-GTP or Md*-GDP, purified
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LRRK2 RocCOR samps expressed i821 cells were analyzed fdine bound meta
using inductivelycoupled plasma mass spectrometry (/@8). The concentrations of
Mg?* detected in the purified preparations LRRK2 RocCOR were determined from
the raw ppb values(Supplemeratl Table S1) From these concentrations, the
stoichiometry of M§" co-purified with LRRK2 RoeCOR determined in the three
replicates ranges from 0-8L.0 mol/mol of protein (Figur&A). In addition tolCP-MS,
ICP/AES"was also used to measure thagnesium ions epurified with LRRK2 Roc
CORexpressed iI¥9 cells (FiguresB). Qur measurement also revealstoichiometry of
~1.0 mol. of Mg* per mol of LRRK2 Rod&OR.

Thr=2348 of LRRK2 corresponds to the conserved active site threonine residue
critical to binding of guanine nucleotides in GTPases (Figure B4 mutation is
predicted to)abolish the GTBinding ability and GTPase activity of LRRKR0ocCOR.

We therefore generated the [T1348N]LRRK2 R&®R mutant tanvestigate if M§*and
GTP (Fgures 3C and }4co-purified with LRRK2 RoeCOR were stoichiometally
bounderits active siteSimilar to the effect othe T1348Nmutation onthe GTPase
activityofsfull-length recombinant LRRKZIto et al. 2007 Biosa et al. 2013) this
mutation,_completely abolished the GTPase activity LRRK2-ROR (Supplemental
FigureS7). Additionally, thismutation significantly reduced the expression level of the
LRRK2 RocCOR mutant(data not shown)The lowyield of this mutantrecombinant
protan preparation prevented us from carrymgf the ICRMS or ICRAES experiments

to ascertain, if this mutation abolishes the ability of LRRK2-R@R to bind M§* and
guaninesaucleotides.

In summary, the consistent presence of Mag close to 1:1 stoichiometry in the
LRRK2 RocCOR preparations determined by both 1B and ICPAES (Figure4) and
the demonstration of tight binding of guanine nucleotides to LRRK2G%R (Figure3
and Supplemental FigureBS suggest that LRRK2 ReEBOR contains M§-GTP or
Mg?*-GBP"bound to its active site at close to 1:1 stoichiometry.

ltteok us ~6 h to purify the recombinant LRRK2 RBOR from theS21 cells
metabolically labelled with*fP}-inorganic phosphate. In spite of such a long period of
purification, we did not detect a significant amount of radioactive GDP in the guanine
nucleotide cepurified with LRRK2 RocCOR. Instead, GTP was the only detectable
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guanine nucleotide epurified with LRRK2 RoeCOR Figure 4C). This results suggest
that the intrinsic GTPase activity of LRRK2 RGOR is so low that we were unable to
detect the GDP generated as a result of hydrolysis of the tightly bound GTP.

LRRK2 Roe-COR exhibits weak GTPase activity with a nanomolar K, value

Although our data shown in Figurdsand5 indicate that the majority of the
purified™"RRK2 RoeCOR protein moleculesvere tightly boundto Mg?*-GTP, the
purified ERRK2 RoeCOR preparation still exhibited weak GTPase activigre 6A).
Furthermore, thisveak activity is abolished when FiB48 critical to binding of guanine
nucleotidesyis mutateto Asn (Supplemental Figure&’)SWe first compared the specific
enzymatic ractivity of LRRK2 Re€OR with that of a conventional Rslike GTPase
Racl.Our analysis revealed thtte specific enzymatic activity of LRRK2 R@&OR is
almost as low as that of Raahder the conditions we performed the ag$agure 6B).
Thus, smilar to Racl, the weak GTPase activipf LRRK2 RocCORIis likely caused by
the slowsexchange of the bound guanine nucleotide exisgenous [y->P]GTP as well
as thelowrintrinsic efficienciesof its active sitein catalyzinghydrolysis of the bound
GTP.

To define the enzymatic properties I-RRK2 RocCOR, we perforrad kinetic
analysis of its GTPase activitifigure 6C shows thatLRRK2 RocCOR catalyzed GTP
hydrolysis withK ,, of 22 nM. The nanomolar K value is in agreement with our findings
presented=in Figure8 and 4 which suggesthat LRRK2 RoeCOR hnds Mg?*-
GDP/GTR«tightly. The tight binding limits turnover of guanine nucleotides in the
catalytic cycle of GTP hydrolysis catalyzed by LRRK2 R&0OR, accounting for the
very low ke, value 0.47x10° min™) of its GTPase activityFrom thiske value, we
calculated.the turnover time fdre hydrolysis of one molecule of GTP &égch molecule
of LRRK2 RocCOR to be 2127.65 min (~35.5 h). Such a long turnover time explains
why wefailed to detect GDP as a guanine nucleotideucibied with LRRK2 Roc-COR
from thesinfected¥21 cells metabolically labelled witf’P}-inorganic phosphate (Figure
4C) — the turnover time isignificantly longer than the duration (6 h) we tookdolate

LRRK2 RocCORprior to releasing the bound guanine nucleotide td€ &nalysis.
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Several groups of researchers have performed kinetic analysis of the GTPase
activity of full-length LRRK2 and two truncated LRRK2 fragments (i) LRRK2(Roc
COR/kinase) consisting of the RGOR and kinase domains and {RRK2(LRR-WD)
containingLRR, RocCOR, kinase and WD40 domai(iBable 1)(Liu et al. 2010, Rudi
et al. 2015 Liu et al. 2012). These researchers separately revedhed full-length
LRRK2,and truncated LRRK2 mutants with both intact ®R82R and kinase domains
catalyzed"GTP hydrolysis with Kvalues(210 uM — 700 uM) much higher than thaof
LRRK2"ReeCOR, and withk.y valuesmuch higher than that of LRRK2 R&OR
(Table 1). These resultaiggesthat the presence of kinase domain and other functional
domains semehow reduces the affinity of the R&R dmain for guanine nucleotides;
the lower affinity likely allows a higher toover rate of guanine nucleotides in catalysis.
Hence, fulllength LRRK2 and LRRK2 fragments consisting of intact R&@R, kinase
domains_and other functional domains are predicted to hydrolyze GTP with catalytic
efficiencies _higher than that of LRRK2 RGOR In agreement with this prediction, we
found thatthespecific enzymatic activities of LRRK2(LRR/D) and its G2019S mutant
are ~8'to+1€old higher than that of LRRK2 RocCOR (Table 1, Supplemental Figure
S8).

Taken together, our data shown in Figu4eS and 6Gndicate thasimilar to the
conventional Ratike GTPases,.RRK2 RocCORIin isolation binds guanine nucleotides
with high affinities and catalyzes GTP hydrolysis with a very low efficiefgsults
showngn“Table 1 and Supplemental Figure sB§gest thatn the presence of other
functional-domains, LRRK2 GTPase domain catalyzes GTP hydrolysis with a higher K
and a highekcs
The PD-causative Y1699C mutation does not perturb the secondary structural contents,
guanine.nucleotide-binding capacity and catalytic activity of LRRK2 Roc-COR

We_ generated the [Y1699C|LRRK2 RGOR to examine how the PE&ausative
Y1699Camutation impacts on thgecondarystructure contents guanine nucleotide
binding“capacity and GTPase activity of LRRK2 ROOR. Supplemental Figur&9
shows that [Y1699C]LRRK2 Re€COR was expressed at a relatively high level and
purified to asimilar purity asthe wild type LRRK2 Ro€COR protein.Tyr-1699 was
predicted to reside at the interface between the Roc and COR doifiaussY1699C
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mutationcan potentiallyperturb the inteactions between the two domaimsd this in
turn can potentially impacthe GTPaseactivity and stability of LRRK2 Ro€OR
domain Mills et al. 2014 (Danielset al. 2011,Li et al. 2007,Lewis et al. 2007,Guo et
al. 2007).

The.CD spectra of wild typeRRK2 RocCORand [Y1699C] LRRK2 Ro€OR
(Figure,.6D)/indicate that the mutatiomduces minor perturbations the secondary
structure“contents of LRRK2 tandem ROOR domain- a slight decrease on the a-
helical "'structure contents and a slight increase in p-strand contentsNe then examined
how the secondary structure contents of LRRROGCOR and [Y1699C]LRRK2 Raoc
COR are gerturbed by increasing concentrations of guanidine hydrochloride. Gigure
shows thatithe Y1699C mutation did not significantly alter the sensitivityedfRRK2
RocCOR protein to structural perturbation by thendtirant, suggesting that the
mutation does not significantly affect the stability of LRRK2 RZ@R in solution.

To ascertain how the Y1699@utation impacts the capacity of LRRK2 RGOR
to bind=guanine nucleotides, we commhthe UV absorptionspectra of the purified
preparations of wild type arff1699CJLRRK2 RocCOR.Both spectrahown in Figure
4A ‘exhibit significant absaption at 260 nm, suggesting tight binding of guanine
nucleotideto the active site of [Y1699CRRK2 RocCOR similar to wid-type Indeed,
ICP-MS analysis revealed that an approximatelystdichiometry of M§" ion bound to
[Y1699C]LRRK2 RoeCOR (Figure5A). Thus, the Y1699C mutation does not affect the
ability of FRRK2 RocCOR to tighly bind guanine nucleotide.

Insecontrast to the observations made by Dangtlsl. that the Y1699C mutation
almost completely abolished the GTPase activityuliflength LRRK2 (Daniels et al.
2011),we found that the mutatiodid not significantly affect the GTPase activity of
LRRKZ2 RocCOR (Figure6A).

Taken together, our results shown in FiguBes4 and Sindicate that the PD
causative¥Y1699C mutation does not significantly alter the secondary structieats
and does not negativeilgnpact the stability, GT®inding capacity and cdjaic activity
of LRRK2 RocCORtandem domain.

DISCUSSION
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Our results reveal that similar the GADs of known structurg3erheyden et al.
2015, Gotthardt et al. 2008 the Gterminal subdomain of COR domain of LRRK2
contains determinants mediating hodimerization. In spite of the structural similarities
to GADs;-LRRK2 R0eCOR exhibits enzymatic properties similarttmse of Radike
GTPaseslike Raslike GTPases.RRK2 RocCOR binds Md*-GDP or Md¢*-GTP
tightly "at"steichiometry approaching 1 mol of MgsDP/GTP per mol of LRRK2 Rec
COR protein. Furthermorsjmilar tothe Rassuperfamily olGTPases, LRRK2 Re€OR
exhibits very low GTPase activity. Collectively, these results suggest BRBKR Roe
CORfunctiens asa conventionaRaslike GTPasePresumably, itequires the assistance
of GERs) and GARs) to facilitateexchange othe guanine nucleotidéghtly bound to
its active siteand to enhance its catalysis of hydrolysis of GTP to GDP, respeciiVely.
also generated the [Y1699C]LRRK2 RGOR and used it to demonstrate that the PD
associated Y1699C mutation does not significantly impact sémlary structure
contentsystability, guanine nucleotidbinding capacityand GTPase activity othe
LRRK2*RoeCOR tandemdomainin isolation Of relevance, the sanmeutation reduces
the rate,of GTP hydrolysis catalyzed by fielhgth LRRK2in vitro (Daniels et al. 2011
Thus,.the Y1699C mutation reduces the GTPase activity of LRRK2vdrmn the Roc
COR tandem domaiis interacting with othefunctional domains. Since ours is the first
study of the biochemical properties of the isetellL RRK2 RoeCOR tandem domajrour
findings*raise a number of questions related to the structure and regulation of LRRK2.

These questions are discussed below.

Other evidence suggesting LRRK?2 as a conventional Ras-like GTPase

The two prokaryotic RG€OR domains with known thredimensional structures
form dimers and contain a conserved arginine thatasctn“arginine finger” inseiing
into thesactive site of the neighborifgocCOR monomer. This arginine residige
predicted to _participatie catalysisn trans by stabilizing the transitiostate intemediate
of GTP hydrolysis. Mutations perturbing or abolishing dimerization causéfica
reduction in GTPase activitgGotthardt et al. 20Q8Terheyden et al. 20)5Besides,
mutation of the putative “arginine finger” residuwsgther completely abolishear

This article is protected by copyright. All rights reserved



significantly reducedthe catalytic activity of theC. tepidum and M. Barkeri Roco
proteirs, further confirming that dimerizatioand insetion of the arginine fingein trans

to the Roc domain active sitecritical for catalysis(Gotthardt et al. 20Q8erheyden et

al. 2019. Furthermore, the two prokaryotic Roco protemsd GDP and GTP analogs
with affinities (Kp values in the uM range) much lower than those of thelikas
GTPasegKp values in the nM ranggeyuggesting that they do not require GEFs for the
exchangeof guanine nucleotides in their active siteese results indicate that the two
prokaryotic"RoeCOR domains are GADs and the conserved argifinger governs
activationof their GTPase activitypon dimerization.

However, this arginine residue is missing in the ®@R domain of LRRK2,
(Gotthardt et al. 2008 Supplemental Figure Slprompting some researchers to suggest
that LRRK2)is not a GAOLiao et al. 2011 In agreement with this prediction, Liab
al. demonstrated that LRRK2 Roc domaimmomer is catalytically activesuggesting
that dimerization is not necesgdor the LRRK2 RocdomainGTPase activityLiao et
al. 2014wReently, Deyaertget al. reported thatC. tepidum Roc-COR, which is &ona
fide GAD, undergoes a monomdimer transition during GTP turnovar vitro (Deyaert
et al. 201). Unlike C tepidum RocCOR, fulklength LRRK2 forms dimers regardless of
whetherMg*-GDP or Md*-GTP analog resides in the Roc domain active(3itgmans
et al. 2011]). Thus,these findingsogetherfurther support that LRRK2 ReCOR exhibits
enzymatic properties similar to thosecohventional Ratke GTPass. In spite of such a
similarity;"eERRK2 RocCOR is not dona fide Raslike GTPase because itd GAD-like
ability te=form homodimers via the-@rminal porton of its COR domain. For this
reason LRRK2 RocCOR can be considered a&sAD-like GTPase exhibitindRaslike

GTPase enzymatic properties.

Isit possible to measure the rate of guanine nucleotide exchange of LRRK2 Roc-COR in
vitro?

The low Ky value (22 nM) of the GTP hydrolysis reaction catalyzed by LRRK2
RocCOR suggests that it binds GTP with a high affinity. Howevey, i€ not a true
measure of the affinity of LRRK2 R&COR for GTP. Wetherefore attempted to
determinethe dissociation corait of binding of radioactive GTP to LRRK2 R@&OR

This article is protected by copyright. All rights reserved



as a direct measure of the affinity of LRRK2 RBOOR for GTP.In brief, we incubated
LRRK2 RocCORwith [y-3P]GTP for 12 h; this isfollowed by immunoprecipitation of
LRRK2 RocCOR with the antiFlag anibody-agarose toseparatethe [y->?P]GTP
complexed with LRRK2 RG€OR from the unbound [y-**P]JGTP. Since the incubation
period (X2 h) is much shorter than the turnover time (~35.50M)GTP hydrolysis
catalyzed by LRRK2 Re€OR, we predict that GTP bound to theiaetsite of LRRK2
Roc:CORTemairs intact regardless of whether the radioacttphosphate group is at
the a-, B=6r¥-position. Howeverye failed todetect significantly binding dfy->P]GTP
to LRRK2 RoecCOR suggesting that the exchangetloé GTP bound to LRRK2 Rec
COR for the exogenous [y->?P]GTP occurred ag rate that is not detectable hlis
method:

Since LRRK2 Ro€COR binds guanine nucleotides tightly,likely requires a
guanine_nucleotide exchange factor (GEF) to enhance theseetéahe tightly bound
guanine _nucleotide in exchange for the exogenous GTP or GDP. Direct measurement of
the dissaeiation constants of LRRK2 RGOR for GTP and GDRising our method
awaits thewdiscovery of the LRRK2 GEF.

How dees Y1699C mutation impact on the structure and function of LRRK2?

Based upon the thre#mensional structure of the R@OR domain ofC.
tepidum RocCOR protein Gotthardt, et al. mappddRRK2 Tyr-1699 to the interface
between“the Roc and COR domaifisgure 3A) Gotthardt et al. 2008 They then
reportedthat mutationof Tyr-804 in C. tepidum RocCOR, predicted as a homologous
residue to human LRRK2 Ta#699 by sequence alignment, led to an efglit reduction
of GTRaseactivity. Presumably, this mutation pertuthe Roc/COR interfacand in turn
adversely affects the catalytic activifotthardt et al. 2008 Based upon this result,
Y1699C mutation is expected to perturb the LRRK2 -R@R structure and in turn
reduce.its'catalytic activity. In contrast to this prediction, we foundvth&@®9C mutation
did not'significantly impact othe secondary structure contents, stability and catalytic
activity of LRRK2 RocCOR (Figure6).

Several groups of researchargestigated the impact of Y1699C mutation on the
GTPase activity of recombinant full length LRRK2. Unlike the lack of effect on the
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GTPase activity ofLRRK2 RocCOR protein(Figure 6), the mutation significantly
reducedthe GTPase activityof full-length LRRK2 (Daniels etal. 2011 Xiong et al.
2010). The discrepancy of our results and the findings by Damietd. suggestghat
Y1699C mutation may indirectly alter the GTPase activity of thed®meainby aberrant
regulation,of other functional domains in fldéhgth LRRK2. Specifically,ite Y1699C
mutationleads todecrease phosphorylation of Se910, Ser935, Set955 and 8r-973 in
the ankyrin‘regionas well as changes autghosphorylation levels &thr-1357in the
Roc domainand at Serl292 in the LRR regionin cells. Additionally, the Y1699C
mutationabolished RRK2 binding to 14-3-3in cells(Doggettet al. 2012,Li et al. 2011,
Nicholssetsal. 2010, Henryet al. 2015, Kamikawaji et al. 2013). These changes may
underpin the significant reduction in GTPase activityuli-length LRRK2 carrying the
Y1699C mutation Thus, rathethan directly impacting the structure and stabilitytiee
LRRK2 RocCOR domains, thisnutation mayaffect the GTPase activity lperturbng
interactionsof the RoeCOR domainsvith other domainandbr autophosphorylation of
LRRK2:

Implications of the differences in the enzymatic properties of the GTPase activity of
LRRK2:R0c-COR and full-length LRRK2

Unlike LRRK2 RoeCOR, which binds guanine nucleotides with high affinities
full-length LRRK2binds guanine nucleotides with a low affinity (0.36 uM) (Table 1)
(Civieroretal. 201p Furthermore, fullength LRRK2, the truncated LRRK2 fragments
consisting-of the RBCOR domain and the kinase domain with and without the LRR and
WD40; domains all exhibited catalytic properties significantly different from those of
LRRK2 RocCOR. They hydrolyze GTP with much higher catalytic activity
(Supplemental Figure 8) and withnKandkc;: values much higher than those of LRRK2
RocCOR (Table 1). These findingsiggest that interactions of the ROOR domain
with other*functional domains of LRRK2 perturb the structure of-RAGR to lower its
affinity for,_ guanine nucleotides, and iturn increases its GTPase activitiyurther
investigation is needed to unveil how other functional domains intein#ittthe Roe
COR tandem domaim intact LRRK2 to regulate the affinities for guanine nucleotides
and catalysis of GTP hydrolysis.
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How can future studies of LRRK2 Roc-COR bridge the knowledge gaps in the field of
LRRK2 research?

The LRRK2 RoeCOR construct and its mutants described in this stydy up
opportunitiesfor further studies to define the threkmensional structuref the LRRK2
RocCOR tandem domainand how the tandem domaimteracts with other LRRK2
domains:Since LRRK2 RoaCOR exhibits a very low GTPase activity (Figle€ and
Supplemental Figure 8p, it potentially requires GAPs to entwe the rate of GTP
hydrolysis. Xiong.et al. discovered ArfGAP1 sia potential GAP of LRRK2 because it
binds fultlength LRRK2 and enhancéfRRK2 GTPase activity by ~2-old (Xiong et
al. 2012). However, such a modest rate enhancement of LRRK2 GTPase activity by
ArfGAP2 is ' much lower than that &asGAPs, which caenhanceRas GTPase activity
by ~10,006fold in vitro (Shutes & Der 2006 These findings imply that GTPase
activator_activity of ArfGAP1 needs to be significantly -nggulated for efficient
regulation=of LRRK2 GTPase activitfthe recombinani.tRRK2 RocCOR complexed
with [**P]GTPdescribed in this manuscrifffigure 3)can be egloited forthe desigrof
in vitresassays tdurther characterize how th@TPase activatoactivity of ArfGAP1 is
regulated.

Identifying the @wnstream effectors of LRRK2 GTPase domaisisanother
frontier.in the field of LRRK2 researcifhe LRRK2 RoeCOR construct can be used
future investigationsis a bait to search for the downstream effectors of LRRK2 GTPase

domain:

Involvesshuman subjects:

If yeswpInformed consent & ethics approval achieved:

=> if yes, please ensure that the info "Informed consent was achieved for
all subjects, and the experiments were approved by the local ethics

committee." is included in the Methods.

This article is protected by copyright. All rights reserved



ARRIVE guidelines have been followed:
No
=> if No or if it is a Review or Editorial, skip complete sentence => if

Yes, insert "All experiments were conducted in compliance with the ARRIVE

guidelinesy” unless it is a Review or Editorial

ConflictsTof=interest: None
=> if ‘none', insert "The authors have no conflict of interest to
declare.™

=> otherwise insert info unless it is already included

Acknowledgements/Conflict of interest disclosure

We wauld like to thank Dr. Matthew Farrer of the University of British Columbia for
providing..us the EDNAS3-LRRK2 plasmid and Mslrene Volitakis of the Florey
Neuroscience Institute fdrer help in analyzing the metal ion contents of the purified
LRRK2 RocCOR and [Y1699C]LRRK2 RGE€OR preparations with IGMS. We are

also grateful to the staff in the Australian Nuclear Science and Technology Zatgami
(ANSTOS) in Lucas Height, New 8th Wales, for their help in IGRES analysisThe

work reported in this manuscript was supported by a project ¢hpptt566743)from

the National Health and Medical Research Council of Australia 16.6. and G.C.
R.D.M.,was supported by an Australid?ostgraduate Award, a Dowd Foundation
Neuroscience Research Scholarship and an AINSE (Australian Institute of Nuclear

Science and Engineering) Postgraduate Research Award.

We declare that there is no conflict of interest for the work presented inahissoript.
Open‘Science Badges

This article has received a badge fQpen Materials* because it provided all relevant

information to reproduce the study in the manuscript. The complete Open Science

Disclosure form for this article can be found at the end of the article. More information

This article is protected by copyright. All rights reserved



about the Open Practices badges can be foun@pat//cos. io/our-services/open-science-

badges/.

List of ‘abbreviation

ArfGARL: ADP-ribosylation factor GTPasactivating protein 1

C. tepidum:=Chl or obium tepidum

COR: Gterminal of Roc

GAP: GTPaseactivating protein

GEF: Guanine nucleotide exchange factor

LRRK2:xLeucinerich repeat kinase 2

M. barkeri: Methanosarcina barkeri

MantGTP: 2'— (or-3'- O - (N' - Methylanthraniloyl)guanosine5' - O - triphosphate
MantGMPPNP:2'-(or-3")-O-(N-Methylanthraniloyljp:y-Imidoguanosine 5'-
Triphosphate

Roco: A censerved supradomain that contains aliRa$&TPase domain, called Roc,
and'a:COR (&@erminal of Roc) domain.

Roc: Ras"of complex

S21 cells:Spodoptera frugiperda Clone 21 chs

9 cells:Spodoptera frugiperda Clone 9 cells

RocCOR 22 nM (WT) 0.47x10° min’ Residues #1314 - 1878
(This study) Expressed 521 insect
cells

Y1699C mutation has no
effect on activity
RocCOR/kinase 343 uM (WT) 0.8 min* (WT) Residues #1334 - #2147
(Rudi et al. 2015) Expressed 59 insect cells
541 uM (R1441C) | 0.37 min' (R1441C)
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(Liu et'al. 2016)

Full-length Apparent k Expressed in HEK293T

(Civiero et al. 2012) 0.36 uM

Full-length 210 uM 13.8 min' Purified from murine brain

(Liu et.al. 2010) (0.23 &Y

Roc 553 uM (WT) | 0.020 mint (WT) Residues #329-1520

(Liao etal..2014) Expressed itt. coli (exists
112 uM (R1441H) | 0.009 min* (R1441H) as monomer)

Roc 154uM 0.007 mint Residues #333-1516

Expressed if. coli

LRRK2(LRR-WD)
containingLRR/Roc
COR/kinase/WD40
(Liu et,al.2012)

700 M (WT); 400
uM (G20198S)

2.4 min* (0.04 s") (WT);
1.8 miri* (0.03 s%)
(G2019S)

Residues #970-2527
Expressed in bacwaus-
infected insect cells (from

Invitrogen/ThermoFisher)

LRRK2(LRR-WD)
and its G2019S

mutant

containing LRR/Roc-
COR/kinase/WD40
(this study)

The specific activities of LRRK2 (LRRVD)
are much higher than that of LRRK2 Roc-

COR.

LRRK2(LRR-WD): 17.1x10°+ 7.9x10° min™
G2019SLRRK2(LRR-WD): 13.4x 1+

7.0x10° min?

Residues #970-2527
Expressed in baculovirus-
infected insect cells (from

Invitrogen)

Apo-RhoA 3.01 uyM 50.5min’ The apo-enzymes without

(Zhanget al..2000) Mg?*-GDP/GTP bound to

Apo-Ract 4.48 uM 95.9min™* the active site were used fd

(Zhanget-al. 2000) the kinetic analysis.

Apo-Cde42 3.40 uM 1380min™*

(Zhang etak 2000)

Apo-Ras Not detemined 0.012 min* (0.0002 8) | The apo-enzyme without

(Hall et al. 2002) Mg?*-GDP/GTP bound to
the active site was used fof
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the kinetic analysis.

Table 1 Comparison of the kinetic parameters of GT Pase activity of different
constructs of, LRRK 2 with those of several Ras-like GTPases

Figure'Legends

Figurel The seven recombinant LRRK 2 protein constructs gener ated

A. Funetional domains of LRRK2. B. A summary of expression systems, purities, yields
and stabilities of the six recombinant protein constructs containing the 2RRECOR
domains and the linkers connecting the tandem domain to the LRR and kinase domains.
The numbers in the second column indicate residue numbers of the human LRRK2

sequence.

Figure=2, Recombinant LRRK2 Roc-COR expressed in insect cells is folded and
existsasdimersin solution

A. Protein profile of column fractions of NiNTA affinity column chromatography of

S21 cell_lysates expressing LRRK2 RGOR. B. Secondary structure contents of
purified”CRRK2 RoeCOR determined by circularichroism (CD) and analysis of the

CD speetrum by the Bestsel structure prediction program. The table shows the secondary
structure contents of LRRK2 Rd&OR determined from the spectrui@. Purified
recombinantLRRK2 RocCOR in conjunction with different molecular mass protein
standards,werapplied to a Superosi size exclusion column. The column fractions
(0.25 ml.per fraction) were analyzed by SBAGE. Arrows on the right: mobilities of
LRRK2:R0cCOR and tk molecular mass protein standards. Arrows at the top: the peak
columnfractions bthe molecular mass standards includiapgferritin (443 kDa), B-
amylase (200 kDa), alcohol dehydrogenase (150 kDa) and chymotrypsin (25 kDa). The
peak column fraction of LRK2 RocCOR is marked by a red arrow. D. The plot ofilpg
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molecular weight versus the ratio of the elution volywg) to the column void volume
(Vo) of all proteins to determine the molecular mass of LRRK2Z®0OR& in solution.

Figure, 3 The truncated mutant LRRK2 Roc-CORAC lacking the C-terminal
subdomain, of the COR domain elutes as a monomer in size excluson column
chromatography

A. A" model of the Ro6COR domain ofC. tepidum Roco protein generated from its
threedimensional structure. The Roc domain in monomer B was generated by docking
the Roc domain structure of monomer A to the COR domain of monomer B. -The C
terminal portion of the COR domain mediating hedimerization of the Roco protein.

The Y804 residues homologous to the Y1699 of human LRRK2 in the two protomers are
shown. Yellow ribbons: Roc domain of monomer A. Orange ribbons: Roc domain of
monomer A docked to monomer B. Green ribbons: COR domain of monomer A. Blue
ribbons: COR domain of monomer B. PDB ID: 3DFARJ.Schematic diagram depicting

the boundaries of truncation and the affinity tags of LRRK2-R0&k and LRRK2 Roc
CORAC: ‘€ The purified LRRK2 Ro&€ORAC was prone to aggregation and
precipitation during concentration by centrifugal filter units. An aliquot (4.5 ml) of the
purified"’RRK2 Roc-CORAC of the Ni**-NTA column step without concentration was
applied to a Superdex 200 Hiload 16/60 size exclusion column for chromatography. The
column, fractions X ml per fraction) were analyzed by SIPAGE. Proteins in the
columnsfractions were detected by Coomasdie staining (upper panel). LRRK2 Roc
CORACunsthe column fractions was detected by anti-Flag Western blot (lower panel).

The Superdex 200 Hiload 16/60 size exclusion column was calibrated in a separate run
with a_number of molecular weight standards with molecular masses rangin@%rom
kDa t0.200, kDa. The plot of lag molecular weight versus the ratio of the elution
volume_(Ve)/to the column void volume (@) of the protein standards and LRRK2 Roc
CORACwFrom the plot, the molecular mass of LRRK2 Roc-COR in solution was
calculated,to be 43 kDa. The calculated molecular mass is in agreement with the
theoretical monomer molecular mass of LRRK2 f&2RAC (43.7 kDa).
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Figure 4 Evidence demonstrating tight binding of guanine nucleotides to LRRK?2
Roc-COR and its mutant

A. Absorption spectra of purified recombinant LRRK2 R&OR and [Y1699C]LRRK2
RocCOR expressed i21 insect cellsThe absorbance peaks at 260 nm and 280 nm are
indicated.by a blue arrow and a red arrow, respectiv@lyCo-purification of non
covalently bound radioactive compound(s) with recombinant LRRK2G@R from the
lysate 'offinfected21 cells metabolicallyvith [*°P] inorganic phosphate. Upper panel:
the elutioRprofile of LRRK2 Ro€OR from NF*-NTA column revealed by SDBAGE

of proteins /in the column fractions. Lower panel: the autoradiograph showing co
purificationmof radioactive compounds with LRRK2 &R6OR. An aliquot from each of
the corresponding fractions shown in the upper panel was spotted onto a filter paper. The
radioactivity) cepurified with LRRK2 RoeCOR in each fraction was detected by
phosphanaging and shown in the autoradiograin.Recombnant LRRK2 RoeCOR in

the 21 insect cell lysates was first bound to Ni-NTA agarose. The immobilized
LRRK2=Re¢COR was denatured by heat treatment at 2@5for 5 min. After
centrifugation, the nowgovalently bound radioactive compound(s) released fthen
denatured LRRK2 RGEOR was mixed with GDP and GTP standards for analysis by
TLC._Right panel: mobilities of GDP and GTP in the TLC plate revealed by UV light
illumination. Left panel: the autoradiogram showing the mobilities of the radioactive

compound(s) released from the denatured immobilized LRRK2(RuR-

Figure 5 Measurement of magnesium ions in the purified preparations of LRRK?2
Roc-COR and [Y1699C]LRRK?2 Roc-COR by inductively coupled plasma-mass
spectrometry (ICP-MS) and inductively coupled plasma-atomic emission
spectroscopy (I CP-AES)

A. Recambinant LRRK2 Re€OR and [Y1699C]LRRK2 Re€OR mutants were
purified*from lysates of the infect&21 insect cellsStoichiometries of Mg co-purified
with the LRRK2 RoeCOR (black bar) anfly 1699C]LRRK2 RocCOR (grey barwere
determined by ICRS. The protein concentrations of the LRRK2 ROOR preparations
were 12.3- 12.5 pM and those of the [Y1699C]LRRK2 RGOR preparations ranged
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from 6.6 — 8.1 uM. The concentrations of Mfgin the protein preparations were
calculated from the raw ppb values as described in Supplemental Table S1.
Stoichiometries (expressed as mol. ®ger mol. of protein) of magnesium ion in the
LRRK2 RocCOR and [Y1699C]LRRK2 RGE€OR preparations are preset Error

bars indicate SEM of three replicate measurements.

B. Stoichiometry of M§" co-purified with LRRK2 RoeCOR determined by IGRES.
Recombinant LRRK2 ReEOR in lysates of infecte®f9 cells was purified by Ni-NTA
agarosechromatography, diadgz and subjected to IGRES, either alone or with
addition of /standards at 1, 0.1 and 0.01 mileasured intensity at the specified
wavelengthyfor magnesiuons were buffersubtracted and converted to concentrations.
The concentration of LRRK2 R&COR ugd was 1.93 £ 0.11uM. From the intensity of
signal at the wavelength of 279.553 nm, the concentration &f Was calculated to be

2.05 + 0.14 pM. Stoichiometry of Mgbound to LRRK2 Ro€OR was determined
from these concentrations. The error bar indicates SEM of three replicate measurements.

Figure« Effects of Y1699C mutation on the secondary structure contents, stability

and GTFPase activity of LRRK2 Roc-COR

A. The time course ofeleaseof *?P inorganic phosphate generated by hydrolysis of [y-
¥P|GTP _catalyzed by LRRK2 ReEOR and[Y1699C]LRRK2 RocCOR expressed in
S21 cells'Data were calculated from at least three independent experiments (Error bars
indicatenx<SEM).B. The rates of GTP hydrolysisof LRRK2 RocCOR and Racl
determined by the GTéR®e activity assaffrror bars indicate + SEME. Kinetic analysis

of the, GTRase activity of wild type LRRK2 R@OR. 12.3 pmol of purified
recombinant LRRK2 RGE€OR protein expressed i6f21 insect cells was used to
perform_ thekinetic analysis (Error bia indicate + SEM)D. Circular dichroism spectra

of wild.type LRRK2 RoeCOR andY1699C]LRRK2 RoeCOR expressed 1521 insect
cells The,table shows the secondary structure contents of LRRK2CR&C and
[Y1699C]LRRK2 Ro0eCOR estimated by the Bestsel prediction program. For the
proportions of LRRK2 Ro€OR secondary structure contents, déhbelix is 13.7%,3-
strand is 30.9% and others account for 55.4%. For the proportigfd@99CJLRRK2
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RocCOR secondary structure conteriteea-helix is 12.8% B-strand is 33% and others
account for 54.2%E. Effects of the presence of different concentrations of guanidine
hydrochloride on the secondary structure contents of LRRK2-GRR and
[Y1699C]LRRK2 RoeCOR determined by circular dichroism at wavelength of 222 nm

E. The denaturation profiles of two recombinant proteins.
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