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Abstract

Background: Genetic variability in LRRKZ has been unequivocally established as a major risk
factor for familial and sporadic forms of PD in ethnically diverse populations.

Objectives: To resolve the role of LRRK?Zin the Indian population.

Methods: We performed targeted resequencing of the LRRKZ locus in 288 cases and 298
controls and resolved the haplotypic structure of LRRKZ2in a combined cohort of 800 cases and
402 controls in the Indian population. We assessed the frequency of novel missense variants in

the white and East Asian population by leveraging exome sequencing and densely genotype data,
respectively. We did computational modeling and biochemical approach to infer the potential role
of novel variants impacting the LRRK2Z protein function. Finally, we assessed the phosphorylation
activity of identified novel coding variants in the LRRKZ gene.

Results: We identified four novel missense variants with frequency ranging from 0.0008% to
0.002% specific for the Indian population, encompassing armadillo and kinase domains of the
LRRKZ protein. A common genetic variability within LRRK2 may contribute to increased risk,
but it was nonsignificant after correcting for multiple testing, because of small cohort size. The
computational modeling showed destabilizing effect on the L RRKZ function. In comparison to the
wild-type, the kinase domain variant showed 4-fold increase in the kinase activity.

Conclusions: Our study, for the first time, identified novel missense variants for LRRK2,
specific for the Indian population, and showed that a novel missense variant in the kinase domain
modifies Kinase activity in vitro.

Keywords
neurodegeneration; Parkinson’s disease; LRRK2

Mutations in the leucine-rich repeat kinase 2 (LRRK2) gene are the most commonly
identified genetic variations in familial Parkinson’s disease (PD), with seven definite
pathogenic mutations cosegregating with the disease in well-defined pedigrees.12 Genetic
variants in the LRRKZ2 gene arc also increasingly recognized as risk factors associated with
apparently sporadic PD.34 The L RRKZ2 gene has elicited much interest both as a novel
disease marker (because LRRKZ-related PD closely mimics sporadic PD phenotypically)
and as a potential therapeutic target in PD, owing to the putative role for kinase

inhibitors.>® The distribution of LRRK2 variants differs significantly among genetically
diverse populations. -1 The most commonly reported L RRK2 mutation, G2019S, accounts
for ~41% of PD in North African Arab-Berbers, ~31% in Ashkenazi Jews with familial PD2,
and is under-represented in the Asian PD population.’-2 Haplotype linkage disequilibrium
studies suggest a common founder effect in these populations.1314 Another LRRK2

variant, the R1441C/G/H, has been primarily reported in Basque cohorts with familial

PD, whereas the 12020T substitution was identified in a Japanese pedigree.®:1® The low-
penetrance PD risk variants in LRRKZ, identified by genetic association studies, are also
ethnogeographically restricted. For instance, the G2385R variant is a risk factor in Asian
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subjects with PD, particularly ethnic Chinese with a population-attributable risk of around
4%.16 Similarly, the R1628P, A419V variants were associated with PD in Asian cohorts,
whereas the M1646 T conferred risk in whites.#8:17.18 |n a large East Asian cohort assessing
nonsynonymous coding variations in the known PD genes, only variations in the LRRK2
were found to be enriched in PD patients.19:20 population-specific differences in the minor
allele frequencies of the L RRKZ2variants may contribute toward the relative significance of
a particular variant in genetically diverse populations.?! In this context, studying genetically
diverse populations is important to identify hitherto uncharacterized variations in the
LRRK2 gene. The Indian population is under-represented in studies of human genetic
variation in general and specifically in PD, and the variations in the Indian genome are
poorly represented by ethnically different populations.22 In addition to the characterization
of novel disease-associated variants in a global context, there may be population-specific
benefits in the identification of population-specific genetic risk variants, particularly in

the context of LRRKZ2and its role as a putative therapeutic target. Specifically, in India,

the G2019S substitution was found to be an uncommon cause of familial or sporadic
PD.23.24 The G2019S, R1441G/C/H, 12012T, and 12020T were also uncommon in a large
cohort of Indian PD patients, including probands from autosomal-dominant pedigrees.2>
The common mutations, as well as the Asian risk-associated variant, G2385R, were not
identified in an East Indian cohort and a haplotype-tagging single-nucleotide polymorphism
(SNP) approach failed to identify a contributory role for variations in LRRKZin this
cohort.26 Taken together, these data suggest that as-yet-unidentified common and rare
genetic variations in the LRRKZ2may be contributing to PD risk in the Indian population.
Indeed, linkage disequilibrium evidence suggests that PD-associated LRRKZ2 variations in
the Indian genome are likely to parallel those reported from the white, rather than the
Japanese, cohorts.2” We conducted a clinicogenetic association study to identify such PD-
associated genomic variations in the LRRKZ gene in the Indian population.

Materials and Methods

We formed a trilateral consortium, Lux-GIANT (Luxembourg German Indian Alliance

on Neurodegenerative diseases and therapeutics), to understand the genetic causes of
neurodegenerative diseases, in particular PD and atypical parkinsonian syndromes such
as MSA, PSP, dementia with Lewy bodies, and cortical basal syndrome, in the Indian
population, which has so far been under-represented in genomic research. The PD

cohort consisted of 800 cases and 402 controls. The diagnosis of PD was made by
experienced movement disorder specialists and based on the UK Parkinson’s Disease
Society Brain Bank criteria.28 Mean age at onset was 49.9 years (range, 24-80). All

the clinical data were prospectively collected (age of onset, duration of symptoms,
neurological examination findings, non-neurological examination findings, treatment details,
and response to treatment) both for sporadic and familial cases. All apparently sporadic
cases were interviewed in detail to identify a positive family history. Data related to

both sporadic and familial PD were compiled for research purposes in the data bank of
the Movement Disorder Clinic. Ethnically matched healthy controls, unrelated to patients,
were also regularly recruited to build a comprehensive control group for the study. Before
inclusion in the study, the controls were examined for any neurological disorders and
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queried for any family history of neurodegenerative disorders. The institutional ethics
committee approved the study. All participants signed an informed consent.

Resequencing of LRRK2 Locus

Resequencing was performed at the Core facility of Applied Transcriptomics and Genomics
at the Institute of Medical Genetics and Applied Genomics, University Hospital of
Tubingen, (Tubingen, Germany). A total of 288 cases and 298 controls (post-QC [quality
control]) were selected for resequencing. A Nextera rapid capture custom enrichment was
designed (Illumina, San Diego, CA) targeting 216 kilobase pair (kbp) of the LRRKZ2

locus, including introns and the 5” and 3 untranslated regions. Enrichment was performed
with two amplification cycles according to the manufacturer’s protocol. Sequencing was
performed on a NextSeq500 producing 75 base pairs paired-end reads (NextSeq MidOutput
Kit 150 cycles; lllumina). Raw read data were analyzed using an in-house analysis pipeline
consisting of the following tools in the given order: SeqPurge for adapter trimming, BWA
mem for read mapping, samblaster for duplicate removal, ABRA for indel realignment,
freebayes for variant calling, and SnpEff/SnpSift2%-32 for variant annotation. In order to
find new risk factor variants for PD, we filtered the raw variant using two criteria: (1) The
variant must be a missense variant, and (2) the variant should not be present in known public
databases such as 1000 genomes, Exome variant server, EXAC, and GnomAD, including
subpopulations. For all analyses, the hg19 genome was used as a reference.

International Parkinson Disease Genomics Consortium and COURAGE-PD Cohort

To compare the frequency of novel variants in the white and East Asian population,

we leveraged the genetic data resource from the International Parkinson disease

Genomics Consortium (IPDGC) and COURAGE-PD (Comprehensive Unbiased Risk
Factor Assessment for Genetics and Environment in Parkinson’s Disease; http://
www.neurodegenerationresearch.eu/tr/publication/couragc-pd/). In brief, we first used the
whole-exome sequencing (WES) data set from the IPDGC, which includes 1,167 PD cases
and 1,685 controls (post-QC) to determine ancestry. Additionally, we also leveraged NeuroX
data from the IPDGC.33 In brief, Standard GATK filter steps were applied, together with

a minimum genotype quality Phred-score of 20 and depth of 8, to only select high-quality
variants. The NeuroX data set encompasses 6,801 PD cases and 5,970 controls (post-QC)
or European ancestry. Over-lapping samples with the WES data set were excluded. For
individual QC in both the WES and the NeuroX data sets, samples were removed when
showing sex ambiguity, dubious heterozygosity/genotype calls, evidence of relatedness, or
being a population outlier. Further details of the cohort were described elsewhere.3435 For
COURAGE-PD data, we leveraged the results from targeted resequencing of European (800
PD cases and 800 controls) and Korean (690 PD patients and 690 controls) cohorts.36:37 In
brief, DNA pools were generated, each representing 10 individuals, and target enrichment
was performed using a 5 Mb HaloPlex (Agilent Technologies, Santa Clara, CA) kit
designed to capture 776 targets, including genome-wide association study (GWAS) regions,
Mendelian genes, and candidate loci in PD. Libraries were sequenced on an lllumina

HiSeq instrument, followed by bioinformatic processing including alignment with bwa 0.5.9
variant calling, filtering and recalibration with GATK 3.4, and annotation with ANNOVAR
version 2015 Jun 17.
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Common Variants and LRRK2 Variability

A two-stage strategy was used to assess the role of genetic variability of LRRK2. In the first
stage, a total of 288 cases and 298 controls were used to define common genetic variability.
A standard QC pipeline, as implemented in PLINK software (v.1.9), was applied.38 For the
screening stage, resequencing cohort samples with a call rate less than 90% (n = 48 cases
and 14 control subjects), SNPs with a minor allele frequency less than 0.05 (n = 1841),
SNPs with significant departure from Hardy—Weinberg equilibrium (£< 0.001; n = 31),
SNPs with a missingness rate greater than 5% (n = 0), or SNPs with inaccurate clustering (n
= 0) were excluded from analysis. A total of 523 SNPs were selected. For stage 1 analysis,
a trend model was used to test for the association for each SNP. Using Haploview, we
determined the linkage disequilibrium (LD) structure of LRRKZin the Indian population.

A multimarker strategy, as implemented in Haploview, was used to define tagSNPs. A
cutoff of r2 > 0.8 was used to select tagSNPs. For the replication stage, a threshold of

1 x 107 (0.05/523 = 1 x 107°) was used to select SNPs for replication stage. For the
replication stage, a total of 550 cases and 125 controls were selected for genotyping. The
genotyping core was blinded to case—control status. Genotyping was performed using a
matrix-assisted laser desorption/ionization time-of-flight mass spectrometry on a MassArray
System (Agena Bioscience, San Diego, CA). Cleaned extension products were analyzed by
a mass spectrometer (Bruker Daltonics Inc., Billerica, MA), and peaks were identified using
MassArray Typer software (version 4.0.2.5; Agena Bioscience). Assays were designed by
the AssayDesigner software (version 4.0; Agena Bioscience) with the default parameters for
the iPLEX Gold chemistry and the Human GenoTyping Tools, ProxSNP and PreXTEND
(Agena Bioscience). All variants were genotyped in one multiplex assay. An experienced
investigator blinded to case or control status of the samples visually checked genotype
clustering. The average call rate of the variants was 97%. For combined analysis, a logistic
regression model adjusted for age, sex was used to test for association. A Bonferroni
correction was used to control for multiple testing. Power calculations showed that with 800
cases and 400 controls, our study would have at least 44% power to detect an allele-based
odds ratio of 1.15 for minor allele frequencies of 15% or higher for alpha = 0.05. Power
would be only 5% for a minor allele frequency of 2% and odds ratio of 1.15, but it would be
37% for the same minor allele frequency of 2% and odds ratio of 3.0.

Computational Modeling of Novel Missense Variants

We utilized a preminimized structural model of the Armadillo domain that we previously
generated to predict the full-length, quaternary structure of LRRK239 For the three mutants,
we performed energy calculations by using the ddG_monomer protocol from Rosetta
software using standard settings.*? A total of 50 cycles of energy calculations, for both the
wild-type (WT) and mutant forms, were carried out both in low-resolution (i.e., with a fixed
backbone) and high-resolution (i.e., allowing backbone degrees of freedom) modes. AAG
values were finally obtained by comparing the total energies of the top models generated
for the mutant and WT forms and are expressed in Rosetta energy units. Finally, the
pathogenicity of the variants was calculated using the Combined Annotation Dependent
Depletion (CADD) score. A threshold greater than 13 was used to define the pathogenicity
of variants.
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Biochemical Analysis

LRRK?ZKkinase activity has been determined by cell-based Rab-assays, which have been
adapted based on previous work.4142 Briefly, for this purpose, Strep/Flag-tagged LRRK2
variants, generated by site-directed mutagenesis, have been coexpressed with Elag/HA-
tagged Rab10 in HEK293T cells. For this purpose, the human Rab10 CDS was subcloned
in an in-house FLAG-HA pcDNAZ3.0-based Gateway destination vector. The generation of
LRRK?Z expression construct has been described elsewhere.*3 Two days after transfection
with a polyethylenimine-based reagent, cells were lysed in lysis buffer (30 mM of Tris—
HCI [pH 7.4], 150 mM of NaCl, 0.5% Nonidet-P40, protease inhibitor cocktail [Roche,
Indianapolis, IN], and phosphatase inhibitor cocktails I Il and 111 [Sigma-Aldrich, St. Louis,
MOY). Tagged proteins were purified by Anti-FLAG M2 Affinity Gel (Sigma-Aldrich)

and eluted from the affinity resin by the FLAG peptide (Sigma-Aldrich), as previously
described.** Samples were analyzed by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). The amount of the FLAG/HA-Rab10 protein was determined
by densitometric comparison of the corresponding protein bands with a bovine serum
albumin (BSA) standard visible after staining of the polyacrylamide gel with colloidal
Coomassie using ImageJ (v1.51 rv1.46r; National Institutes of Health, Bethesda, MD). For
western blot analysis, samples were adjusted to equal amounts of Rab10. Polyvinylidene
difluoride membranes were blocked in 1% polyvinylpyrrolidone (Sigma-Aldrich) and 0.5%
BSA in Tris-buffered saline with Tween 20. Rab-10 phosphorylation was determined by
probing with a monoclonal motif-specific antibody (RxxS/T, clone 110B7E, 1:10,000; Cell
Signaling Technology, Peabody, MA) and a secondary horseradish peroxidase—conjugated
antirabbit antibody (1:15,000; Jackson ImmunoResearch, West Grove, PA) in blocking
buffer. Detection of signals was performed with ECL+ (GE Healthcare, Waukesha, WI).

Statistical Analysis

Results

Densitometric analysis of signals was performed with ImageJ (National Institutes of Health).
Statistical analysis (analysis of variance and Tukey’s post-hoc test) has been performed by
in-house R-scripts.

Resequencing of LRRK2 Locus

Overall, for all samples, an average sequencing depth of 244x was achieved. On average,
97.85% of the 366-kbp target region was covered at least 20x. Of the 599 samples (298
cases and 301 controls), nine were found to be of low quality (average depth on the target
region less than 50x or less than 93% of the target region covered at least 20x). These 10
samples, and three more samples that were found to he duplicated, were excluded from
further analysis. Thus, a total of 288 PD cases and 298 controls were available for the
variant analysis. On average, each sample yielded 800 variants, resulting in approximately
472,000 variants overall. Using the above filtering criteria, we were able to identify four
novel variants (Table 1). These variants observed on exons 11, 12, 14, and 39 encompassed
the armadillo and kinase domains of LRRK2. Frequency of novel variants ranged from
0.0008% to 0.002%, suggesting that these variants are a rare cause of PD in the Indian
population (Table 1). Using exome and an array-based cohort from the IPDGC and targeted
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resequencing cohorts from COURAGE-PD respectively, we observed that these variants are
not present in the white and South Korean populations, further suggesting that these variants
are population specific (Table 1).

Common Genetic Variability and LRRK2 Risk in Indian Population

A total of 523 SNPs were selected for the first-stage analysis. A trend model was used to
test for association. Four large LD blocks with large D’ values were defined. In addition,
few small LD blocks covering the upstream and downstream regions of the LRRK2
were identified (Supporting Information Figure S1). In the stage 1 analysis, a number of
markers showed a significant association with disease status, but were found to be not
significant after adjustment for multiple testing (Table 2). We selected, on average, one
SNP per haplotype blocks for validation. For the replication stage, SNPs with the lowest
Pvalue could not be replicated, though we observed a trend for the association. Lack

of confirmation could be attributed to the small cohort size. Previously published studies
identified a protective haplotype (N551 K-R1398H-K 1423 K) in the white population.* We
observed all three markers in our resequencing data. The haplotypic association showed
a minor haplotype frequency of 0.0041% in cases and 0.0027% in controls. In contrast
to the protective effect of the haplotype, our study observed an increased risk, though
the haplotype association was not significant in our data set (odds ratio = 1.52; P=
0.711).421 The smaller sample size of our cohort is a plausible reason for not obtaining
a significant association. Interestingly, we observed R1628P only in 1 case and did not
identify any G2385R carrier, indicating that East Asian—specific variants are rare in the
Indian population.

Clincial Features

All PD patients who carried potential pathogenic variants (Ala397Thr, Gly472Arg,
Lcu550Trp, and Asp1887G) were clinically diagnosed with PD. None of the affected
individuals had a positive family history. Affected individuals exhibit classical symptoms
of PD (resting tremor, bradykinesia, rigidity) (Table 3). Non-motor symptoms were present
in all the PD patients carrying a pathogenic variant (Table 3).

Computational Modeling of Rare Variants and LRRK2 Function

Mutations Ala397Thr, Gly472Arg, and Leu550Trp are found within the C-terminal half of
LRRKZ Armadillo domain and in close contact with the leucine-rich repeat (LRR) domain
interaction interface (Fig. 1). To better understand the functional consequences of these

rare variants, we performed energy calculations using the structure of the armadillo domain
alone (see Materials and Methods). This approach predicts the stabilizing or destabilizing
effect of a mutation as respectively negative or positive differences in free energy (or AAG)
between the mutant and the WT protein. The three mutations are similarly predicted to have
a destabilizing effect on the armadillo domain structure (Supporting Information Table S1
with prediction energies).

Given that mutations Gly472Arg, Leus50Trp are spatially proximal to the interaction
interface with the LRR domain in the LRRK2 quaternary structure model (Fig. 1), it
is possible that their downstream effect is a perturbation of intramolecular regulatory
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interactions mediated by LRRKZ's N-terminal. Interestingly, the mutation which is
predicted to cause the most detrimental effect, that is, Leu550Trp (AAG = 6.579 REU),

is adjacent to a motif region (i.e., amino acids [a.a.] 538-547) that has been recently
described to mediate the interaction with Fas-associated protein with death domain (FADD),
thus linking LRRKZsignaling to apoptotic pathways.*> Hence, by similarly altering the
armadillo domain structure, these mutations might affect, either directly or indirectly,
LRRKZintramolecular regulatory mechanisms or mediated interactions and downstream
signaling pathways.

Pathogenic LRRK2 Variants Have Been Shown to Increase Kinase Activity

In vitro assays demonstrated a robust increase in autophosphorylation for pathogenic
variants in the kinase domain, at least for the most prominent Gly2019Ser variant, which
also shows a consistent increase in LRRKtide assays over various studies.*>-47 In addition,
the recent identification of a subset of Rab proteins as physiological substrates by a
mass-spectrometry—based screen allowed the development of cell-based LRRKZ activity
assays.41:42.48

Like Gly2019Ser, one of the variants, Asp1887Gly, falls in the LRRKZ kinase domain.
Whereas Gly2019ser alters the DYG motif preceding the activation loop, the novel variant
is localized in the Glycine-rich loop (G-loop), a conserved motif which is involved in
adenosine triphosphate (ATP) binding and therefore critical for the phospho-transfer activity
of a kinase.#9 It consists of three conserved glycines (GxGxxG motif), corresponding to the
LRRK?Zresidues Gly1886, Gly1888, and Gly1891. The new PD variant, Asp1887Gly, was
found just downstream of the first conserved Glycine residue. Given the importance of the
G-loop in the catalytic process of a kinase, we wondered whether this variant has an impact
on LRRKZKkinase activity. In a cell-based assay, the novel Asp1887Gly LRRKZ G-loop
variant showed a significant increase in Rab10 phosphorylation by approximately 4-fold of
the WT level. Furthermore, the levels observed for the G-loop variant were comparable to
LRRKZ2 Gly2019Ser, which increased Rab10 phosphorylation by approximately 7-fold (Fig.
2). Taken together, the functional assay supports the genetic data, demonstrating that the
novel variant in the LRRKZkinase domain indeed shares biochemical features of confirmed
pathogenic LRRK2 variants.

Discussion

To date, LRRKZ has been consistently shown to be a major risk factor both for familial and
sporadic forms of PD in the majority of ethnically diverse populations. A majority of studies
from the Indian subcontinent assessed the role of known variants (e.g., G2019S) primarily
identified in the white population—and excluded the role of these LRRKZ2 variants in the
Indian PD population.23:2550.51 Here, we performed the first comprehensive study using
targeted sequencing in Indian PD patients, which led to the identification of population-
specific novel variants and underscores the relevance of allelic heterogeneity in PD.

The identification of population-specific variants in the armadillo and kinase domain, if
confirmed, will help to understand the molecular mechanism of LRRKZrelated PD. For
example, LRRKZ has been shown to induce apoptotic neuronal cell death by the FADD
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pathway.>2 Interestingly, the Leu550Trp variant is localized right downstream of a recently
identified FADD binding motif within the armadillo domain.*®> Another PD variant within
the LRRKZarmadillo domain, Glu193Lys, has recently been functionally characterized.
This work showed that this variant alters LRRKZbinding to dynamin-related protein 1,
thereby preventing mitochondrial fission upon MPP* treatment.*8 Taken together, these
reports suggest that pathogenic variants within the N-terminus might alter the scaffolding
properties of LRRKZ2. The variant Asp1887Gly is part of the G-loop motif. Beside its
importance in the ATP binding/hydrolysis has been shown to be involved in the binding

of the cdc37 cochaperone of heat shock protein 90 (Hsp90) client kinases.*® L RRK2has
been previously shown to bind Hsp90 and cdc37.53 Further functional studies are warranted
to understand their role in PD pathogenesis. The carriers identified have a negative family
history, indicating the reduced penetrance of these variants. Of note, the Asp1887Gly variant
is observed in the kinase domain, and most of the studies have excluded the role of the
G2019S variant in the Indian population. It is important to note that the populations which
have been under-represented in the genomic research, such as the Indian population, will
invariably identify novel variants which have not been documented in well-characterized
publically available resources. We have taken every precaution to define our variants using
the guidelines published by the American College of Medical Genetics and Genomics

and the Association for Molecular Biology.>* Based on the genetic, computational, and
functional assays, the kinase variant identified in our cohort should be considered “likely
pathogenic,” and the three remaining variants should be categorized as “variants of uncertain
significance.” Therefore, further genetic screening of the LRRKZ2 gene in an expanded
cohort from the Indian population is highly warranted before any conclusive claims related
to their pathogenicity can be confirmed.

Replicating association signals, either from GWAS or candidate gene studies, relies on the
existence of similar patterns of LD between the unknown causal variants and the genotyped
SNPs; the likelihood of replicating the association signal is greater, where patterns of LD
are more similar across populations.?2 A previous study comparing reference populations
using HapMap and the Singapore Genome Variation Project concluded that the likelihood
of replicating association signal obtained from the white population is greater in the Indian
population as compared to other ethnically diverse populations.2’ Indeed, the frequency of
the common variants used in our study is comparable to that of the white population.54:55
For common variants, the consistency of directionality of effect estimates observed in both
stages showed that observed finding is not an artifact. The lack of association observed in
our cohort reflects the small sample size.

There are few drawbacks of our study. Our study has 44% power to detect the allele-based
odds ratio of 1.15 or higher for alpha = 0.05. Given the effect estimates observed in our
study, we would need more than ~10,000 subjects to confirm the observed association, as
has been shown in previously published large-scale GWAS.55:56 Here, given the currently
limited number of samples available from India, we are confident that our network will
provide fresh impetus in developing a comprehensive biobank and database for PD and other
neurodegenerative diseases in India to conduct large-scale, population-based studies.
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In conclusion, our study, for the first time, performed a comprehensive genetic screen of
LRRK?Zin the Indian population and showed that allelic heterogeneity is important in

PD pathogenesis. Thus, a large-scale screening of known PD loci identified in the white
population should be performed to catalogue population-specific variants. The cataloging
of such variants will help to define population-specific diagnostic screen panels, which will
eventually help to define enriched cohorts for clinical trials. B

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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KINASE

FIG. 1.
Novel PD variants represented on LRRKZ2 quaternary structure: (a) overview of variants,

represented as red spheres, on the structural model of dimeric LRRKZ (ref 27357661),
represented as cartoon and surface. The following domain-specific color scheme is used:
Armadillo in white, Ankyrin (ANK) in green, LRR in yellow, Roc in raspberry, COR in
wheat, Kinase in slate, and WD40 in lime; (B) zoom of mutations affecting the Armadillo
domain; (C) zoom of the mutation affecting the kinase domain. The ATP analogue, AppCp,
fitted from the Roco4 Kinase domain (PDB ID: 4FOF), is shown as gray sticks; (D) sequence
conservation logo of the G-loop region obtained from Pfam. Kinase family seed alignments
and visualized with Jalview.
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FIG. 2.
Cell-based Rab10 phospho-assay comparing the Asp1887Gly (D1887G) variant with

WT LRRK?Z, the most common PD variant Gly2019Ser (G2019S) and a kinase-dead
control Lys1906Met (K1906 M). Strep/FLAG-LRRKZ variants have been coexpressed
with Flag/HA-Rab10 (N = 3 biological +3 technical replicates). Statistical significance
has been determined by ANOVA and Tukey’s post-hoc test. Left panel: relative Rab10
phosphorylation levels observed for different LRRK2 variants. Right panel: SDS-PAGE
and western blot analysis after FLAG-IP. Rab10 phosphorylation has been detected by
a phospho-pattem—specific antibody. Equal loading has been determined by colloidal
Coomassie stain. For the western blot analysis and for the colloidal Coomassie stain,
approximately 8 and 37 pmole of FLAG/HA-Rab10 were loaded, respectively.
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