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Abstract 30 
 31 
Parkinson’s disease (PD) is characterized pathologically by the selective loss of substantia nigra (SN) 32 
dopaminergic (DAergic) neurons. Recent evidence has suggested a role of LRRK2, linked to the most 33 
frequent familial PD, in regulating synaptic vesicle (SV) trafficking. However, the mechanism whereby 34 
LRRK2 mutants contribute to nigral vulnerability remains unclear. Here we show that the most common 35 
PD mutation LRRK2 G2019S impairs SV endocytosis in ventral midbrain (MB) neurons including DA 36 
neurons, and the slowed endocytosis can be rescued by inhibition of LRRK2 kinase activity. A similar 37 
endocytic defect, however, was not observed in LRRK2 mutant neurons from the neocortex (hereafter, 38 
cortical neurons) or the hippocampus, suggesting a brain region-specific vulnerability to the G2019S 39 
mutation. Additionally, we found MB-specific impairment of SV endocytosis in neurons carrying 40 
heterozygous deletion of SYNJ1 (PARK20), a gene that is associated with recessive Parkinsonism. 41 
Combining SYNJ1+/- and LRRK2 G2019S does not exacerbate SV endocytosis but impairs sustained 42 
exocytosis in MB neurons and alters specific motor functions of one-year old male mice. Interestingly, 43 
we show that LRRK2 directly phosphorylates synaptojanin1 in vitro, resulting in the disruption of 44 
endophilin-synaptojanin1 interaction required for SV endocytosis. Our work suggests a merge of 45 
LRRK2 and SYNJ1 pathogenic pathways in deregulating SV trafficking in MB neurons as an underlying 46 
molecular mechanism of early PD pathogenesis.    47 
 48 
Significance statement 49 
 50 
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Understanding MB DAergic neuron-selective vulnerability in PD is essential for the development of 51 
targeted therapeutics. We report for the first time a nerve terminal impairment in SV trafficking 52 
selectively in MB neurons but not cortical neurons caused by two PARK genes – LRRK2 (PARK8) and 53 
SYNJ1 (PARK20). We demonstrate that the enhanced kinase activity resulting from the most frequent 54 
G2019S mutation in LRRK2 is the key to this impairment. We provide evidence suggesting that LRRK2 55 
G2019S and SYNJ1 loss-of-function share a similar pathogenic pathway in deregulating DAergic 56 
neuron SV endocytosis and that they play additive roles in facilitating each other’s pathogenic functions 57 
in PD.   58 
 59 
Introduction 60 
 61 
Parkinson’s disease (PD) is the most common neurodegenerative movement disorder and it is thought 62 
to occur due to substantial loss of the nigral DAergic neurons in the ventral MB. Human genetic studies 63 
have identified over 20 genetic variants, which are linked to PD pathogenesis (Hardy et al., 2006; 64 
Hernandez et al., 2016); however, we have so far gained little insight in nigral DAergic neuron 65 
vulnerability based on these findings. Mutations in LRRK2/PARK8 represent the greatest contributor to 66 
inherited forms as well as some sporadic forms of PD (Paisan-Ruiz et al., 2004; Zimprich et al., 2004). 67 
The most frequent Gly2019Ser (G2019S) mutation in LRRK2 kinase domain results in enhanced kinase 68 
activity (West et al., 2005), suggesting a gain-of-toxic-function as the potential pathogenic mechanism. 69 
Many pathogenic pathways of LRRK2 mutants were suggested; however, validation of the disease 70 
related pathways is hindered by the lack of robust mammalian models of LRRK2 PD mutations (Yue 71 
and Lachenmayer, 2011). Thus, the molecular mechanism underlying the pathogenesis of LRRK2 72 
mutant remains mostly elusive. Despite the lack of obvious PD-like toxicity in the available rodent 73 
models, a common functional alteration in those models is associated with DA transmission deficiency 74 
(Tong et al., 2009; Melrose et al., 2010; Beccano-Kelly et al., 2015). We previously reported altered DA 75 
release/uptake in BAC transgenic mice expressing LRRK2 G2019S but not in control BAC mice 76 
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expressing WT LRRK2 (Li et al., 2010). There has been little understanding, however, on the molecular 77 
basis of deregulated DA transmission.  78 
    Emerging evidence suggested a role of LRRK2 in SV recycling, which is supported by its localization 79 
to the SV fraction (Piccoli et al., 2014) and its regulation of synaptic proteins including rab5b (Shin et al., 80 
2008), NSF, synapsin (Piccoli et al., 2014) and endophilin (Arranz et al., 2015; Matta et al., 2012). 81 
Examination of the proteome and phosphoproteome of flies expressing LRRK2-R1441C also implicated 82 
dysfunctional synaptic vesicle recycling as a potential LRRK2 pathogenic pathway (Islam et al., 2016). 83 
A recent human study reported genetic variability within DNM3 (encoding dynamin3), which is known to 84 
regulate SV endocytosis (Raimondi et al., 2011), as an age-of-onset modifier for LRRK2 G2019S 85 
carriers (Trinh et al., 2016), further highlighting the contribution of SV dysfunction to PD pathogenesis. 86 
Whether the deregulated SV function represents a core mechanism for the dysfunctional DAergic 87 
system in PD-risk genetic backgrounds requires further validation in the relevant cell type.    88 
      We and others reported a novel recessive missense mutation (R258Q) in SYNJ1 (chromosome 89 
21q22) known as PARK20, which is associated with early-onset Parkinsonism (Krebs et al., 2013; 90 
Olgiati et al., 2014; Quadri et al., 2013). SYNJ1 encodes a synapse-enriched inositol phosphatase, 91 
synaptojanin1 (synj1), which is essential for SV endocytosis and neural development (Cremona et al., 92 
1999). Mice carrying the disease mutation recapitulated PD-like motor deficits and displayed impaired 93 
SV clathrin coat removal and loss of nigral DAergic innervation (Cao et al., 2017). Interestingly, synj1 94 
binding partner - endophilinA was recently reported as a potential substrate of LRRK2 (Arranz et al., 95 
2015; Matta et al., 2012), which raises a possibility for the interaction of LRRK2, endophilin and synj1 in 96 
the same pathogenic pathway of PD. Herein we examined cultured neurons derived from the ventral 97 
MB, which contains mostly DAergic and GABAergic interneurons from the SN and VTA. We show 98 
impaired SV endocytosis caused by LRRK2 G2019S mutation or SYNJ1 heterozygosity in MB neurons, 99 
but not in cortical or hippocampal neurons. We report evidence that LRRK2 PD mutation and SYNJ1 100 
deficiency converge at the MB neuron nerve terminal for deregulation of DA signaling in PD.  101 
 102 
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Materials and Methods 103 
 104 
Animals, Cell culture and Transfection 105 
Mice were housed in the pathogen-free Center for Comparative Medicine at Icahn School of Medicine 106 
at Mount Sinai. Handling procedures were in accordance with National Institutes of Health guidelines 107 
and approved by the Mount Sinai Institutional Animal Care and Use Committee (IACUC). LRRK2 BAC 108 
Transgenic mice were described previously (Li et al., 2010). SYNJ1+/- mice were gifts from Dongming 109 
Cai’s laboratory at the Mount Sinai VA hospital Campus. MB cultures (Mani and Ryan, 2009; Pan and 110 
Ryan, 2012) and cortical cultures (Mani et al., 2007) were prepared as described before. Ventral MB 111 
(containing both VTA and SN) or cortices were dissected from P0-1 mice pups of either sex and 112 
digested using papain (Worthington, Lakewood, NJ, Cat# LK003178) or trypsin (Sigma-Aldrich, Cat# 113 
T1005) supplemented with DNase (Sigma-Aldrich, Cat# D5025), respectively. MB neurons were then 114 
prepared according to our previously published protocol plated at a cell density of 199,000 cells / cm2 115 
and grown in the Neurobasal-A based medium supplemented with GDNF (10 ng/ml, EMD Millipore, 116 
Cat# GF030). Cortical neurons which were also prepared from P0-1 mice pups of either sex were 117 
plated at 142,000 cells / cm2 and grown in the MEM-based medium supplemented with insulin (24 g / 118 
ml, Sigma, Cat# I6634) and transferrin (0.1 mg / ml, Calbiochem, Cat# 616420). Typically, four P0-P1 119 
mouse brains are required for a MB culture. Calcium phosphate was used for transfection to achieve 120 
sparse expression and to ensure analysis of single neurons during the imaging experiments. 121 
Transfection was carried out at DIV 3-5 for MB neurons and at DIV 5-6 for cortical neurons, after which, 122 
the growth medium was replaced with a fresh medium supplemented with an antimitotic agent, ARA-C 123 
(Sigma-Aldrich, Cat# C6645). P0-P1 Sprague-Dawley rat pups were used to make rat MB and 124 
hippocampal cultures as described previously (Ariel and Ryan, 2010; Pan and Ryan, 2012).  125 
Constructs and cloning 126 
    FLAG-mLRRK2 WT and FLAG-mLRRK2 G2019S were engineered by inserting mLRRK2 cDNAs 127 
into p3xFLAG-CMVTM-7.1 (Sigma-Aldrich, Cat# E4026) via restriction sites, Not I and Xba I. pEGFP-128 
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N3-endophilin1 and pEGFP-C1-FLAG-hSYNJ1 were gifts from the De Camili laboratory (Yale 129 
University). Site-directed mutagenesis (QuickChange Lightning kit, Agilent, Santa Clara, CA, Cat # 130 
210518) was used to generate synj1 mutant constructs: synj1 T1205A, synj1 T1205E, synj1 T1202A, 131 
synj1 D769A. The following primers were used to generate synj1 mutant constructs: synj1 132 
T1205A_forward: 5’- AGCACCCAAAAGCCCTGGAGCAACAAGGAAAGATAATATAG -3’, synj1 133 
T1205A_reverse: 5’- CTATATTATCTTTCCTTGTTGCTCCAGGGCTTTTGGGTGCT -3’; synj1 134 
T1205E_forward: 5’- AGCACCCAAAAGCCCTGGAGAGACAAGGAAAGATAATATAG -3’, synj1 135 
T1205E_reverse: 5’- CTATATTATCTTTCCTTGTCTCTCCAGGGCTTTTGGGTGCT -3’; synj1 136 
T1202A_forward: 5’-ATGGAAGCACCCAAAGCCCCTGGAACAACAAGG -3’, synj1 T1202A_reverse: 137 
5’-CCTTGTTGTTCCAGGGGCTTTGGGTGCTTCCAT-3’. Synj1 S1202A_forward: 5’-138 
ATGGAAGCACCCAAAGCCCCTGGAACAACAAGG-3’, Synj1 S1202A_reverse: 5’-139 
CCTTGTTGTTCCAGGGGCTTTGGGTGCTTCCAT-3’; synj1. When performing co-immunoprecipitation 140 
with EGFP-endophilin1, EGFP was deleted from pEGFP-C1-FLAG-hSYNJ1. To delete EGFP from 141 
pEGFP-C1-FLAG-hSYNJ1 by site-directed mutagenesis (QuickChange Lightning kit, Agilent, Cat# 142 
210518) we used the following primers - forward: 5’- 143 
CGCTAGCGCTACCGGTCGCCACCTCCGGACTCAGATC -3’, reverse: 5’- 144 
GCTTGAGCTCGAGATCTGAGTCCGGAGGTGGCGACCGG -3’. All oligonucleotides were synthesized 145 
by Integrated DNA Technologies and sequences validated by Genewiz.   146 
Immunofluorescence and antibodies 147 
    ICC: Following imaging experiments all cells were stained for the DAergic neuron specific marker, 148 
tyrosine hydroxylase (TH). Neurons were fixed in PFA (containing 4% paraformaldehyde (EMS, PA, 149 
USA) in 1 x PBS) for 10 min, permeabilized in 0.2% Triton, and blocked with 5% BSA for 40-60 min in 150 
37°C. Primary antibodies were diluted in 5% BSA and incubated with the cells at 37°C for 1 hr, and 151 
then incubated with 1:1000 dilution of Alexa Fluor® secondary antibodies (Thermo Fisher Scientific). 152 
The following primary antibodies were used: Anti-TH antibody (monoclonal, Sigma-Aldrich Cat# T2928 153 
RRID:AB_477569, or polyclonal, Millipore Cat# AB152 RRID:AB_390204, both used at 1:1000 dilution) 154 
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and chicken anti-GFP (Thermo Fisher Scientific Cat# A10262 RRID:AB_2534023, 1:1000 dilution), 155 
rabbit anti-synj1 (Novus Cat# NBP1-87842 RRID:AB_11047653, 1:500 dilution), mouse anti-LRRK2 156 
clone N241A/N34 (NeuroMab, 1:500 dilution), guinea pig anti-synapsin 1/2 (Synaptic Systems Cat# 157 
106 004 RRID:AB_1106784, 1:500 dilution). 158 
Optical setup and live cell imaging 159 
    For live cell imaging, cells were mounted on a custom-made laminar-flow stimulation chamber with 160 
constant perfusion (at a rate of ~0.2-0.3 ml / min) of a Tyrode’s salt solution containing (in mM) 119 161 
NaCl, 2.5 KCl, 2 CaCl2, 2 MgCl2, 25 HEPES, 30 Glucose, 10 M 6-cyano-7- nitroquinoxaline-2,3-dione 162 
(CNQX), and 50 M D, L-2-amino-5-phosphonovaleric acid (AP5) and buffered to pH 7.40. NH4Cl 163 
solution containing (in mM) 50 NH4Cl, 70 NaCl, 2.5 KCl, 2 CaCl2, 2 MgCl2, 25 HEPES, 30 Glucose, 10 164 

M CNQX, and 50 M AP5 and buffered to pH 7.40 was used to reveal total pHluorin expression for 165 
normalizing exocytosis. All chemicals were purchased from Sigma-Aldrich except for bafilomycin A1 (1 166 
μM, Calbiochem, Cat# 196000-1SET). Temperature was clamped at 30.0 C at the objective 167 
throughout the experiment. Field stimulations were delivered at 10 V / cm by A310 Accupulser and 168 
A385 stimulus isolator (World Precision Instruments). A 1 ms pulse was used to evoke single action 169 
potentials. Normalized exocytosis is determined by the size of the pHluorin signal relative to the 170 
maximum response upon a brief perfusion of the NH4Cl (pH = 7.4) solution. Images were acquired 171 
using a highly sensitive, back-illuminated EM-CCD camera (iXon+ Model # DU-897E-BV, Andor Corp., 172 
CT, USA). Olympus IX73 microscope was modified for laser illumination. A solid-state 488 nm OPSL 173 
smart laser at 50 mW (used at 10% and output at ~ 2 mW at the back aperture) was built into a laser 174 
combiner system for millisecond on/off switching and camera blanking control (Andor Corp). 175 
Fluorescence excitation and collection were achieved through an Olympus PLAPON 60XO 1.42 NA 176 
objective using 525/50m emission filter and 495LP dichroic filters (Chroma, Cat# 49002). Images were 177 
sampled at 2 Hz with an Andor Imaging Workstation driven by Andor iQ-CORE-FST (ver 2.x) iQ3.0 178 
software.  179 
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Kinase assay  180 
    Kinase assay was performed as previously described (Li et al., 2010). FLAG-hSYNJ1 was 181 
transfected in HEK293T cells by Lipofectamine® 2000 (Thermo Fisher Scientific, Cat# 11668019) and 182 
affinity purified by anti-FLAG® M2 Magnetic beads (Sigma-Aldrich Cat# M8823 also M8823-1ML, 183 
M8823-5ML RRID:AB_2637089) after lysing with a Tris-HCl buffer containing 150 mM Na+ and 1% 184 
Triton. Purified synj1 was resolved in SDS-PAGE (Thermo Fisher Scientific) and quantified based on 185 
colloidal Coomassie blue staining.  Tris-HCl buffer containing 15 mM Mn2+, 5 mM EGTA and 0.1 mg / 186 
ml BSA was used as the kinase buffer for LRRK2 kinase reaction at 37°C for 30 minutes, 187 
supplemented by 0.6 mM ATP. For radioactive kinase assay, 32P-ATP (Perkinelmer Health Sciences, 188 
Cat# BLU502H250UC) was added to the reaction system for autoradiograph detection.  Full-length 189 
hLRRK2 WT, hLRRK2 G2019S or hLRRK2 D1994A were either purchased from Invitrogen or purified 190 
from HEK293T cells and used at 0-20 nM in the kinase reaction. G1023 (Genentech) was applied to the 191 
reaction at 0-5 μM.  192 
Mass spectrometry analysis 193 
    To identify the specific residue(s) on synj1 that can be modified by LRRK2, we carried out two lines 194 
of mass spectrometry analyses. In the first analysis, we performed kinase assays for human synj1 195 
(hsynj1) purified from HEK293T cells by incubating it with 0 nM (as control) or 50 nM Invitrogen purified 196 
full-length hLRRK2 G2019S. Synj1 was then separated from LRRK2 on an SDS-PAGE for further 197 
enzyme digestion and phosphor group detection. Both trypsin digestion and lys-C/glu-C double 198 
digestion were used to enrich coverage for different regions of the synj1 protein. In the second analysis, 199 
hsynj1 was co-expressed with hLRRK2 kinase dead (LRRK2 D1994A, as control) or hLRRK2 G2019S 200 
in HEK293T cells for two days before cells were lysed and proteins were separated on an SDS-PAGE. 201 
The Scaffold software was used to analyze the phosphor groups. This work was carried out at the Mass 202 
Spec Core (by Dr. Rong Wang and colleague) at Mount Sinai.     203 
Anti-synj1 pT1205 antibody generation and purification 204 
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    Phosphor peptide (PGpTTRKDNIGRS-Cys) was synthesized and injected into three rabbits 205 
(Cocalico Biologicals, Reamstown, PA). The pre-bleed and the third-bleed sera were collected from all 206 
three rabbits and tested for specificity by in vitro kinase assay. The third-bleed serum from one of the 207 
rabbits with the best efficacy and specificity was selected for phosphor-specific antibody purification. 208 
The non-phosphor peptide (PGTTRKDNIGRS) was used to remove non-specific binding.  209 
Co-immunoprecipitation 210 
    EGFP-endophilin1 and FLAG-hsynj1 WT or mutants were transfected at 1:1 molar ratio in HEK293T 211 
cells.  Transfected HEK293T cells were harvested and suspended in cell lysis buffer (50 mM Tris HCl at 212 
pH 7.5, 150 mM NaCl, 1%Triton X-100 and mini complete protease and phosphatase inhibitor cocktail 213 
(Thermo Fisher Scientific PierceTM, Cat# 88669). The cell lysate was cleared at 12,000 g for 10 min at 214 
4°C. After quantification using the BCA assay, 600 μg of total lysate was used to incubate with rabbit 215 
anti-GFP (Thermo Fisher Scientific Cat# A-11122 also A11122 RRID:AB_221569) overnight, followed 216 
by 1 hour incubation with Dynabeads Protein G (Thermo Fisher Scientific, 10004D) at 4°C. The beads 217 
were washed with Tris-HCl buffer for 3 times and eluted by a sample buffer (Novex, Cat# NP0007). The 218 
immunoprecipitated and co-immunoprecipitated proteins were analyzed on a SDS-PAGE gel followed 219 
by western blotting using anti-GFP and anti-FLAG, respectively.  220 
Behavioral assays 221 
   Male transgenic mice and their littermate controls (12 months) were tested for general locomotor 222 
activity in an open field chamber in the dark room for 60 min. Motor coordination was assessed on an 223 
accelerated Rota-rod and a challenge beam. All tests were performed in a double-blinded manner. 224 
1) Open-field test – individual mouse was placed into the center of a 16x16 inch cage with a 225 
Versamax monitor system (Accuscan) in a quiet dark room. The mouse horizontal and vertical 226 
movement was monitored and recorded for 60 min by a grid of 32 infrared beams at ground level and 227 
16 elevated (3-inch) beams. 228 
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2) Accelerated Rota-rod test – mouse was placed on a rotating rod with acceleration from 4~40 229 
RPM within 5 minutes. Each mouse was trained for 2 trials before the test. The duration a mouse spent 230 
on the accelerated Rota-rod was averaged for consecutive 3 trials spaced by 15 minutes.  231 
3) Challenging beam traversal test – Mice was trained for two days to walk on an elevated tapering 232 
beam that measures 100 cm in length and consists of four sections with different widths (3.5, 2.5, 1.5 233 
and 0.5 cm) (Fleming et al., 2004). On each training day, the mouse walks across the beam two times 234 
in the home cage assisted mode and then five times in the unassisted mode. On the experiment day, a 235 
set of matching mesh wires was placed on top of the beam. Animals were then videotaped while 236 
traversing the grid-surfaced beam for consecutive five trials with 15 min spacing. The total steps and 237 
slips were scored and analyzed in a double-blinded fashion. 238 
Stereology analysis 239 
    Mice were perfused and fixed by freshly made 4% paraformaldehyde (PFA). Brains were dissected 240 
immediately and fixed again in 4% PFA followed by 15% and 30% sucrose. Fixed brains were 241 
imbedded in the OCT-compound media (SAKURA) and let set in liquid nitrogen. MB brain tissues were 242 
cryo-sectioned at 40μm in thickness using a Leica CM3050s cryostat and stored in an antifreeze media 243 
containing 30% ethanol glycol, 25% glycerol and 5%PB. For stereology counting, one in every five 244 
sections was selected with a random start and a total of 8 brain slices on average were used for each 245 
mouse for IHC labeling for TH including DAB enhancement, followed by cresyl violet staining to reveal 246 
all neurons. A Zeiss Axioplan2 was used for tissue slice imaging with a 20X objective, and Stereo 247 
Investigator was used to estimate the total number of neurons in the region of interest using the 248 
following parameters: frame sizes, 150x150 μm; grid sizes, 250x250 μm; top guard zone height, 2 μm 249 
and optical disector height, 8 μm. These parameters yielded a coefficient of error lower than 10% 250 
throughout the analysis. 251 
Data analysis and statistics 252     The number of repetitions and sample sizes are determined by intrinsic variation of the data set. For 253 
cell culture-based imaging study, data was obtained from at least 2~3 independent cultures. For 254 
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biochemical studies, each result represents 4 or more repetitions. All sample sizes are indicated in the 255 
figure legends. In the imaging study, typically, 15~50 nerve terminals with consistent responses were 256 
selected for analysis for each cell. Over three replications were typically used for each experimental 257 
setting to ensure the stability of the cell and the optical system. For the LRRK2 overexpression study 258 
presented in Figure 4, LRRK2 G2019S was co-expressed with vMAT2-pHluorin. Posthoc 259 
immunocytochemistry was used to determine if the neuron we analyzed had LRRK2 overexpression by 260 
normalizing the LRRK2 immunofluorescence at the soma to the average of those from 4-5 neighboring 261 
untransfected cells. LRRK2 overexpression (GS OE) was determined at 20% cut off. Few (~5%) 262 
outliers (if data falls outside the range of Mean ± 3x Standard Deviation) were excluded. For each data 263 
set acquired, a test for normality was performed using the built-in function in OriginPro 8.2. Two-way 264 
ANOVA was used when comparing two variables, such as Figure 2. One-way ANOVA test was used 265 
for multiple group comparisons followed by Tukey’s posthoc test. Paired Student t test was used to test 266 
the paired observation on the same neuron before and after the drug (Figure 3). Exact p-values and F 267 
values were printed on the figure. All data (except for Figure 3) was presented in box and scatter plot, 268 
where the box represents 25 ~ 75% distribution of the data, the whiskers represent 5 ~ 95% distribution 269 
of the data, the square indicates the mean and the line indicates the medium.  270 
 271 
Results  272 
 273 
LRRK2 G2019S mutation leads to an impairment in SV endocytosis in midbrain but not in 274 
cortical or hippocampal neurons 275 
 276 
To dissect the mechanism underlying the pathogenic effect of LRRK2 G2019S (GS), we investigated 277 
the nerve terminal functions of midbrain (MB) neurons and cortical neurons derived from the BAC mice 278 
previously established in our group (Li et al., 2010). Quantification of LRRK2 levels in cultured MB 279 
neurons derived from LRRK2 GS and LRRK2 WT BAC mice through anti-LRRK2 antibody 280 
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immunofluorescence intensity indicated a near 2-fold elevation of LRRK2 (Figure 1-1A), which was 281 
substantially lower than our previous Western blot estimates (6~8 fold) for the whole brain (Li et al., 282 
2010). Despite the existing evidence for the potential role of LRRK2 in regulating presynaptic function 283 
(Shin et al. 2008; Piccoli et al. 2014; Matta et al. 2013; Belluzzi et al. 2016), it has been difficult to 284 
demonstrate endogenous LRRK2 localization at the nerve terminal and the relevance to PD remains 285 
elusive. By expressing LRRK2 GS transgene into cultured MB neurons, we found LRRK2 could be 286 
targeted to express at the axonal terminals of MB DAergic and non-DAergic neurons (Figure 1-1B). We 287 
then applied an optical assay employing pHluorin, a variant of GFP whose fluorescence is quenched by 288 
protonation (Sankaranarayanan et al., 2000). When targeted to the acidic lumen of SVs, pHluorin is 289 
quenched but fluoresces upon exocytosis when pHluorin is exposed to the extracellular buffer (pH 7.4). 290 
Previously we have shown that conjugating pHluorin to vesicular transporters, such as vesicular 291 
glutamate transporter 1 (vGLUT1) or vesicular monoamine transporter 2 (vMAT2), allows the 292 
examination of SV kinetics at unprecedented precision (Ariel and Ryan, 2010; Pan and Ryan, 2012). 293 
These optical reporters have provided a great means for investigating the presynaptic regulation for 294 
GPCR-mediated DA signaling, which is inaccessible by conventional patch-clamp recording. 295 
    VMAT2-pHluorin and vGLUT1-pHluorin were expressed, respectively, in cultured MB neurons and 296 
cortical neurons derived from the transgenic mice (GStg) and their littermate controls (GS ctrl). DAergic 297 
neurons were determined by post hoc immunoreactivity to TH (tyrosine hydroxylase). SV endocytosis in 298 
response to a brief 10 Hz, 10 s stimulation was significantly slowed in MB neurons from LRRK2 GStg 299 
mice comparing to their littermate control (GS ctrl), whereas the exocytosis was not affected (Figure 1A, 300 
C). In contrast, the slowed endocytosis kinetics in MB neurons was not observed in LRRK2 GStg 301 
cortical neurons (Figure 1B, D). The amount of exocytosis, however, was enhanced, which is consistent 302 
with previous reports (Beccano-Kelly et al., 2014; Plowey et al., 2014; Belluzzi et al. 2016). Interestingly, 303 
we did not observe any difference in endocytic or exocytic kinetics between DAergic and non-DAergic 304 
neurons in these cultures (Figure 1-2). Transient overexpression of LRRK2 GS mutant also resulted in 305 
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defective SV endocytosis in cultured rat MB neurons but not in hippocampal neurons (Figure 2). Our 306 
data herein revealed a MB-selective defect in SV endocytosis regulated by LRRK2.  307 
    To distinguish the effect of LRRK2 GS from the consequence of LRRK2 protein overexpression, we 308 
examined SV endocytosis in neurons derived from LRRK2 WT BAC transgenic (WTtg) mice, in which 309 
WT LRRK2 proteins are overexpressed at a similar level to LRRK2 GS proteins in the brains of BAC 310 
mice (Li et al., 2010) (Figure 1-1A). Our results show that the endocytosis time constant in WTtg MB 311 
neurons was not different than its littermate controls (WT ctrl, Figure 1A, C). Consistently, rat-derived 312 
WT MB neurons overexpressing WT LRRK2 also failed to alter endocytosis kinetics (Figure 2), 313 
suggesting that the GS mutation rather than LRRK2 protein overexpression is attributable to the SV 314 
endocytic defect.  315 
 316 
Impaired SV trafficking is caused by hyperactivity of LRRK2 PD mutant G2019S  317 
 318 
To further assess the contribution of hyperactive GS kinase (West et al., 2005) to dysfunctional SV 319 
trafficking, we applied LRRK2 kinase-specific inhibitor G1023 (Sheng et al., 2012) to the cultured 320 
neurons (Figure 3A) and examined SV dynamics in the same neuron before and after 30 min 321 
incubation of the drug. We found that littermate (GS ctrl) neurons displayed little or no sensitivity to the 322 
kinase inhibitor, while the slowed endocytosis in GStg MB neurons as well as the enhanced exocytosis 323 
in GStg cortical neurons were effectively rescued after incubation with G1023 (Figure 3B, C). 324 
Collectively, our results suggest that the hyperactive kinase activity caused by the PD-linked LRRK2 325 
G2019S mutation leads to selective impairment in SV trafficking in distinct neuronal types.  326 
 327 
MB neurons carrying LRRK2 G2019S and SYNJ1 heterozygosity have impaired endocytosis and 328 
exocytosis  329 
 330 
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Previous study suggested a genetic interaction between lrrk and endoA in drosophila NMJ. EndoA 331 
haploinsufficiency rescued the slowed endocytosis in lrrk-null mutant (Metta et al., 2012). Given the 332 
close partnership between endoA and synj1 during SV recycling (Cestra et al., 1999; Verstreken et al., 333 
2003; Schuske et al., 2003; Chang-Ileto et al., 2011; Dong et al., 2015), we then tested if LRRK2 and 334 
SYNJ1 are in the same signaling pathway in the mammalian system. Unlike the drosophila NMJ, 335 
LRRK2 deletion did not alter SV endocytosis in mouse MB neurons with brief 10 Hz, 10 s stimulations 336 
(KO: 16.60  0.97 s, N = 7; WT: 16.47  1.21 s, N = 11, p = 0.52, two-tailed Student t test). We 337 
therefore focused on LRRK2 GStg and SYNJ1 heterozygous mice. Cortical neurons derived from 338 
SYNJ1+/- mice did not exhibit endocytic deficits, although homozygous deletion of SYNJ1 resulted in 339 
substantial slowing of endocytosis kinetics at the synapse and perinatal lethality in mice (Mani et al., 340 
2007). Consistent with the previous study, we observed similar results by expressing vGLUT1-pHluorin 341 
in SYNJ1+/+, +/- and -/- cortical neurons (ANOVA *p = 4.99E-14, SYNJ1+/-: 14.81  1.63 s, N = 8 342 
compared to SYNJ1+/+: 12.55  1.01 s, N = 15, p = 0.83, Tukey’s posthoc; SYNJ1-/-: 67.17  5.69 s, N = 343 
8, *p =0 compared to SYNJ1+/+ neurons, Tukey’s posthoc). However, SYNJ1+/- MB neurons exhibited 344 
significantly slowed endocytosis (Figure 4A, C), reminiscent of LRRK2 GStg MB neurons (Figure 1). 345 
This result suggests an enhanced sensitivity of MB neurons (relative to cortical neuron) to reduced 346 
SYNJ1 expression for SV endocytosis. The phenotypic resemblance in SV endocytosis for LRRK2 347 
GStg and SYNJ1+/- MB neurons suggests that the two genes may share the same pathogenic pathway 348 
for disrupting SV trafficking. 349 
    To further examine the genetic interaction of LRRK2 GS and SYNJ1 heterozygosity, we then 350 
expressed LRRK2 GS in SYNJ1+/- MB neurons. The results indicate that LRRK2 G2019S expression 351 
did not exacerbate the slowed endocytosis due to SYNJ1 heterozygosity (Figure 4A, C), consistent with 352 
the notion that LRRK2 G2019S shares the same pathogenic signaling as SYNJ1 insufficiency in 353 
impairing SV endocytosis in these neurons. However, SV exocytosis was substantially reduced 354 
compared to SYNJ1+/+ MB neurons (Figure 4B, D), while neither SYNJ1+/- nor LRRK2 GS alone, altered 355 
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exocytosis.  The disruption of SV exocytosis in MB neurons carrying both LRRK2 GS and SYNJ1+/- is 356 
unexpected and not understood at present. It may be related to the role of synj1 in balancing the level 357 
of PI(4,5)P2, which is involved in exocytosis regulation (Di Paolo and De Camili, 2006; van den Bogaart 358 
et al., 2012; Honigmann et al., 2013), or related to the other roles of LRRK2 GS in altering DA 359 
transmission (Tong et al., 2009; Melrose et al., 2010; Li et al., 2010; Beccano-Kelly et al., 2015).  360 
 361 
Transgenic mice carrying both LRRK2 G2019S mutation and SYNJ1+/- display behavioral deficits  362 
 363 
We next tested the genetic interaction of LRRK2 PD mutant and SYNJ1 deficiency using animal models 364 
by crossing LRRK2 GStg mice with SYNJ1+/- mice and examined the vulnerability of the LRRK2 Gtg; 365 
SYNJ1+/- (double transgenic, Dtg) mice. We performed a set of behavioral analysis in cohorts of 1-year 366 
old male mice with four genotypes: WT LM, Dtg, LRRK2 GStg and SYNJ1+/-. In the open field study, we 367 
found that Dtg mice are similar to control groups (WT LM) in general locomotor functions (Figure 5A). 368 
However, Dtg mice spent less time in the center areas of the testing chambers compared to SYNJ1+/- 369 
mice (Figure 5B) but showed no difference when compared to WT LM. In the challenging beam test, 370 
which is a sensitive test for fine motor coordination (Fleming et al., 2004), Dtg mice lagged behind by a 371 
moderate but significant two steps when compared to the WT LM (Figure 5D). Furthermore, the Dtg 372 
mice displayed a trend towards shorter duration on the accelerated Rota-rod than WT LM (Figure 5C). 373 
Thus, the behavioral alterations in Dtg mice further supports a genetic interaction between LRRK2 GS 374 
and SYNJ1 insufficiency that renders LRRK2 GS more vulnerable to motor function challenges. We 375 
also carried out an unbiased stereological counting of TH+ DAergic neurons in the midbrains. The 376 
results did not reveal obvious reduction of TH+ neurons in Dtg (Figure 5E, F) compared to control (WT 377 
LM) mice, suggesting that the behavioral changes in Dtg mice are likely due to the functional alteration 378 
rather than degeneration. The lack of degeneration in Dtg mice also suggests that neuronal function 379 
deficits represent an early pathological change in the disease process.  380 
 381 
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LRRK2 phosphorylates synj1 in vitro and impairs its interaction with endophilin     382 
To determine the potential molecular basis for LRRK2 and synj1 interaction, we tested if LRRK2 383 
phosphorylates synj1 and thereby deregulates SV trafficking. We first carried out phosphorylation assay 384 
with purified full-length LRRK2 GS protein (Guaitoli et al., 2016) and synj1 in the presence of 385 
radioactive 32P-ATP. Strong 32P labeling was detected for synj1 as well as for LRRK2 due to 386 
autophsophorylation (Figure 6A), suggesting that synj1 can be phosphorylated by LRRK2 in vitro. We 387 
next carried out mass spectrometry analyses to identify potential phosphorylation sites in synj1. In two 388 
independent studies (detailed in Experimental Procedure), only one conserved threonine (T1205) in the 389 
proline-rich domain (PRD) of hsynj1 was consistently phosphorylated in the presence of LRRK2 (Figure 390 
6B).  391 

Using a phospho-specific antibody against hsynj1 pT1205 (generated in this study), we detected a 392 
near 15-fold increase of pT1205 synj1 signal in the presence of LRRK2 GS compared to the WT 393 
LRRK2 protein (Figure 6C, D) Incubation with a kinase-dead LRRK2 mutant (D1994A) yields no signal 394 
in pT1205 synj1 (Figure 6C, D). Moreover, LRRK2 kinase-specific inhibitor G1023 reduces the intensity 395 
of pT1205 synj1 signal (Figure 6E), suggesting LRRK2-specific modification.  396 
    The PRD of synj1 binds endophilin and contains many serines and threonines prone to 397 
phosphorylation. For example, cdk5 phosphorylates hS1202/mS1144 (but not hT1205/mT1147) (Lee et 398 
al., 2004), which is only three amino acids preceding hT1205. To study the effect of T1205 399 
phosphorylation in synj1 function, we examined how phosphomimetic (synj1 T1205E) and 400 
phosphodead (synj1T1205A) mutants of hsynj1 may alter endophilin binding. We expressed green 401 
fluorescence protein tagged endophilinA1 (endo-GFP) with either WT or mutant forms of synj1 in 402 
HEK293T cells and performed a co-immunoprecipitation assay. Consistent with the previous findings, 403 
the binding between S1202A synj1 and endoA was not impaired (Figure 6F) (Lee et al., 2004); however, 404 
both T1205E and T1205A mutations significantly reduced synj1’s binding to endophilin (Figure 6F, G). 405 
The reduction of endophilin binding for synj1 T1205A or T1205E suggests that T1205 of PRD is critical 406 
for endophilin interaction and structurally vulnerable for perturbation. Due to the lack of sufficient 407 
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sensitivity of the antibody, we were unable to detect T1205 phosphorylation of synj1 in mouse brains. 408 
However, a recent study in fly model demonstrated that PD mutant R1441C of human LRRK2 409 
phosphorylates synj1 at PRD domain (Islam et al., 2016), supporting the idea that LRRK2 can 410 
phosphorylate synj1 in vivo. Nonetheless, the validation of the above idea in mammals awaits future 411 
experiments with the development of antibodies with greater sensitivity.  412 
   413 
Discussion 414 
 415 
Our data demonstrates that the most common PD mutation LRRK2 G2019S disrupts SV endocytosis in 416 
DAergic neurons and appear selective for MB but not cortical or hippocampal neurons. The pathogenic 417 
function of LRRK2 mutant may require LRRK2 kinase activity. Our study indicates that LRRK2 G2019S 418 
shares a pathogenic pathway with SYNJ1 insufficiency in the deregulation of SV recycling. In addition, 419 
they play expanded roles in facilitating each other’s function in PD pathogenesis. Our biochemical 420 
evidence of LRRK2-mediated phosphorylation of synj1 that is supported by a previous in vivo study 421 
(Islam et al., 2016) provides a potential mechanism for the merge of the pathogenic signaling of the two 422 
PD risk genes (PARK8 and PARK20) in a brain region-specific manner.   423 
    A major challenge facing PD research is to understand the molecular nature of nigral DAergic 424 
neuron-specific vulnerability. Using pHluorin live imaging for tracking SV dynamics at the nerve terminal 425 
our study shows the differential effect of LRRK2 G2019S in MB neurons (including DAergic neurons) 426 
compared to cortical neurons or hippocampal neurons in SV endocytosis. The lack of impaired SV 427 
endocytosis in cortical and hippocampal neurons expressing LRRK2-G2019S remains to be understood, 428 
and the downstream signaling mediating the slowed SV endocytosis in both TH+ and TH- MB neurons 429 
in LRRK2 GStg mice needs to be characterized. Application of a LRRK2 kinase inhibitor in our study, 430 
however, suggests a clue for LRRK2 activity-modified synj1 function in altering SV trafficking, although 431 
our conclusion could be strengthened by using more specific and potent LRRK2 kinase inhibitors and 432 
phospho-specific antibodies for synj1. It has yet to be determined if LRRK2 phosphorylation of synj1 433 
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impairs SV reavailability, and thereby reduces exocytosis when combining the mutations (Figure 4). 434 
Recent search for LRRK2 targets has also identified several GTPase rab proteins as LRRK2 substrates 435 
(Steger et al., 2016). Although the role for rab proteins (e.g. rab10 and rab12) in SV trafficking has not 436 
been demonstrated, it remains possible that mutant LRRK2 targets multiple proteins that are involved in 437 
vesicular trafficking and the effects could be due to the combination of several modified trafficking 438 
molecules during SV cycling. Alternatively, the brain region-specific availability of the different LRRK2 439 
targets and LRRK2 kinase regulation are likely to influence the outcome of the altered SV trafficking. 440 
Although it is unclear if reduced SYNJ1 expression (e.g. SYNJ1+/- mice) drives DAergic neuron toxicity, 441 
a recent report by Cao et al. demonstrates that disease related mutation of synj1 (with reduced SAC1-442 
like phosphatase activity) leads to dystrophic axons selectively in DAergic neurons (Cao et al., 2017). 443 
Collectively, the existing evidence suggests that the dysfunctional SV endocytosis in the MB region 444 
may be crucial to the selective vulnerability of DAergic neuron. 445 
    Impaired SV trafficking has long been implicated in the pathogenic pathway of PD. Several PARK 446 
genes were previously shown to disrupt SV cycling. Mutations or altered expression of SNCA (Larsen 447 
et al., 2006; Lundblad et al., 2012; Nemani et al., 2010; Xu et al., 2016) and DNAJC6 (Edvardson et al., 448 
2012; Yim et al., 2010) have been shown to deregulate SV exocytosis and endocytosis. DNAJC6 449 
encodes auxilin-1, which is a direct partner of synj1 in clathrin coat removal. Interestingly, mutations in 450 
both genes lead to early-onset Parkinsonism with epilepsy. Another close partner of synj1, endoA was 451 
also known as a substrate of LRRK2 kinase. Phosphorylation of endoA impairs endocytic kinetics in 452 
Drosophila NMJ (Matta et al., 2012). Although it is unclear if endoA phosphorylation disrupts its 453 
interaction with synj1, our biochemical study suggests that the phosphorylation of synj1 by LRRK2 454 
impairs endoA-synj1 interaction. It is likely that synj1 and endoA are both targets of hyperactive LRRK2 455 
mutant kinase, which deregulates the endoA-synj1 complex in endocytosis and contributes to nerve 456 
terminal dysfunction and neuronal vulnerability (Cao et al., 2017). Our study shows that animals 457 
carrying both LRRK2 G2019S mutation and SYNJ1+/- display behavioral deficits in specific motor 458 
function tests, consistent with the idea that the two mutants genetically interact with each other perhaps 459 
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at multiple pathways and in multiple brain regions, by which the combining effects facilitate the disease 460 
onset.  461 
    In summary, our study shows that multiple PD related mutants disrupt SV trafficking in brain regions 462 
that are highly relevant to PD pathogenesis. LRRK2 and SYNJ1 may share the same pathogenic 463 
pathway at nerve terminals, which involves aberrant LRRK2 kinase activity and impairment of DA 464 
transmission as an early pathological event of PD.  465  466 
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Figure legends 609 
 610 
Figure 1. PD-linked LRRK2 G2019S mutation leads to MB neuron-specific impairment in 611 
synaptic vesicle endocytosis  612 
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(A and B) Representative pHluorin traces (in black) in response to 10 Hz, 10 s field stimulations (short 613 
black bars) obtained from midbrain (A) and cortical (B) neurons with different genetic backgrounds 614 
(from left to right: GS ctrl (N = 18), GStg (N = 21), WT ctrl (N = 11) and WTtg (N = 11). Red traces 615 
represent the fitted single exponential decay function. Scale bar in A: 25 s, 0.15% NH4Cl response; 616 
Scale bar in B: 25 s, 0.25% NH4Cl response. (C and D) Comparison of endocytosis time constants (  617 
obtained from the single exponential decay fit) (upper two panels) and the amount of exocytosis by 618 
normalizing to the peak of the NH4Cl response (lower two panels) for cultured midbrain neurons (C) 619 
and cultured cortical neurons (D) derived from different transgenic backgrounds. See extended data 620 
(Figure 1-1) for LRRK2 immunofluorescence in cultured MB neurons. See extended Figure 1-2 for 621 
comparison of exocytosis and endocytosis kinetics between TH+ and TH- neurons. 622 
 623 
Figure 1-1. LRRK2 is expressed at axonal terminals of cultured MB neurons 624 
(A) Left, representative images of cultured MB neurons from different genotypes as indicated immuno-625 
stained for anti-msLRRK2 (clone N241). Right, quantification of the LRRK2 immunoreactivity at the cell 626 
bodies of GS ctrl (N = 20), GS tg (N = 14), WT ctrl (N = 13) and WT tg (N = 12) neurons. (B) Cultured 627 
MB neurons transfected with vMAT2-pHluorin and LRRK2 G2019S were immuno-labeled with anti-GFP 628 
(vMAT2, green), anti-msLRRK2 (red) and anti-TH (blue). Scale bar, 10 M. 629 
Figure 1-2. Comparison of TH+ and TH- neurons in the MB culture 630 
(A and B) Endocytosis time constant (A) and fraction of exocytosis (B) in 4 different genotypes of MB 631 
neurons examined in Figure 1 was re-plotted according to the neuron’s TH immunoreactivity. Two-way 632 
ANOVA test for endocytosis time constant did not reveal difference for TH immunoreactivity, however, 633 
the test suggested significant effect on endocytosis time constant from the genotype.  Subsequent One-634 
way ANOVA test revealed significance for both TH+ and TH- neurons when expressing LRRK2 635 
G2019S, but not when expressing LRRK2 WT. 636 
 637 
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Figure 2. LRRK2 G2019S overexpression in rat MB neurons but not in hippocampal neurons 638 
leads to slowed endocytosis  639 
(A) Endocytosis time constant after 10 Hz, 10 s and 10 Hz, 30 s stimulations in WT rat MB neurons (N 640 
= 14) and those overexpressing either LRRK2 G2019S (N = 23) or LRRK2 WT (N = 10). (B) 641 
Endocytosis time constant after 10 Hz, 10 s (left) and 10 Hz, 30 s (right) stimulations in WT rat 642 
hippocampal (HP) neurons (N = 10) and those overexpressing LRRK2 G2019S (LRRK2 GS OE, N = 643 
10). (C) Representative immunofluorescence image for rat MB culture transfected with vMAT2-pHluorin 644 
and mouse LRRK2 (D) Summary for the relative LRRK2 overexpression level at the cell body in 645 
different neurons. LRRK2 GS was overexpressed at a similar 50% level in both the MB and the HP 646 
neurons.  647 
 648 
Figure 3. Impaired SV trafficking is mediated by hyperactivity of LRRK2 PD mutant G2019S  649 
(A) Experimental scheme of LRRK2 kinase inhibitor test for each neuron. (B and C) Comparison of 650 
endocytosis time constant (B) and normalized exocytosis (C) before and after 30 min incubation with 651 
G1023 (1 M) for GS ctrl cortical neurons (N = 10), GStg cortical neurons (N = 10), GS ctrl MB neurons 652 
(N = 9) and GStg MB neurons N = 9). P values are from paired t tests.  653 
 654 
Figure 4. Combination of LRRK2 G2019S and SYNJ1 heterozygosity leads to impairment in both 655 
exocytosis and endocytosis 656 
(A) Representative pHluorin traces in response to 10 Hz, 10 s field stimulations obtained from midbrain 657 
neurons with the indicated genotypes. Red traces overlaying the decay phase of the pHluorin traces 658 
are the fitted single exponential functions for endocytosis time constants. Scale bar, 25 s, 0.2% NH4Cl 659 
response. (B) Representative pHluorin traces in response to 10 Hz, 2 min continuous stimulation in the 660 
presence bafilomycin (1 M) for comparison of exocytosis kinetics. The overlaying red traces are the 661 
fitted single exponential functions for exocytosis time constants. Scale bar, 25 s. (C), Summary of 662 
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endocytosis time constants for the following midbrain neurons: SYNJ1+/+ (N = 19), SYNJ1+/- (N = 22) 663 
and SYNJ1+/- neurons expressing LRRK2 G2019S (SYNJ1+/- OE GS, N = 12). (D) Summary of 664 
exocytosis time constants for a subset of these neurons in (C): SYNJ1+/+, N = 9; SYNJ1+/-, N = 14; 665 
SYNJ1+/- OE GS, N = 10).  666 
 667 
Figure 5. Dtg mice display altered motor functions 668 
(A-D) Male mice at 1-year of age with the following genotypes: WT littermates (N = 21, black), SYNJ1+/- 669 
(N = 12, cyan) and LRRK2 G2019S transgenic (LRRK2 GS) (N = 10, purple) and LRRK2GS; SYNJ1+/- 670 
(Dtg) mice (N = 23, red) are subjected to open field test (A and B), accelerated Rota-rod test (C) and 671 
challenging beam traversal test (D). (A) Scattered and box plot summarizing total distance and 672 
movement time in the open field test. (B) Summary of time animal spent in the center versus the 673 
periphery of the open field chamber for all littermates. (C) Summary of the duration animal spent on the 674 
accelerated Rota-rod. (D) Number of steps and total number of slips from averaging 5 separate trials in 675 
the challenging beam traversal test for all littermates. (E) Representative images showing TH 676 
immunolabeling (DAB enhanced, brown) and Nissl counter staining (blue) at the ventral midbrain from a 677 
Dtg mouse and a WT littermate. Scale bars, 20 μM. (F) Stereology analysis estimating total number of 678 
TH and Nissl positive neurons in Dtg mice (N = 5) and WT littermates (N = 6) as well as the percentage 679 
of TH positive neurons did not reveal any difference.  680 
 681 
Figure 6. LRRK2 phosphorylates synj1 and phosphomimetic synj1 display reduced endophilin 682 
interaction 683 
(A) Radioactive kinase assay showing enhanced 32P signal for synj1 after incubation with 15 nM 684 
Invitrogen full-length human LRRK2 G2019S protein. (B) Mass spectrometry analysis reveals a 685 
threonine at 1205 within the proline-rich domain of human synj1 as the phosphorylation substrate of 686 
LRRK2 G2019S. This threonine also exhibits conservation in two rodent forms of synj1. (C) Purified 687 
kinase-dead (D1994A), WT and kinase gain-of-function mutant (G2019S) of LRRK2 were used to 688 
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incubate with synj1 immunoprecipitated by anti-synj1 antibody in a kinase assay, followed by 689 
immunoblotting with anti-pT1205 synj1 antibody (N = 5). (D) Summary of the pT1205 synj1 signal in (C) 690 
from 4 separate experiments. (E) Reduced pT1205 signal in response to increasing amount of LRRK2 691 
kinase inhibitor (G1023) (0, 0.2, 1 and 5 μM). (F) Co-immunoprecipitation of synj1 by endophilinA 692 
(endoA). WT and mutant forms of synj1, including FLAG-synj1 S1202A, FLAG- synj1 T1205E, and 693 
FLAG-synj1 T1205A were co-expressed with GFP-endoA in HEK293T cells. Co-expression of WT 694 
synj1 and GFP was used as a negative control for IP. (G) Box plot summarizing the reduced 695 
endophilinA binding for synj1 T1205E and synj1 T1205A (N = 6). 696 














