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Supplementary Material

Supplementary Tables

Table S1. Demographic data for postmortem frozen brain tissue.
	
	Control
(n=4)
	Non-GBA-PD 
(n=4)
	GBA-PD 
(n=6)

	Age (yrs)
	77.5 ± 1.5
	74.5 ± 3.5
	73.8 ± 1.1

	Gender (male:female)
	2 : 2
	2 : 2
	4 : 2

	Postmortem interval (h)
	15.7 ± 4.5
	13.9 ± 4.2
	16.4 ± 3.8

	Brain pH
	6.5 ± 0.1
	6.4 ± 0.1
	6.5 ± 0.1

	PD Braak staging
	-
	5.4±0.5
	5.5±0.8

	GBA mutations
	-
	-
	N370S/WT; L444P/WT

	Sample ID(#)
	#1, #2,#3, #4
	#5, #6,#7, #8
	N370S/WT(#9,#10,#11,#12);
L444P/WT (#13, #14)

	Abbreviations: yrs, years; h, hours. There are no statistical differences in age, gender, postmortem interval and brain pH between controls, non-GBA-PD and GBA-PD cases. One-way ANOVA, Bonferroni’s post-hoc test, p>0.05. 


Table S2. Demographic data for postmortem fixed brain tissue.
	
	Control

(n=3)
	GBA-PD

(n=3)

	Age (yrs)
	 74.5 ± 1.2
	70.1 ± 2.1

	Gender (male:female)
	2 : 1
	2 : 1

	Postmortem interval (h)
	5.6 ± 3.5
	5.4 ± 3.8 

	PD Braak staging
	-
	5.5±0.8

	GBA mutations
	-
	N370S/WT (n=2); L444P/WT(n=1)

	Abbreviations: yrs, years; h, hours. No statistical differences in age, gender, and postmortem interval were detected between controls and GBA-PD cases. Student t test, p>0.05.
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Figure S1. Analysis of Mitochondrial content in GbaL444P/WT mouse brain. (A) Immunohistochemistry of TOMM20 in mouse hippocampal CA1 area. TOMM20 fluorescence intensity and the number of TOMM20 positive puncta per 100μm2 CA1 area were quantified using imageJ. Scale bar: 10 μm. (B) Western blot analysis of biogenesis-related transcription factors TFAM, NRF1, PPARGC1A/PGC1α and mitochondrial matrix proteins PPID and SOD2, and MT-CO1 in WT (n=3) and Gba L444P/WT (n=4) hippocampus. Compared to WT, * p<0.05; **, p<0.01, student t test. (C) Real time PCR analysis of mitochondrial DNA copy number in WT (n=4) and Gba L444P/WT (n=4) hippocampus; P > 0.05, Student’s t-test.
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Figure S2. Induced mitophagy in WT and GbaL444P/WT hippocampal neurons. (A) Viability of mouse WT and GbaL444P/WT hippocampal neurons treated with CCCP (10 μM) or antimycin A (40 μM). Hippocampal neuronal cultures (DIV 14-15) were treated with CCCP or antimycin for the indicated duration and then assayed for trypan blue uptake. Trypan blue-positive and -negative neurons were counted in 10 random fields under phase contrast with a grid-containing eyepiece. Data are mean percentage of trypan blue-negative neurons, which denotes the percentage of viable neurons. Data points represent the mean ± SEM of 3 independent experiments. *, compared with untreated WT control, p < 0.05; #, compared with WT neurons under the same treatment conditions, p<0.05. One-way ANOVA, Bonferroni’s post-hoc test. (B) Antimycin A (40 μM, 1 h)-induced mitophagy in WT and GbaL444P/WT hippocampal neurons (scale bar: 10 μm). Cultured hippocampal neurons were treated with antimycin A (40 µM) for 1 h, allowed to recover in fresh medium, and then loaded with MitoTracker Green (MitoGreen, 200 nM) for 30 min followed by LysoTracker Red (LysoRed, 200 nM) for 30 min at 37°C. The number of puncta (depicted as yellow in the merged image) colabeled with MitoGreen (Mito) and LysoRed (Lyso) per cell body was quantified as an index of mitophagy. Middle panels show higher magnification of the boxed area (scale bar: 2 μm). Individual neurons (30-40 per condition) from 3-4 culture dishes (8-10 neurons per dish) were analyzed. GbaL444P/WT neurons contained fewer colabeled puncta than WT, suggesting less lysosomal engulfment of mitochondria. Compared to WT, * p<0.05; Student’s t-test. (C) Immunohistochemistry of mitochondrial marker TOMM20 and autophagosome marker LC3B in hippocampal CA1 tissue of WT and GbaL444P/WT mice. Puncta positive for both TOMM20 and LC3B (depicted in yellow) per 100 μm2 CA1 area were quantified using ImageJ. GbaL444P/WT hippocampal tissue exhibited fewer TOMM20+ and LC3+ positive puncta, indicative of impaired mitophagy in vivo. 
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Figure S3. Mitochondrial fractionation in mouse brain and the subcellular distribution of GBA protein in WT and L444P mutant GBA-overexpressing SH-SY5Y cells. (A) The workflow for mitochondrial purification from mouse brain. (B) The purity of fractionated mitochondria was validated by western blot analysis by measuring the levels of proteins localized to ER (CANX [calnexin]), lysosome (CTSD [cathepsin D]), endosome (EEA1 [early endosome antigen 1]) and mitochondria (VDAC1/Porin) in each ultracentrifugation fraction. (C) Mitochondrial-lysosome (ML)-enriched subcellular fractions from SH-SY5Y cells. The homogenates (#1) were centrifuged at 1,000 g for 10 min to remove the nuclear fraction (#3). The supernatant (#2) was centrifuged at 20,000 g for 30 min remove cytosol (#4). The mitochondria-ER-lysosome pellet (#5) was lysed with 8 mM CaCl2, centrifuged at 5000 g for 30 min to remove the rough ER fraction from the lysosome-mitochondrial fraction (#6, ML fraction). The content of ER, mitochondria and lysosomes was assessed by western blot analysis of the ER marker CANX, the mitochondrial marker VDAC1 and the lysosome marker LAMP1. (D) ER and pure mitochondrial fractionation from SH-SY5Y cells. The homogenates (Hom) were centrifuged at 800 × g for 5 min at 4°C twice, and then at 9000 × g for 10 min at 4°C to remove nuclei. The resulting supernatant was centrifuged at 20,000 × g for 20 min at 4°C. The supernatant containing ER was further centrifuged at 100,000 × g for 1 h to pellet the ER fraction, while the pellet was loaded on a Percoll gradient (15-23-40%) and centrifuged at 31,000 × g to purify mitochondria. The purity was assessed by western blot analysis of the ER marker CANX, and the mitochondrial markers VDAC1 and PPID. (E) Subcellular distribution of GBA protein in control, KO, WT and L444P SH-SY5Y cells. Total RIPA cell lysates, purified ER and ML fractions from all 4 cell lines were subjected to western blot analysis for the MYC tag and GBA. In WT MYC-GBA overexpressors, the majority of WT GBA was transported to lysosomes while a small fraction was retained in the ER. The mutant GBA behaved in an opposite manner, with the majority of protein retained in the ER and a small fraction transported to lysosomes. 
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Figure S4. Mitochondrial dysfunction, mitochondrial morphology and autophagy defects in GBAL444P/WT human fibroblasts and GbaL444P/WT mouse heart tissue. (A) Western blot analysis of autophagy markers (LC3B, SQSTM1/p62) and mitochondrial markers (CYCS, VDAC1, SOD2, PPID, MFN1, MFN2, OPA1 and DNM1L) in human fibroblasts from healthy control subjects with (GBA-carrier) or without (Control) heterozygous L444P GBA mutation. Similar to our findings in brain tissue, fibroblasts from GBA-carriers showed reduced protein levels of GBA and DNM1L, and increased protein levels of LC3B-II and SQSTM1. (B) The fluorescence intensity of MitoTracker Green (MitoGreen; total mitochondria) and MitoTracker Red (MitoRed; MMP dependent) labeling of human fibroblasts from control and GBA-carriers was quantified. The ratio of MitoRed to MitoGreen (Red:Green) fluorescence was used to normalize the levels of functional mitochondria. Scale bar: 10 μm. Compared to the control case, GBA-carrier showed a reduction in MMP but an increase in mitochondrial content. (C) MitoSOX Red labeling of control and GBA-carrier human fibroblasts to measure mitochondrial ROS. Scale bar: 10 μm. (D) Mitochondrial morphology in human fibroblasts from control and GBA carriers was assessed from MitoGreen-labeled mitochondria. Mitochondrial length (aspect ratio) was increased in GBA carriers, while the degree of branching (form factor) was unchanged. (E) Western blot analysis of GBA and autophagy proteins LC3B-II and SQSTM1 in mouse heart tissue. Heart tissue, which does not typically express SNCA, from GbaL444P/WT mice also show reduced GBA and increased SQSTM1 and LC3B-II protein levels. (F) Western blot analysis of mouse heart mitochondrial fractions. Mitochondria were fractionated from WT (n=6) and GbaL444P/WT (n=6) mouse heart tissue, and subjected to western blot analysis for mitochondrial levels of autophagy receptors SQSTM1, NBR1 and BNIP3L. Compared to WT, GbaL444P/WT heart tissue exhibited a reduction in mitochondrial levels of NBR1 and BNIP3L. For all imaging analysis in (B-D), 40 individual cells were assessed per condition from 3-4 independent experiments. 
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Figure S5. Western blot analysis of SNCA and mitochondrial electron transport chain complexes in anterior cingular cortex of control, non-GBA-PD and GBA-PD patients. (A) Protein levels of SNCA. Brain tissue was sequentially extracted in Tris-buffered saline (TBS), and then TBS buffer containing 1% Triton X-100 (TBST). Protein extracts were separated on 4-12% Bis-Tris gels, as in Rockenstein et al., 2014 [78]. Monomeric (16 KD), dimeric (32 KD) and oligomeric (>50 KD) SNCA were detected in all brain samples. Both non-GBA-PD and GBA-PD cases exhibited increased levels of SNCA dimers and oligomers. (B) Protein levels of mitochondrial electron transport chain complexes I-V. Compared to controls, * p<0.05; **, p<0.01, One-way ANOVA, Bonferroni post hoc test. 
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Figure S6. Protein levels of GAPDH in GBA-PD human brain, GbaL444P/WT mouse brain and SH-SY5Y cells. While normalized to the housekeeping protein ACTB/β-actin, GAPDH protein levels were not different between (A) WT and GbaL444P/WT in mouse brain tissue, (B) brain tissue from healthy controls and GBA-PD, (C) and between all 4 SH-SY5Y cell lines. 
SUPPLEMENTARY METHODS AND MATERIALS
Mitochondrial fractionation from mouse brain and heart tissue
Mitochondria were isolated from mouse brain by Percoll density gradient centrifugation (Fig. S3). Briefly, brains or cell pellets were homogenized in homogenization buffer containing 320 mM sucrose, 1 mM EDTA, 10 mM Tris-HCl, pH 7.4, and centrifuged at 900 × g for 10 min at 4°C to remove intact cells and nuclei. The supernatant (cytosolic fraction) was centrifuged at 9,000 × g, 20 min, 4°C, to pellet the crude mitochondrial fraction. Crude mitochondria were resuspended in 3 mL of 15% Percoll (vol:vol) and loaded on a Percoll gradient (23–40%) and were fractionated at 31,000 × g for 5 min at 4°C. The resulting pellets of pure mitochondria were collected, washed and centrifuged at 17,000 × g for 10 min. The final mitochondrial pellets were solubilized in SDS sample buffer and analyzed by western blotting using antibodies against the mitochondrial marker VDAC1, the endoplasmic reticulum marker CANX (calnexin), the endosome marker EEA1 and the lysosome marker LAMP1, and ACTB/β-actin was used as a loading control. All data were acquired from experiments with at least 3 replicates.
Isolation of mitochondria-lysosome enriched fraction 
Cells or brain tissue were homogenized in 750 ml of cold fractionation buffer (50 mM KCl, 90 mM potassium gluconate, 1 mM EGTA, 50 mM sucrose, 5 mM glucose, protease inhibitor cocktail tablet and 20 mM HEPES, pH 7.4) [75]. The nuclear fraction was removed by centrifugation at 1,000 g for 10 min at 4°C. The supernatant was further centrifuged at 20,000 g for 30 min at 4°C. The resulting pellet, which contains mitochondria, lysosomes and ER, was incubated with 8 mM calcium chloride in fractionation buffer on ice for 20 min, and centrifuged at 5000 g for 30 min to pellet rough ER. The final supernatant was centrifuged at 20,000 g for 30 min at 4°C to pellet mitochondria and lysosomes.
Isolation of ER and mitochondrial fractions from cell cultures
Cells were homogenized in fractionation buffer containing 225 mM mannitol, 75 mM sucrose, 0.5 mM EGTA, 0.5% bovine serum albumin (Sigma, A9647), 30 mM Tris-HCl, pH 7.4 [75]. The homogenates were centrifuged at 800 × g for 5 min at 4°C twice to pellet nuclei, and the supernatant (S1) was centrifuged at 9000 × g for 10 min at 4°C. The resulting supernatant (S2) was centrifuged at 20,000 × g for 20 min at 4°C to pellet plasma membrane and lysosomes. The supernatant containing ER was transferred into a fresh tube to pellet the ER fraction by centrifugation at 100,000 × g for 1 h at 4°C. The pellet was resuspended in 15% Percoll and loaded on a Percoll gradient (23–40%). Pure mitochondria were fractionated at 31,000 × g, 5 min, 4°C, and harvested by centrifuging at 17,000 × g for 10 min.
Mitochondrial DNA copy number

Mitochondrial DNA copy number relative to nuclear DNA copy number was quantified using real-time PCR [80,81].  Total DNA was isolated from hippocampal tissue using DNeasy Blood and Tissue kit (Qiagen, 69504) and used to determine relative mitochondrial DNA by real time PCR using primers targeting the mitochondrial genome. Briefly, 30 ng of total DNA and primers (0.4 µM final concentration) were added to PowerUP SYBR Green master mix (Applied Biosystems, A25741) and amplified in a CFX96 real-time PCR system (Bio-Rad). PCR products were subjected to melting curve analysis at the end of each run to ensure that only one product was amplified. The relative amount of mtDNA was normalized to a nuclear gene (Apob). The cycling conditions used were according to the manufacturer: Activation steps: 50°C for 2 min and 95°C for 2 min. Amplification (for 40 cycles): 95°C for 20 sec, 56°C for 20 sec, and 72°C for 1 min. The primers used were: mtDNA [80]: forward: 5’ - CCC AGC TAC TAC CAT CAT TCA AGT - 3’; reverse: 5’ - GAT GGT TTG GGA GAT TGG TTG ATG T - 3’. Apob [81]: forward: 5′ - CGT GGG CTC CAG CAT TCT A - 3′; Reverse: 5′ - TCA CCA GTC ATT TCT GCC TTT - 3'. 
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