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Figure S4. Proximity biotinylation of Ub-binding cargo adaptors in response to lysosomal rupture. 

A) Gene ontology (GO) terms linked with enriched proteins identified by proximity biotinylation of Galectins and ATG8 proteins. Analysis was performed using 
the reduce and visualize gene ontology server (REVIGO) (http://revigo.irb.hr/). 

B) HeLa cells expressing the indicated APEX2 constructs were lysed and extracts analyzed by immunoblotting with a-FLAG antibody to detect the expressed 
APEX-tagged receptor, and a-PNCA as a loading control. 

C) Experimental workflow for Ub-binding cargo receptor proximity biotinylation. APEX2-tagged cargo receptors expressed in HeLa cells in biological duplicate 
were subjected to proximity biotinylation 60 min post-LLoMe treatment using 7-plex TMT and APEX2-GFP as a control. 

D) Plot of Log2FC for all proteins identified in the proximity biotinylation experiment for OPTN as described in Figure S4C. Means are calculated from biological 
replicates indicated in S4C. Specific categories of proteins are indicated by colored circles. Inset: HeLa cells expressing APEX2-Flag-OPTN were treated with 
LLoMe (1h) followed by immunofluorescence using a-LAMP1 to detect lysosomes (magenta) and a-Flag (green) to detect the Flag epitope on the APEX2 
portion of the fusion protein. Scale bar = 25 µm. Zoom in panels 15 µm x 25 µm. 

E) Plot of Log2FC for all proteins identified in the proximity biotinylation experiment for SQSTM1 as described in Figure S4C. Means are calculated from 
biological replicates indicated in S4C. Specific categories of proteins are indicated by colored circles. Inset: HeLa cells expressing APEX2-Flag-SQSTM1 
were treated with LLoMe (1h) followed by immunofluorescence using a-LAMP1 to detect lysosomes (magenta) and a-Flag (green) to detect the Flag epitope 
on the APEX2 portion of the fusion protein. Scale bar = 25 µm. Zoom in panels 15 µm x 25 µm. 

F) Plot of Log2FC for all proteins identified in the proximity biotinylation experiment for TAX1BP1 as described in Figure S4C. Means are calculated from 
biological replicates indicated in S4C. Specific categories of proteins are indicated by colored circles. Inset: HeLa cells expressing APEX2-Flag-TAX1BP1 
were treated with LLoMe (1h) followed by immunofluorescence using a-LAMP1 to detect lysosomes (magenta) and a-Flag (green) to detect the Flag epitope 
on the APEX2 portion of the fusion protein. Scale bar = 25 µm. Zoom in panels 15 µm x 25 µm. 

G) Plot of Log2FC for all proteins identified in the proximity biotinylation experiment for CALCOCO2 as described in Figure 3B. Means are calculated from 
biological replicates indicated in 3B. Specific categories of proteins are indicated by colored circles. Inset: HeLa cells expressing APEX2-Flag-CALCOCO2 
were treated with LLoMe (1h) followed by immunofluorescence using a-LAMP1 to detect lysosomes (magenta) and a-Flag (green) to detect the Flag epitope 
on the APEX2 portion of the fusion protein. Scale bar = 25 µm. Zoom in panels 15 µm x 25 µm. 
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Figure S5. Analysis of lysophagic flux using Lyso-Keima. 

A) Raw flow cytometry data. HeLa cells expressing Keima-LGALS3 were either left untreated (Red), or treated for 1h followed by washout (12h) with (orange) 
or without (blue) addition of BafA. Cells were then subjected to flow cytometry to measure the 561nm/488nm ratio. 

B) HeLa cells expressing Keima-LGALS3 were treated with LLoMe (1h) prior to washout for 4 or 8h. In one set of samples, the E1 inhibitor TAK243 at 2 µM 
was added prior to damage. Cell extracts at the indicated time were subjected to immunoblotting with the indicated antibodies. 
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Figure S6. Characterization of Ub-cargo receptor mutant cell lines. 

A-E) Validation of gene edited cell lines by immunoblotting. The location of the target exon and CRISPR guide sequence used for targeting are shown. Extracts from 
the indicated cells were then subjected to immunoblotting with actin used as a loading control.    

F) Validation of defective lysophagy in TAX1BP1-/- Hela cells. TAX1BP1-/- cells were reconstituted with a lentiviral vector expressing GFP or GFP-TAX1BP1. 
Cells were treated with LLoMe for 1h followed by 12h washout prior to immunofluorescence with a-LAMP1 and a-LGALS3.  
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Figure S7. Analysis of LGALS3R186S recruitment to damaged lysosomes in iNeurons. 
A) iNeurons stably expressing GFP-RFP-LGALS3R186S were either left untreated, treated with LLoMe for 1h, or treated with LLoMe for 1h followed by a 12h 

washout. Cells were imaged for GFP and RFP. Scale bar = 10 µm. Zoom-in panels, 10 µm x 10 µm.  
B) Quantification of GFP puncta/cell after washout from experiments in panel A demonstrates the absence of GFP-positive puncta in response to lysosomal 

damage. .+ marks the mean and the line is at the median. The plot represents data from one replicate.   
C) RFP-positive puncta in cells expressing GFP-RFP-LAGSL3 WT or the R186S mutant demonstrates comparable number of puncta. + marks the mean and the 

line is at the median. The plot represents data from one replicate.   
D) MiSeq analysis of hES cells gene edited to remove TAX1BP1. 
E) Extracts from WT or TAX1BP1-/- ES cells were immunoblotted with the indicated antibodies to demonstrate deletion of TAX1BP1. 
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Figure S8. Structure-function analysis of TAX1BP1 and OPTN for lysophagy. 

A) Flow cytometry analysis of GFP-TAX1BP1-CC1D, CC2D, and CC3D cell lines to verify comparable expression of the CC2D mutant. 
B) Analysis of GFP-TAX1BP1 (WT and Q770A/E774K) as well as GFP-OPTN (WT and D747N) recruitment to damaged lysosomes (1h after LLoMe). Scale 

bar = 10 µm.  
C) Recruitment of endogenous TAX1BP1 (green) to damaged LAMP1-positive lysosomes (pink) was determined by immunofluorescence after 1h or LLoMe 

treatment and a 4h washout period. **** p<0.0001. Scale bar = 10 µm. + marks the mean and the line is at the median. The plot represents merged data from 
two biological replicates.   
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Summary of supplemental tables: 
Table S1. Quantitative proteomic analysis of lysosomes purified from HeLa cells. See sheet 1 for details. 
Table S2. Quantitative proteomic analysis of lysosomes in response to lysosomal damage with GPN (time course). See sheet 1 for 
details. 
Table S3. Proximity biotinylation of APEX1-GABARAPL2 and APEX2-MAP1LC3B in response to lysosomal damage with LLoMe. 
See sheet 1 for details. 
Table S4: Proximity biotinylation of APEX1-LGALS1, LGALS3, LGALS8 and CALCOCO2 in response to lysosomal damage with 
LLoMe. See sheet 1 for details. 
Table S5: Proximity biotinylation of APEX1-OPTN, TAX1BP1, and SQSTM1 in response to lysosomal damage with LLoMe. See 
sheet 1 for details. 
 
 
REAGENT TABLE 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 
Galectin-1/LGALS1 (D608T) Rabbit mAb  
 

Cell Signaling 
Technology 

12936S 
 

Galectin-3/ LGALS3 Rabbit Antibody Proteintech 60207-1-I 
Galectin-3/ LGALS3 Antibody (M3/38) 
(for immunofluorescence) 

Santa-Cruz sc-23938 
 

Human Galectin-8/LGALS8 Antibody R&D Systems AF1305 
LC3B D11 Rabbit mAb 
 

Cell Signaling 
Technology 

3868S 
 

GABARAPL2 (D1W9T) Rabbit mAb 
 

Cell Signaling 
Technology 

14256 
 

Anti-CALCOCO2 antibody Abcam ab68588 
Anti-OPTN antibody produced in rabbit Sigma HPA003279 
Anti-TAX1BP1 antibody produced in rabbit Sigma HPA024432 
SQSTM1 monoclonal antibody (M01), clone 2C11 Abnova H00008878-M01 
Raptor (24C12) Rabbit mAb  Cell Signaling 

Technology 
2280S 
 

mTOR (7C10) Rabbit mAb 
 

Cell Signaling 
Technology 

2983 
 

NPC1 Abcam ab134113 
LAMP1 (D2D11) Rabbit mAb 
 

Cell Signaling 
Technology 

9091S 
 

LAMP1 (D401S) Mouse mAb Cell Signaling 
Technology 

15665S 

Anti-TMEM192 antibody [EPR14330] Abcam ab185545 
Anti-HA Biolegend 901513 
Anti-Flag M2 mouse mAb Sigma F1804 
Anti-Keima-Red mAb MBL international M182-3M 
phospho-TBK1/NAK (Ser172) (D52C2) Rabbit mAb  Cell Signaling 

Technology 
5483S 
 

TBK1/NAK Antibody 
 

Cell Signaling 
Technology 

3013S 
 

mouse monoclonal beta-actin antibody clone AC-15 Santa Cruz sc-69879 
Anti-GFP antibody Roche 11814460001 
Bacterial and virus strains  
DH5 alpha E. coli competent cells  Homemade  
T1R E. coli Competent cells  Homemade  
Chemicals, peptides, and recombinant proteins 
Gly-Phe-β-naphthylamide  Cayman Chemical 14634 
L-Leucyl-L-Leucine methyl ester (hydrochloride) Cayman Chemical 16008 
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Biotin Tyramide 
 

Iris Biotech(peptide 
solutions) 

LS-3500.0250 
 

Trolox Cayman Chemical 53188-07-1 
Hydrogen peroxide solution  Sigma  H1009 
Pierce Anti-HA Magnetic Beads Thermo Scientific 88837 
TMTpro™ 16plex Label Reagent Set Thermo Scientific A44520 

IKKε/TBK1 Inhibitor II, MRT67307 
 

EMD millipore 
 

CAS 1190378-57-4 

ULK1 inhibitor, MRT68921 Cayman chemical 1190379-70-4 
TAK-243 SelleckChem S8341 
CB-5083 Cayman Chemical S810 
Bafilomycin A1 Cayman Chemical 88899-55-2 
Lipofectamine 3000 Invitrogen L3000008 
Pierce™ High pH Reversed-Phase Peptide Fractionation Kit ThermoFisher Scientific 84868 

 
Pierce™ High Capacity Streptavidin Agarose 
 

Pierce (Thermo 
Scientific) 

20359 
 

FluoroBrite DMEM  Thermo Fisher Scientific  A1896701 
Dulbecco’s MEM (DMEM), high glucose, pyruvate  GIBCO / Invitrogen  11995 
PhosSTOP  Sigma-Aldrich  T10282 
Puromycin  Gold Biotechnology  Gold Biotechnology 
DAPI  Thermo Fisher Scientific  D1306 
Protease inhibitor cocktail  Sigma-Aldrich  P8340 
TCEP  Gold Biotechnology  TCEP2 
Formic Acid  Sigma-Aldrich  94318 
Trypsin  Promega  V511C 
Lys-C   129-02541 
Trypan Blue Stain Thermo Fisher Scientific Wako Chemicals  129-02541w 
Bio-Rad Protein Assay Dye Reagent Concentrate  Bio-Rad  5000006 
Urea  Sigma  U5378 
EPPS  Sigma-Aldrich  E9502 
2-Chloroacetamide  Sigma-Aldrich  C0267 
Empore SPE Disks C18 3M  Sigma-Aldrich  66883-U 
Pierce Quantitative Colorimetric Peptide Assay  Thermo Fisher Scientific  23275 

 
Experimental models: Cell lines 
Hela Flp-in-TRex Brian Raught, Ontario 

Cancer institute 
 

Hela ATCC CCL-2 
HEK293T ATCC CRL-1573; 

RRID:CVCL_0045 
H9 Wicell WA9 
Recombinant DNA 
pHAGE-eGFP-NDP52 (Heo et al., 2015)  
pHAGE-eGFP-OPTN (Heo et al., 2015)  
pHAGE-APEX2-FLAG-GABARAPL2 This paper  
pHAGE-APEX2-FLAG-GABARAPL2Y49A/L50A This paper  
pHAGE-APEX2-FLAG-MAP1LC3B This paper  
pHAGE-APEX2-FLAG-MAP1LC3BK51A This paper  
pHAGE-APEX2-FLAG-LGALS1 This paper  
pHAGE-APEX2-FLAG-LGALS3 This paper  
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pHAGE-APEX2-FLAG-GFP This paper  
pHAGE-APEX2-FLAG-LGALS8 This paper  
pHAGE-APEX2-FLAG-CALCOCO2 This paper  
pHAGE-APEX2-FLAG-OPTN This paper  
pHAGE-APEX2-FLAG-TAX1BP1 This paper  
pHAGE-eGFP-OPTN D474N This paper  
pHAGE-eGFP-OPTN S473A 513A This paper  
pHAGE-eGFP-OPTN S513A This paper  
pHAGE-eGFP-OPTN E50K This paper  
pHAGE-eGFP-TAX1BP1 This paper  
pHAGE-eGFP-TAX1BP1 A114Q This paper  
pHAGE-eGFP-TAX1BP1 SKICH (1-140D)  This paper  
pHAGE-eGFP-TAX1BP1 V192S This paper  
pHAGE-eGFP-TAX1BP1 Q770A E774K This paper  
pHAGE-eGFP-TAX1BP1 632-639D This paper  
pHAGE-eGFP-TAX1BP1 Y635A This paper  
pHAGE-eGFP-TAX1BP1 N637A This paper  
pHAGE-eGFP-TAX1BP1 CC1D This paper  
pHAGE-eGFP-TAX1BP1 CC2D This paper  
pHAGE-eGFP-TAX1BP1 CC3D This paper  
pSMART Tmem192-3X HA (targeting vector for genomic 
tagging) 

This paper  

pAC150 GFP-RFP-LGALS3  This paper  
pAC150 GFP-RFP-LGALS3 R186S This paper  
pHAGE-mKeima-LGALS3 This paper  
Software and algorithms 
Prism GraphPad, V9 https://www.graphpad.

com/scientificsoftware
/ 
prism/ 

SEQUEST  Eng et al., 1994  N/A 
Flowjo Flowjo, v10.7 https://www.flowjo.co

m 
Perseus Perseus v1.6.15.0 

Tyanova et al. (2016) 
https://maxquant.org/p
erseus/ 

Fiji ImageJ V.2.0.0 https://imagej.net/soft
ware/fiji/ 

Imagelab Biorad, v6.0.1 https://www.bio-
rad.com/en-
us/product/image-lab-
software?ID=KRE6P5
E8Z&source_wt=imag
elabsoftware_surl 

Cell Profiler CellProfiler v4.0.6 https://cellprofiler.org/ 
Metamorph Metamorph v https://www.molecular

devices.com/products/
cellular-imaging-
systems/acquisition-
and-analysis-
software/metamorph-
microscopy#gref 
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METHODS 
 
Cell Culture  
 
All assays performed in Figures 1-3 were performed in HeLa cells (ATCC). Keima flux assays in figures 4-6, and 8 were performed 
Hela Flip-In T-Rex (HFT) cells (Brian Raught, Ontario Cancer institute) and have been previously described in (Heo et al., 2015) or 
Hela Cells as indicated. Hela and HFT cells were grown in Dulbecco’ Modifies Eagles Medium (DMEM) supplemented with 10% 
Fetal Bovine Serum(FBS) with 5% Penicillin-Streptomycin.  Stable cells lines were generated using lentivirus generated from 
HEK293T. Antibiotic selections were performed with 1µg/ml puromycin, 10 µg/ml Blasticidin or 100 µg/ml Hygromycin.  
 
Human embryonic stem cells (H9, WiCell Institute) with TRE3G-NGN2  integrated into the AAVS site have been previously 
described (Ordureau et al., 2020) and were cultured in E8 medium on Matrigel coated plates. To generate induced neurons (i3-
neurons) from ES cells, cells were plated at 2x105 cells/ml on Day 0 on plates coated with Matrigel in ND1 medium (DMEM/F12, 1X 
N2 (thermo), human Brain-derived neurotrophic factor BDNF (Brain derived neurotrophic factor) (10 ng/ml, PeproTech), human 
Neurotrophin-3 NT3 (10 ng/ml,PeproTech), 1X NEAA (Non-essential amino acids) , Human Laminin(0.2 ug/ml) and Doxycycline (2 
µg/ml). The media was replaced with ND1 the next day. On the next day the medium was replaced with ND2 (Neurobasal medium, 
1X B27, 1X Glutamax, BDNF (10 ng/ml), NT3 (10 ng/ml) and doxycycline at 2 µg/ml. On Days 4 and 6, 50% of the media was 
changed with fresh ND2. On Day 7, cells were replated at 4x105 cells/well in ND2 medium supplemented with Y27632 (rock 
inhibitor-10 µM). The media was replaced the next day with fresh ND2 and on Day10 onwards 50% media change was performed 
until the experimental day (Day14 of differentiation unless otherwise noted).  
 
Imaging  
 
Cells were plated onto 35 mm-glass bottom dish (No. 1.5, 14 mm glass diameter, MatTek). Live cells were imaged at 37°C in pre-
warmed Fluorobrite supplemented with 10% FBS. For all immunofluorescence experiments, cells were first fixed at room temperature 
with 4% paraformaldehyde plus in PBS, solubilized in 0.1% Triton-X in PBS blocked with 1% BSA/0.1% Triton-X in PBS and then 
immunostained. Anti-primary antibodies were used at 1:500 and AlexaFluor conjugated antibodies (Thermofisher) were used at 1:300. 
Images of fixed cells were captured at room temperature. Cells were imaged using a Yokogawa CSU-X1 spinning disk confocal on a 
Nikon Ti-E inverted microscope at the Nikon Imaging Center in Harvard Medical School. Nikon Perfect Focus System was used to 
maintain cell focus over time. The microscope equipped with a Nikon Plan Apo 40x/1.30 N.A or 100x/1.40 N.A objective lens and 
445nm (75mW), 488nm (100mW), 561nm (100mW) & 642nm (100mW) laser lines controlled by AOTF. Pairs of images for 
ratiometric analysis of mKeima fluorescence were collected sequentially using 100 mW 442 nm and 100 mW 561 solid state lasers 
and emission collected with a 620/60 nm filter (Chroma Technologies). All images were collected with a Hamamatsu ORCA-ER 
cooled CCD camera (6.45 µm2 photodiode) with MetaMorph image acquisition software. Z series are displayed as maximum z-
projections and brightness and contrast were adjusted for each image equally and then converted to rgb for publication using FiJi 
software. Image analysis was performed using both Fiji and Cell Profiler (McQuin et al., 2018). 
 
Analysis of acidic Keima-LGALS3 puncta at 12h washout was done in Cell Profiler using a consistent pipeline for each condition. 
The “image math” module where the 561-excitation channel image was divided by the 442-excitation channel image. The acidic 
puncta in the resulting image were marked using the “identify primary objects” tool by applying an Otsu threshold for puncta 5-20 
pixels in diameter. Each resulting puncta was matched to its respective cell and counted. The “image math” image was exported, and a 
“Fire” look up table in Fiji was applied to show the acidic signal (561/442) hotspots. An image of the acidic puncta identified was also 
exported with each puncta having a separate color. 
 
Mander’s Overlap Correlation (MOC) in lysosomes was performed in Cell Profiler. Each field of view for every unique condition was 
thresholded in the same way with a consistent pipeline. The “identify primary objects” tool was used to find puncta for both the 
lysosome channel and for the respective receptor or p-TBK1 stain. The “measure colocalization” module was used to compare the 
fluorescence intensities within the areas defined by the threshold. The MOC with Costes was reported for each field of view.  
 
The LGALS3 puncta detected by immunofluorescence in HeLa cells and the RFP-GFP-LGALS3 puncta detected in the iN system 
upon LLoMe treatment and subsequent washout were all identified using Cell Profiler. Each cell area was first defined using a using a 
“identify primary objects” module that included objects 200 to 1000 pixels units, and each puncta was marked using a “identify 
primary objects” module that included objects 2 to 20 pixels units both with an optimized “robust background” threshold. Each cell 
for each condition was thresholded in the same way with a consistent pipeline. Object size and shape was measured, and each 
punctum was related to its respective cell to yield a puncta per cell readout.  
 
Lysophagy Assays 

Lysophagy assays were carried out as previously described using as described in (Maejima et al., 2013) with slight modifications. 
HFT cells were treated with DMEM or ND2 containing 500-1000 µM LLoMe (L-Leucyl-L-Leucine methyl ester hydrochloride, 
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Cayman Chemical) or 200 µM GPN for 1h, then media was replaced with fresh DMEM (referred to as “washout” in the text). The 
cells were collected at the indicated time points after the LLoMe washout for various downstream assays.  

 
Western-Blotting 
 
For western blotting, cell pellets were collected and resuspended in 8M Urea buffer (8M Urea, 150 mM TRIS pH, NaCl) 
supplemented with Protease and Phosphatase Inhibitors. The resuspended pellets were sonicated and the lysate was spun at 13,000 
RPM for 10 min. Bradford or BCA assay was performed on clarified lysate and equal amounts of lysate were boiled in 1X SDS 
containing Laemmeli buffer. Lysates were run on 4-20% Tris Glycine gels (BioRad) and transferred via Wet transfer onto PVDF 
membranes for immunoblotting with the indicated antibodies. Images of blots were acquired using Enhanced-Chemi luminescence on 
a BioRad ChemiDoc imager.  
 
 
Flow Cytometry 
 
Cells of the indicated genotypes were grown to 70% confluency in 6-well plates and then treated with various drugs for the indicated 
time points. At the time of harvesting, cells were trypsinized, pelleted at 1000 rpm for 3 min, and then resuspended in FACS buffer 
(1X PBS, 2% FBS). The resuspend cells were filtered through cell strainer caps into FACS tubes (Corning, 352235) and placed on ice. 
The cells (~10,000 per replicate) were then analyzed by flow cytometry on a BD FACSymphony flow cytometer and the data was 
exported into Flowjo. After gating for live, single cells and Keima positive cells, the 561(Acidic) to 488 (neutral) excitation ratio was 
calculated in Flowjo by diving the mean values of 561 excited cells to those excited at 488.  
 
 
Gene Editing 
 
Gene editing in HFT and Hela cells were performed as described in (Ran et al., 2013). Gene editing in H9 ES cells was performed as 
(Ordureau et al., 2020) in HFT cells lacking TBK1 or TKO (CALCOCO2-/-, OPTN-/-, TAX1BP1-/-) were described in Heo et al (2015). 
Guide sequence’s used were as follows:TBK1 (Exon 1; 5’-AGACATTTGCAGTAGCTCCT -3’);  
OPTN (Exon 1, 5’- AAACCTGGACACGTTTACCC-3’); NDP52 (Exon 1, 5’- GGATCACTGTCATTTCTCTC-3’); TAX1BP1(Exon 
2, 5’- CCACATCCAAAAGATTGGGT-3’); SQSTM1 (Exon 2, 5’-CGACTTGTGTAGCGTCTGCG -3’); ATG7 ( Exon 1, 5’- 
ATCCAAGGCACTACTAAAAG -3’); OPTN (Exon 1- 5’-AAACCTGGACACGTTTACCC- 3’); CALCOCO2 (Exon 1, 5’-
GGATCACTGTCATTTCTCTC-3’) ; ATG5 (Exon 5,  5′ -GATCACAAGCAACTCTGGAT-3′). 
 
Gene editing in ES cells was performed as in (Ordureau et al., 2018). Guide RNAs were generated using the GeneArt Precision gRNA 
Synthesis Kit (Thermo Fisher Scientific) according to the manufacturer’s instruction and purified using RNeasy Mini Kit (QIAGEN). 
0.6 μg sgRNA was incubated with 3 μg SpCas9 protein for 10 minutes at room temperature and electroporated into 2x105 H9 cells 
using Neon transfection system (Thermo Fisher Scientific). Out of frame deletions were verified by DNA sequencing with Illumina 
MiSeq and by immunoblotting.  
 
 
Molecular Cloning 
 
Stable expression plasmids were generally made using either Gateway technology (thermo) or via Gibson assembly (New England 
biolabs) in pHAGE backbone unless otherwise noted. Entry clones from the human orfeome collection version 8 were obtained and 
cloned via LR cloning into various destination expression vectors. Site-directed mutagenesis was carried out using the Quick-Change 
Site Directed Mutagenesis Kit (New England Biolabs) as per manufactures instructions. 
 
Stable cell line generation 
 
Lentiviral vectors were packaged in HEK293T by cotransfection of pPAX2, pMD2 and the vector of interest in a 4:2:1 ratio using 
polyethelenimine (PEI). Virus containing supernatant was collected 2 days after transfection and filtered through a .22 micron syringe 
filter. Polybrene was added at 8 µg/ml to the viral supernatant. After infecting target cells with varying amounts of relevant viruses, 
cells were selected in puromycin (1µg/ml), Blasticidin (10 µg/ml) or Hygromycin (100 µg/ml). In case of GFP expressing lines, 
further selection was carried out using FACS for GFP positive cells.  
 
Lysosomal Immunoprecipitation 
  
Lysosomal Immunoprecipitation was carried out as described in (Wyant et al., 2018) with a few modifications. Briefly, cells 
endogenously tagged with TMEM192HA were seeded in 15cm plates. All buffers were supplemented with protease inhibitors. At 80% 
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confluency the cells were harvested on ice by scraping and washed once with PBS containing protease inhibitors (Roche). The cells 
were pelleted at 300g for 5 min at 4oC and were washed once with KPBS buffer (136 mM KCL, 10 mM KH2PO4, 50 mM Sucrose, pH 
7.2). The cell pellet was resuspended in 1 ml KPBS and lysed using 30 strokes in a 2 mL Potter-Elvehjem homogenizer. The lysed 
cells were spun down at 1000g for 5 min at 4oC. The pellet was discarded and the protein concentration of the lysate was determined 
by Bradford assay. After normalizing the protein concentration to be equal across all replicates, 5% of the input sample was saved and 
50-100 µl of anti-HA magnetic beads was added the remainder of the sample. This mixture was placed on gentle rotation for 20 min, 
and beads were separated from the lysate using a magnetic stand. The beads were washed twice with KPBS containing 300 mM NaCl 
and once with KPBS buffer. The samples were then eluted either by boiling the beads with 100 µl 2X laemmeli buffer (for western 
blot) for 10 min or with 100 µl KPBS containing 0.5% NP-40 in thermo mixer at 30oC for 20 min (for Mass spectrometry). Elutes for 
mass-spec were snap frozen in liquid nitrogen and stored in -80 oC until further processing   
 
Quantitative proteomics 
 
Sample preparation for Mass Spectrometry-Lysosomal Fractions. For mass spectrometry of Lysosomal eluates, samples were reduced 
using TCEP (5 mM for 10 min at 55oC) and alkylated (with Chloroacetamide 20 mM at room temperature for 30 min) prior to TCA 
precipitation. TCA was added to eluates at final concentration of 20% and placed on ice at 4oC for at least an hour. Precipitates were 
pelleted for 30 min at maximum speed at 4oC, and then the pellets were washed 3 times using ice cold methanol. Dried pellets were 
then resuspended in in 50 µL, 200 mM EPPS, pH8.0. Peptide digestion was carried out using LysC (Wako cat. # 129-02541, 0.25 µg) 
for 2h at 37oC followed by trypsin (0.5 µg) overnight. Digested peptides were then labelled with 4 µl of TMT reagent (at 20 µg/µl 
stock) for 1h and the reaction was quenched using hydroxylamine at a final concentration of 0.5% (w/v) for 20 min. The samples were 
the combined and dried in a vacuum centrifuge. This combined sample was then subjected to fractionation using the High pH reversed 
phase peptide fractionation kit (Thermo Fisher) for a final of 6 fractions. The dried fractions were processed by C18 stage tip desalting 
prior mass spectrometry.  
 
Sample preparation for Mass Spectrometry-APEX2 Proteomics. For APEX2 proteomics, cells expressing various APEX2 fusions 
were processed as in (Heo et al., 2018; Hung et al., 2016). To induce proximity labeling in live cells, cells were incubated with 500 
μM biotin phenol (LS-3500.0250, Iris Biotech) for 1h and treated with 1 mM H2O2 for 1 min, and the reaction was quenched with 1× 
PBS supplemented with 5 mM Trolox, 10 mM sodium ascorbate and 10 mM sodium azide. Cells were then harvested, and lysed in 
radioimmunoprecipitation assay (RIPA) buffer (supplemented with 5 mM Trolox, 10 mM sodium ascorbate, and 10 mM sodium 
azide). To enrich biotinylated proteins, an identical amount of cleared lysates in each cell was subjected to affinity purification by 
incubating with the streptavidin-coated magnetic beads (catalog no. 88817, Pierce) for 1h at room temperature. Beads were 
subsequently washed twice with RIPA buffer, once with 1 M KCl, once with 0.1 M NaCO3, once with 2 M urea, twice with RIPA 
buffer, and three times with PBS. 

For proteomics, biotinylated protein bound to the beads was digested with trypsin in 0.1 M EPPS [4-(2-Hydroxyethyl)-1-
piperazinepropanesulfonic acid, 4-(2-Hydroxyethyl)piperazine-1-propanesulfonic acid, N-(2-Hydroxyethyl)piperazine-N′-(3-
propanesulfonic acid)] (pH 8.5) overnight at 37°C. To quantify the relative abundance of individual protein across different samples, 
each digest was labeled with TMT reagents (Thermo Fisher Scientific), mixed, and desalted with a C18 StageTip (packed with 
Empore C18; 3M Corporation) before SPS-MS3 analysis on an Orbitrap Lumos (Thermo Fisher Scientific) coupled to a Proxeon 
EASY-nLC1200 liquid chromatography (LC) pump (Thermo Fisher Scientific). Peptides were separated on a 100 μm inner diameter 
microcapillary column packed in house with ~35 cm of Accucore150 resin (2.6 μm, 150 Å, ThermoFisher Scientific, San Jose, CA) 
with a gradient consisting of 5%–21% (ACN, 0.1% FA) over a total 150 min run at ~500 nL/min (McAlister et al., 2014). Details of 
instrument parameters for each experiment is provided below 

For Multi-Notch MS3-based TMT analysis (McAlister et al., 2014, Paulo et al., 2016), the scan sequence began with an MS1 
spectrum (Orbitrap analysis; resolution 60,000 at 200 Th; mass range 375−1500 m/z; automatic gain control (AGC) target 5×105; 
maximum injection time 50 ms) unless otherwise stated in the instrument parameters in each supplemental table. Precursors for MS2 
analysis were selected using a Top10 method. MS2 analysis consisted of collision-induced dissociation (quadrupole ion trap analysis; 
Turbo scan rate; AGC 2.0×104; isolation window 0.7 Th; normalized collision energy (NCE) 35; maximum injection time 90 ms). 
Monoisotopic peak assignment was used and previously interrogated precursors were excluded using a dynamic window (150 s ± 7 
ppm) and dependent scans were performed on a single charge state per precursor. Following acquisition of each MS2 spectrum, a 
synchronous-precursor-selection (SPS) MS3 scan was collected on the top 10 most intense ions in the MS2 spectrum (McAlister et al., 
2014). MS3 precursors were fragmented by high energy collision-induced dissociation (HCD) and analyzed using the Orbitrap (NCE 
65; AGC 3×105; maximum injection time 150 ms, resolution was 50,000 at 200 Th). 
 
Proteomics-Data analysis 
 
Raw mass spectra obtained were processed as described in (Huttlin et al., 2010, Paulo et al., 2015, Ordureau et al., 2020) and were 
processed using a Sequest. Mass spectra was converted to mzXML using a version of ReAdW.exe. Database searching included all 
entries from the Human Reference Proteome. Searches were performed with the following settings 1) 20 ppm precursor ion tolerance 
for total protein level analysis, 2) Product ion tolerance was set at 0.9 Da, 3) TMT or TMTpro on lysine residues or N-termini at 
+229.163 Da or +304.207 Da 4) Carbamidomethylation of cysteine residues (+57.021 Da) as a static modification and oxidation of 
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methionine residues (+15.995 Da) as a variable modification. Peptide-spectrum matches (PSMs) were adjusted to a 1% false discovery 
rate (FDR) (Elias and Gygi, 2007). PSM filtering was performed using a linear discriminant analysis, as described previously (Huttlin 
et al., 2010). To quantify the TMT-based reporter ions in the datasets, the summed signal-to-noise (S:N) ratio for each TMT channel 
was obtained and found the closest matching centroid to the expected mass of the TMT reporter ion (integration tolerance of 0.003 
Da). Proteins were quantified by summing reporter ion counts across all matching PSMs, as described previously (Huttlin et al., 2010). 
PSMs with poor quality, or isolation specificity less than 0.7, or with TMT reporter summed signal-to-noise ratio that were less than 
100 or had no MS3 spectra were excluded from quantification. 
 
Values for protein quantification were exported and processed using Perseus to calculate Log fold changes and p-values. Volcano 
plots using these values were plotted in Excel. The mass spectrometry proteomics data have been deposited to the ProteomeXchange 
Consortium via the PRIDEpartner repository (Perez-Riverol et al., 2019) with the dataset identifier PXDO27476.  
 
 
Protein classification 
 
Classification of proteins to various organellar locations or functional groups were performed using manually curated databases from 
Uniprot and are listed in the relevant supplementary tables.  
 
Statistics 
All statistical data were calculated using GraphPad Prism 7 or Perseus. Comparisons of data were performed by one-way ANOVA 
with Tukey’s multiple comparisons test.  
 
Data Availability 
 
The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Perez-Riverol et 
al., 2019)partner repository with the dataset identifier PXDO27476 and will be released upon publication. All calculations for plots 
shown in the paper are provided in the Source data_All grafts.xls file. All uncropped images corresponding to immunoblots are 
provided in Source Data files for each figure containing immunoblots. 
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