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SUMMARY 

Autophagy deficiency in fed conditions leads to the formation of protein inclusions highlighting 

the contribution of this lysosomal delivery route to cellular proteostasis. Selective autophagy 

pathways exist that clear accumulated and aggregated ubiquitinated proteins. Receptors for 

this type of autophagy (aggrephagy) include p62, NBR1, TOLLIP and OPTN which all possess 

LC3-interacting regions and ubiquitin-binding domains (UBDs), thus working as a bridge 

between LC3/GABARAP proteins and ubiquitinated substrates. However, the identity of 

aggrephagy substrates and the redundancy of aggrephagy and related UBD-containing 

receptors remains elusive. Here, we combined proximity labeling and organelle enrichment 

with quantitative proteomics to systematically map the autophagic degradome targeted by 

UBD-containing receptors under basal and proteostasis challenging conditions in human cell 

lines. We identified various autophagy substrates, some of which were differentially engulfed 

by autophagosomal and endosomal membranes via p62 and TOLLIP, respectively. Overall, 

this resource will allow dissection of autophagy’s proteostasis contribution to numerous 

individual proteins. 
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INTRODUCTION 

Macroautophagy (hereafter autophagy) is a conserved degradation pathway. A broad range 

of cytosolic constituents including invading pathogens, damaged organelles or parts thereof, 

aggregated proteins and other macromolecules are enclosed by double-membraned vesicles, 

coined autophagosomes, and degraded upon their fusion with lysosomes (Mizushima and 

Komatsu, 2011). Thereby, autophagy essentially contributes to the cellular homeostasis of 

organelles, proteins and metabolites as well as innate immunity. A hallmark of autophagy is 

the conjugation of ubiquitin (Ub)-like human ATG8 (hATG8) family members (MAP1LC3A, 

MAP1LC3B (LC3B), MAP1LC3B2, MAP1LC3C, GABARAP, GABRAPBL1 and GABARAPL2) 

to phosphatidylethanolamine (PE) in- and outside of incipient autophagosomes (Mizushima et 

al., 2011). A major function of hATG8-PE is to serve as docking site for regulatory components 

and selective receptors on the concave site of forming autophagosomes (Birgisdottir et al., 

2013). These receptors recognize distinct cargo and tether it to the engulfing autophagosome 

(Stolz et al., 2014). Selectivity is conferred by two defining components found in all receptors: 

an LC3-interaction region (LIR) with which the receptors bind to hATG8-PE and a cargo-

binding element which can either be transmembrane (TM) segments or protein-protein 

interaction scaffolds such as the Ub-binding domains (UBDs) (Rogov et al., 2014). Through 

their UBDs, receptors bind cytosolic bacteria, damaged mitochondria and protein aggregates, 

all of which are modified with Ub (Kirkin et al., 2009b). Notably, autophagosomal engulfment 

of cargo can also occur independent of ubiquitin, either through direct or adaptor-mediated 

binding of receptors to substrate proteins (Jain et al., 2010; Komatsu et al., 2010) or vesicles 

and organelles (Maejima et al., 2013; Princely Abudu et al., 2019), respectively. Due to their 

similarities, 6 soluble receptors are grouped together as SQSTM1-like receptors (SLRs) 

(Deretic, 2012). The funding member of this family of proteins is SQSTM1 (alias p62) which is 

highly similar to NBR1. Both harbor so-called canonical LIR motifs with a core sequence of 

[W/F/Y]0-X1-X2-[L/V/I]3 (Kirkin et al., 2009a; Pankiv et al., 2007) and interact via their PB1 

domains (Lamark et al., 2003). They also share a Ub-associated domain (UBA) and help to 

clear protein aggregates (Kirkin et al., 2009a; Pankiv et al., 2007) and peroxisomes (Deosaran 
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et al., 2013; Kim et al., 2008). NDP52 (alias CALCOCO2) and TAX1BP1 have a highly similar 

domain architecture containing atypical c-type LIRs and Ub-binding zinc fingers (ZFs) (Fu et 

al., 2018) and eliminate bacteria, mitochondria and aggregates (Fu et al., 2018; Heo et al., 

2015; Lazarou et al., 2015; Sarraf et al., 2020; von Muhlinen et al., 2012). OPTN, which serves 

as SLR in mitophagy, xenophagy and aggrephagy upon its phosphorylation by TBK1 (Heo et 

al., 2015), carries a LIR (Wild et al., 2011) and two UBDs: a ZF and a UBD in ABIN proteins 

and NEMO (UBAN) domain (Heo et al., 2015; Korac et al., 2013; Lazarou et al., 2015; Wild et 

al., 2011). Lastly, the aggrephagy receptor TOLLIP contains a Ub-binding CUE domain and 2 

putative LIRs (Lu et al., 2014). However, its role in autophagy is poorly defined. While all SLRs 

are associated with the clearance of ubiquitinated proteins, the identity of these proteins 

remains largely elusive. Further, we do not know whether SLRs exclusively target proteins for 

lysosomal degradation upon proteostasis challenges or also in unperturbed conditions. Finally, 

the redundancy of SLRs in degrading different proteins is unexplored. To address these 

questions, we combined proximity labeling with quantitative proteomics to systematically map 

the protein inventory of autophagosomes in an SLR-specific manner under basal and 

proteostasis disturbing conditions. We coupled this approach to manipulation of autophagy 

regulators and complementarily performed neighborhood and organellar proteomics to further 

explore cargo proteins. We therewith identified potential new autophagy substrates across a 

broad range of cellular functions and compartments. Using biochemical and cell biological 

methods, we validated a number of candidates as bona fide autophagy cargo and 

subsequently demonstrated that some of these are differentially engulfed by autophagosomal 

and endosomal membranes via p62 and TOLLIP, respectively. In addition, our profiling 

revealed that only a small fraction of cargo proteins depends on hATG8 and Ub conjugation 

for their membrane engulfment and that a majority of basal cargo candidates remains 

unaffected in response to proteostasis perturbations while a substantial amount of additional 

new proteins is targeted to the autophagy pathway under these conditions. 

 

RESULTS 
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Establishment of APEX2-SLR cells 

To identify cargo in autophagosomes in the proximity of SLRs, we generated a panel of HeLa 

cells expressing NBR1, NDP52, OPTN, p62, TAX1BP1 or TOLLIP as N-terminal fusion to the 

engineered peroxidase APEX2 (Hung et al., 2016) and a myc epitope tag (Figure 1A, S1A). 

myc-APEX2-LC3B expressing cells were used as control. Treatment with biotin-phenol (30 

min) and subsequent pulsing with H2O2 (1 min) triggers biotinylation of proteins in the proximity 

to APEX2 fusions. To specifically enrich biotinylated proteins engulfed with our APEX2 baits 

in autophagosomes following BafilomycinA1 (BafA1) treatment, we incubated cell 

homogenates with proteinase K which digests all proteins that are not protected by intact 

membranes (Figure 1A). Immunoblotting confirmed that our APEX2 fusions, biotinylated 

proteins and endogenous p62 are indeed partly protected from proteinase K, while the 

cytosolic domain of the TM protein ATG9A, which harbors its antibody epitope, was degraded 

(Figure 1B). Only when the protective membranes were lysed with Triton X-100, proteinase K 

completely cleared the homogenates. Confocal microscopy of our cell panel revealed pairwise 

localization of the APEX2 baits, LC3 and biotin-positive puncta which in turn partially 

colocalized with the lysosomal marker LAMP1 upon BafA1 treatment and proximity labeling 

(Figure 1C, S1B). Moreover, all APEX2 fusions generate electron microscopy (EM) contrast 

on autophagosomal structures when BafA1 treated cells were subjected to post-fixation 3,3-

diaminobenzidine (DAB) labeling and H2O2 pulsing (Figures 2A). Taken together, these results 

indicate that the APEX2-SLR chimeras are targeted to autophagosomes where they biotinylate 

engulfed proteins destined for lysosomal degradation. 

 

Optimization of vesicle content profiling  

Prior to cargo profiling of our APEX2-SLR cell lines, we improved the throughput of our 

approach by implementing tryptic in-solution digests for processing mass spectrometry (MS) 

samples. To include a specificity control of homogenates treated with proteinase K in the 

presence of a membrane-lysing detergent, we substituted Triton X-100 with MS-compatible 

RAPIGestTM which had no effect on the clearance of homogenates by proteinase K (Figure 
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S2A). To test the modified protocol with an autophagy-unrelated protein, we chose TMEM106B 

whose C-terminus predominantly locates in endosomes and lysosomes. We generated HeLa 

cells expressing C-terminally APEX2-tagged TMEM106B (Figure S2B) and subjected them to 

proximity labeling. TMEM106B-APEX2 and concomitant biotinylated proteins were partially 

protected from proteinase K (Figure S2C) and biotinylated proteins co-localized with the 

endosomal and lysosomal markers EEA1 and LAMP1, respectively (Figure S2D). For profiling 

the content of TMEM106B-positive vesicles, we compared empty and TMEM106B-APEX2 

expressing cells treated with DMSO or BafA1/Torin1. Upon proximity labeling, cells were 

homogenized followed by proteinase K digestion in the absence and presence of RAPIGestTM. 

Proteolyzed material was cleared by centrifugation and samples were subjected to denaturing 

lysis, streptavidin pulldown, in-solution tryptic digest and MS analysis (Figure S2E). Pearson’s 

correlation coefficients of minimum 0.97 indicated high reproducibility between triplicates 

(Figure S2F). Upon excluding protease-resistant proteins (found in the proteinase K and 

RAPIGestTM treated sample; Table S1), statistical analysis revealed a total of 262 proteins that 

were significantly enriched in the proximity of luminal TMEM106B-APEX2 (Figure S2G; Table 

S1). Gene ontology (GO) enrichment analysis of TMEM106B proximity candidates shows 

prominent terms reflecting biogenesis and trafficking of TMEM106B (Figure S2H). Overall, 

these findings provide independent confirmation that our modified protocol allows the robust 

identification of proteins enclosed in transient endomembrane vesicles.  

 

SLR-specific autophagosome content profiling under basal autophagy conditions 

Next, we subjected triplicates of APEX2-SLRs and -LC3B expressing cells grown in DMSO or 

BafA1 to the same profiling procedure as described for TMEM106B (Figure 2B). As specificity 

control, we included 6 additional samples of BafA1-treated APEX2-LC3B expressing cells 

whose homogenates were incubated with proteinase K and RAPIGestTM. Therewith, 181 

protease-resistant proteins were identified as potential contaminants and excluded from further 

analysis (Table S1). With good reproducibility (Figure 2C), we detected between 500 and 900 

proteinase K protected and streptavidin enriched proteins with the different APEX2 fusions 
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(Figure S2I). Statistical analysis identified a total of 279 non-redundant BafA1-sensitive 

proteins (68 for LC3B, 88 for NBR1, 122 for NDP52, 148 for p62, 19 for OPTN, 51 for TAX1BP1 

and 57 for TOLLIP) across the APEX2 baits (Figure 2D-F; Table S1). These proteins were 

defined as cargo candidates of basal, housekeeping autophagy. Among those proximity 

profiled by p62 were hATG8s, selective autophagy receptors, autophagy regulators known to 

be engulfed by autophagosomes (ULK1, RB1CC1), established substrates (KEAP1, FTL) but 

also several new cargo candidates. Intriguingly, some of these potential substrates have 

already been implicated in autophagy (TBK1, TNFAIP3, VCP, TBC1D15, UBQLN2, VAPA, 

VAPB, PRKCI) while others have not been linked to the pathway (PRKAR1A) (Figure 2F). In 

contrast, APEX2 labeling of TOLLIP unveiled quite different proteins. Apart from NBR1 and 

p62, the only other autophagy-related protein in TOLLIP’s enclosed proximity was TMEM59. 

Consistent with the role of TOLLIP in coordinating the endosomal compartment (Jongsma et 

al., 2016) and mediating endocytic trafficking of ubiquitylated cargoes (Katoh et al., 2004; Xiao 

et al., 2015; Yamakami et al., 2003), we found several proteins involved in these processes 

(PDCD6IP, PDCD6, HGS, STAM, ITCH, RAB5C). Notably, none of these factors was known 

to be engulfed by endomembranes. In addition, we detected a number of other lysosomal 

destined proteins, which have established links to endocytic trafficking (SCAMP3, TFRC, 

NDFIP1, SLC2A1, ATP1A1, LPL) (Figure 2F). As quality control, we compared our basal cargo 

candidates to 2 similar proximity proteomics data sets. First, APEX2-LC3B profiling with the 

current protocol and its earlier version (Le Guerroue et al., 2017) revealed a considerable 

overlap of 15 proteins whereas 53-56 proteins were uniquely found only with one of the 

workflows. Importantly, the number of known autophagy-related proteins was by far larger with 

the improved method (16 vs. 3) (Figure S3A). Second, only very few basal candidates detected 

with APEX2-LC3B or APEX2-SLRs overlapped with a recent BirA-LC3B MS-based approach 

on secretory autophagy (Leidal et al., 2020) (Figure S3B), suggesting that we mainly capture 

autophagosomes en route to lysosomes. 

 

Common and unique features of SLR-specific basal autophagy cargo candidates 
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Closer inspection of the basal cargo candidates revealed that for each of the APEX2 fusions 

exept for OPTN and TOLLIP, a majority of the identified proteins were shared with at least one 

of the other proximity baits, while a smaller portion was uniquely identified with a single bait. 

For OPTN and TOLLIP, the ratio between unique and shared cargo candidates was about the 

same (Figure 3A). Examination of the relative overlap of candidates identified by two APEX2 

fusions confirmed this trend. OPTN, TOLLIP and TAX1BP1 shared on average the least cargo 

candidates, while p62, NBR1, NDP52 and to a lesser extent LC3B showed the biggest pairwise 

overlap (Figure 3B). Autophagy-related proteins found in the overlap between these 4 baits 

included GABARAPL2, the ferritino- and ER-phagy receptors NCOA4 and CCPG1, the cargo 

proteins FASN, FTL and KEAP1, as well as the autophagy regulators ATG9A, TBK1, CLTC, 

RAB1B, RAB5C and RAB7A (Figure S3C). Remarkably, p62 was the only protein detected in 

all profiling experiments. Analysis of the topology of cargo candidates unveiled that the large 

majority of cargo candidates identified by APEX2-p62, -NBR1, -NDP52 and -LC3B represented 

cytosolic soluble or peripheral membrane proteins (PMP) (Figure 3C). In contrast, for APEX2-

OPTN, -TAX1BP1 and -TOLLIP the fraction of transmembrane proteins (TMP) and organelle 

luminal proteins among the cargo candidates increased at the expense of soluble proteins. 

The GO analysis showed prominent enrichment of cell adherens-, ATP/GTP- and folding-

related terms besides the expected autophagosomal and lysosomal associations (Figure 3D). 

Literature curation of cargo candidates for their involvement in autophagy revealed an even 

broader presence of proteins with this annotation across all APEX2 baits (Figure 3E). Given 

that our dataset had minimal overlap with a recent survey of secretory autophagy ((Leidal et 

al., 2020), Figure S3B), the GO terms exosomal secretion and extracellular vesicles, enriched 

among TOLLIP cargo candidates, caught our attention (Figure 3D). Manual inspection showed 

that the majority of proteins with these terms (SDCBP, HGS, STAM, PDCD6IP, SDC4, CLTC, 

ATP1A1) were actually part of the endosomal machinery and that several additional TOLLIP 

cargo candidates (ITCH, NDFIP1, PDCD6, SDC2) shared this association (Figure S3C and 

S3D). Remarkably, a substantial number of cargo candidates found across SLRs and LC3B 

were small GTPases (Figure 3E). This group of proteins represents an intriguing new type of 
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potential autophagy substrates, as many cellular processes including formation or maturation 

of autophagosomes, nutrient signaling, as well as mitochondrial and cytoskeletal dynamics are 

regulated in a GTP-dependent manner.  

 

Comparison of SLR cargo candidates and proximity partners  

Since biotinylation of cargo candidates occurred inside of autophagosomes, we asked which 

of these proteins were in the proximity of an APEX2 bait prior to their autophagic engulfment. 

To address this, we subjected our APEX2 fusions to a second-round proximity profiling without 

proteinase K digestion (Figure S4A). The experiment was carried out with all APEX2-SLRs 

and -LC3B expressing cells treated with DMSO or BafA1. Additionally, APEX2-LC3B cells 

grown in the absence of biotin-phenol and empty cells served as controls. Pearson’s 

correlations above 0.9 indicated high replicate reproducibility (Figure S4B). Upon stringent 

statistical filtering against proteins found in the 2 controls and for BafA1-dependent changes, 

we identified between 107 and 208 proteins per APEX2 fusion which we considered as 

proximity partners of one of the 6 SLRs or LC3B (Figure S4C; Table S1). About half of the 

partners of APEX2-TAX1BP1, -NDP52, -OPTN and -NBR1 showed abundance changes upon 

BafA1 treatment. While this fraction increased to 61% and 70% for p62 and LC3B, only 32% 

of the TOLLIP partners were BafA1-sensitive. Interestingly, the majority of BafA1-sensitive 

proximity partners of p62 increased, while LC3B proximal proteins were largely decreased. In 

contrast to the basal cargo proteins, the BafA1-sensitive proximity partners were overall not 

shared among different SLRs or LC3B (Figure S4D) and only a few were found by more than 

2 APEX2 baits (Figure S4E). Comparison of proteinase K protected cargo candidates and 

proximity partners for each APEX2 fusion revealed only a small overlap between these 2 

populations (Figure 3F), indicating that additional factors other than SLRs and LC3B may 

contribute to recruitment of these proteins to enclosing autophagosomes. Conversely, this 

comparison also highlighted the specificity of SLR-mediated substrate engulfment as proteins 

featured more prominent among SLRs as proximity partner than as cargo candidate. For 

instance, SCAMP3 was exclusively found as TOLLIP cargo candidate, however, it was also 
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present in proximity to TAX1BP1, p62, OPTN and LC3B besides TOLLIP. Likewise, KEAP1, 

detected as cargo by APEX2-LC3B, -NBR1, -p62 and -NDP52, was additionally found as 

proximity partner of TAX1BP1 and TOLLIP. This specificity is further underscored by exclusive 

pairing examples such as ROBO1 and TMEM33 which were only detected as cargo candidates 

and proximity partners with APEX2-TOLLIP and -LC3B, respectively (Figure 3F and S3D). The 

fact that a few known substrates (NIPSNAP1, RTN3) were only detected as proximal proteins 

and that OPTN profiling revealed far more proximity partners than cargo candidates (Figure 

3F) highlights that specific signals are required to induce autophagosomal targeting of these 

factors.  

 

Large-scale autophagy cargo validation through immune isolation of lysosomes 

As an independent approach to identify cellular proteins that are delivered to lysosomes via 

autophagosomes, we performed lysosome immunoprecipitation (LysoIP) (Abu-Remaileh et al., 

2017) which is based on the expression of the lysosomal protein TMEM192 as C-terminal 

fusion to HA (TMEM192-HA) or FLAG (TMEM192-FLAG) epitopes. These constructs were 

separately introduced in parental, hexa LC3/GABARAP knockout (ATG8-6-KO) (Nguyen et al., 

2016) and hexa receptor KO (Rec-6-KO) HeLa cells (Figure S4G). The latter were generated 

by CRISPR/Cas9-based deletion of TOLLIP in penta receptor KO cells (Lazarou et al., 2015) 

(Figure S4F). Upon confirming lysosomal localization of TMEM192-HA and -FLAG (Figure 

S4H), we treated our LysoIP cell panel with BafA1 and immunopurified lysosomes from 

homogenates prior to denaturing lysis, in-solution tryptic digestion and MS (Figure S4I). Empty 

parental and TMEM192-FLAG cells were used to control for unspecific background binding. 

Proteins were detected with Pearson’s correlations of ≥0.83 across replicates (Figure S4J). 

Statistical analysis of empty and TMEM192-HA expressing cells identified 112 significantly 

enriched proteins in the latter. These lysosomal constituents included peripheral proteins such 

as LAMTOR1/2/3, TM proteins such as LAMP1/2, NPC1/2 as well as LDLR and the luminal 

proteins CTSA/C/D/Z, GBA, GGH, GUSB and HEXB (Figure S4K; Table S1). Next, we filtered 

for proteins that were significantly enriched in parental compared to ATG8-6-KO or Rec-6-KO 
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TMEM192-HA expressing cells but not in the corresponding TMEM192-FLAG cells (Figure 3G; 

Table S1). This approach yielded a total of 757 proteins that were altered through either or 

both KOs. Importantly, 58 of these autophagy-sensitive lysosomal proteins were also identified 

in our basal autophagosome content profiling (Figure 3H). Among these were cargo 

candidates identified by distinct APEX2 baits such as VAPA and VAPB (p62), TMEM33 

(LC3B), SCAMP3 and PDIA3 (TOLLIP), CKAP4 (NBR1), AFG3L2 (OPTN) and ATP6V0D1 

(NDP52) or detected across APEX2 fusions such as LC3B, NCOA4, PLD3, HLA-A, RAB1A, 

RAB14, RAB5C and RAB7A (Figure 3G, S3C and S3D). Overall, combining LysoIP with 

systematic genetic autophagy ablation is a valid complementary approach to identify 

autophagy cargo proteins. The rather small overlap (8%) between proximity profiling and 

LysoIP can be explained by the fact that LysoIP also enriches for peripheral lysosomal 

membrane proteins, autophagosomes represent only one lysosomal delivery route and 

autophagosomal cargo might be gradually degraded before they reach the lysosome.  

 

Selected cargo candidates are membrane protected and localize to lysosomes 

To enable an unbiased validation, we selected 25 diverse cargo candidates based on different 

topologies (soluble, TMP, PMP), identification by single versus numerous APEX2 baits and 

overlap between proximity and organellar proteomics. First, cell homogenates treated with 

proteinase K showed that all of the tested cargo candidates were indeed protected from 

cleavage, whereas the non-degradative hATG8-interacting protein KBTBD7 (Genau et al., 

2015) and the cytosolic domains of ATG9A and SLC38A9 which both contain the respective 

antibody epitope were digested (Figure 4A and S5A). Second, we examined the subcellular 

distribution of cargo candidates by confocal microscopy and observed that all selected 

candidates partially colocalized with lysosomes marked by LAMP1 (Figure 4B and S5B). Third, 

we probed for abundance changes of cargo candidates in response to BafA1 treatment (Figure 

4C and S5C) and detected increases in 18 out of the 25 selected cargo candidates while the 

remaining 7 cargo candidates (TNIP1, VAPA, PDCD6, SCARB1, G6PD, TRAF2, RHEB) did 

not show any overt changes (Figure 4C and S5C). The fact that the total pool of a given protein 
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from this latter group was insensitive to blockage of autolysosomal degradation despite being 

membrane-protected and delivered to lysosomes, may indicate slower lysosomal targeting or 

transcription/translation kinetics of these candidates which could prevent the build-up of 

substantial protein levels in the time frame of our BafA1 treatment.  

 

Examining delivery routes of SLR-specific cargo candidates 

The fact that endosomal proteins were prominently found together with membrane enclosed 

TOLLIP called for a closer inspection. As a reference, we chose p62 since its profiling identified 

most of the known autophagy substrates. We generated clonal TOLLIP and p62 KO HeLa cells 

(Figure 5A) and performed protease protection assays for cargo candidates identified by 

APEX2-TOLLIP or -p62. Consistent with our profiling data, protection of the TOLLIP cargo 

HGS, SCAMP3, ITCH and PDCD6IP was significantly decreased in TOLLIP KO cells while the 

p62 candidates CCPG1 and VAPB as well as the NBR1 unique candidate SCARB1 were 

unaffected (Figure 5B and 5D). Conversely, the p62 cargo candidates CCPG1, VAPB, KEAP1, 

VAPA, STIP1, VCP and ULK1 were substantially less protected in p62 KO cells compared to 

the exclusive TOLLIP and NBR1 candidates SCAMP3 and SCARB1, respectively (Figure 5C, 

5E and S6A). PDCD6 which was profiled by APEX2-p62 and -TOLLIP was also sensitive to 

both KOs. Importantly, similar results were obtained with a second batch of clonal KO cells 

(Figure S6B-D). Overall, these findings demonstrate that different cargo candidates require 

distinct SLRs for their autophagosomal engulfment. The observation that p62 and its interactor 

NBR1 were both found among TOLLIP’s cargo candidates despite the different cargo 

preferences of TOLLIP and p62 let us examine the subcellular distribution of these 3 SLRs. 

While TOLLIP colocalized with p62 or NBR1 in several punctuated structures, a substantial 

part of TOLLIP-positive puncta showed no colocalization (Figure S6E), supporting the notion 

that autophagosomes are unlikely a homogenous vesicle population but instead differ at least 

in their enclosed components. Hence, it is plausible that cargo candidates of endosomal origin 

are engulfed in a different TOLLIP-positive vesicle than p62 and NBR1. Based on this notion, 

we investigated whether TOLLIP and p62 take different routes to deliver their cargo proteins 
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to the lysosome. One such alternative might be endosomal microautophagy (Oku and Sakai, 

2018). Hence, we probed to what extent TOLLIP and p62 are engaged by endosomal or 

autophagosomal membranes. Immunofluorescence analysis showed that a large fraction of 

TOLLIP colocalized with the multivesicular body (MVB) marker CD63 while only very few p62 

puncta were also positive for CD63 (Figure 5F). In contrast, p62 but not TOLLIP was found to 

colocalize with the pre-autophagosomal marker WIPI2 (Figure 5G). Consistently, we observed 

a prominent CD63 colocalization for the TOLLIP cargo candidates SCAMP3 and HGS whereas 

the p62 candidates CCPG1 and VAPB did not colocalize with either CD63- or RAB7-positive 

structures (Figure S6F and S6G). Extended analysis of our APEX2 fusion targets unveiled that 

NDP52, OPTN, TAX1BP1 and LC3B but not NBR1 showed considerable co-localizations with 

CD63 (Figure S6H). By revisiting the EM of our APEX2 fusions, we found positively contrasted 

MVB-like structures for APEX2-TOLLIP, -OPTN and -LC3B whereas these were absent for 

APEX2-p62, -NBR1, -NDP52 and -TAX1BP1 (Figure 5H and S6I). Thus, distinct SLRs such 

as TOLLIP and OPTN as well as LC3B are indeed engaging endosomal membranes while 

other SLRs such as p62 and NBR1 are preferentially not taking this route. While this preference 

can change in response to starvation conditions for some SLRs such as p62 (Figure S6K) as 

reported previously (Mejlvang et al., 2018), others like NBR1 seem to be excluded from 

engaging endosomal membranes (Figure S6K). Intriguingly, hATG8 lipidation was not required 

to recruit TOLLIP to CD63-positive structures (Figure S6L and S6M) despite the presence of 

LC3B on endosomal membranes (Figure 5H and S6H). As an alternative approach to probe 

this differential routing of cargo, we expressed the hyperactive RAB5-Q79L mutant (Stenmark 

et al., 1994) as mCherry fusion in HeLa cells. In this setting, TOLLIP and its two cargo 

candidates HGS and ITCH accumulated in giant endosomes whereas this phenotype was not 

observed for p62 and its cargo candidates CCPG1 and VAPB (Figure 5I). Consistently, we 

also detected a significant increase in the proteinase K protected fraction of TOLLIP, HGS and 

ITCH in RAB5-Q79L compared to mock transfected cells. In contrast, p62, its cargo candidates 

CCPG1 and VAPB and the NBR1-specific cargo SCARB1 showed decreased protease 

sensitivity upon RAB5-Q79L expression (Figure 5J and 5K). This suggests that the observed 
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endosomal engulfment is specific for TOLLIP and its cargo candidates. To define TOLLIP-

dependent endosomal microautophagy opposed to p62-mediated autophagosomal 

engulfment, we monitored lysosomal delivery of cargo candidates of these two pathways upon 

blockage of autophagosome formation. While colocalization of the p62 cargo VAPB with 

LAMP1 tended to be largely abolished in cells treated with the ULK1 inhibitor MRT68921 

(Petherick et al., 2015) (Figure S7A and S7B), depleted of the hVps34 complex component 

ATG14 (Figure S7C and S7D) or grown in the presence of the hVps34 inhibitor SAR405 

(Ronan et al., 2014) (Figure S7E-S7G), the lysosomal localization of the TOLLIP cargo 

SCAMP3 was unaffected by these conditions (Figure S7B, S7D and S7G). Conversely, 

disruption of MVBs by depletion of the ESCRT component CHMP4B (Figure S7H), which is 

required to incorporate LC3B into enlarged RAB5-Q79L endosomes (Figure S7I) (Leidal et al., 

2020), trended towards reduced localization of TOLLIP and its cargoes SCAMP3 and ITCH to 

LAMP1-positive structures but had no overt effect on LAMP1 colocalizations of the non-

TOLLIP cargoes VAPB, PRKAR1A, STIP1 and KEAP1 (Figure S7I). Moreover, compromising 

MVB integrity by the compounds U18666A or GW4869 (Mejlvang et al., 2018; Sahu et al., 

2011) significantly abrogated SCAMP3-LAMP1 colocalizations while the distribution of p62 to 

LAMP1 positive puncta was unchanged (Figure S8A). In sum, these experiments established 

that TOLLIP can funnel cargo candidates to lysosomes via endosomal microautophagy while 

p62 largely mediates engulfment of proteins by incipient autophagosomal membranes.  

 

Defining molecular requirements of cargo engulfment 

Since SLRs are sought to serve as molecular bridges between hATG8-PE conjugates in 

autophagosomal membranes and ubiquitinated substrates, we decided to determine to what 

extent cargo engulfment depends on these two defining features. For this purpose, we 

employed 2 inhibitors, ATG8-E1 and Ub-E1, which specifically block the activities of the E1 

enzymes for hATG8s and Ub, ATG7 and UBA1, respectively. Immunoblotting for Ub and LC3B 

confirmed that ATG8-E1 treatment blocked hATG8-PE conjugate formation while incubation 

with Ub-E1 ablated polyubiquitination (Figure 6A and S6L). Importantly, both inhibitors did not 
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substantially alter the protease protected fraction of different SLRs or LC3, while the total levels 

of unconjugated LC3B markedly increased upon ATG8-E1 treatment (Figure S8B). Next, we 

performed autophagosome content profiling of our APEX2 fusion cells differentially treated 

with Ub-E1 or ATG8-E1 (Figure 6B, left panel). Triplicate samples were processed for each 

APEX2 fusion and treatment, while protease-resistant proteins were removed. On average, 

we identified 582 proteins with high Pearson’s correlations (Figure 6C and S8C; Table S1). For 

data processing, we focused on those proteins that we previously identified as basal cargo 

candidates (S3C and S3D), of which the overall majority was found in the ATG8-E1 and Ub-

E1 datasets (Figure 6D). Statistical analysis revealed that engulfment of a surprisingly small 

fraction (≤12%) of SLR cargo candidates depends on hATG8 lipidation. For APEX2-LC3B, we 

observed a decrease for the known LIR-containing proteins CCPG1, TBC1D15 and 

CALCOCO1 in response to ATG7 inhibition (Figure 6E), consistent with the notion that 

autophagosomal recruitment of these proteins involves their LIR-dependent docking to 

hATG8-PE conjugates on incipient autophagosomes. In addition, several cargo candidates in 

APEX2-LC3B showed clear dependency on active ATG7 including TNIP1, TMEM33, KRT2, 

PRKAR1A and DNM1L (Figure 6E and 6F), implying possible LIRs in these proteins. We also 

detected lower amounts of the known substrates KEAP1 and TRAF3 as well as GABARAPL2 

(Figure 6E). Since membrane-protected unconjugated LC3B levels were unchanged (Figure 

S8B), we speculate that the decrease in GABARAPL2 might be due to the reduced engulfment 

of LIR-containing proteins, which in turn could recruit other hATG8 family members. 

Intriguingly, the abundance of the ferritinophagy cargo FTL was reduced, while its dedicated 

receptor NCOA4 did not show sensitivity to ATG7 inhibition (Figure 6E). This could suggest 

possible redundancy with other ferritinophagy-mediating factors. Some of the LC3B profiled 

candidates were also found decreased following ATG8-E1 treatment in APEX2-NBR1 

(CCPG1, PRKAR1A, DNM1L), -p62 (KEAP1, TRAF3, TNIP1) and -NDP52 (CALCOCO1, 

KEAP1) samples (Figure 6E), indicating that lipidated LC3B cooperates with NBR1, p62 and 

NDP52 in the engulfment of these proteins. While ATG7 inhibition decreased several other 

proteins sampled by APEX2-p62, the treatment had the opposite effect on numerous NDP52 
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cargo candidates (Figure 6E). Remarkably, a differential effect on cargo engulfment was also 

observed upon acute inhibition of ubiquitination. Here, 40-60% of the candidates found by 

APEX2-LC3B and -NBR1, among them CCPG1, RAB7A and FASN, increased while the 

opposite was true for 17-33% of the TAX1BP1-, NDP52-, p62-, OPTN- and TOLLIP-dependent 

profiling (Figure 6E and 6F). This surprising result suggests that the role of Ub in autophagic 

cargo engulfment is likely to go beyond the established eat-me signaling. Next, we extended 

our analysis to proteins that were not found among the basal cargo candidates but increased 

upon ATG8-E1 or Ub-E1 treatment (marked new) (Figure 6D). While almost every APEX2 bait 

yielded some additional proteins in response to either inhibitor, this effect was pronounced with 

APEX2-LC3B, -NBR1 and -TOLLIP when cells were treated with Ub-E1 and with APEX2-

OPTN and -NDP52 when cells were grown in the presence of ATG8-E1 (Figure 6D). While 

most of the new cargo candidates associated with GO terms of the basal dataset, some of the 

inhibitor-induced proteins found with NBR1, NDP52 and LC3B fell into mitochondria- or ER-

related new categories (Figure 6G). Notably, among those detected with APEX2-LC3B upon 

Ub-E1 treatment were CCPG1, ATL3, SEC62 and VAPA (Figure 6E and S8D), implicating that 

acute inhibition of ubiquitination might induce ER-phagy. Complementary to defining cargo 

dependencies on Ub and hATG8 conjugation, we asked which candidates required one or 

more members of the SLR family for their enclosure. Thereto, we performed APEX2-LC3B 

profiling in parental and Rec-6-KO cells (Figure 6B, right panel). With high reproducibility 

between triplicates, we identified 444 proteins after removal of protease-resistant contaminants 

(Figure 6H; Table S1). Remarkably, almost half of the profiled proteins were depleted or lost 

in protected membranes when cells lacked all SLRs (Figure 6I). These proteins included known 

autophagy machinery and substrates but also several of our validated cargo candidates 

(SCAMP3, RAB5C, PDCD6IP, GNB2L1, PRKAR1A, RHOA) (Figure 6J and 6K). In fact, many 

of the LC3B profiled cargo candidates with sensitivities towards ATG8-E1 or Ub-E1 also 

showed a requirement for the SLR family, confirming the interdependence between receptors 

and hATG8 or Ub conjugation. An exception was TMEM33 whose engulfment was unaffected 

in Rec-6-KO cells (Figure 6L), which validates its exclusive LC3B targeting.  
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Determining SLR-specific degradome alterations upon proteostasis challenges 

Finally, we sought to explore how autophagy cargo changes when the cellular proteostasis is 

perturbed. For this purpose, we selected three conditions: (i) inhibition of translational initiation 

by puromycin (Puro), (ii) blockage of proteasomal degradation by Bortezomib (Btz) and (iii) 

expression of an aggregation-prone protein. For the latter, we selected the amyotrophic lateral 

sclerosis (ALS)-associated, C9orf72-derived dipeptide repeat protein poly-GA (Mori et al., 

2013) of which 175 repeats were fused to GFP (GA175-GFP). Expression of GFP alone or mock 

transfections served as controls. As expected, all three conditions led to the build-up of protein 

inclusions (Figure 7A, 7B, S8E and S9A). The panel of APEX2 baits was found to partially 

colocalize with Ub-positive structures and LAMP1-positive puncta in HeLa cells treated with 

Btz or Puro (Figure 7A and S9A). Likewise, SLRs and LC3B partitioned between a punctuated 

distribution and colocalization with approximately one star-like aggregate per GA175-GFP 

expressing HEK293T cell without showing alterations at the total protein levels (Figure 7B, 

S8E and S8F). All three conditions did not overtly alter the proteinase K sensitivity of SLRs 

and LC3B (Figure S9B). Together, this indicates that SLRs and LC3B are not prominently 

trapped in inclusions but retain the functionality of being engulfed by endomembranes. Next, 

we performed proximity profiling under these 3 conditions using our APEX2 fusions (Figure 

7C). After protease-resistant contaminants subtraction (Table S1), we obtained a total list of 

752 and 1389 proteins for the datasets of Btz/Puro and GA175, respectively, with high replicate 

reproducibility (Figure 7D and S8G; Table S1). As before, we used the basal cargo candidates 

as reference and focused the statistical analysis of the Btz, Puro and GA175 datasets on these 

proteins (Figure 7E). Across the challenges, the degradome changes were remarkably small 

(on average 24%) and different between APEX2 fusions. For example, the fraction of altered 

basal cargo candidates in LC3B predominantly showed increases in all 3 conditions, while for 

NBR1 and TOLLIP the opposite effect was observed in 2 conditions. p62, NDP52, TAX1BP1 

and OPTN revealed mixed responses to the challenges (Figure 7E). For LC3B, NDP52, p62, 

TAX1BP1 and TOLLIP, there was almost no overlap between GA175 and Btz or Puro while Btz 



18 
 

and Puro similarly altered several proteins of which CALCOCO1, LPL, TNIP1, SDC2 and 

SDC4 were shared between two of these baits (Figure 7F). In contrast, NBR1 profiling detected 

Btz and GA175 induced decreases in a group of common proteins including CCPG1, DYNC1H1, 

CLTC, RAB14, PRKAR1A, YWHAE (Figure 7F). Extending the analysis to cargo proteins that 

were exclusively detected under proteotoxicity conditions (marked new) likewise revealed a 

heterogenous pattern. GA175 and Btz induced most prominent changes profiled by APEX2-

LC3B and -p62, while APEX2-NDP52 and -TOLLIP or APEX2-NBR1 and -TAX1BP1 were only 

affected by GA175 or Btz, respectively (Figure 7E). Consistent with these bait and treatment 

specific differences, less than half of the overall significantly altered proteins were found shared 

among 2 APEX2 fusions (Figure S9C). The proteotoxicity-induced new cargo was mostly 

associated with GO terms that were already present in the basal dataset, though exceptions 

were translation and RNA binding common to NBR1 and p62 upon Btz treatment and ER in 

LC3B following GA175 expression (Figure 7G). The facts that this latter GO term was also found 

among LC3B cargo following UBA1 inhibition (Figure 6G) and that the ER-phagy factor VAPA 

(Nthiga et al., 2020) was in the overlap of both treatments (Figure S8H), indicate that GA175 

aggregation and acute inhibition of ubiquitination converge on inducing ER-phagy. Together, 

these findings highlight that proteostasis challenges do not induce autophagosomal content 

alterations at the expense of proteins engulfed in unperturbed conditions. Instead different 

SLRs mediate the autophagic engulfment of a larger but heterogenous population of cellular 

proteins in response to proteostasis perturbation. 

 

DISCUSSION 

In this study, we used limited proteolysis enhanced spatial proximity proteomics to profile 

autophagosome content under unperturbed fed conditions in a manner dependent on 6 

different SLRs, ubiquitination and LC3/GABARAP lipidation as well as in response to 3 different 

proteostasis perturbing conditions. This tour de force identified numerous cargo candidates 

with diverse cellular functions, protein topologies and disease relevance. Using organellar 
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proteomics, biochemical and cell biological approaches we exemplarily validated a broad 

spectrum of cargo candidates as bona fide autophagy substrates.  

On one hand, this resource provides a broad basis for further analyzing autophagosomal 

degradation of new cargo. In this context, the family of small GTPases is most intriguing. While 

members of this broad protein family have been found in autophagosomal preparations before 

(Heo et al., 2019; Mancias et al., 2014), they were generally not implicated as substrates but 

instead as regulators of autophagosome-lysosome tethering or fusion. However, the fact that 

several members of different GTPase subfamilies (RAB5C, RAB7A, RHOA, SAR1B, RHEB) 

were found membrane protected in several independent experimental settings strongly argues 

for an autophagic engulfment of these proteins. Whether these GTPases are regulated by 

autophagy possibly reflecting feedback mechanisms to their roles in mediating membrane 

dynamics (Langemeyer et al., 2018) or whether some of them are engulfed in a bystander 

manner, while mediating functions at the closing autophagosomes remain to be explored.  

On the other hand, our data set contains a number of surprising mechanistic implications. First, 

all selective autophagy receptors of the SLR family were enclosed together with a partially 

overlapping but distinct set of cellular proteins in fed cells. This raises the question to what 

extent proteins are turned over in a bulk nonselective manner under basal housekeeping 

conditions. Second, engulfment of cargo was largely independent of LC3/GABARAP lipidation 

and ubiquitination, two defining features of UBD-containing selective autophagy receptors, but 

required at least one member of the SLRs family. This suggests that SLRs might be mainly 

involved in organizing or scaffolding membrane engulfment rather than actively recruiting 

cargo to incipient autophagosomes. Consistent with this notion, we found only a relatively small 

overlap between cargo candidates and proximity partners of all SLR family members. Third, 

induction of protein (co-)aggregation by translation inhibition, proteasome blockage or 

expression of an aggregation-prone protein overall led to only moderate changes in the 

autophagosome content sampled by different SLR members. This supports the view that the 

cell’s immediate response to aggregation promoting conditions is to facilitate coalescence of 

misfolded and aggregated proteins in aggresomes, wherefrom they are cleared by 
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proteasomes or autophagy once the cell’s proteostasis has been re-established (Hipp et al., 

2019). Forth, proteasomal substrates do not seem to be diverted to autophagosomal 

degradation in large numbers when the proteasome is inhibited. The fact that expression of 

poly-GA was shown to also block the proteasome (Guo et al., 2018) independently confirms 

this conclusion. Fifth, similar autophagosome content changes induced by different cellular 

stressors might indicate common autophagic responses as observed with acute ubiquitination 

inhibition and poly-GA expression which both seem to trigger ER-phagy. While both conditions 

are known to induce ER stress (Hyer et al., 2018; Nishitoh et al., 2008), the mechanistic basis 

for this convergence on autophagy requires further examination. Sixth, unbiased sampling of 

proteins in the proximity of membrane enclosed SLRs unveiled that these receptors mediate 

differential cytosolic cargo engulfment by endosomal and autophagosomal membranes en 

route towards lysosomes. Findings from different experiments show that, in contrast to the 

p62-dependent canonical autophagy substrates CCPG1 and VAPA/B, TOLLIP exclusively 

facilitates endosomal microautophagy of its cargo proteins HGS, SCAMP3 and ITCH under 

fed conditions (Figure 7H). This process seemed to be dependent on Ub but independent on 

ULK1 and hVps34. However, the full molecular requirements of TOLLIP mediated endosomal 

microautophagy need to be tested in more details. While it remains to be determined whether 

this process occurs intentionally or as a bystander product of endocytic cargo sorting, the fact 

that endosomal microautophagy of a number of selective autophagy receptors and their 

potential substrates has been reported following starvation (Mejlvang et al., 2018), argues 

against the latter scenario. Given that we also observed OPTN and LC3B at endosomal 

membranes while hATG8 lipidation was dispensable for endosomal TOLLIP recruitment, 

further experiments are required to determine the roles of OPTN and hATG8s in endosomal 

microautophagy. Since we detected TOLLIP-positive autophagosomes by EM, TOLLIP might 

partition between different autophagy pathways in addition to its endosome- and MDV-

associated functions (Jongsma et al., 2016; Ryan et al., 2020). Thus, it will be important to 

understand the cross-regulation of these multiple vesicle trafficking pathways.  
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Limitations 

While advancing our knowledge on cargo proteins led to deduction of basic principles and 

expansion of the diversity in the autophagy system, our proximity and organellar proteomic 

approaches have certain inherent caveats. Most importantly, they relied on overexpression of 

enzyme or epitope tagged bait proteins whose subcellular localization or molecular interaction 

might partially differ from those of the untagged endogenous counterparts. As a consequence, 

a number of proximity labeled or immune isolated proteins might be false positive or 

differentially responsive to perturbations. Conversely, proteins with a proteinase K resistant 

conformation (e.g. due to RNA or lipid binding) might have been erroneously excluded from 

the analysis as background contaminants. Furthermore, cell line and stimuli specific cargo 

candidates, proximity partners or endolysosomal proteins might have been missed due to the 

limited use of cell lines and growth conditions. Lastly, while the identification of TOLLIP as 

endosomal microautophagy receptor exemplified the utility of our SLR cargo resource, much 

more mechanistic work is required to fully understand the machinery and the signals that drive 

this alternative lysosomal delivery route. 
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MAIN FIGURES 

Figure 1. Autophagosome targeting of APEX2 fused to SLRs 

(A) APEX2-based proximity labeling workflow for LC3B and SLRs. (B,C) APEX2 bait 

expressing HeLa cells were treated for 2 h with BafA1, 30 min with biotin-phenol and 1 min 

with H2O2 followed by homogenization (B) or fixation (C). Homogenates were incubated with 

proteinase K, Triton X-100 or both and immunoblotted for APEX, biotin, p62 and ATG9. The 

latter two served as controls (B). Fixed cells were stained for myc, biotin and LAMP1 (C). Scale 

bars, 10 µm. Co-localization events are indicated by blue and yellow arrowheads. Insets show 

co-localizations of yellow arrowheads. See also Figure S1. 

 

Figure 2. Identification of protease protected autophagy cargo candidates of SLRs 

(A) Electron micrographs of BafA1-treated APEX2-SLRs and -LC3B HeLa cells. Following 

fixation, cells were incubated with DAB and H2O2 prior to standard embedding and ultrathin 

sectioning. Scale bars, 1 µm. (B) Workflow for APEX2 based autophagosome content profiling. 

(C) Pearson’s correlation of 3 biological experiments depicted in (B). (D) Bar graph of 

membrane-protected and streptavidin-enriched proteins identified by indicated APEX2 fusions 

in DMSO and BafA1 treated HeLa cells. The fraction of proteins whose abundance increased 

upon BafA1 treatment is marked in orange as BafA1 sensitive. (E, F) Volcano plots of proteins 

from (D) labeled by APEX2-LC3B (E) or -SLRs (F). Cargo candidates that are significantly 

enriched in the proximity of APEX2 baits in response to BafA1 treatment are highlighted in 
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orange (p-value ≤ 0.05, student’s t-test). Known autophagy components are shown in italic. 

See also Figure S2. 

 

Figure 3. Comparison of SLR cargo candidates and proximity partners  

(A) Numbers of shared and unique cargo candidates identified by indicated APEX2 baits. (B) 

Percent of pairwise overlap of identified cargo candidates between SLRs. (C) Percent of 

candidates with different protein topologies per APEX2 bait. Soluble, cytosolic protein; TMP, 

transmembrane protein; PMP, peripheral membrane protein; luminal, protein localized to an 

organelle lumen. (D) GO term enrichment (FDR≤0.05) of cargo candidates. BP, biological 

process, CC, cellular component, MF, molecular function. (E) Clustering of cargo candidates 

according to selected GO terms from D and literature curation. (F) Comparison of cargo 

candidates and proximity partners of SLRs and LC3B identified by differential protease 

protection mediated proximity proteomics in HeLa cells. Overlapping proteins and selected 

proximity partners are displayed in boxes and known bait interactors are marked italic. (G) 

Volcano plots of proteins found in LysoIPs with TMEM192-HA from Rec-6-KO or ATG8-6-KO 

cells compared to parental HeLa cells. Significantly decreased proteins in the KOs are marked 

blue (p-value ≤ 0.05, student’s t-test). (H) Combined overlap between significantly decreased 

proteins from G and basal cargo candidates. See also Figure S3 and S4. 

 

Figure 4. Validation of SLR cargo candidates 

(A,B) BafA1-treated HeLa cells were homogenized (A) or fixed (B). Homogenates were 

incubated with proteinase K, Triton X-100 or both and immunoblotted with indicated antibodies. 

ATG9 and KBTBD7 served as negative controls (A). Fixed cells were stained with indicated 

antibodies and DAPI (B). Scale bars, 10 µm. Co-localization events are indicated by blue and 

yellow arrowheads. Insets show co-localizations of yellow arrowheads. (C) Lysates from 

BafA1-treated HeLa cells were analyzed by immunoblotting. See also Figure S5. 

 

Figure 5. SLR-specific delivery routes of cargo candidates 
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(A) Lysates from clonal TOLLIP (#1) and p62 (#1) KOs as well as from parental HeLa cells 

were analyzed by immunoblotting. (B,C) Homogenates from clonal TOLLIP (B) or p62 (C) KOs 

as well as parental cells were left untreated or incubated with proteinase K and subjected to 

immunoblot analysis. (D,E) Quantification of proteinase K protected cargo proteins from (B,C) 

in parental versus TOLLIP (D) or p62 (C) KO cells. All density values were normalized to 

GAPDH which was found to be proteinase K indigestible. Data represents mean ± SD. (F,G) 

BafA1-treated HeLa cells were fixed and stained for TOLLIP or p62 together with CD63 (F) or 

WIPI2 (G). Scale bars, 10 µm. Insets show single and merged channel magnifications of boxed 

areas. (H) Electron micrographs of indicated APEX2 fusion expressing HeLa cells treated with 

BafA1. Upon fixation, cells were incubated with DAB and H2O2 followed by standard 

embedding and ultrathin sectioning. Scale bars, 250 nm. (I) Fixed HeLa cells expressing 

mCherry-RAB5-Q79L were stained with indicated antibodies and DAPI. Scale bars, 10 µm. 

Insets show single and merged channel magnifications of boxed areas. (J) Homogenates from 

mock or mCherry-RAB5-Q79L transfected cells were left untreated or incubated with 

proteinase K and analyzed by immunoblotting. (K) Quantification of proteinase K protected 

cargo proteins from (J) in mock versus mCherry-RAB5-Q79L transfected cells. All density 

values were normalized to GAPDH. Data represents mean ± SD. See also Figure S6, S7 and 

S8. 

 

Figure 6. Probing molecular requirements for cargo engulfment by SLRs 

(A) Immunoblotting of lysates from HeLa cells differentially treated with BafA1 and ATG8-E1 

(top) or Btz and Ub-E1 (bottom). (B) Workflow of inhibitor combined autophagosome content 

profiling. (C) Pearson’s correlation of 3 biological replicates. (D) Number of cargo candidates 

found under basal conditions and ATG8-E1 or Ub-E1 inhibitor treatment in HeLa cells. “Up” 

and “down” indicate basal cargo candidates with significant increases or decreases, 

respectively. “New” represents cargo proteins that were absent under basal conditions but 

significantly increased upon inhibitor treatments. (E,F) Known autophagy components and 

cargo candidates with significant inhibitor induced changes identified by at least two (E) or only 
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a single (F) APEX2 bait under basal conditions. (G) GO term enrichment of new cargo proteins 

with ATG8-E1 or Ub-E1 induced increases. BP, biological process, CC, cellular component, 

MF, molecular function. (H) Pearson’s correlation, total and overlapping proteins of biological 

triplicates. (I) Pie chart of proteins profiled by APEX2-LC3B in parental and Rec-6-KO HeLa 

cells. (J) Volcano plot of up-regulated and down-regulated proteins in Rec-6-KO versus 

parental cells (p-value ≤ 0.05, students t-test). (K) APEX2-LC3B profiled proteins that were 

present in parental but absent in Rec-6-KO cells. Known autophagy components are marked 

italic. (L) Heat map representation of the SLR dependency of basal LC3B cargo identified in I 

and J. See also Figure S6 and S8. 

 

Figure 7. Cargo content changes under proteostasis challenging conditions 

(A) APEX2-p62 HeLa cells treated with BafA1, Puro or Btz were fixed and stained with 

indicated antibodies and DAPI. Scale bars, 10 µm. (B) Mock, GFP or GA175-GFP transfected 

HEK293T cells were grown with BafA1 prior to fixation and immunolabeling. Scale bars, 10 

µm. (C) Workflow of autophagosome content profiling upon Btz, Puro or GA175 treatment. (D) 

Pearson’s correlation of biological triplicates. (E) Number of cargo candidates found under 

basal conditions and Btz, Puro or GA175 treatment. “Up” and “down” indicate basal cargo 

candidates with significant increases or decreases, respectively. “New” represents cargo 

proteins that were absent under basal conditions but significantly increased upon Btz, Puro or 

GA175 treatment. (F) Known machinery and cargo as well as cargo candidates with significant 

proteotoxicity induced changes. (G) GO term enrichment of new cargo proteins with Btz, Puro 

or GA175 induced increases. BP, biological process, CC, cellular component, MF, molecular 

function. (H) Working model for differential SLR-mediated autophagy cargo routing. See also 

Figure S9. 

 

STAR METHODS 

 

RESOURCE AVAILABILITY 
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Lead Contact 

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Christian Behrends (christian.behrends@mail03.med.uni-

muenchen.de). 

 

Materials Availability 

All unique reagents generated in this study are available from the Lead Contact with a 

completed Materials Transfer Agreement. 

 

Data and Code Availability 

The accession number for the proteomic dataset reported in this paper is PRIDE: PXD020758 

(username: reviewer95184@ebi.ac.uk, password: SshnvPb1). Original data (confocal 

microscopy images, electron micrographs and immunoblots) have been deposited to 

Mendeley Data: https://data.mendeley.com/datasets/mwsncvr8rv/draft?a=ebbef9c0-e1d0-

4cb0-ab66-902221689db0 

 

EXPERIMENTAL MODEL 

HeLa, HEK293T and HeLa Flp-in T-Rex cells were grown in Dulbecco’s modified Eagle 

medium (DMEM Gibco, #61965-026) supplemented with 10% fetal bovine serum (FBS) and 

1% sodium pyruvate. Stable cell lines were additionally grown with the respective antibiotics, 

either puromycin (2 µg/ml Sigma, #P8833) or hygromycin (20 µg/ml Invitrogen, #10687-010) 

and blasticidin (4 µg/ml Invivogen, #ANT-BL-1).  

 

METHOD DETAILS 

Cloning 

ORFs flanked with attB sites were cloned into the Gateway entry vector pDONR233. ORFs 

from the pDONR233 were then introduced into one of the following destination vectors: N-

mailto:reviewer95184@ebi.ac.uk
https://data.mendeley.com/datasets/mwsncvr8rv/draft?a=ebbef9c0-e1d0-4cb0-ab66-902221689db0
https://data.mendeley.com/datasets/mwsncvr8rv/draft?a=ebbef9c0-e1d0-4cb0-ab66-902221689db0
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terminal myc-APEX2 pNEWS (Le Guerroue et al., 2017) or N/C-terminal myc-APEX2 pHAGE 

vectors (this work).  

 

Cell line generation 

For generation of stable inducible HeLa Flp-In cells, pcDNA5/FRT vectors containing the 

respective myc-AP2-inserts were transfected together with pOG44 (1:9) using Lipofectamine 

2000 followed by selection with 20 µg/ml hygromycin and 4 µg/ml blasticidin. Construct 

expression was induced using doxycycline for 24 h. Lentiviral transfection for the generation 

of stable HeLa or HEK293T GA175-GFP cells (Zhou et al., 2017) with N-terminal myc-APEX2 

pHAGE vectors, was carried out using Lipofectamine 2000 with a ratio of 2:10 (µg DNA / µl 

Lipofectamine 2000). Cells were then selected by addition of Puromycin (2 µg/ml) 48 h post-

transfection. CRISPR / Cas9-mediated genome editing was used to generate TOLLIP and p62 

single-knockout cell lines, as well as TOLLIP knockout in the pentaKO cells (Lazarou et al., 

2015) using gRNA guides cloned into the pLentiCRISPR-HF1 Puro plasmid (Addgene, 

#110850) for simultaneous gRNA and Cas9 expression. Three gRNAs were designed for each 

target using the Broad Institute GPP gRNA designer tool and transfected with Lipofectamine 

2000 at a ratio of 1:6 (µg DNA / µl Lipofectamine 2000). Cells were selected with Puromycin 

(2 µg/ml) 48 h post-transfection and single-cell colonies were obtained by limiting dilution 

plating in 96-well plates.  

 

Transfections & Treatments  

Plasmids were transfected using PEI (Polyethylenimine, Polysciences Europe GmbH) or 

Lipofectamine 2000 (Invitrogen) according to standard protocols. Reagents were used at the 

following concentrations for the indicated incubation times: Doxycycline (Sigma, 4 µg/ml, 24 

h), BafA1 (Biomol, 200 nM, 2 h), Torin1 (Tocris, 250 nM, 2h), Bortezomib (LC Labs, 1 µM, 8 

h), Puromycin (Sigma, 5 µg/ml, 2h), Ub-E1 inhibitor (MLN7243, Takeda, 1 µM, 4 h), ATG8-E1 

inhibitor (ML00792183, Takeda, 1 µM, 8 h), SAR405 (medchemexpress, 1 µM, 2 h), 

MRT68921 (Sigma-Aldrich, 1 µM, 4 h,), GW4869 (Sigma-Aldrich, 5 µM, 24 h), U18886A 
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(Sigma-Aldrich, 5 µg/ml, 48 h), Biotin-Phenol (IrisBiotech, 500 µM, 30 min), H2O2 (Sigma, 1 

mM, 1 min), proteinase K (Roche, 30 µg/ml for 30 min or 100 µg/ml for 1 h), RAPIGestTM 

(Waters, 0.1%, 30 min or 1 h), Triton X-100 (Merck, 0.2%, 30 min), PMSF (Sigma-Aldrich, 10 

mM). For RNAi, cells were reverse transfected with Lipofectamine RNAimax (Invitrogen) using 

ON-Target smart pools (Dharmacon) against ATG14 (L-020438-01-0005), CHMP4B (L-

018075-01-0005) or non-targeting control (D-001810-01-20) according to the manufacturer’s 

instructions. Cells were typically harvested 48 h after transfection. For starvation: culturing 

medium was replaced with EBSS (Sigma, E2888, 4 h) after two washes.  

 

Antibodies 

The following primary antibodies were used for immunoblotting (IB) at a concentration of 

1:1,000 in 5% milk in TBS-Tween20 (0.5%) and/or for immunofluorescence (IF) at a 

concentration of 1:500 0.1% BSA-PBS unless stated otherwise: APEX (IgG2A Regina 

Feederle, custom made, IB 1:200), ATG14 (MBL, M184-3), ATG7 (Cell signaling, 8558, 

blocked in 5% BSA), ATG9A (Abcam, ab108338), Biotin (Pierce, 31852, IB 1:5,000), ß-Actin 

(Sigma, A5316, 1:5,000), anti-biotin-FITC (Abcam, ab106219, IF 1:600), CALNEXIN (Abcam, 

ab22595), CCPG1 (ptglab, 13861-1-AP), CD63 (Abcam, ab59479),  CHMP4B (Abcam, 

ab105767), c-myc (Bethyl, A190-104A), EEA1 (cell signaling, 2411), Flag M2 (Cell Signaling, 

2368), G6PD (Abcam, ab993), GAPDH (Thermo Fisher Scientific, AM4300), GIPC1 (Thermo 

Fisher Scientific, PA5-27161, Abcam, ab5951), GNB2L1 (Abcam, ab62735), HA.11 Clone 

16B12 (Covance / Biolegend, MMS-101P901501), HGS (Abcam, ab155539), ITCH (Abcam, 

ab220637), KBTBD7 (Novus Biologicals, NBP1-92040), KEAP1 (Abcam, ab139729, 

ab181144), LC3 (Cell Signaling, 2775, blocked in 5% BSA, MBL, PM036, IF 1:300), 

LEGUMAIN (R&D systems, AF2199, IB in I-block), myc 9E10 (Regina Feederle, custom made, 

IB 1:100, IF 1:250), NBR1 (AbD Serotec,  MCA3240Z, Abcam, ab219862), NDFIP1 (Abcam, 

ab236892), NDP52 (Abcam, ab68588), OPTN (ptglab, 10837-1-AP, Abcam, ab23666), p62 

(BD, 610832, MBL, PM045, BD, 610832), PCNA (Santa Cruz, sc-7907), PDCD6 (Abcam, 

ab133326), PDCD6IP (Merck, HPA011905-100UL), PRKAR1A (ptglab, 20358-1-AP), RAB5C 
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(Sigma, HPA003426), RAB7 (Cell Signaling, 2094, Abcam ab50533), RHEB (Abcam, 

ab92313, Cell Signaling, 13879), RHOA (Cell Signaling, 2117P), SAR1B (Santa Cruz, sc-

517425), SCAMP3 (Thermo Fisher Scientific, PA5-67150), SCARB1 (Abcam, ab217318), 

SLC38A9 (Abcam, ab81687), STAM (ptglab, 12434-1-AP), STIP1 (Abcam, ab126724, IB in I-

block), TAX1BP1 (Bethyl, A303-791A-T), TNIP1 (Bethyl, A304-508A-T), TOLLIP (Abcam, 

ab187198), TRAF2 (Bethyl, A303-461A-T), TUBULIN (Abcam, ab7291), Ubiquitin (clone FK2 

Merck, 04-263), UBQLN2 (Cell Signaling, 14653, 85509S IF 1:300), ULK1 (Cell Signaling, 

8054), VANGL1 (Abcam, ab242311, Sigma, SAB1408053), VAPA (Sigma, HPA009174), 

VAPB (Sigma, HPA013144), VCP (Bethyl, A300-588A), WIPI2 (Abcam, ab105459). The 

following secondary antibodies were used at a concentration of 1:10,000 for IB and 1:1,000 for 

IF: anti-mouse-HRP (Promega, #W402B), anti-rabbit-HRP (Promega, #W401B), anti-goat-

HRP (Promega, V8051), anti-rat-HRP (Sigma, #A-9037), Donkey anti-rb-555 (Life 

Technologies, A31572), Goat anti-rb-488 (Life Technologies, A11034), Goat anti-mouse-555 

(Life Technologies, A21424), Goat anti-mouse-488 (Life Technologies, A11001), Donkey anti-

goat-555 (Life Technologies, A21432), Donkey anti-goat-488 (Life Technologies, A11055). 

 

Immunoblotting  

Cells were lysed in RIPA-buffer (50 mM Tris, 150 mM NaCl, 0.1% SDS, 0.5% sodium 

deoxycholate, 1% NP-40, 1x protease inhibitors (Roche) and 1x PhosStop (Roche)). Lysates 

were cleared by centrifugation at 4°C for 10 min and boiled in sample buffer (200 mM Tris-

HCL, 6% SDS, 20% Glycerol, 0.1 g/ml DTT and 0.01 mg Bromophenol Blue). Samples were 

submitted to SDS-PAGE and transferred to nitrocellulose membranes. Membranes were 

blocked in 5% milk or 5% BSA in TBS-T (0.1% Tween-20 in TBS) depending on the antibody. 

Immunoblots were incubated with primary antibodies at 4°C overnight in blocking buffer (1:10 

in TBS-T), washed with TBS-T, incubated with secondary HRP-conjugated antibodies for 1 h 

at room temperature, washed again with TBS-T before analysis by enhanced 

chemiluminescence. 
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Immunofluorescence 

Cells were grown on coverslips, washed 3x in DPBS (Gibco) and fixed with 4% PFA (Santa 

Cruz) for 10 min. Cells were then permeabilized with 0.5% Triton X-100 (Merck) for 10 min and 

blocked in 1% BSA for 1 h at room temperature before sequential staining with primary and 

secondary antibodies for 1 h each at room temperature in the dark. Coverslips were mounted 

with Prolong Gold with DAPI (Invitrogen) and imaged after over-night incubation using a Zeiss 

LSM800 Confocal microscope with an oil-immersion objective at 63x magnification. Images 

where then processed using the Fiji distribution of the ImageJ software (version 1.8.0). 

 

Proximity labeling  

APEX2-mediated biotinylation of cells was carried out as described before (Hung et al., 2016). 

In brief, cells were supplemented with 500 µM biotin-phenol (IrisBiotech) for 30 min at 37°C 

before addition of 1 mM H2O2 at room temperature. Cells were then first washed with quencher 

solution (1 mM sodium azide, 10 mM sodium ascorbate and 5 mM Trolox in DPBS), then with 

DPBS, scraped and harvested.  

 

Proteinase K digest 

All steps were carried out at 4°C unless stated otherwise. Cells were washed and suspended 

in homogenization buffer I (10 mM KCl, 1.5 mM MgCl2, 10 mM HEPES-KOH and 1 mM DTT 

pH 7.5). After 20 min of incubation in an overhead shaker, cells were dounced with a tight-

fitting pestle and mixed with homogenization buffer II (375 mM KCl, 22.5 mM MgCl2, 220 mM 

HEPES-KOH and 0.5 mM DTT pH 7.5) at a ratio 1:5 (homogenization buffer I:II). Cleared 

lysates were obtained by centrifugation at 600xg for 10 min. For immunoblotting, 30 µg/ml 

proteinase K was added for 30 min before inhibition of its activity by PMSF. For the control 

digestions 0.2% Triton X-100 or 0.1% RAPIGestTM were added in addition to the proteinase K. 

Samples were then supplemented with sample buffer and submitted to SDS-PAGE. For mass 

spectrometry, samples were treated with 100 µg/ml Proteinase K for 1 h at 37°C and for control 
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samples 0.1% RAPIGestTM was additionally added. Digested material was separated from 

membrane-protected material by centrifugation at 17,000xg for 15 min.  

 

Streptavidin-pulldown 

APEX2-labeled pellets after proteinase K digestion or without digestion, to identify cellular 

interactors, were suspended in RIPA buffer containing quenching components (50 mM Tris, 

150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton X-100, 1x protease inhibitors 

(Roche), 1x PhosStop (Roche), 1 mM sodium azide, 10 mM sodium ascorbate and 1 mM 

Trolox), briefly sonified and cleared by centrifugation at 10,000xg. Supernatants were then 

incubated over-night on pre-equilibrated Streptavidin-Agarose (Sigma). Subsequently, the 

samples were essentially processed as described before (Lobingier et al., 2017). Briefly, 

samples were washed 3x in RIPA buffer with quenching components and 3x in 3 M Urea buffer 

(in 50 mM NH4HCO3) prior to incubation with TCEP (5 mM final) for 30 min at 55°C and 

shaking. Samples were alkylated with IAA (10 mM final) for 20 min at room temperature, 

quenched by addition of DTT (20 mM final) followed by 2 washes with 2 M Urea buffer (in 50 

mM NH4HCO3) and over-night trypsin digestion with 1 µg trypsin per 20 µl beads at 37°C. 

Supernatants were collected from the resin plus two additional washes with 2M Urea buffer, 

acidified with trifluoroacetic acid (1% final) and their volume decreased by vacuum 

centrifugation. Digested peptides were desalted on custom-made C18 stage tips and 

reconstituted with 0.5% acetic acid for MS analysis. 

 

Lyso-IP 

Lyso-IP was performed similar as described before (Abu-Remaileh et al., 2017). In brief, 

TMEM192-HA and TMEM192-FLAG cells were grown in the presence of BafA1 (200 nM, 2 h), 

washed twice in PBS, scraped off and transferred to tubes on ice. All proceeding steps were 

carried out at 4°C unless stated otherwise and all buffers were supplemented with protease 

inhibitors. After centrifugation, cells were suspended in LysoIP buffer (50 mM KCl, 100 mM 

KH2PO4 and 100 mM K2HPO4 pH 7.2) and dounce homogenized. Nuclei and unbroken cells 
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were pelleted at 1,500xg for 10 min and the supernatant was transferred to fresh tubes and 

supplemented with 40 µl pre-equilibrated HA-magnetic beads (ThermoFisher). After 1 h 

rotating incubation, the beads were washed 3x in salt buffer (LysoIP buffer with 300 mM NaCl) 

and eluted by suspension of the beads in 150 µl Urea buffer (8M Urea, 50 mM Tris pH8, 150 

mM NaCl) followed by 30 min rotating incubation. The eluate was sonicated for 5 min and 

sequentially treated with 5 mM DTT (Sigma, 30 min, 55°C and shaking), 15 mM IAA (Sigma, 

30 min, room temperature) and 10 mM DTT (15 min at room temperature). Proteins were 

precipitated by adding 600 µl methanol (Roth) and 150 µl chloroform (Merck), vortexing and 

adding 450 µl of MS-grade H2O (Roth) and vortexing again. After centrifugation at 14,000xg 

for 5 min, the hydrophilic phase was removed. 450 µl methanol were added and again spun 

down at 14,000xg for 5 min. Samples were completely dried by vacuum centrifugation at 30°C 

and proteins were suspended in 30 µl 50 mM ABC buffer followed by digestion with 1 µg trypsin 

overnight at 37°C. Digestion was stopped by adding 30 µl 50% acetonitrile (Roth) / 5% formic 

acid (Merck) and incubated for 10 min. Subsequently, all liquids were evaporated by vacuum 

centrifugation. Peptides were suspended in 30 µl 5% acetonitrile / 1% TFA (Honeywell Fluka), 

desalted on custom-made C18 stage-tips and reconstituted for MS analysis as described 

above. 

 

Electron Microscopy 

HeLa cells expressing APEX2 fusions were grown on aclar sheets (Science Services) and 

induced by Doxycycline 24 h before fixation. Cells were supplemented with 4.83 µM Hemin 

chloride (ROTH) for 16 h and treated with 200 nM BafA1 (Biomol) 2 h before fixation. Cells 

were fixed in 2.5% glutaraldehyde (EM-grade, Science Services) in 0.1 M sodium cacodylate 

buffer (pH 7.4, CB) for 30 min. Fixation and the following processing steps were carried out on 

ice. After washes in CB, endogenous peroxidases were blocked in 20 mM glycine (Sigma) in 

CB for 5 min and cells washed in CB. 1x diaminobenzidine (DAB) in CB with 2 mM calcium 

chloride was prepared from a 10x DAB stock (Sigma) in hydrochloric acid (Sigma) and added 

to the cells for 5 min without and for another 40 min with 10 mM H2O2 (Sigma). After washes 
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in CB, cells were postfixed in reduced osmium (1.15% osmium tetroxide, Science Services, 

1.5% potassium ferricyanide, Sigma) for 30 min, washed in CB and water and incubated over-

night in 0.5% aqueous uranylacetate (ScienceServices). Dehydration was accomplished using 

a graded series of ice-cold ethanol. Cell monolayers were infiltrated in epon (Serva) and cured 

for 48 h at 60°C. Cells were ultrathin sectioned at 50 nm on formvar-coated copper grids 

(Plano). TEM images were acquired on a JEM 1400plus (JEOL) using the TEMCenter and 

Shotmeister software packages (JEOL) and analyzed in ImageJ. 

 

QUANTIFICATION AND STATISTICAL ANALYSIS 

MS data collection and analysis 

Samples were loaded onto 75 µm x 15 cm fused silica capillaries (custom-made) packed with 

C18AQ resin (Reprosil-Pur 120, 1.9 µm, Dr. Maisch HPLC) using an Easy-nLC1200 liquid 

chromatography. Peptide mixtures were separated at a 400 nl/min flow rate using a 35 min 

ACN gradient in 0.5% acetic acid (5–38% ACN gradient for 23 min followed by 38-60% ACN 

gradient for 3 min and 60-95% ACN gradient for 2 min plus another 3 min at 95% CAN prior to 

95-5% gradient for 2 min and another 2 min at 5% ACN) and detected on an Q Exactive HF 

mass spectrometer (Thermo Scientific). Dynamic exclusion was enabled for 20 s and singly 

charged species, charge states above 8 or species for which a charge could not be assigned 

were rejected. MS raw data was analyzed using MaxQuant (version 1.6.0.1) (Cox and Mann, 

2008) and a human Uniprot FASTA reference proteome (UP000005640) in reverted decoy 

mode with the following allowance: methionine oxidation and protein N-terminus acetylation as 

variable modifications, cysteine carbamidomethylation as fixed modifications, 2 missed 

cleavages and 5 modifications per peptide, minimum peptide length of 7 amino acids, first 

search peptide tolerance of ±20 ppm, main search peptide tolerance of  ±4.5, match between 

runs, label-free quantification (LFQ), as well as protein, peptide and site level false discovery 

rates of 0.01. For further processing, MaxQuant output files (proteingroups) were loaded into 

Perseus (version 1.6.5.0) (Tyanova et al., 2016) where matches to common contaminants, 

reverse identifications, identifications based only on site-specific modifications and with less 
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than 2 peptides and MS/MS counts were removed. For proteinase K treated APEX2 bait 

samples, identifications from the RAPIGestTM and proteinase K treated controls were 

subtracted. Only proteins with LFQ intensities in 2 out of 3 biological replicates in at least one 

experimental group were kept for the subsequent label-free quantification. LFQ intensities 

were log2 transformed and missing values were replaced with random numbers drawn from a 

normal distribution. Student t-tests were used to determine the statistical significance of the 

abundance alterations of proteins identified in the proximity of APEX2 baits or in immuno-

isolated lysosomes between experimental conditions. TMEM106B vesicle content candidates 

were defined by p-values ≤ 0.05 and T-test differences ≥ 2 between TMEM106B DMSO or 

BafA1/Torin1 versus HeLa. Basal cargo candidates were defined by p-values ≤ 0.05 and t-test 

differences > 0 between BafA1 versus DMSO treated APEX2 bait samples. Inhibitor (ATG8-

E1, Ub-E1, Btz and Puro) and polyGA sensitive cargoes were classified by p-values ≤ 0.05 

between with or without inhibitor or GA175-GFP versus GFP treated APEX2 baits with BafA1. 

Proximity partners were defined by T-test differences ≥ 1 between BafA1 and DMSO treated 

APEX2 bait samples versus three background controls (empty parental HeLa and APEX2-

LC3B DMSO or BafA1 without biotin-phenol). In addition, significantly altered proteins from the 

BafA1 versus DMSO comparison of APEX2-LC3B without biotin-phenol were excluded, while 

all proteins with p-values ≤ 0.05 in one of the 4 comparisons of APEX2 baits versus the 

background controls and in the BafA1 versus DMSO comparison of APEX2 baits were retained 

as candidates. Out of this combined pool of proximity partners only proteins with t-test 

differences ≥ 0.5 or ≤ -0.5 in the BafA1 versus DMSO comparison of APEX2 baits were 

classified as up- or downregulated upon BafA1 treatment. For LysoIP, proteins with p-

values ≤ 0.05 and t-test differences ≥ 0.5 in the comparison of parental TMEM192-HA versus 

parental empty were defined as lysosomal (luminal, TM or PM) candidates. Furthermore, 

candidates with p-values ≤ 0.05 and t-test differences ≤ -0.2 in the comparison of Rec-6-KO or 

ATG8-6-KO versus parental TMEM192-HA but not in the comparison of Rec-6-KO or ATG8-

6-KO TMEM192-FLAG versus parental TMEM192-FLAG were assigned for the autophagy-
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sensitive lyso-proteome. Annotation enrichment and interactome analysis was performed 

using DAVID (Huang et al., 2007) and BioGRID (Stark et al., 2006), respectively.  

 

Immunoblot and immunofluorescence quantification 

Quantification and statistical analyses of 3 independent immunoblots or 3 independent images 

were performed using ImageJ (version 1.8.0) and Python (version 3.7.6). Data represents 

mean ± SD. Statistical significance was calculated with unpaired Student’s t-test. p-values ≤ 

0.05 were considered significant (p-value ≤ 0.05 = *, ≤ 0.01 = ** and ≤ 0.001 = ***). Pixel 

intensity analysis of line graphs was performed using Zenblue (version 2.5) and Pearson’s 

correlation coefficient (R) was determined in Excel. 

 

Table S1. Summary of proximity and organellar proteomics data. Related to Figure 2, 3, 

6, 7, S2, S3, S4, S8 and S9. Contains lists and statistical analysis of autophagy cargo 

candidates, proximity partners, endosomal and lysosomal proteins as well as proteinase K 

resistant background contaminants identified by mass spectrometry. 
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Figure S2. Benchmarking protease protection coupled proximity profiling, Related to Figure 2
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Figure S3. Shared and unique degradative autophagy cargo candidates, Related to Figure 2
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Figure S4. Identification of proximity partners of SLRs, Related to Figure 3
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Figure S5. Extended validation of SLR cargo candidates, Related to Figure 4
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Figure S6. Endosomal localization of distinct SLRs and cargo candidates, Related to Figure 5
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Figure S7. Lysosomal delivery of TOLLIP cargo via endosomal microautophagy, Related to Figure 5
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Figure S8. Dependence of cargo engulfment on ubiquitination and hATG8 lipidation, Related to Figure 5, 6 and 7
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Figure S9. Cargo content changes under proteostasis challenging conditions, Related to Figure 7

A BafA1 Btz & BafA1Puro & BafA1
A

P
E

X
2-

C

LC
3B

N
B

R
1

N
D

P
52

TO
LL

IP
O

P
TN

TA
X

1B
P

1

A
P

E
X

2-
LC

3B
N

B
R

1
N

D
P

52
TO

LL
IP

O
P

TN
TA

X
1B

P
1

BafA1 Btz & BafA1Puro & BafA1

H
eL

a

H
eL

a

myc
LAMP1

myc
Ub

B HeLa

Triton X-100
Proteinase K

BafA1
Btz

kDa 

TOLLIP

p62 

ATG9A

NBR1

OPTN

NDP52

TAX1BP1

TOLLIP

p62 

ATG9A

NBR1

OPTN

NDP52

TAX1BP1

TOLLIP

p62 

ATG9A

NBR1

OPTN

NDP52

TAX1BP1

100

35

100

63

135

75

63

Triton X-100
Proteinase K

BafA
Puro

kDa 

HeLa

100

35

100

63
135

75

63

C
ar

go
 c

an
di

da
te

s

unique
shared
unique
shared

up-regulated

down-regulated

100

300

200

0

400

N
B

R
1

N
D

P
52

TA
X

1B
P

1

TO
LL

IP

LC
3B

O
P

TN p6
2

APEX2-

Btz

C
ar

go
 c

an
di

da
te

s

0

20

40

60

80

100

N
B

R
1

N
D

P
52

TA
X

1B
P

1

TO
LL

IP

LC
3B

O
P

TN p6
2

APEX2-

unique
shared
unique
shared

up-regulated

down-regulated

Puro GA175

C
ar

go
 c

an
di

da
te

s

0

50

100

150

200

N
B

R
1

N
D

P
52

TA
X

1B
P

1

TO
LL

IP

LC
3B

O
P

TN p6
2

APEX2-

unique
shared
unique
shared

up-regulated

down-regulated

 

GFPGA175-GFP

Triton X-100
Proteinase K

kDa 

HEK293

100

35

100

63

135

63

75



Supplemental Figures 

Figure S1. Expression and localization of APEX2 baits, Related to Figure 1 

(A) Lysates from parental or APEX2 fusion expressing HeLa cells were analyzed by 

immunoblotting. Arrowheads indicate endogenous (grey) and overexpressed (black) SLRs and 

LC3B. (B) APEX2 bait expressing HeLa cells were treated for 2 h with BafA1, 30 min with 

biotin-phenol and 1 min with H2O2 followed by fixation and staining for myc, biotin and LC3. 

Scale bars, 10 µm. Co-localization events are indicated by blue and yellow arrowheads. Insets 

show co-localizations of yellow arrowheads.  

 

Figure S2. Benchmarking protease protection coupled proximity profiling, Related to 

Figure 2 

(A) Homogenates from APEX2-LC3B HeLa cells treated for 2 h with BafA1 were incubated 

with proteinase K and/or Triton X-100 or RAPIGestTM and analyzed by immunoblotting. (B) 

Lysates from empty and TMEM106B-APEX2 expressing HeLa cells were subjected to 

immunoblotting with an anti-APEX antibody. (C) Homogenates from TMEM106B-APEX2 HeLa 

cells treated for 2 h with BafA1, were incubated with proteinase K, Triton X-100 or both prior 

to immunoblotting. (D) TMEM106B-APEX2 HeLa cells treated for 2 h with BafA1 and Torin1 

were fixed and stained with biotin, EEA1 and LAMP1. Scale bars, 10 µm. Co-localization 

events are indicated by blue and yellow arrowheads. Insets show co-localizations of yellow 

arrowheads. (E) Schematic overview of protease protection coupled proximity proteomics in 

TMEM106B-APEX2 HeLa cells. (F) Total and overlapping number of identified proteins as well 

as Pearson’s correlations for 3 biological replicates of TMEM106B-APEX2 profiling. (G) 

Overview of membrane protected and streptavidin enriched TMEM106B proximal proteins with 

increased (up), decreased (down) or unchanged abundance upon BafA1/Torin1 treatment. 

Boxes show examples of each category. (H) GO term enrichment of proteins found by 

TMEM106B proximity proteomics. BP, biological process, CC, cellular component, MF, 

molecular function. (I) Overlapping and total number of 3 biological replicates of SLR and LC3B 

directed autophagosome content profiling.  



Figure S3. Shared and unique degradative autophagy cargo candidates, Related to 

Figure 2 

(A) Comparison of APEX2-LC3B cargo candidates identified with the improved new (this study) 

and previously established protocol (Le Guerroue et al., 2017). (B) Overlap of cargo candidates 

found in this study with APEX2-LC3B or -SLRs compared to 2 classes of recently identified 

secretory autophagy proteins (Leidal et al., 2020). (C) Heatmap representation of cargo 

candidates identified by at least 2 APEX2 baits. (D) Overview of cargo candidates uniquely 

found by a single APEX2 bait.  

 

Figure S4. Identification of proximity partners of SLRs, Related to Figure 3 

(A) Workflow for proximity profiling-based interaction proteomics for SLRs and LC3B. (B) Total 

and overlapping number of identified proteins as well as Pearson’s correlations for 3 biological 

replicates of proximity interactomics. (C) Overview of proximity partners with increased (up), 

decreased (down) or unchanged abundance upon BafA1 treatment. (D) Numbers of shared 

and unique significantly altered proximity partners identified by different APEX2 baits. (E) 

Heatmap representation of proximity partners identified by at least 2 APEX2 baits. (F) 

Immunoblotting of lysates from parental and Rec-6-KO HeLa cells. (G) Immunoblot analysis 

of empty, TMEM192-HA or -FLAG expressing parental, Rec-6-KO or ATG8-6-KO cells. (H) 

Empty, TMEM192-HA or -FLAG expressing parental HeLa cells were fixed and stained with 

indicated antibodies or DAPI. Scale bars, 10 µm. Insets show magnifications of boxed areas. 

(I) Workflow for LysoIP proteomics in parental, Rec-6-KO or ATG8-6-KO cells. (J) Total and 

overlapping number of identified proteins as well as Pearson’s correlations for triplicate 

LysoIPs. (K) Volcano plot of proteins identified by LysoIPs from empty and TMEM192-HA 

expressing parental HeLa cells. Significantly altered proteins shown in orange (p-value > 0.05, 

student’s t-test) represent lysosomal proteins. Boxes show zooms into the data cloud.  

 

 

 



Figure S5. Extended validation of SLR cargo candidates, Related to Figure 4 

(A,B) HeLa cells were treated for 2 h with BafA1 followed by homogenization (A) or fixation 

(B). Homogenates were incubated with either proteinase K, Triton X-100 or both and examined 

by immunoblot analysis (A). Fixed cells were stained with indicated antibodies and DAPI (B). 

Scale bars, 10 µm. Co-localization events are indicated by blue and yellow arrowheads. Insets 

show co-localizations of yellow arrowheads. (C) Lysates from HeLa cells grown for 2 h in the 

absence or presence of BafA1 were analyzed by immunoblotting.  

 

Figure S6. Endosomal localization of distinct SLRs and cargo candidates, Related to 

Figure 5 

(A) Homogenates from clonal p62 KOs (#1) and parental HeLa cells were left untreated or 

incubated with proteinase K and immunoblotted for VCP, ULK1 and HGS. (B) Lysates from 

clonal TOLLIP (#2) and p62 (#2) KOs as well as from parental HeLa cells were analyzed by 

immunoblotting. (C,D) Homogenates from clonal TOLLIP (C) and p62 KOs (D) as well as 

parental cells were left untreated or incubated with proteinase K and subjected to 

immunoblotting. GAPDH served as control. (E-H) HeLa cells treated with BafA1 (E,F,H) or left 

untreated (G) were fixed and stained for TOLLIP together with p62 or NBR1 (E), CD63 together 

with HGS, SCAMP3, CCPG1 or VAPB (F), RAB7 together with CCPG1 or VAPB (G) or CD63 

together with LC3B, NDP52, OPTN, TAX1BP1 or NBR1. Scale bars, 10 µm. Insets show single 

and merged channel magnifications of boxed areas. (I) Electron micrographs of indicated 

APEX2 fusion expressing HeLa cells treated with BafA1. Upon fixation, cells were incubated 

with DAB and H2O2 followed by standard embedding and ultrathin sectioning. Scale bars, 250 

nm. (J) Lysates from fed or starved (2 h EBSS) HeLa cells were blotted for p62. (K) HeLa cells 

expressing mCherry-RAB5-Q79L were fed or starved (EBSS) for 2 h prior to fixation and 

staining with indicated antibodies and DAPI. Scale bars, 10 µm. Insets show single and merged 

channel magnifications of boxed areas. (L, M) HeLa cells treated with DMSO or ATG8-E1 were 

either lysed and blotted for LC3 (L) or fixed and stained with TOLLIP and CD63 (M). Scale 



bars, 10 µm. Insets show single and merged channel magnifications of boxed areas. 

Representative images and immuoblots of two biological replicates are shown. 

 

Figure S7. Lysosomal delivery of TOLLIP cargo via endosomal microautophagy, Related 

to Figure 5 

(A, B) HeLa cells treated with MRT68921 or left untreated were either lysed and immunoblotted 

for p62 (A) or fixed and stained for LAMP1 together with SCAMP3 or VAPB (B). Scale bars, 

10 µm. Insets show single and merged channel magnifications of large boxed areas. Line 

graphs show pixel intensities measured along a line in the small boxed areas in the merged 

images. A.U., arbitrary units. R, Pearson’s correlation coefficient. (C,D) HeLa cells transfected 

with siCtrl or siATG14 were either lysed and immunoblotted for ATG14 and p62 (C) or fixed 

and stained for LAMP1 together with SCAMP3 or VAPB (D). Scale bars, 10 µm. Insets show 

single and merged channel magnifications of large boxed areas. Line graphs show pixel 

intensities measured along a line in the small boxed areas in the merged images. A.U., 

arbitrary units. R, Pearson’s correlation coefficient. (E, F, G) HeLa cells treated with SAR405, 

BafA1, both or left untreated were either lysed and immunoblotted for LC3 (E) and Legumain 

(F) or fixed and stained for LAMP1 together with SCAMP3 or VAPB (G). Scale bars, 10 µm. 

Insets show single and merged channel magnifications of large boxed areas. Line graphs show 

pixel intensities measured along a line in the small boxed areas in the merged images. A.U., 

arbitrary units. R, Pearson’s correlation coefficient. (H) HeLa cells transfected with siCtrl or 

siCHMP4B were lysed and immunoblotted for CHMP4B. (I) Transiently mCherry-RAB5-Q79L 

expressing or empty HeLa cells were transfected with siCtrl or siCHMP4B followed by fixation 

and staining for LC3 only or for LAMP1 in combination with TOLLIP, SCAMP3, ITCH, VAPB, 

PRKAR1A, STIP1 or KEAP1. Scale bars, 10 µm. Insets show single and merged channel 

magnifications of boxed areas. Representative images and immuoblots of two biological 

replicates are shown.  

 



Figure S8. Dependence of cargo engulfment on ubiquitination and hATG8 lipidation, 

Related to Figure 5, 6 and 7 

 (A) HeLa cells treated with GW4869, U18666A or left untreated were fixed and stained for 

LAMP1 and SCAMP3 or p62. Scale bars, 10 µm. Insets show single and merged channel 

magnifications of boxed areas. Quantification of LAMP1 and SCAMP3 as well as LAMP1 and 

p62 positive puncta for a total of 540 cells. Data represents mean ± SD of three biological 

replicates and significance was calculated with Python (student’s t-test, p-value ≤ 0.05). (B) 

Homogenates from HeLa cells treated with BafA1 and ATG8-E1 or Ub-E1 were incubated with 

either proteinase K, Triton X-100 or both followed by immunoblotting with indicated antibodies. 

(C) Overlapping and total number of identified proteins in 3 biological replicates of 

autophagosome content profiling upon ATG8-E1 or Ub-E1 treatment. (D) Overview of Ub-E1 

induced APEX2-LC3B cargo candidates with GO term associations to the ER. (E) Mock, GFP 

and GA175-GFP transfected HEK293T cells treated with BafA1 were fixed and stained with 

indicated antibodies and DAPI. Scale bars, 10 µm. (F) Immunoblot analysis of stable APEX2 

fusion expressing HEK293T GFP or GA175-GFP cells treated with BafA1 and tetracycline. (G) 

Overlapping and total number of identified proteins in 3 biological replicates of autophagosome 

content profiling upon Btz, Puro or GA175 treatment. (H) Comparison of cargo candidates 

identified with APEX2-LC3B in response to Ub-E1 and GA175 conditions.  

 

Figure S9.  Cargo content changes under proteostasis challenging conditions, Related 

to Figure 7 

(A) Empty or APEX2 fusion expressing HeLa cells treated for 2 h with BafA1 and/or Puro or 

Btz were fixed and subjected to staining with indicated antibodies. Scale bars, 10 µm. (B) 

Homogenates from HeLa cells treated with BafA1 and/or Btz or Puro and from GFP or GA175-

GFP expressing HEK293T cells grown in the presence of BafA1 were incubated with either 

proteinase K, Triton X-100 or both followed by immunoblotting with indicated antibodies. (C) 

Numbers of shared and unique significantly altered cargo candidates identified by different 

APEX2 baits.  
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