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SUMMARY

The biogenesis of mammalian autophagosomes remains to be fully defined. Here we used cellular 

and in vitro membrane fusion analyses to show that autophagosomes are formed from a hitherto 
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unappreciated hybrid membrane compartment. The autophagic precursors emerge through fusion 

of FIP200 vesicles, derived from the cis-Golgi, with endosomally derived ATG16L1 membranes 

to generate a hybrid pre-autophagosomal structure, HyPAS. A previously unrecognized apparatus 

defined here controls HyPAS biogenesis and mammalian autophagosomal precursor membranes. 

HyPAS can be modulated by pharmacological agents whereas its formation is inhibited upon 

SARS-CoV-2 infection or by expression of SARS-CoV-2 nsp6. These findings reveal the origin 

of mammalian autophagosomal membranes, which emerge via convergence of secretory and 

endosomal pathways, and show that this process is targeted by microbial factors such as 

coronaviral membrane modulating proteins.

In Brief

Insights into the origin of mammalian autophagosomal membrane and its inhibition by SARS­

CoV-2

Graphical Abstract

INTRODUCTION

Autophagy is a fundamental biological process contributing to cytoplasmic quality 

control and cellular metabolism (Deretic and Kroemer, 2021; Levine and Kroemer, 2019; 

Mizushima et al., 2011) with implications in cancer, infection, metabolic disorders, aging, 

and neurodegeneration (Deretic, 2021; Klionsky et al., 2021; Levine and Kroemer, 2019). 

The mammalian autophagy pathway induced by starvation (Morishita and Mizushima, 2019) 
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is controlled by several protein modules (Morishita and Mizushima, 2019). This includes 

the FIP200 complex with ULK1/2 kinase acting as the conduit for regulation by mTOR and 

AMPK, and a protein lipidation system which includes ATG16L1 and results in membrane 

association of mammalian Atg8 proteins (mAtg8s), such as the autophagosomal marker 

LC3B (Morishita and Mizushima, 2019). Autophagosomes are presumed to originate from 

pre-existing membranes contributed by a number of putative sources (Melia et al., 2020). 

Through subsequent stages, mammalian autophagosomes enlarge, envelop cargo, and merge 

with lysosomes (Itakura et al., 2012; Matsui et al., 2018b; Reggiori and Ungermann, 2017) 

whereby the cargo is degraded.

Mammalian systems controlling autophagy include less understood but important 

contributors, extended synaptotagmins (E-SYTs) (Nascimbeni et al., 2017), and sigma 

receptor 1 (SIGMAR1) (Yang et al., 2019). E-SYTs function as Ca2+-regulated tethers 

between endoplasmic reticulum (ER) and plasma membrane (PM) and participate in 

intermembrane lipid transfer (Saheki et al., 2016). They localize to ER (Saheki et al., 

2016; Sclip et al., 2016), PM (Giordano et al., 2013; Min et al., 2007) and membranes with 

ATG16L1 and LC3 (Nascimbeni et al., 2017). E-SYT2 affects autophagosome biogenesis 

by regulating phosphatidylinositol-3-phosphate (PI3P) synthesis at the ER-PM contact 

sites (Nascimbeni et al., 2017). SIGMAR1, an ER resident protein and Ca2+-regulator 

participating in autophagy (Christ et al., 2019; Vollrath et al., 2014; Yang et al., 2019), 

is a trimeric transmembrane ER protein (Schmidt et al., 2016) with many physiological 

effects, including Ca2+ transactions at ER-mitochondria contacts (Hayashi and Su, 2007). 

SIGMAR1 has roles in cancer (Vilner et al., 1995) and neurodegeneration including 

Alzheimer’s disease (Feher et al., 2012) and amyotrophic lateral sclerosis (Vollrath et al., 

2014; Watanabe et al., 2016). SIGMAR1 interacts with SNAREs implicated in autophagy, 

STX17 and VAMP8, and with ATG14L (Yang et al., 2019), a component of PI3KC1 

involved in autophagy initiation (Baskaran et al., 2014; Chang et al., 2019). SIGMAR1 

interacts with SARS-CoV-2 nsp6 (Gordon et al., 2020) and is a target for pharmacological 

agents such as chloroquine (CQ) (Gordon et al., 2020; Hirata et al., 2011; Schmidt et al., 

2016).

A key area of interest in autophagy research is the integration of known protein complexes 

with the provenance and source of membranes for autophagosome formation and growth 

(Hamasaki et al., 2013; Lamb et al., 2013; Melia et al., 2020; Moreau et al., 2011; 

Nishimura et al., 2017). Here we show that FIP200 and ATG16L1 reside on two distinct 

sources of membranes, cis-Golgi and PM-derived endosomes respectively, which merge 

to form autophagosomes. This is a pivotal event leading to the formation of hybrid pre­

autophagosomal structures (HyPAS) during autophagosomal biogenesis. Further, HyPAS is 

a hitherto unknown cellular target perturbed by SARS-CoV-2, positioned at the crossroads 

between autophagy and the biogenesis of specialized coronavirus-induced compartments 

(Cottam et al., 2011; Cottam et al., 2014; Fung and Liu, 2019; Gassen et al., 2019; Ghosh et 

al., 2020; Reggiori et al., 2010).
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RESULTS

FIP200 and ATG16L1 compartments merge during autophagy

To test whether FIP200 and ATG16L1 compartments fuse during autophagy induction, 

we employed a panel of techniques. Confocal microscopy and high content microscopy 

(HCM) quantification showed overlaps between FIP200 and ATG16L1 compartments, 

which increased upon autophagy induction by starvation (EBSS) using antibodies against 

endogenous proteins (Figure 1A,B). Similar results were observed with FIP200 and FLAG­

ATG16L1 profiles in HeLa cells (Figures 1C and S1A) and in primary human bronchial 

epithelial cells (Figure S1B,C).

In full medium, FIP200 displayed mostly perinuclear Golgi localization (Figure S1A) 

(Kumar et al., 2019) and localized with the cis-Golgi marker GM130 (Figure S1D–F). 

Upon starvation-induced autophagy FIP200+GM130+ puncta did not increase in abundance 

(Figure S1E,F) but dispersed from their usual perinuclear location of the Golgi (Figure 

S1G–I) increasing the number of punctate FIP200 profiles (Figure S1J,K).

ATG16L1 profiles increased in cells induced for autophagy (Figure S1L,M), with a 

subset of FLAG-ATG16L1 colocalizing with both FIP200 and GM130 (Figure S1N). 

The % of FIP200 profiles positive for FLAG-ATG16L1 increased upon starvation-induced 

autophagy (Figure S1A) as quantified by HCM (Figures 1C, S1O). This was confirmed with 

endogenous FIP200 and ATG16L1 (Figure S1 P,Q), and in another cell line, Huh7 (Figures 

S1R,S), indicating merger of FIP200 and ATG16L1 profiles during autophagy induction.

By CLEM ultrastructural analysis, this compartment appeared as a combination of vesicular 

and cisternal profiles, observed most distinctly in the vicinity of both lipid droplets (Figure 

1D, subpanels i-iii) and unclosed autophagosomes (Figure 1D, subpanels iv-vii). In EM 

serial sections, the yellow fluorescence surrounding lipid droplets (corresponding to GFP­

FIP200 and mCherry-ATG16L1), appeared morphologically as groups of vesicular (40–55 

nm in diameter; Figure 1D, white arrows) and cisternal (Figure 1D, gray arrows) structures 

of varying sizes and sometimes bent shapes. The morphologically distinct phagophore 

in Figure 1D (subpanels iv-vii; traced in vii) overlapped with the yellow fluorescence 

corresponding to the phagophore membrane and was on a cradle of ER in the vicinity of 

a mitochondrion with potential ER-mitochondrion contact. We interpret the CLEM results 

as an indication that FIP200-ATG16L1 compartments coincide with vesicular and cisternal 

profiles in the vicinity of membranous profiles surrounding lipid droplets or are parts of 

standalone nascent phagophores.

Fluorescently labeled cholera toxin B (CtxB) has been used as a probe to define the 

ATG16L1+ endosomal compartments derived from PM that participate in autophagosome 

formation (Ravikumar et al., 2010). We used CtxB-Alexa Fluor 488 (CtxB-488) to detect 

mixing of cis-Golgi-derived FIP200 and endosomal ATG16L1 compartments. As with 

ATG16L1 puncta (Figure S1L,M), CtxB profiles increased during starvation (Figure S1T,U). 

The number of CtxB-488+ profiles that were simultaneously positive for FIP200 and 

ATG16L1 increased upon autophagy induction (Figures S1V–X) paralleled by increases 

in % of CtxB-488+ profiles positive for FIP200 (Figure S1Y,Z) or FLAG-ATG16L1 (Figure 
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S1A1,B1). Several endosomal sub-compartments contribute to ATG16L1 autophagosome 

precursors, including ATG9A vesicles (Moreau et al., 2011; Puri et al., 2013). ATG9AKO 

cells showed increased basal colocalization between FIP200 and FLAG-ATG16L1, but no 

further increase upon starvation (Figure S1C1,D1), suggesting that ATG9A affects the flow 

of membranes to these compartments. In summary, cis-Golgi-derived FIP200 and ATG16L1 

originating from PM-derived endosomes, merge during autophagy.

STX17 is required for a merger between FIP200 and ATG16L1 compartments during 
autophagy induction

STX17 is a SNARE first thought to play a role in autophagosome-lysosome fusion (Itakura 

et al., 2012) but other studies (Arasaki et al., 2018; Hamasaki et al., 2013; Kumar et al., 

2019; Sugo et al., 2018) suggest that STX17 may act earlier in the pathway around initiation 

stages, consistent with STX17-ATG14L interactions (Diao et al., 2015) and ATG14L’s 

function during initiation (Baskaran et al., 2014; Mizushima et al., 2011). STX17 influences 

FIP200-containing initiation complexes (Kumar et al., 2019). We tested whether STX17 

affects the merger of FIP200 and ATG16L1 compartments by quantifying colocalization of 

FIP200 and FLAG-ATG16L1 profiles in STX17 KO (STX17HeLaKO) (Kumar et al., 2018) 

vs STX17HeLaWT cells. STX17 was required for fusion of FIP200 and FLAG-ATG16L1 

compartments (Figures 1E,F and S2A,B). An siRNA knockdown of STX17 reduced overlap 

between FLAG-ATG16L1 and FIP200, a phenotype that was complemented by siRNA­

insensitive mouse Stx17 (Figure S2 C,D). GFP-STX17 colocalization with FLAG-ATG16L1 

and FIP200 increased upon autophagy induction (Figure S2 E,F). In STX17HeLaKO cells, 

the area of FLAG-ATG16L1 punctate profiles increased upon autophagy induction (Figure 

S2G,H), reflecting precursor accumulation. Since STX17 is required for FIP200 peripheral 

profiles (Kumar et al., 2019), the number of FIP200 puncta was reduced in STX17HeLaKO 

cells. ATG16L1 profiles increased in positivity for the endosomal marker transferrin 

receptor (TFRC) (Figure S2I,J). The defect in fusion was confirmed in a different cell 

line (Huh7) (Gu et al., 2019): STX17Huh7KO showed no response to starvation whereas 

in STX17Huh7WT cells the % of FIP200+ ATG16L1+ profiles increased (Figures 1G and 

S2K). Super-resolution microscopy (Figure 1H,I) and cluster quantification showed that 

FIP200 and FLAG-ATG16L1 were dispersed in STX17HeLaKO vs STX17HeLaWT cells 

(Figure 1I). Thus, STX17 is a SNARE contributing to the merger of FIP200 and ATG16L1 

compartments.

FIP200 and ATG16L1 compartments undergo membrane fusion

One hypothesis that emerged from the above studies is that FIP200 and ATG16L1 

represent two precursor membranes with STX17 facilitating heterotypic fusion between 

them early in autophagy. To test this, we used an established assay for in vitro membrane 

fusion (Matsui et al., 2018a; Moreau et al., 2011; Puri et al., 2013; Wang et al., 2017). 

This method mixes vesicles from different cells expressing green (GFP-FIP200) and red 

(mCherry-ATG16L1) markers and after addition of an ATP and ATP-regenerating system 

vesicle fusion is monitored by fluorescence microscopy. We adapted this to permit HCM 

quantification allowing highly powered analyses and termed it IvitHC (in vitro fusion 

high content assay) (Figure 2A). ATP-dependent fusion between GFP-FIP200 and mCherry­

ATG16L1 vesicles peaked 1h after autophagy induction (Figure S2L,M), resulting in an 
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8-fold merger of GFP-FIP200 and mCherry-ATG16L1 in wt cells, whereas in STX17HeLaKO 

fusion was diminished (Figure 2B,C). Thus, STX17 is required for formation of a hybrid 

pre-autophagosomal structure (HyPAS) observed both in vivo and in vitro.

To confirm that membrane fusion occurs, we developed an assay for content mixing 

between the two compartments termed proximity-biotinylation membrane-content mixing 

assay (PBMM) (Figure 2D). PBMM consists of an integral membrane protein target in one 

(‘donor’) compartment and APEX2-fused to a different membrane protein in the partner 

(‘acceptor’) compartment (Figure 2D). If the two membranous compartments fuse, either 

protein can diffuse through the delimiting membrane of the hybrid structure, and proximity 

biotinylation can occur. If the membranes are just tethered but not fused, the two membranes 

stay separated and APEX2-has no or very limited access to the target protein. To provide 

additional layer of control, we combined PBMM with the RUSH system (Boncompain et 

al., 2012), which is based on a ‘hook’ and a ‘reporter’ (Figure 2D). The ‘hook’ acts as 

a clamp and keeps the ‘reporter” transmembrane protein in the ER (based on streptavidin­

streptavidin binding protein/SBP cassette integrated into the transmembrane protein). Only 

upon breaking the hook-reporter interaction, which is sensitive to biotin, is the reporter free 

to traffic to its normal intracellular location. We employed the characterized ManII-reporter 

and an ER hook, which allowed us to control location of ManII in the cell: only after adding 

biotin did ManII relocate to cis-Golgi (Figure S2N) and colocalized with FIP200 (Figure 

S2O).

The ‘acceptor’ compartment in the PBMM system consisted of APEX2-TFRC, with APEX2 

facing the cytosol. Target biotinylation (ManII) can occur only after the two compartments 

fuse allowing ManII and TFRC to come in proximity by diffusion. ManII was biotinylated 

(assessed by enrichment on avidin beads followed by immunoblotting) in cells co-expressing 

APEX2-TFRC only after release of the RUSH clamp and was enhanced by starvation, 

but only in STX17WT and not STX17KO cells (Figure 2E,F). A knockout of FIP200 in 

HeLa cells reduced starvation-induced mixing of the two compartments (Figure 2G,H). For 

comparison, we tested the effects of RUBCN. RUBCN is required for LC3 lipidation on 

noncanonical single membrane structures but is not required for double membrane canonical 

autophagy (Martinez et al., 2015). Knocking out RUBCN affected neither starvation­

induced membrane mixing (Figure S2P) nor HyPAS formation (Figure S2Q,R). Thus, the 

starvation-induced mixing between cis/early-Golgi compartments (ManII) and endosomal 

compartments (TFRC) required FIP200, a component of the canonical autophagy core 

complex transducing signals from mTOR and AMPK upon starvation-induced autophagy.

Relationship of HyPAS to other steps of the autophagy pathway

We tested whether HyPAS is on the pathway for downstream ATG-dependent processes 

of canonical autophagy or noncanonical pathways (Galluzzi and Green, 2019) such as LC3­

associated phagocytosis (LAP) (Martinez et al., 2015; Sanjuan et al., 2007) and LAP-like 

processes (Fletcher et al., 2018; Heckmann et al., 2019; Jacquin et al., 2017). Comparing 

STX17HeLaKO and STX17HeLaWT cells, we detected no effects of STX17 KO on increase in 

LC3-ATG16L1 overlap, as a measure of LAP-like noncanonical autophagy (Fletcher et al., 

2018; Jacquin et al., 2017) in response to monensin (Figure S2S,T).
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We next used early markers of autophagy initiation, phosphatidylinositol synthase (PIS) 

(Nishimura et al., 2017) and DFCP1 (Axe et al., 2008). STX17 KO prevented starvation­

induced greater colocalization between endogenous FIP200 and mCherry-PIS (Figure S3 

A–C). DFCP1 marks omegasomes, membranous structures found in the proximity of 

LC3 profiles believed to act as a cradle for nascent autophagosomes (Axe et al., 2008; 

Tooze and Yoshimori, 2010). DFCP1 kinetically segregated from HyPAS and appeared 

later than HyPAS (Fig S3D,E). HyPAS formation preceded WIPI2b (Dooley et al., 2014) 

but eventually became positive for WIPI2b (Figure S3F,G). HyPAS appearance preceded 

LC3+ stage by 15 min (Figure S3H,I) with delayed recruitment of LC3 to HyPAS 30 

min after autophagy induction. This makes HyPAS a prophagophore. Double positive 

LC3+ FLAG-ATG16L1+profiles were reduced in STX17KO cells (Figure S3J–L). HyPAS 

was independent of the six mATG8s inactivated in HexaKO cells (Nguyen et al., 2016) 

(LC3A, LC3B, LC3C, GABARAP, GABARAPL1 and GABARAPL2) which showed 

normal HyPAS formation (Figure S3M,N). We conclude that HyPAS formation through 

STX17-dependent heterotypic fusion of FIP200 and ATG16L1 vesicles affects other known 

events during autophagy initiation.

FIP200-ATG16L1 complexes depend on STX17

FIP200 and ATG16L1 form protein complexes (Fujita et al., 2013; Gammoh et al., 2013; 

Nishimura et al., 2013). Does formation of these complexes need fusion of precursor 

membranes? When we compared the ability of endogenous FIP200 and FLAG-tagged 

ATG16L1 to form protein complexes in HeLaWT vs. STX17KOcells, STX17 was absolutely 

required (Figure 3A,B) confirmed with endogenous proteins (Figure S3O).

We examined the distribution of endogenous ATG16L1 and FIP200 by cell membrane 

fractionation. In cells induced for autophagy by starvation, a membranous compartment with 

ATG16L1 and FIP200 was formed (HyPAS) (Figure S3P, left panel). At least a portion 

of this compartment contained LC3-II, a downstream autophagosomal marker. HyPAS 

membranes were enhanced in intensity in cells induced for autophagy (EBSS) relative to 

fed cells (Figure S3P). This compartment did not form in STX17KO cells (Figure S3Q, 

right). Instead, in STX17KO cells ATG16L1 and FIP200 floated in a very light membranous 

neo-compartment, in addition to FIP200 being retained in heavy fractions together with the 

Golgi marker GM130 (Figure S3Q).

SNARE complexes controlling HyPAS formation

Proteomic analyses with STX17 (Kumar et al., 2019) revealed two R-SNAREs, VAMP7 

and VAMP8 as STX17 interactors (Figure 3C), in keeping with prior work (Wang et al., 

2016). VAMP8 is implicated in autophagosome-lysosome fusion (Itakura et al., 2012). 

VAMP7’s role is less clear albeit it is implicated in autophagy initiation via ATG16L1 

vesicles (Moreau et al., 2011). Under basal conditions, VAMP7 associated with ATG16L1 

but not with FIP200 in Co-IPs whereas STX17 associated with FIP200 (Figure 3D,E). In 

cells induced for autophagy, FLAG-STX17 and endogenous VAMP7 colocalized (Figure 

S3R). VAMP7 colocalized with HyPAS in starved cells (Figure S3S). Knocking down (KD) 

VAMP7 reduced the formation of HyPAS (Figure 3F,G and S3 T,U) while KD of VAMP8 

did not (Figure S4A,B). We tested in vitro the effects of VAMP7 on HyPAS formation by 
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IvitHC and found reduced HyPAS formation using vesicles from VAMP7 KD cells (Figure 

3H–J). Thus, VAMP7 contributes to early stages of autophagosome formation via fusion of 

FIP200+ and ATG16L1+ precursor membranes.

Proteomic analyses with STX17 (Figure S4C) showed that it interacts with the Qbc SNARE 

SNAP-47 in addition to its well characterized Qbc partner SNAP-29 (Diao et al., 2015; 

Itakura et al., 2012; Takats et al., 2013; Wang et al., 2016). GFP-SNAP-47 colocalized with 

FLAG-STX17 (Figure S4D). SNAP-47 co-IPed with STX17 but not with STX17 lacking its 

SNARE domain (Figure S4E,F). KD of SNAP-29 did not affect HyPAS formation (Figure 

S4G), suggesting that this Qbc SNARE, which acts in autophagosome-lysosome fusion 

(Diao et al., 2015; Itakura et al., 2012; Takats et al., 2013; Wang et al., 2016) does not 

participate in HyPAS formation. We could not achieve KD of SNAP-47, to rule in or out this 

particular SNARE.

Phosphorylation of STX17 directs R-SNARE partnering during HyPAS formation

STX17 is phosphorylated by TBK1 at S202 and this is important in formation of 

mammalian pre-autophagosomal structures (Kumar et al., 2019). We tested whether TBK1 

affected HyPAS formation. TBK1KO HeLa cells (Kumar et al., 2019) had reduced HyPAS 

formation (Figure 3 K,L). VAMP7 but not VAMP8 lost binding to a non-phosphorylatable 

mutant (S202A) of STX17 (Figures S4H–K). Complementation of STX17KO cells with 

WT STX17 or with its phosphomimetic mutant STX17S202D rescued HyPAS formation, 

whereas the non-phosphorylatable STX17S202D mutant did not (Figure 3M and S4L). 

Thus, phosphorylation of STX17 and its kinase TBK1 regulate the specificity of STX17 

interactions with its R-SNARE partners during HyPAS formation.

SERCA2 is an STX17 partner and Ca2+ affects HyPAS formation

Mining the mass spectrometry database MS (MSV000083251) deposited for proteomic 

analyses with GFP-STX17 (Kumar et al., 2019) uncovered that one of STX17’s binding 

partners is the ubiquitous ER calcium pump SERCA2 (Figure 4A) participating in the 

early stages of autophagosomal biogenesis (Zhao et al., 2017). The interaction between 

STX17 and SERCA2 was observed with endogenous proteins (Figure 4B) and confirmed 

in co-IPs between GFP-STX17 and SERCA2 (Figure S4M). FLAG-STX17 colocalized 

with endogenous SERCA2 (Figure S4N). SERCA2 pumping removes cytosolic Ca2+ 

(MacLennan and Kranias, 2003; Periasamy and Kalyanasundaram, 2007; Vandecaetsbeek 

et al., 2011), and conceivably STX17-SERCA2 interactions could involve Ca2+. Thus, we 

tested whether chelating cytoplasmic Ca2 with BAPTA-AM affected HyPAS formation. 

Under starvation-induced autophagy, HyPAS formation was reduced by BAPTA-AM to an 

extent similar to the effects of STX17 KO, whereas BAPTA-AM did not further affect 

HyPAS formation in STX17KO cells (Figures 4C,D and S4O,P). A similar effect of chelation 

by BAPTA was observed by IvitHC (Figure 4E,F). SERCA2 is inhibited by thapsigargin 

(TG), and so the expected effect of TG would be increased HyPAS formation. In cells 

treated with TG (Engedal et al., 2013; Ganley et al., 2011), HyPAS formation was increased 

in basal conditions (Figure 4 G). The effect of TG was abrogated in STX17KO cells (Figures 

4 G,H and S4Q,R). SERCA2 expression inhibited HyPAS (Figure 4I). SERCA2 was present 

in multiple fractions on OptiPrep gradients (Figure S3P). During autophagy induction 
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(HBSS), cytosolic Ca2+ (measured by FLUO-3) was elevated (Figure 4J,K), as described 

(Cardenas et al., 2010). In STX17KO cells, cytosolic calcium did not increase, consistent 

with unabated activity of SERCA2 in the absence of its partner STX17 (Figure 4J,K). We 

conclude that STX17 interacts with SERCA2 and that STX17 directly or indirectly inhibits 

its function (Figure 4L) during autophagy induction.

E-SYT2, an STX17 interactor, affects HyPAS formation

Among other potential interactors of STX17 based on the MS (MSV000083251) database 

we identified E-SYT2 as an STX17 partner (Figure 5A). E-SYT2 is a member of the ESYT 

family of ER proteins with a role for Ca2+ in tethering to PM (Giordano et al., 2013; Min 

et al., 2007; Saheki et al., 2016). Interactions between STX17 and E-SYT2 were observed 

with endogenous proteins (Figure 5B) and confirmed in co-IPs (Figure S5A). FLAG-STX17 

and GFP-E-SYT2 profiles overlapped by immunofluorescence (Figure 5C). FLAG-E-SYT2 

colocalized with HyPAS (Figure S5B). E-SYT2-KD prevented HyPAS formation (Figure 

S5C-E) indicative of fusion arrest by the juxtaposition of ATG16L1 and FIP200 profiles 

(Figure S5C) similar to the STX17 KO effects (Figure 1E).

E-SYT2KO cells (Saheki et al., 2016) displayed juxtaposition of ATG16L1 and FIP200 

profiles (Figure 5D and S5F), with no HyPAS formation (Figure 5E,F) upon autophagy 

induction (EBSS). E-SYT2 was necessary for in vitro HyPAS formation by IvitHC (Figure 

5G,H). E-SYT2 was required for mixing of cis-Golgi and endosomal compartments in 

the PBMM assay (Figure 5 I,J). Finally, E-SYT2 was important for HyPAS formation 

in response to SERCA inhibition by TG (Figure S5G,H), suggesting that it acts as a 

downstream effector of SERCA and Ca2+. Thus, in addition to SERCA, which regulates 

cytosolic Ca2+, E-SYT2, which can act as an effector of Ca2+ (Giordano et al., 2013; Saheki 

et al., 2016), controls HyPAS formation.

E-SYTs play a role in membrane tethering at ER-PM contact sites (Giordano et al., 2013; 

Saheki et al., 2016). Synaptotagmins in principle control SNARE complexes with the 

paradigm being based on Synaptotagmin 1 (SYT1) (Brose et al., 1992; Chapman, 2002). We 

thus wondered if E-SYT2 may have an as-yet unrecognized function in HyPAS formation 

catalyzed by SNAREs. Homology alignments with SYT1 revealed conserved polybasic 

regions in E-SYT2’s C2C domain corresponding to the polybasic region in SYT1’s C2B 

domain (Figure 5K). We mutated six basic residues in E-SYT2, K805, R806, R807, R809, 

R810, K811A to generate E-SYT26A. The corresponding polybasic stretch in SYT1 is 

essential for the regulatory effects of SYT1 on its cognate syntaxin (Brewer et al., 2015). 

Co-IP analyses showed reduced binding to STX17 of E-SYT26A vs GFP-E-SYT2WT (Figure 

5L,M). E-SYT26A could not rescue HyPAS formation in E-SYT2KO, whereas E-SYT2WT 

did (Figure 5N and S5I). Thus mutational analysis, based on prototypical synaptotagmin­

syntaxin relationships, revealed that E-SYT2 interacts with STX17 to regulate its function in 

HyPAS formation.

We observed reduced levels of STX17 in VAMP7 immunoprecipitates from E-SYT2KO cells 

(Figure 5O,P). Comparing overexpressed GFP-VAMP7 and GFP-VAMP8 in complexes with 

FLAG-STX17, we observed that in E-SYT2KO cells GFP-VAMP7, but not GFP-VAMP8, 

was diminished in SNARE complexes (Figure 5Q,R). Thus E-SYT2, in addition to its 
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previously characterized roles in lipid transfer (Saheki et al., 2016) and PI3P production 

at ER-PM contact sites during peripheral LC3 puncta formation (Nascimbeni et al., 2017), 

plays a role in early stages of autophagosome formation.

HyPAS depends on SIGMAR1

The STX17 interactors SERCA and STX17 controlling HyPAS formation are located in the 

ER. Another ER-localized interactor of STX17 is SIGMAR1 (Yang et al., 2019), which 

plays a role in autophagy (Christ et al., 2019; Vollrath et al., 2014; Yang et al., 2019). 

SIGMAR1 co-fractionated with HyPAS in OptiPrep density gradients (Figure S3O). HyPAS 

formation was reduced in SIGMAR1KO cells (Yang et al., 2019) relative to WT cells 

(Figure 6A–C). FLAG-SIGMAR1 co-IPed with VAMP7 (Figure S5J). Complementation, 

of SIGMAR1KO with full length FLAG-SIGMAR1 recovered HyPAS formation (Figure 

6D,E and S5K). Expression of a truncated version of SIGMAR1, FLAG-SIGMAR1N80 

(Yang et al., 2019), consisting of the N-terminal transmembrane domain and only a portion 

of the cytosolic-facing surface of the SIGMAR1 protomers within the SIGMAR1 trimeric 

architecture (Schmidt et al., 2016), did not restore HyPAS formation (Figure 6D,E and S5K). 

This was in keeping with effects on mitophagy (Yang et al., 2019). Thus, the ability of 

SIGMAR1 to form trimers or to interact with additional components is necessary for HyPAS 

formation in autophagy.

HyPAS is important for conventional autophagy of diverse cargo

We tested whether E-SYT2 and, by extension, HyPAS are responsible for removal of 

autophagic cargo. We tested Parkin-dependent mitophagy (Narendra et al., 2008; Youle, 

2019) in E-SYT2WT and E-SYT2KO HeLa cells transfected with YFP-Parkin (Narendra et 

al., 2008), using mtDNA antibody to quantify mitophagy (Gu et al., 2019; Lazarou et al., 

2015; Nguyen et al., 2016) by HCM while gating on YFP-Parkin+ cells. E-SYT2KO cells 

had diminished mitophagy relative to WT elicited with OA (oligomycin+antimycin) (Figure 

6F,G) or CCCP (Figure S5L,M). In a complementation assay, E-SYT26A mutant, which does 

not bind STX17, failed to restore mitophagy whereas E-SYT2WT did (Figure 6H and S6A). 

SIGMAR1KO cells transfected with YFP-Parkin showed reduced mitophagy in response to 

CCCP (Figure S6 B,C). Thus, HyPAS is required for mitophagy.

We next tested autophagy of ribosomes (ribophagy) (An and Harper, 2018; An et al., 

2020; Eskelinen, 2008; Tanaka et al., 2000; Wyant et al., 2018). We transfected the RPL28­

Keima ribophagy probe (An and Harper, 2018)) into WT and E-SYT2KO HeLa cells. After 

starvation for 8 h in EBSS, Keima-positive autolysosomal organelles engaged in ribophagy 

were quantified by HCM (Ex/Em 560/620 nm) (Katayama et al., 2011; Violot et al., 2009). 

E-SYT2KO cells showed reduced ribophagy relative to E-SYT2WT parental cells (Figure 

S6D,E). The E-SYT26A mutant failed to complement ribophagy whereas E-SYT2WT did 

(Figure S6F,G). SIGMAR1KO 293A cells exhibited reduced ribophagy (Figure 6I and S6H). 

Thus, HyPAS is important for ribophagy.

We next tested bulk autophagy (Kopitz et al., 1990; Pattingre et al., 2003; Szalai et al., 

2015) employing LDH-Keima construct (An and Harper, 2018). E-SYT2KO cells had fewer 

autolysosomes containing the bulk autophagy probe LDH-Keima (An and Harper, 2018) 
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relative to E-SYT2WT cells (Figures 6J and S6I), and confirmed in SIGMAR1KO 293A cells 

(Figures 6K and S6 J).

In response to starvation, E-SYT2KO cells exhibited reduced lipophagy-lipolysis (Zechner 

et al., 2017) (Figure S6K,L) and degradation of endogenous SQSTM1/p62 (Figure S6M,N), 

a principal autophagy receptor (Bjorkoy et al., 2005; Pankiv et al., 2007). The starvation­

induced degradation of p62 paralleled that of ManII (Figure S6O,P), an early Golgi resident 

enzyme that colocalizes with FIP200 and was utilized in the PBMM assay (Figure S2O). 

ManII was degraded during starvation, abrogated in E-SYT2KO cells (Figure S6O,P). Thus, 

HyPAS is critical for autophagy of diverse cargo.

Phagophores eventually close to sequester cargo. E-SYT2 was required for protection 

of p62 from proteinase K (Nguyen et al., 2016; Velikkakath et al., 2012), an assay for 

autophagic sequestration (Figure S6Q,R). ESCRTs catalyze phagophore closure (Takahashi 

et al., 2018; Zhen et al., 2020). When cells are depleted of the ESCRT-III component 

CHMP2A, this results in morphologically scorable aberrant retention of the ESCRT-III 

component CHMP4B (Teis et al., 2008) on unclosed autophagosomes (Zhen et al., 2020). In 

cells induced for autophagy by starvation, CHMP4B puncta increased upon CHMP2A KD, 

indicative of accumulating unclosed autophagosomes (Zhen et al., 2020). The CHMP4B 

puncta were diminished in E-SYT2KO HeLa cells, indicative of fewer phagophores being 

formed (Fig. S6 S,T).

HyPAS is a target of pharmacological agents

SIGMAR1 is a target of pharmacological agents (Christ et al., 2019; Hayashi and Su, 2007; 

Hirata et al., 2011; Vollrath et al., 2014) including chloroquine (CQ) (Gordon et al., 2020; 

Schmidt et al., 2016), an inhibitor of autophagy (Klionsky et al., 2016). CQ neutralizes 

lysosomes (Klionsky et al., 2016), perturbs Golgi (Mauthe et al., 2018) and binds SIGMAR1 

(Gordon et al., 2020; Schmidt et al., 2016). In the IvitHC assay, CQ inhibited HyPAS 

formation in vitro (Figure S7A,B) while bafilomycin A1 did not (Figure S7A,B). The known 

CQ target SIGMAR1 was important for STX17 and E-SYT2 interactions (Figure S7C,D) 

whereas CQ treatment inhibited them (Figure S7E, F). The effect was specific since CQ 

did not inhibit STX17 and SERCA2 interactions (Figure S7E,G). Thus, CQ interferes with 

autophagy at a very early point, HyPAS formation.

We next tested other SIGMAR1 ligands implicated in autophagy (Christ et al., 2019; Hirata 

et al., 2011; Maher et al., 2018; Tesei et al., 2018) for their effects on HyPAS. The agonist 

cutamesine induced HyPAS formation in cells grown in full medium (Figure S7H,I) whereas 

the antagonist BD1047 inhibited HyPAS formation induced by starvation (Figure S7J,K). 

Thus, pharmacological agonists and antagonists of SIGMAR1 affect the formation of the 

precursor structure to mammalian autophagosomes.

SARS-CoV-2 infection and SARS-CoV-2 nsp6 target and inhibit HyPAS

Autophagy intersects morphologically with coronavirus biogenesis (Cottam et al., 2011; 

Cottam et al., 2014; Fung and Liu, 2019; Gassen et al., 2019; Hoffmann et al., 2021; 

Miao et al., 2021; Reggiori et al., 2010; Schneider et al., 2021). We tested whether HyPAS 

was targeted during infection employing Huh7 and additionally Calu3 cells, a human cell 
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line used to study SARS-CoV-2 infection in disease site-relevant context (Hoffmann et al., 

2020a; Hoffmann et al., 2020b). Cells were infected with SARS-CoV-2 (USA-WA1/2020) 

using viral preparations causing cytopathic effect in Vero E6 (Bradfute et al., 2020) and 

verified in Huh7 cells (Figure S7L). SARS-CoV-2 infection inhibited HyPAS formation 

in Calu3 (Figures 7A,B) and Huh7 (Figures S7M,N) cells. Thus, HyPAS is affected by 

SARS-CoV-2.

SARS-CoV Nsp6 causes LC3 puncta to be smaller than regular autophagosomes (Cottam et 

al., 2014). The SARS-CoV-2 ORF1 polyprotein, which includes nsp6, shows 76% identity 

to SARS-CoV (Zhou et al., 2020). We carried out proximity biotinylation proteomic analysis 

with APEX2-SARS-CoV-2-nsp6 in stably transfected (FLIP-IN) cells with APEX2-nsp6 

expression controlled by the Tet-ON system (Figure 7C, Table ST1A–C). The functionality 

of the SARS-CoV2-nsp6 construct was validated in an assay developed for nsp6 of SARS­

CoV (Cottam et al., 2014) (Figure S7O). The proteomic data confirmed the previously 

reported nsp6-SIGMAR1 interaction (Gordon et al., 2020) and revealed that nsp6 interacts 

with VAMP7, E-SYT2, SERCA2, and TBK1 (Figure 7D, Table ST1B). Interactions between 

SARS-CoV-2 nsp6 and SERCA2 were validated by co-IP (Figure S7P). In summary, 

proximity biotinylation proteomic analysis uncovered ESYT2, VAMP7, and SERCA2 

as SARS-CoV-2 nsp6 interactors, and revealed that the HyPAS regulator TBK1, which 

phosphorylates STX17 (Kumar et al., 2019) and authorizes it to engage VAMP7, is targeted 

by SARS-CoV-2 nsp6.

We next tested whether SARS-CoV-2 nsp6 affects HyPAS. Following published procedures 

(Cottam et al., 2014), we expressed SARS-CoV-2 nsp6 in HeLa cells and quantified HyPAS 

formation by HCM. SARS-CoV-2 nsp6 (GFP-nsp6) reduced HyPAS yields upon autophagy 

induction (EBSS) (Figures 7E and S7Q,R). In contrast to nsp6, expression of SARS-CoV-2 

ORF3a, reported to interfere with autophagosomal fusion with lysosomes (Miao et al., 

2021), or ORF8 did not significantly inhibit HyPAS formation (Figures 7F,G and S7S,T).

To test the effects of nsp6 in vitro by IvitHC, we co-expressed FLAG-nsp6 with GFP­

FIP200 and separately co-expressed FLAG-nsp6 with mCherry-ATG16L1 in HeLa cells 

before preparing vesicles for in vitro fusion (Figure 7H). IvitHC showed that nsp6 inhibited 

HyPAS formation in vitro (Figure 7I,J). Thus, SARS-CoV-2 nsp6 interferes with early 

formation of autophagosomes at the HyPAS stage.

DISCUSSION

We have identified a critical step in the biogenesis of canonical autophagosomes in 

mammalian cells. This step is embodied in HyPAS, a prophagophore compartment formed 

through fusion of membranes derived from the constitutive secretory pathway and the 

endosomal pathway (Fig 7K). The system responds to starvation, a classical inducer of 

autophagy, and engages ATG16L1-positive endosomal vesicles (Lystad et al., 2019; Moreau 

et al., 2011; Ravikumar et al., 2010; Travassos et al., 2010), which fuse with FIP200-positive 

ER/Golgi-derived membranes. Thus, mammalian cells commit to autophagy through a 

regulated intermixing of two membrane sources that are normally not intended to directly 
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communicate, one working vectorially within the secretory pathway and the other running in 

the opposite direction via the endocytic pathway.

The regulation of the FIP200 complex by mTOR (Ganley et al., 2009; Hosokawa et al., 

2009; Jung et al., 2009; Kim et al., 2011) and AMPK (Egan et al., 2011; Inoki et al., 2012; 

Kim et al., 2011), which extends to phosphorylation of ATG16L1 by ULK1 (Alsaadi et 

al., 2019), integrates metabolic inputs (Deretic and Kroemer, 2021) into HyPAS formation. 

FIP200 and ATG16L1 connect HyPAS to immunity and inflammation, further extended by 

TBK1 (Chauhan et al., 2015; Pilli et al., 2012; Ravenhill et al., 2019; Saitoh et al., 2008; Shi 

et al., 2020; Thurston et al., 2009; Travassos et al., 2010; Vargas et al., 2019; Wild et al., 

2011). TBK1 controls STX17 (Kumar et al., 2019), a centerpiece of the HyPAS apparatus.

A long-standing question in mammalian autophagy has been where do the autophagosomal 

membranes come from? For the most part, two primary origins of mammalian autophagic 

membranes have been considered: (i) ER-centric (Axe et al., 2008; Hara et al., 2008; 

Hayashi-Nishino et al., 2009; Itakura and Mizushima, 2010, 2011; Mizushima et al., 2011; 

Nishimura et al., 2017; Tooze and Yoshimori, 2010) or (ii) PM and endosomal-centric 

(Knaevelsrud et al., 2013; Longatti et al., 2012; Moreau et al., 2011; Puri et al., 2013; Puri 

et al., 2018; Ravikumar et al., 2010; Soreng et al., 2018). Our study provides the physical 

and mechanistic link between the two disparate theses and explains how they can both be 

correct. This accommodates the reported role of ER-Golgi intermediate compartment and 

COPII vesicles (Ge et al., 2013; Ge et al., 2014) along with the effects of FIP200 (Ge et 

al., 2017) and the associated tubulovesicular morphology (Hayashi-Nishino et al., 2009). 

Additional contributors to autophagosomal membranes have been reported (Hailey et al., 

2010; Hamasaki et al., 2013; Nascimbeni et al., 2017; Nishida et al., 2009), which may 

participate at the HyPAS or other stages.

HyPAS is formed via SNARE-dependent fusion centered upon STX17 and is affected by 

Ca2+. The role of Ca2+ along the autophagosomal-autolysosomal continuum is complex 

and acts as a positive or negative regulator depending on the checkpoint reached: (i) 

Prolonged Ca2+ influx from ER to mitochondria (mitochondria-associated ER-membranes; 

MAM) (Hayashi and Su, 2007) is necessary to maintain mitochondrial function, and 

when it is disrupted (Cardenas et al., 2010; Criollo et al., 2007) this induces AMPK 

and autophagy (Cardenas et al., 2010). (ii) As we show, Ca2+ is a positive co-factor for 

HyPAS formation with all three STX17 partners within the HyPAS apparatus, SIGMAR1 

(Hayashi and Su, 2007), E-SYT2 (Saheki et al., 2016), and SERCA2 (MacLennan and 

Kranias, 2003; Periasamy and Kalyanasundaram, 2007; Vandecaetsbeek et al., 2011) being 

known regulators or effectors of Ca2. SIGMAR1 redistributes in response to Ca2+ from 

the MAM to the entire ER (Hayashi and Su, 2007), thus becoming available to participate 

in HyPAS formation. (iii) Ca2+ is a negative regulator of phagophore separation from 

membranes to which they are initially tethered (Bissa and Deretic, 2018; Zhao et al., 2017). 

(iv) Pharmacological inhibition of SERCA prevents fusion between autophagosomes and 

lysosome (Ganley et al., 2011; Mauvezin et al., 2015). Thus, Ca2+ transients are necessary to 

move the autophagy pathway from its beginning to its completion.
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STX17 role in HyPAS formation is compatible with studies suggesting that it functions 

in a number of ways, including autophagic initiation (Kumar et al., 2019) at mitochondria­

ER contact sites (Arasaki et al., 2018; Hamasaki et al., 2013), where another HyPAS 

component, SIGMAR1 operates (Hayashi and Su, 2007). Prior studies (Diao et al., 2015; 

Guo et al., 2014; Itakura et al., 2012; Takats et al., 2013; Wang et al., 2016) and recent work 

(Gu et al., 2019; Kumar et al., 2020; Kumar et al., 2018; Yang et al., 2019) have associated 

STX17 with autolysosomal biogenesis. The function of STX17 in autophagosome-lysosome 

fusion as a sole Qa SNARE has been contested and requires a contribution of additional 

non-cognate SNAREs such as Ykt6 (Bas et al., 2018; Gao et al., 2018; Matsui et al., 

2018b; Takats et al., 2018) and Stx16 (Gu et al., 2019), because STX17 inactivation alone 

does not prevent autophagic cargo degradation (Gu et al., 2019; Matsui et al., 2018b). 

STX17 orchestrates progression of the autophagy pathway, whereby different combinations 

of STX17 and its R-SNARE partners catalyze sequential stages. During HyPAS formation, 

STX17 favors VAMP7 over VAMP8, which acts in autolysosome formation (Diao et al., 

2015; Itakura et al., 2012; Wang et al., 2016; Yang et al., 2019). However, SNARE 

redundancy or compensation in HyPAS formation is possible.

Autophagy and coronaviruses are intertwined (Cottam et al., 2011; Cottam et al., 2014; 

Fung and Liu, 2019; Guo et al., 2016; Guo et al., 2017; Ko et al., 2017; Prentice et al., 

2004; Reggiori et al., 2010; Zhu et al., 2016)(Schneider et al., 2012; Zhao et al., 2007). 

Coronaviruses actively remodel cellular membranes and generate protrusion-type viral­

replication compartments (VRCs) (Strating and van Kuppeveld, 2017). The coronavirus 

VRCs include interconnected double membrane vesicles (DMVs), vesicle packets of merged 

DMVs, additional convoluted membranes (CM), and represent the cellular locales for RNA 

replication-transcription complexes (RTCs) (EA and Jones, 2019; Knoops et al., 2008; 

Sola et al., 2015). Some aspects of coronavirus VRCs include morphological features 

of autophagosomes (e.g. DMVs) (Snijder et al., 2006) and engage peripheral autophagy 

factors TMEM41B and VMP1 (Schneider et al., 2021) but are distinct from classical 

autophagosomes (Cottam et al., 2014; Reggiori et al., 2010). The inhibition of HyPAS by 

SARS-CoV-2 nsp6 suggests potential diversion of membrane sources engaged in autophagy 

toward the formation of DMVs and CMs to support coronavirus RTCs.

Of the three proteins nsp3, nsp4, and nsp6, implicated in coronavirus remodeling of host 

membranes to generate VRCs (Fung and Liu, 2019; Reggiori et al., 2010) (Angelini et al., 

2013; Snijder et al., 2020; Wolff et al., 2020), we focused on nsp6. This was based on 

nsp6’s action alone on LC3 profiles (Cottam et al., 2014), the dearth of nsp3 and nsp4 

host protein interactors relative to the rich portfolio of nsp6 partners (Stukalov, 2020), and 

the specialized engagement of nsp3 and nsp4 in VRCs and DMV pores (Angelini et al., 

2013; Snijder et al., 2020; Wolff et al., 2020). Our own proximity biotinylation proteomic 

analysis (MSV000087840) with SARS-CoV-2 nsp6 indicates multiple interactions between 

nsp6 and components of the HyPAS fusion apparatus (E-SYT2, VAMP7, SIGMAR1) and 

regulators of HyPAS formation including SERCA2 (Ca2+ pump with Ca2+ being a key 

signal for HyPAS formation), TBK1 (a protein kinase phosphorylating and authorizing 

STX17 to associate with VAMP7), and a number of key regulators of autophagy, mTOR 

and AMPK (Table ST1B,C). Conversely, factors controlling fusion processes along the 

endosomal organelles where ATG16L1 is located, i.e. ORF3a, did not affect HyPAS 
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formation, indicating that nsp6 domain of action is mostly within the early secretory 

pathway, albeit we noticed nsp6 interactions with a number of Golgi proteins (Table ST1C).

The definition of HyPAS in this work is of significance not only as a potential target 

for pharmacological intervention in COVID-19 but is of fundamental value for our 

understanding of the formation of autophagosomes, and hence for many physiological 

functions and disease states affected by autophagy.

Limitations of the study

The findings that SARS-CoV-2 nsp6 inhibits HyPAS beckon future studies to discern 

whether the membranes used for HyPAS are diverted by the virus for its own DMVs. Further 

studies are needed to rule in or out contributions of nsp3 and nsp4 to HyPAS inhibition, 

address nsp3, nsp4 and nsp6 interactions, and interactions of nsp6 with multiple components 

of the HyPAS apparatus. The SARS-CoV-2 effects on HyPAS invite follow-up studies of 

physiological consequences in infection models or in clinical studies with pharmacological 

agents. Technical limitations include our inability to demonstrate whether SNAP-47 works 

in HyPAS formation. We point out that R-SNAREs and other SNARES may act redundantly 

and compensate individual knockouts.

STAR METHODS

RESOURCE AVAILABILITY

Lead contact information—Further information and requests for resources and 

reagents should be directed to and will be fulfilled by the lead contact Vojo Deretic 

(vderetic@salud.unm.edu).

Data and code availability

• The Raw MS DIA/DDA data used in this study have been deposited at 

the MassIVE proteomics repositoryhttps://massive.ucsd.edu MSV000083251and 

MSV000087840.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture—HEK 293T, Huh7 and HeLa cells were obtained from ATCC and 

maintained in ATCC recommended media. 293T APEX2-nsp6 cells were grown in DMEM 

supplemented with 10% fetal bovine serum and antibiotic. STX17KO HeLa, FIP200KO 

HeLa, RUBCNKO HeLa, HexaKO HeLa, TBK1KO HeLa and STX17KO Huh7, ATG9KO 

Huh7 cells were cultured in DMEM supplemented with 10% fetal bovine serum and 

antibiotic as described previously (Gu et al., 2019; Kumar et al., 2019). E-SYT2KO and 

parental wild type HeLa cells were cultured as described previously (Saheki et al., 2016). 

HEK293A SIGMAR1KO and parental wild type HEK293A cells were grown as described 

previously (Yang et al., 2019). Primary NHBE (normal human bronchial epithelial) cells 
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were obtained from Lonza and cultured in media from Lonza (BEGM™ bronchial epithelial 

cell growth medium BulletKit™; Catalog #: CC-3170).

Generation of CRISPR mutant cells—STX17 CRISPR in HeLa and Huh7 cells 

and ATG9 CRISPR in Huh7 were generated as described earlier (Gu et al., 2019; 

Kumar et al., 2019; Kumar et al., 2018). Briefly, the lentiviral vector carrying both 

Cas9 enzyme and a gRNA targeting STX17 (GATAGTAATCCCAACAGACC), and ATG9 

(GACCCCCAGGAGTGTGACGG) were transfected into HEK293T cells together with the 

packaging plasmids psPAX2 and pCMV-VSV-G at the ratio of 5: 3: 2. Two days after 

transfection, the supernatant containing lentiviruses was collected and used to infect the 

cells. 36 hours after infection, the cells were treated with puromycin (1 mg/ml) for one 

week to select STX17-knockout cells. The knockouts were confirmed by western blotting. 

SIGMAR1KO in HEK293A are described previously (Yang et al., 2019), E-SYT2KO cells 

are described previously (Saheki et al., 2016).

Generation of 293T Flp-In-nsp6 TetON cells—293T Flp-In host cells were transfected 

with FLAG-APEX2-nsp6 plasmid and the pOG44 expression plasmid at ration of 9:1. After 

overnight transfection, cells were washed with PBS and fresh medium was added. 48 h after 

transfection, cells were trypsinized and seeded at 25 % confluency, followed by incubation 

at 37°C for 8 h. Cells were then supplied with medium containing 100 μg/mL hygromycin 

and hygromycin-resistant clones were selected. The clones were tested by western blotting. 

The tested clones incubated in the medium containing 1 μg/mL tetracycline overnight were 

determined by western blot with FLAG.

METHOD DETAILS

Antibodies and reagents—The following antibodies and dilutions were used: STX17 

(Sigma, HPA001204; 1:1000 (WB)); Flag (mouse monoclonal Sigma; F1804, used at 

0.5 μg/ml and 1:1,000 for (WB); 1:250 (IF)); GFP (rabbit Abcam; ab290; 0.5 μg/ml IP 

and 1:4,000 (WB)); LC3 (rabbit; MBL International PM036, 1:500 (IF); FIP200 (rabbit; 

Proteintech; 17250–1-AP, 1:200 (IF)); FIP200 (rabbit Cell Signaling Technology; 12436, 

1:1000 (WB)); SERCA2 (Mouse ThermoFisher; MA3–919, 1:150 (IF), 1:500 (WB)); 

ATG16L1 (mouse; MBL International M152–3, 1:200 (IF); ATG16L1 (rabbit; MBL 

International PM040, 1:1000 (WB); GM 130 (mouse BD Biosciences, RUO-610822, 1:500 

(IF); 1:1000 (WB)); mouse anti-DNA antibody (IF:1:200) was purchased from Progen 

(#61014); VAMP7 (rabbit Cell Signaling Technology; 14811, 1:1000 (WB)); VAMP8 

(1:1,000 (WB); rabbit monoclonal; ab76021; Abcam); E-SYT2 (rabbit ThermoFisher PA5–

51689, 1:200 (IF), 1:500 (WB)); GRP78/Bip (1:200 (IF); goat polyclonal; sc10086; Santa 

Cruz Biotechnology, Inc.); Dynabeads Protein G (Thermo Fisher Scientific 10003D 50μl/ 

IP); Bafilomycin A1 (Baf A1, InvivoGen, 13D02-MM); OptiPrep Density Gradient Medium 

(Sigma, D1556); Lipofectamine 2000, Thermo Scientific, 11668019; BAPTA-AM, Sigma 

Aldrich, A1076;BAPTA, Millipore Sigma 196418; Goat anti mouse IRDye 680 (LI-COR, 

925–68020 );Goat a Rabbit IRDye 800 (LI-COR, 926–32211); Trueblot anti-mouse DyLight 

680, (Rockland, 18–4516-32); Trueblot anti-rabbit DyLight 800 (Rockland, 18–8816-31), 

BODIPY™ 493/503 (4,4-Difluoro-1,3,5,7,8-Pentamethyl-4-Bora-3a,4a-Diaza-s-Indacene), 
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(ThermoFisher D3922); Oleic Acid-Albumin from bovine serum (Millipore SIGMA 03008); 

Biotinyl tyramide (biotin-phenol) AdipoGen LIFE SCIENCES CDX-B0270-M100.

Plasmid transfections—pDest-GFP-STX17(Kumar et al., 2018), pDest-GFP­

STX17S202A, pDest-GFP-STX17S202D (Kumar et al., 2019), pDest-GFP-VAMP8(Kumar 

et al., 2018) FLAG-ATG16L1 (Chauhan et al., 2016), EGFP-DFCP1(Axe et al., 

2008), SIGMAR1-FLAG and SIGMAR1 N80-FLAG (Yang et al., 2019), EGFP­

WIPI2b (Bakula et al., 2017) YFP-Parkin (Narendra et al., 2008) have been 

described earlier. EGFP-hFIP200(Addgene #38192), mCherry-PIS (Addgene # 119078), 

EGFP-E-SYT2 (Addgene # 66831), GFP-VAMP7 (Addgene #45920), were from 

Addgene. Keima-RPL28 and LDH-Keima was from Heeseon An and J. Wade 

Harper (Harvard Medical School, Boston, MA (An and Harper, 2018). SARS-CoV-2­

nsp6 was synthesized and cloned into pDest-GFP or pDest-FLAG. E-SYT26A was 

mutated using site directed mutagenesis kit using following primers in GFP-E-SYT2 

to generate:Fw,CGCATGTATTTATTACCAGACGCCGCCGCCTCAGGAGCCGCCGCCA 

CACACGTGTCAAG;Rw,CTTTGACACGTGTGTGGCGGCGGCTCCTGAGGCGGCGG 

CGTCTGGTAATAAATACATGCG. Other plasmids and corresponding mutants used in 

this study, were cloned into pDONR221 using BP cloning, and expression vectors were 

made utilizing LR cloning (Gateway, ThermoFisher Scientific) in appropriate pDEST 

vectors for immunoprecipitation and other assays. Point-mutants were generated using 

the QuikChange Site-directed Mutagenesis Kit (Agilent, 200523). Plasmid constructs were 

verified by conventional restriction enzyme digestion and/or by DNA-sequencing. Plasmids 

were transfected using Lipofectamine 2000 (Thermo Fisher Scientific).

PBMM assay—HeLa WT, STX17KO and RUBCNKO and Huh7WT and Huh7FIP200KO 

cells were transfected with Ii-Str-ManII-SBP-EGFP and FLAG-APEX2-TFRC using 

Lipofectamine 2000 reagent. After transfection, ManII-EGFP was released from hook by 

giving biotin (40 μM) for 60 min. Cells were then incubated in EBSS or in full media 

(as indicated in the figures). Samples were then incubated with biotin-phenol (0.5mM) 

for 45 min followed by incubation with H2O2 for 1 min. Cells were washed three times 

with quenching buffer (Dulbecco’s PBS supplemented with 10 mM sodium ascorbate, 10 

mM sodium azide, and 5 mM trolox). Samples were lysed in RIPA lysis buffer. Protein 

concentrations of lysates were measured, and lysates were incubated with streptavidin beads 

(Thermo Fisher Scientific) overnight at 4°C. Samples were washed three time with lysis 

buffer. Proteins were eluted by boiling beads in 2× SDS sample buffer supplemented with 

2 mM biotin. Eluted samples and corresponding lysates were subjected to SDS-PAGE 

followed by western blotting of target proteins.

High content microscopy—HCM was performed as described previously (Kumar et 

al., 2019). Briefly, cells were plated in 96 well plates and were transfected with plasmids 

whenever required (as indicated in figures). Cells were stimulated for autophagy by 

incubating in EBSS for 2h followed by fixation with 4% paraformaldehyde for 5 mins. 

Cells were permeabilized with 0.1% saponin and blocked in 3% BSA for 30 mins followed 

by incubation with primary antibody for 6 h and secondary antibody for 1 h. High content 

microscopy with automated image acquisition and quantification was carried out using a 
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Cellomics HCS scanner and iDEV software (Thermo) in 96-well plates (Kumar et al., 2019). 

For HCM experiments >500 primary objects were counted per well, minimum 6 wells 

were counted per experiments and data presented in figures are derived from at least 3 

independent experiments.

Lipophagy-lipolysis assay—HeLaWT or E-SYT2KO cells were plated in 96 well 

plates. Cells were incubated with oleic acid (500μM) for 20h. Cells were then left in full 

media or incubated with EBSS for 16h. After completion of treatment times, cells were fixed 

in 4% PFA followed by two washings with PBS. Cells were then stained with BODIPY 

(1:500) (ThermoFisher) and Hoechst (1:000) for 15 min followed by three washes with PBS. 

Finally, lipid droplets were imaged and quantified using HCM as detailed above.

High content microscopy for Keima probes—293A WT or SIGMAR1KO cells were 

plated in 96 well plates and transfected with indicated Keima plasmids. Cells were incubated 

in full media or induced for autophagy by incubating with EBSS for 8h. Cells were then 

incubated in full media and incubated with Hoechst 33342 for ten minutes in full media 

and then acquired for Keima fluorescence at 440nm and 560 nm using the Cell Insight CX7 

High-Content Screening (HCS) Platform (Thermo)(Kumar et al., 2019).

In vitro fusion ivitHC assay—In vitro fusion assay was developed for HCM platform by 

modifying a previously described assay (Matsui et al., 2018a; Moreau et al., 2011). For in 

vitro assay, cells were transfected with GFP-FIP200 and mCherry-ATG16L1, post-nuclear 

supernatants (PNS) were prepared by homogenizing cells in buffer containing 20 mM 

HEPES-KOH, pH 7.2, 400 mM sucrose, and 1 mM EDTA. Homogenate were centrifuged at 

12000g for 15 min. PNS containing GFP-FIP200 and mCherry-ATG16L1 membranes were 

mixed for 60 min in the presence of an ATP regenerative system at 37°C. Control samples 

were left on ice. In experiments when BAPTA was added to the fusion reaction it was used 

at 20 μM. After the reaction, the samples were fixed with 2% paraformaldehyde in PBS for 

15 min, centrifuged to remove the fixative (12,000g for 15 min), resuspended in mounting 

media and dispensed in 96 well plates (40 μl/well, at least 5 wells per sample). The plates 

were centrifuged at 500g for 1 min to allow settling down of the membranes to bottom of the 

plate. The plates were scanned in Cell Insight CX7 High-Content Screening (HCS) Platform 

(Thermo). A minimum of 10,000 objects were scanned per well and 5 wells per sample were 

used for analysis.

Super-resolution microscopy—Super-resolution imaging, and analysis were done as 

described previously (Kumar et al., 2019; Kumar et al., 2018). WT or STX17KO HeLa cells 

were plated on 25 mm coverslips (Warner instruments) and allowed to attach, cells were 

then transfected with FLAG-ATG16L1. After overnight transfection, cells were induced for 

autophagy by incubating with EBSS for 2h followed by fixation in 4% PFA for 5 min. After 

fixation, cells were incubated with anti-rabbit-FIP200 and anti-mouse FLAG antibodies for 

4h and washed with PBS, followed by labeling with Alexa Fluor 647 (Invitrogen, A21245). 

The coverslip was mounted on an Attofluor cell chamber (A-7816, life technologies) with 

1.1 ml of the imaging buffer. The imaging and center-to-center distances between FLAG­
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ATG16L1 and FIP200 cluster centroids per ROI (region of interest) were calculated as 

described earlier (Kumar et al., 2018).

Immunofluorescence confocal microscopy—Immunofluorescence confocal 

microscopy was carried out as described previously (Kumar et al., 2019). Briefly, cells 

were plated onto coverslips in 6 well or 12-well plates. Cells were transfected with plasmids 

as indicated in Figures. Transfected cells were incubated in full media or EBSS (Earle’s 

Balanced Salt Solution) for 2h and fixed in 4% paraformaldehyde for 10 min followed by 

permeabilization with 0.1% saponin in 3% BSA. Cells were blocked 3% BSA and then 

incubated with primary antibodies for 4h. Cells were washed three times with PBS and then 

incubated with appropriate secondary antibodies (Invitrogen) for 1 h at room temperature. 

Coverslips were then mounted using ProLong Gold Antifade Mountant (Invitrogen) and 

analyzed by confocal microscopy using the Zeiss LSM510 Laser Scanning Microscope.

Correlative Light-Electron Microscopy—For correlative light-electron microscopy 

(CLEM), the cells were grown on glass-bottom, gridded Mattek dishes (Cat No P35G-1.5–

14-CGRD). Cells were induced for autophagy by incubation in EBSS, followed by fixation 

in 4% paraformaldehyde in 0.2 M Hepes, pH 7.4 for 10 min at room temperature, and 

imaged using phase contrast and confocal microscopy to record the cell positions and the 

fluorescent signals, respectively. The cells were then firmly fixed for electron microscopy 

using 2% glutaraldehyde in 0.2 M Hepes, pH 7.4, and stored in the same buffer at +4 C. 

For epon embedding, the cells were postfixed in osmium tetroxide, dehydrated in ethanol, 

and flat embedded in epon. The Matted grid was used to locate the cells of interest for 

thin sectioning. Serial 70-nm sections were cut, placed on single-slot girds and stained with 

uranyl acetate and lead citrate. Imaging was done with a Jeol JEM 1400 Plus transmission 

electron microscope. A high magnification TEM micrograph was aligned with a low 

magnification TEM micrograph, showing the whole cell. The fluorescent image was then 

correlated to the low magnification TEM micrograph based on the shape of the cell and 

nucleus as well as lipid droplets that are visible in both TEM and fluorescent images. The 

alignment and correlation was performed using TrakEM2 software version 1.3.6 (Cardona et 

al., 2012) as part of the Fiji distribution of ImageJ version 1.53i (Schindelin et al., 2012).

Membrane fractionation—Membrane fractionation was carried out as described 

previously(Kumar et al., 2019). Briefly, 293T cells (3 dishes per sample) were plated in 

10 cm dishes, harvested, and homogenized by passing through a 22-G needle. Homogenates 

were subjected to sequential differential centrifugation at 3,000 × g (10 min) and 25,000 × g 

(20 min) to collect the pelleted membranes (TLA100.3 rotor, Beckman, polypropylene tube; 

Beckman). 25K membrane pellets were suspended in 1 ml 19% OptiPrep for a step gradient 

containing 0.5 ml 22.5%, 1 ml 19% (sample), 0.9 ml 16%, 0.9 ml 12%, 1 ml 8%, 0.5 ml 

5% and 0.2 ml 0% OptiPrep each. The OptiPrep gradient was centrifuged at 150,000 × g 

for 3 h and subsequently eight fractions, 0.5 ml each, were collected from the top. Fractions 

were diluted with B88 buffer (20 mM HEPES, pH 7.2, 150 mM potassium acetate, 5 mM 

magnesium acetate, 250 mM sorbitol) and membranes were collected by centrifugation at 

100,000 × g for 1 h. Sample were subjected to SDS-PAGE and western blot for FIP200, 

ATG16L1, GM130 and LC3 was done as described under immunoblotting.
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Cholera Toxin B uptake assay—Cells were plated in 96 well plates and after suitable 

transfections (as indicated in figures), cells were incubated with Alexa Fluor-488-conjugated 

cholera toxin subunit B (ThermoFisher) for 15 min at 4°C (allowing toxin to bind to the 

plasma membrane). Then cells were incubated at 37°C (allowing internalization of cholera 

toxin) for 10 min and fixed for HCM analysis.

Protease protection assay—E-SYT2KO and wild type HeLa cells, and SIGMAR1KO 

and parental 293A cells were seeded into 10cm dishes and induced for autophagy by 

incubation in EBSS for 2h in presence of 100 nM bafilomycin A1. After treatment, cells 

were homogenized in buffer containing 20 mM HEPES-KOH, pH 7.2, 400 mM sucrose, 

and 1 mM EDTA. Cells were harvested and centrifuged at 500 g at 4°C, the postnuclear 

supernatant was collected and was equally divided into three parts, one of the samples was 

left untreated, and the other two were incubated with 25 μg/ml PK only in presence or 

absence of Triton X-100 (TX-100; 0.2%) for 10 min on ice. All samples were then subjected 

to TCA precipitation, and protein pellets were resuspended in the same volume of 2 x 

sample buffer. Approximately 40–60 μg of each sample was analyzed by immunoblotting.

SARS-CoV-2 infection—Cells were infected with the indicated MOI with SARS-CoV-2, 

isolate USA-WA/1/2020 (deposited by the Centers for Disease Control and Prevention and 

obtained through BEI Resources, NIAID, NIH, NR-52281). Cell death was measured at the 

indicated times using the CyQUANT XTT cell viability assay (ThermoFisher) according to 

the manufacturer’s protocol. For HCM, Calu-3 and Huh7 cells were seeded in 96 well plates 

and transfected with FLAG-ATG16L1 and then taken to BSL3 facility. Half of the plate 

was incubated in EBSS (2h). Cells were then infected with SARS-CoV-2 (MOI:1) for 24h. 

Cells were then fixed with 4% paraformaldehyde for 15 min. Plates were decontaminated, 

permeabilized with 0.2% saponin and blocked with 3% BSA for 30 min and stained with 

FLAG and FIP200 antibodies. HCM was performed as detailed under HCM section.

APEX2-labeling and streptavidin enrichment for Mass Spectrometry—
HEK293T Flp-In-nsp6 TetON cells were left in full media or incubated with EBSS for 2h. 

Cells were then incubated in 500 μM biotin-phenol for the last 30 min of EBSS incubation. 

Cells were then incubated in 1 mM H2O2 at room temperature. The reaction was stopped 

with quenching buffer (10 mM sodium ascorbate, 10 mM sodium azide and 5 mM Trolox 

in Dulbecco’s Phosphate Buffered Saline [DPBS]). All samples were washed three times 

with quenching buffer, and twice with DPBS. For LC-MS/MS analysis, cell pellets were 

lysed in 500 μL ice-cold lysis buffer (6 M urea, 0.3 M NaCl, 1 mM EDTA, 1 mM EGTA, 

10 mM sodium ascorbate, 10 mM sodium azide, 5 mM Trolox, 1% glycerol and 25 mm 

Tris/HCl [PH 7.5]) for 30 min by gentle pipetting. Lysates were clarified by centrifugation 

and protein concentrations were quantified. Streptavidin-coated magnetic beads (Pierce) 

were washed with lysis buffer. 3 mg of each sample was mixed with 100 μL of streptavidin 

bead. The suspensions were gently rotated at 4°C overnight to bind biotinylated proteins. 

The flowthrough after enrichment was removed and the beads were washed in sequence with 

1 mL IP buffer (150 mM NaCl, 10 mM Tris-HCl [pH 8.0], 1 mM EDTA, 1 mM EGTA, 1% 

Triton X-100) twice; 1 mL 1M KCl; 1 mL of 50 mM Na2CO3; 1 mL 2 M Urea in 20 mM 
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Tris HCl (pH 8); 1 mL IP buffer. Biotinylated proteins were eluted and processed for mass 

spectrometry.

LC-MS/MS (Sample preparation)—Protein samples on magnetic beads were washed 

four times with 200ul of 50mM Triethyl ammonium bicarbonate (TEAB) with a twenty­

minute shake time at 4°C in between each wash. Roughly 2.5 μg of trypsin was added to the 

bead and TEAB mixture and the samples were digested overnight at 800 rpm shake speed. 

After overnight digestion the supernatant was removed, and the beads were washed once 

with 50mM ammonium bicarbonate. After 20 minutes at a gentle shake the wash is removed 

and combined with the initial supernatant. The peptide extracts were reduced in volume 

by vacuum centrifugation and a small portion of the extract was used for fluorometric 

peptide quantification (Thermo scientific Pierce). One microgram of sample based on the 

fluorometric peptide assay was loaded for each LC-MS analysis.

Liquid Chromatography Tandem Mass Spectrometry—Peptides were analyzed 

by LC-MS/MS by trapping on a C18 peptide trapping column (Thermo Scientific) and 

separated on a Pepsep 8 cm × 150 um C18 column (Merslev, Denmark) using a Dionex 

Ultimate 3000 nUPLC. Samples were run on Thermo Scientific Exploris 480 mass 

spectrometer for 90 min using Data independent Acquisition mode (DIA). DIA was acquired 

between 360–1200 Da with 45 Da non-overlapping windows. MS1 resolution was set at 

120K and MS2 at 30K, MS1 normalized AGC target of 300% and MS2 1000% respectively.

Data Analysis—DIA data was analyzed using Spectronaut 15 with directDIA workflow 

and default settings.

Flow cytometry to analyze intracellular calcium—Intracellular calcium was 

analyzed using FLUO-3AM fluorescence on the FL-1 channel of flow cytometer (BD 

FACScan). Wild type HeLa or STX17Ko cells were left unstimulated on incubated in HBSS 

for 2h. Cells were incubated with 5μM of FLUO-3AM for 30 minutes, followed by analysis 

on flow cytometer.

Immunoblotting and co-immunoprecipitation assays—Immunoblotting and co­

immunoprecipitation (co-IP) were performed as described previously(Kumar et al., 2018). 

For co-IP, cells were transfected with 10 μg of plasmids, wherever stated, and lysed in 

NP-40 buffer containing protease inhibitor cocktail (Roche, cat# 11697498001) and PMSF 

(Sigma, cat# 93482). Lysates were mixed with 5 μg antibody and incubated at 4°C for 

overnight followed by incubation with Dynabeads protein G (Life Technologies) for 4 h, at 

4°C. Beads were washed three times with PBS and then boiled with SDS-PAGE buffer for 

analysis of interacting protein by immunoblotting.

Quantification and statistical analysis

Data are expressed as means ± SEM (n ≥ 3). Data were analyzed with a paired two-tailed 

Student’s t-test or analysis of variance (ANOVA). Statistical significance was defined as † p 

≥ 0.05, *P < 0.05, **p<0.01.
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Supplementary Material

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

i. Mammalian autophagosomes are formed via fusion of cis-Golgi and 

endosomal membranes

ii. This forms a prophagophore termed Hybrid Pre-Autophagosomal Structure 

(HyPAS)

iii. HyPAS depends on SNARE STX17 and its interactors E-SYT2, SIGMAR1 

and SERCA2

iv. SARS-CoV-2 inhibits prophagophore formation by nsp6 targeting HyPAS 

apparatus
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Figure 1. STX17 is required for colocalization between FIP200 and ATG16L1
(A) Effects of autophagy induction (EBSS 2h) on colocalization (confocal microscopy) 

between endogenous FIP200 and ATG16L1 in HeLa cells. Scale bar, 5 μm. (B) HCM 

quantification of colocalization between endogenous FIP200 and ATG16L1 in HeLa cells. 

(C) HCM quantification of colocalization between FIP200 and FLAG-ATG16L1 in HeLa 

cells. B and C, **, p < 0.01, (n=3) t-test. (D) (i-iii) CLEM of HeLa cells expressing 

GFP-FIP200 and mCherry-ATG16L1. Boxed area (panel i) is shown at TEM level in 

panels ii-iii, representing two Z sections 70 nm apart. Panel ii’, overlay of fluorescence and 
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TEM. Yellow fluorescence in panel a corresponds to vesicular (white arrows) and tubular 

(gray arrows) elements in TEM. Asterisk, a small double-membrane structure or a cross­

section of a cup-shaped cisternal element. White asterisks (panels (v and v’) correspond 

to phagophore membrane. Black asterisk (panel vi), ER-mitochondrial contact site. The 

membranes of the phagophore (red) and ER surrounding it (white) are traced in panel vii. 

Nu, nucleus, Mi, mitochondrion. Scale bar in (i) and (iv) 5 μm. (E) Effect of STX17 KO 

on colocalization (confocal microscopy) between endogenous FIP200 and FLAG-ATG16L1 

in HeLa cells induced for autophagy (EBSS, 2h). Scale bar, 5 μm. (F,G) STX17 KO effects 

on colocalization between FIP200 and FLAG-ATG16L1 in HeLa and Huh7 cells (HCM). 

**, p < 0.01, (n=3) ANOVA. (H,I) Super-resolution microscopy and cluster analysis of 

FLAG-ATG16L1 and endogenous FIP200 in HeLaWT or STX17KO cells incubated with 

EBSS for 2h. See also Figures S1 and S2.
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Figure 2. STX17 is required for HyPAS formation.
(A) Schematic of in vitro fusion assay (ivitHC) between GFP-FIP200 and mCherry­

ATG16L1 compartments utilizing high content microscopy quantification. (B,C) 
Quantification of the effects of STX17 KO on HyPAS formation in vitro (IvitHC). Scale 

bar 500nm. (D) PBMM assay (schematic) is a combination of RUSH and APEX-2 proximity 

biotinylation. (E-H) PBMM quantification of the effects of STX17 KO and FIP200 KO on 

starvation-induced mixing of early/cis-Golgi (ManII) and endosomal (TFRC) compartments. 

† p ≥ 0.05, **, p < 0.01, (n=3) ANOVA. See also Figures S2 and S3.
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Figure 3. STX17 is required for association between FIP200 and ATG16L1.
(A,B) Co-IP analysis and quantifications of FIP200 and FLAG-ATG16L1 interactions 

in WT or STX17KO HeLa cells. **, p < 0.01, (n=3) t-test. (C) MS analysis, GFP 

vs. GFP-STX17 peptides in VAMP7 complexes. (D,E) Co-IP analysis of interactions 

between endogenous proteins: VAMP7 or STX17, with ATG16L1 or FIP200. (F) Effects 

of VAMP7 KD on colocalization between FIP200 and FLAG-ATG16L1 in HeLa cells 

(HCM quantification). Y-axis, % of FIP200+ profiles that were also ATG16L1+ (a measure 

of HyPAS). **, p < 0.01, (n=3) ANOVA. (G) Effect of VAMP7 KD on HyPAS formation 

(confocal microscopy) in HeLa cells induced for autophagy (EBSS, 2h). Scale bar, 5 μm. 

Individual channels related to this panel are shown in Figure S3U. (H-J) ivitHC schematic, 

quantification, and images of VAMP7 KD effect on HyPAS formation in vitro. Vesicle 

source cells were induced for autophagy by incubating in EBSS for 2h. † p ≥ 0.05, **, p 
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< 0.01, (n=3) ANOVA. Scale bar 500nm. (K) Effects of TBK1 KO on HyPAS formation 

(confocal microscopy) in cells induced for autophagy (EBSS; 2h). Scale bar, 5 μm. (L) 
HCM quantification of the effects of TBK1 KO on HyPAS formation. **, p < 0.01, (n=3) 

ANOVA. (M) Complementation analysis (HyPAS quantification by HCM): STX17 KO 

cells transfected with GFP fusions with STX17 wild type, non-phosphorylatable mutant of 

STX17 (S202A) or phosphomimetic mutant of STX17 (S202D). † p ≥ 0.05, **, p < 0.01, 

(n=3) ANOVA. See also Figures S3 and S4.
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Figure 4. Ca2+ positively regulates HyPAS formation.
(A) SERCA2 peptides (MS analysis) in GFP or GFP-STX17 complexes. (B) Co-IP 

analysis with GFP-STX17 and endogenous SERCA2. (C,D) Effects (C, HCM; D, confocal 

microscopy) of BAPTA-AM treatment on HyPAS formation in WT and STX17KO HeLa 

cells, **, p < 0.01, (n=3) ANOVA. Scale bar, 5 μm. (E,F) Effect of BAPTA on HyPAS 

formation in vitro (IvitHC assay) in cells induced for autophagy. **, p < 0.01, (n=3) 

ANOVA. Scale bar, 1 μm. (G) Effect of thapsigargin treatment on HyPAS formation in WT 

and STX17KO HeLa cells (HCM). **, p < 0.01, (n=3) ANOVA. (H) Confocal microscopy 
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images of the effect of thapsigargin treatment on HyPAS formation in WT and STX17KO 

HeLa cells. Scale bar, 5 μm. (I) Confocal microscopy analysis of colocalization between 

FLAG-SERCA2, FIP200 and mCherry-ATG16L1 in HeLa cells induced for autophagy 

(EBSS, 2h). Scale bar, 5 μm. (J,K) Flow cytometry analysis of the effect of STX17 KO on 

FLUO-3AM fluorescence in cells incubated in full media or in HBSS for 4h. **, p < 0.01, 

(n=3) ANOVA. (L) A schematic representation of the effect of STX17 on SERCA2 and 

Ca2+ flow from cytosol to ER lumen. See also Figure S4.
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Figure 5. STX17 interactor E-SYT2 controls HyPAS formation.
(A) E-SYT2 peptides (MS analysis) in GFP or GFP-STX17 complexes. (B) Co-IP analysis, 

endogenous STX17 and E-SYT2. (C) Localization (confocal microscopy) of GFP-E-SYT2 

and FLAG-STX17 in HeLa cells. Scale bar, 5 μm. (D) Effect of E-SYT2 KO on HyPAS 

formation (confocal microscopy) in HeLa induced for autophagy (EBSS, 2h). Scale bar, 5 

μm. (E,F) HCM quantification of HyPAS formation in WT or E-SYT2KO HeLa. Masks: 

white, primary objects (FLAG positive cells), yellow puncta, overlap between FIP200 and 

FLAG-ATG16L1. **, p < 0.01, (n=3) ANOVA. Scale bar, 10 μm. (G,H) In vitro HyPAS 
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formation, effect of E-SYT2 KO (ivitHC quantification). Fusing vesicle preparations were 

from cells induced for autophagy (EBSS for 2h). † p ≥ 0.05, **, p < 0.01, (n=3) ANOVA. 

(I,J) PBMM assay and quantifications of the effects of E-SYT2 KO on starvation-induced 

membrane mixing. The experimental conditions were same as in Figure 2E,F. † p ≥ 0.05, 

**, p < 0.01, (n=3) ANOVA. (K) Alignment of conserved residues in the polybasic regions 

of Synaptotagmin 1 and E-SYT2. Upward arrows, key residues in SNARE interactions; 

downward arrows, basic residues mutated to Ala in E-SYT26A. (L,M) Co-IP analysis, 

GFP-E-SYT2 WT or GFP-E-SYT26A with FLAG-STX17. p>0.05; ** p < 0.01, (n=3) t-test. 

(N) Complementation of E-SYT2 KO with WT or E-SYT26A; HCM analysis of HyPAS 

formation, † p ≥ 0.05, **, p < 0.01, (n=3) ANOVA. (O,P) Co-IP, STX17 and VAMP7 

in WT or E-SYT2KO HeLa. **, p < 0.01, (n=3) t-test. (Q) Co-IP, FLAG-STX17 and 

GFP-VAMP7 in WT or E-SYT2KO HeLa. (R) Co-IP, FLAG-STX17 and GFP-VAMP8 in 

WT or E-SYT2KO HeLa. See also Figure S5.
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Figure 6. SIGMAR1 is required for HyPAS formation and HyPAS apparatus affects autophagy 
of diverse cargo.
(A,B) Effect (HCM quantification) of SIGMAR1 KO on HyPAS formation in 293A cells. 

Masks: white, primary objects (FLAG positive cells), yellow puncta, overlap between 

FIP200 and FLAG-ATG16L1. Scale bar, 5 μm. (C) Confocal microscopy of HyPAS in WT 

or SIGMAR1KO 293A cells. Scale bar, 5 μm. (D) Effect of complementation of SIGMAR1 

KO with empty FLAG, SIGMAR1-FLAG or with SIGMAR1 N80-FLAG. on HyPAS 

formation in SIGMAR1KO 293A cells. HCM quantification. (E) Confocal microscopy 
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images related to D. Scale bar, 5 μm. (F,G) Effect of E-SYT2 KO on mitophagy induced 

by OA (oligomycin+antimycin) treatment. Cells were transfected with YFP-Parkin. YFP­

Parkin positive cells were gated for HCM quantification of mito-DNA dots (mitophagy). 

Masks: white, primary objects (YFP-Parkin positive cells), red puncta, mito-DNA dots. (H) 
Complementation of E-SYT2 KO with WT or E-SYT26A in mitophagy assayed by mtDNA 

clearance (HCM quantifications) in mCherry-Parkin+ cells. Masks: white, primary objects 

(GFP and mCherry positive cells), blue puncta, mtDNA dots. (I) Effect of SIGMAR1 KO 

on ribophagy using RPL28-Keima probe (HCM quantification). (J,K) Effect of E-SYT2 KO 

or SIGMAR1 KO on bulk autophagy using LDH-Keima probe (HCM quantification). All 

graphs, †, p>0.05; **, p < 0.01, (n=3) ANOVA. See also Figure S6.
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Figure 7. HyPAS is inhibited in cells infected with SARS-CoV-2 and SARS-CoV-2 nsp6 inhibits 
HyPAS.
(A,B) Effects of SARS-CoV-2 infection (MOI: 1, 24h) on HyPAS formation in Calu-3 

cells; HCM quantification. Masks: white, primary objects (FLAG positive cells), yellow 

puncta, HyPAS. Scale bar, 10 μm. (C,D) Proximity biotinylation proteomics using 293T­

APEX2-nsp6TetON cells. Table, subset of SARS-CoV-2-nsp6 interactors; full proteomics 

data in Table S1. (E-G) Effects (HCM quantification) on HyPAS formation of GFP-nsp6, 

mChery-ORF3a and mCherry-ORF8 expression. (H-J) Quantification (ivitHC) of the effects 
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of FLAG-nsp6 on HyPAS formation in the vitro fusion assay. Source cells were induced 

for autophagy (EBSS for 2h). Scale bar, 0.5 μm. All graphs, † p ≥ 0.05, **, p < 

0.01, (n=3) ANOVA. (K) Schematic, HyPAS prophagophore formation and the canonical 

autophagy pathway. HyPAS is generated through a regulated fusion of vesicles and cisternae 

derived from the early secretory and endosomal pathways to form a prophagophore, which 

progresses to an LC3-positive phagophore closing to sequester cargo (C) destined for 

degradation. SARS-CoV-2 infection and at least one of SARS-CoV-2 proteins, nsp6, inhibit 

HyPAS formation. See also Figure S7 and Table S1.
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