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Abstract
Autophagy is a fundamental cellular recycling pathway that captures cytoplasmic material by a
phagophore membrane and delivers it to lysosomes for degradation. Nonselective phagophores are
generated at specialized ER-domains termed omegasomes. Mechanistically, this process is not well
understood. Here, we reconstituted the formation of phagophores from puri�ed components on
supported lipid bilayers and by ectopic induction of nonselective autophagy at the plasma membrane.
We found that enzymatic conjugation of LC3B to model membranes induces the formation of
phagophore-like membrane cups. LC3B functions as membrane anchor, ensuring a sustained interaction
of the E3-like ligase complex ATG12¬–ATG5-ATG16L1 with membranes by forming extended membrane
coats. ATG16L1 is the major membrane remodeling factor that induces positive membrane curvature,
promotes cup formation and stabilizes the rim of membrane cups. Redirecting WIPI2 to the plasma
membrane by expressing WIPI2-CAAX induced the formation of omegasome-like membrane cisternae to
which LC3B was conjugated. Membrane cups, identical to those observed in vitro, emerged from these
cisternae. ATG16L1 variants that did not induce the formation of cups in vitro also failed to promote cup
formation in vivo and inhibited the biogenesis of nonselective autophagosomes in cells. We thus propose
that ATG16L1 drives the formation of nonselective phagophores by shaping �at donor membranes into
membrane cups.

Main Text
Macroautophagy (autophagy in the following) is a highly conserved pathway that sequesters
cytoplasmic material in double-membrane bound autophagosomes and delivers it to lysosomes for
degradation1. Autophagy maintains cellular homeostasis by degrading unwanted or damaged
cytoplasmic components2 and by recycling bulk cytoplasm during periods of nutrient deprivation or
cytotoxic stresses3. Selective autophagy is thus tightly coupled to the presence of super�uous or
damaged material, while nonselective autophagy occurs independently of speci�c cargo4. 

The formation of autophagosomes is driven by autophagy related (ATG) proteins that assemble at sites
of phagophore formation in a highly coordinated and sequential manner. Initiation of autophagy depends
on the activation of the ULK1 complex which is followed by the recruitment of the phosphatidylinositol
(PtdIns)-3-kinase complex (PI3K)5 and of ATG9 vesicles, which nucleate phagophores6. 

The expansion of phagophores depends on the mobilization of various lipid reservoirs, including
organelles7–10, lipid droplets11 or direct lipid transfer from the ER12. Moreover, this process is
accompanied by the conjugation of ubiquitin-like ATG8 proteins to the lipid phosphatidylethanolamine
(PE)13. The reaction is catalyzed by a ubiquitin-like conjugation system comprising the E1 enzyme ATG7,
the E2 enzyme ATG3, and an E3 ligase complex that consists of the ATG12–ATG5 conjugate and the
coiled-coil protein ATG16L114–16. The latter is recruited to early phagophores by the PtdIns(3)phosphate
binding protein WIPI217. 
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The ATG8 family of proteins comprises microtubule-associated protein 1 light chain 3 (LC3)A, LC3B and
LC3C as well as gamma-amino-butyric acid receptor-associated protein (GABARAP), GABARAPL1 and
GABARAPL2. All ATG8 proteins can tether cargo to phagophore membranes in selective autophagy4,
while LC3C and GABARAPs recruit autophagosomes to lysosomes18,19 and GABARAPs promote
autophagosome-lysosome fusion20. LC3 proteins are dispensable for selective autophagy20–23 but
nonselective phagophores continuously acquire LC3B and the amount of LC3B correlates with the size of
phagophores24. The molecular function of LC3B during nonselective autophagy remains, however, to be
discovered. 

Here, we applied an integrated and multidisciplinary approach to obtain mechanistic insights into the
formation of nonselective autophagosomes. We found that LC3B cooperates with ATG12–ATG5-
ATG16L1 to form protein coats that remodel �at membranes into membrane cups that resemble
phagophores. ATG16L1 was particularly important by stabilizing the highly bent membrane rim of cups
and by driving cup-expansion. We also found that simple lipid bilayers serve as platform for cup
formation in vitro, while in cells, cups emerge only from omegasome-like membranes. ATG16L1 variants
that stalled cup formation at distinct stages in vitro and in vivo also stalled the formation of nonselective
autophagosomes in starved cells. We thus propose that nonselective phagophores are generated by
remodeling omegasomes into membrane cups and that this process is driven by ATG161L1.

Results

LC3B and ATG12–ATG5-ATG16L1 form a protein coat on membranes
in vitro
Nonselective autophagy is characterized by a marked increase in the number of LC3B-positive
autophagosomes, suggesting that LC3B ful�lls a particular, yet unknown function in this process. To
identify novel functions of LC3B in nonselective autophagy, we conjugated LC3B to model membranes in
vitro. We �rst puri�ed all components of the conjugation system including the proteolytically activated
form of LC3B (LC3BG120, Extended Data Figure 1a) and con�rmed the catalytic activity of ATG7 and ATG3
(Extended Data Figure 1b). We then conjugated Alexa488 labeled LC3BG120 to Giant Unilamellar Vesicles
(GUVs) using ATG7, ATG3, ATP and the E3-ligase ATG12–ATG5-ATG16L1 and followed conjugation in
real time by confocal microscopy (Supplementary Movie 1). The �uorescence of LC3BG120 increased over
time and reached a plateau after ~80 min (Figure 1a). Remarkedly, the conjugation reaction induced the
formation of small membrane buds on GUVs (Figure 1a, b), which were initially mobile but lost mobility
with increasing LC3BG120 levels (Figure 1c, Extended Data Figure 1c and Supplementary Movies 1 and 2).
Furthermore, small GUV-derived LC3B-positive vesicles accumulated over time, suggesting that the
conjugation of LC3B to GUVs induces membrane deformations and budding (Figure 1c and Extended
Data Figure 1d). To decipher whether membrane deformations depend on LC3B or ATG16L1, we
conjugate LC3B to GUVs in the absence of ATG16L1 using a minimal E3-ligase complex ATG12–ATG5-
ATG16L1NT (NT = residues 11-43)25 since ATG12–ATG5 alone was catalytically inactive. Although
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LC3BG120 was e�ciently conjugated to GUVs, membrane deformations were not observed (Figure 1d and
Extended Data Figure 1g), which is consistent with a contribution of full-length ATG16L1 (ATG16L1FL) in
deforming membranes26. Fluorescence recovery after photobleaching (FRAP) showed that �uorescent
labeled LC3BG120 and ATG16L1FL did not exchange with the bulk solution and that their lateral diffusion
at the membrane was strongly attenuated (Figure 1e and Extended Data Figure 1e, f). However, in
conjugations with ATG12–ATG5-ATG16L1NT, the �uorescence of a substantial fraction of LC3BG120

recovered rapidly by lateral diffusion (Figure 1f and Extended Data Figure 1g). Our data suggest that
LC3B and ATG12–ATG5-ATG16L1 form an immobile macromolecular complex that deforms
membranes. 

To study the morphology of these assemblies, we conjugated LC3BG120 to Supported Lipid Bilayers
(SLBs), which are �at model membranes that are attached to a stiff glass support, using the full
conjugation machinery including ATG12–ATG5-ATG16L1FL and characterized the topology of proteins by
atomic force microscopy (AFM). Before the reaction, SLBs were perfectly �at and possessed a height of 5
± 1 nm (Figure 1g). Conjugating LC3B to these membranes induced the formation of a continuous protein
layer with a height of 22 nm (Figure 1h and Extended Data Figure 2a) and LC3B was entirely immobilized
(Extended Data Figure 2b), reminiscent of a protein coat. When the conjugation reaction was performed
with ATG12–ATG5-ATG16L1NT, no such protein coat was present. Instead, mobile particles with a mean
diameter of 70 ± 10 nm and a height of 23 ± 3 were observed (Extended Data Figure 2c). 

Given that ATG16L1 is a crucial component of the protein coat, we next identi�ed critical domains in
ATG16L1 that are required for coat formation. We �rst removed the C-terminal WD-domain of ATG16L1
which is known to be dispensable for canonical autophagy27. The corresponding ATG12–ATG5-
ATG16L1307 complex catalyzed LC3BG120 lipidation and immobilized LC3BG120 (mobile fraction = 9 ± 5 %,
Figure 1f and Extended Data Figure 2d, e). Truncation of a part of the C-terminal lipid binding domain
(ATG16L1264)28 impaired coat formation as evident by an increase in the mobile LC3BG120 fraction to 23  -
± 8 % (Figure 1f and Extended Data Figure 2d, e). An even stronger effect was observed when the entire C-
terminal membrane binding domain was removed (ATG16L1230, mobile fraction = 38 ± 13 %), or if only
the ATG5 binding domain was left (ATG16L1NT, mobile fraction = 53 ± 10 %, Figure 1f and Extended Data
Figure 2d, e). In conclusion, ATG5-binding, coiled coil and membrane binding regions of ATG16L1 are
required for coat formation while the WD domain is dispensable. AFM of the corresponding ATG16L1307

coat revealed that a less dense protein layer with striated appearance was formed (Extended Data Figure
2f). Furthermore, the height of this coat (11 ± 2 nm) was thinner than that formed by full-length ATG16L1.
This suggests that the WD domain of ATG16L1 projects away from the membrane, while its 30 nm long
coiled-coil domain aligns with the membrane. Taken together, our data reveal that LC3B recruits ATG12–
ATG5-ATG16L1 to membranes at which both assemble into extended membrane coats and remodel
membranes.  

ATG16L1 remodels �at membranes into phagophore-like cups



Page 5/26

As shown in Fig. 1a, the conjugation of LC3B to free standing membranes (GUVs) induced membrane
budding and remodeling in an ATG16L1 dependent manner. To better de�ne the nature of these
membrane remodeling events, we established a new method that combines in vitro reconstitution and
production of metal replicas for Platinum Replica Electron Microscopy (PREM). We �rst conjugated LC3B
to SLBs using ATG12–ATG5-ATG16L1FL and studied the membrane topology by PREM. We found that
large areas of �at SLBs were remodeled into membrane cups that closely resembled phagophores (Figure
2a, Extended Data Figure 3a and Supplementary Movie 3). Most membrane cups had diameters between
150 and 300 nm and possessed a well-de�ned rim of 25 ± 3 nm that was covered by a dense protein
coat. (Extended Data Figure 3a and Supplementary Movie 3). The striated appearance of this coat
suggests that it consists of parallelly packed �lamentous proteins, most likely ATG16L1. To reveal the
speci�c contribution of ATG16L1 in the formation of membrane cups and rims, we performed
reconstitutions using ATG12–ATG5-ATG16L1NT that lacked most of ATG16L1. In these reactions, the
integrity of SLBs was maintained, the membrane was not deformed, proteins were not dispersed on SLBs
but accumulated in aggregates, leaving most of the SLB surface devoid of protein (Figure 2b). We next
tested whether ATG16L1207 that contains the minimal coiled coil domain29 promotes membrane
deformations. In corresponding reconstitutions, large areas of SLBs were covered by a homogenously
dispersed layer of proteins. Although some amorphous membrane deformations were observed, de�ned
structures such as membrane cups or rims were not present (Figure 2c). In reconstitutions with
ATG16L1230 comprising the full coiled-coil domain of ATG16L1 and its WIPI2 binding site17, LC3B and
the corresponding E3 ligase complex assembled into densely packed particles with a diameter of 28 ± 5
nm (Figure 2d). Furthermore, SLBs were deformed into 100-300 nm wide rings that resembled rims of
membrane cups seen in reconstitutions with full-length ATG16L1. Interestingly, a striated pattern, similar
to that observed in reactions with ATG16L1FL, was present on membrane rims (Extended Data Figure 3b).
Our experiment thus demonstrates that ATG16L1230 deforms membranes into rims without promoting
the formation of membrane cups. 

A recent study reported that two isoforms of ATG16L1 are involved in distinct types of autophagy28.
ATG16L1a promotes canonical autophagy but lacks a membrane binding site that is present in
ATG16L1b, 28. We thus tested whether an ATG16L1 variant that contains only the conserved core region
of both isoforms (ATG16L1264) promotes cup formation. In reactions with ATG16L1264, SLBs were also
covered with distinct and well-de�ned particles with diameters of 39 ± 5 nm, which were bigger than
particles observed in reactions with ATG16L1230 (Figure 2e). Interestingly, some of these particles were
interconnected by rod-like structures (arrowheads in Figure 2e and Extended Data Figure 3c), suggesting
that ATG16L1264 induces the formation of a loosely packed protein coat. Moreover, irregular cup-like
structures were observed. The rims of these cups were sharp and covered with a striated protein coat, but
mostly irregular in shape (Figure 2e and Extended Data Figure 3b), demonstrating that ATG16L1264 does
not support the formation of fully expanded and regular membrane cups. 
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We next tested whether the C-terminal membrane binding region contributes to cup formation by
reconstituting the reaction with ATG16L1307. Indeed, mature membrane cups that closely resembled
those produced by full-length ATG16L1 were observed (Figure 2f and Supplementary Movie 4). These
cups had diameters of up to 300 nm and rims with a width of » 17 nm. Furthermore, SLBs were covered
by distinct particles, as seen in reconstitutions with ATG16L1264, but they were closely packed to form a
dense, continuous protein coat (Figure 2f). Taken together, all ATG16L1 variants that immobilized LC3B
(in FRAP experiments) and assembled into organized membrane coats (as seen in PREM) also promote
the formation of membrane cups. Moreover, the morphology of membrane cups correlates with the
quality of the membrane coat: fully expanded cups were generated by ATG16L1FL307 and ATG16L1FLFL

which form part of continuous membrane coats, while irregular cups and loose membrane coats are
present in reactions with ATG16L1FL264. By contrast, ATG16L1230, which does not promote the formation
of membrane coats and cups, deformed membranes into �at rims. 

Reconstituting cup formation in cells
Our in vitro studies demonstrated that ATG16L1 is a major membrane remodeling protein. We thus tested
whether ATG16L1 also remodels biological membranes in cells. To bypass upstream autophagy proteins,
we uncoupled ATG16L1 recruitment from canonical autophagy by targeting WIPI2 to the plasma
membrane (PM). We therefore co-expressed the well-established, plasma membrane-targeted WIPI2-CAAX
construct that lacks its PtdIns(3)P binding site17 with mCherry-ATG16L1 and GFP-LC3B in ATG16L1
knock-out cells. We found that WIPI2-CAAX recruited ATG16L1 and induced conjugation of LC3B to the
PM (Figure 3a), whereas ULK1 and ATG9 remained in the cytoplasm (Extended Data Figure 4a).
Furthermore, depletion of ULK1 by siRNA (Figure 3b and Extended Data Figure 4b) or treatment with the
ULK1 inhibitor SBI-0206965 (Extended Data Figure 4c) did not impact on LC3B targeting. Although
ATG14, a subunit of the PI3-kinase complex, was also recruited to the PM, its depletion by siRNA (Figure
3b and Extended Data Figure 4a, b) or treatment with the PI3-kinase inhibitor SAR405 (Extended Data
Figure 4c) did not impact on PM-targeting of LC3B. Moreover, PtdIns(3)P was not detected at the PM
(Extended Data Figure 4d) and starvation had no signi�cant impact on the recruitment of LC3B (Figure
3c and Extended Data Figure 4e), demonstrating that recruitment of ATG16L1 and conjugation of LC3B to
the PM occurs independently of the upstream autophagy machinery.

We next explored the morphology of the PM by PREM of unroofed cells expressing WIPI2-CAAX alone.
Although membrane deformations or cup-like structures were not observed, we noticed the presence of
extended patches of cortical endoplasmic reticulum (cER) (Extended Data Figure 5a). Similar cER
patches were not observed in cells expressing WIPI2 without CAAX-tag (Extended Data Figure 5b) or in
non-transfected cells (Extended Data Figure 5c). Furthermore, PM and cER were covered with »20 nm
large, doughnut-shaped particles, corresponding most likely to WIPI2 (Extended Data Figure 5a). Identical
particles were also present in cells that co-expressed WIPI2-CAAX and ATG16L1 (Extended Data Figure
5d). Characterizing the morphology of cER patches by Transmission-EM (TEM) of ultrathin cryo-sections
revealed that PM and cER were tightly aligned with a constant distance of 16 ± 1 nm (Figure 3d, Extended
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Data Figure 5e and Supplementary Movie 5). The lumen of cER was with an intermembrane distance of
24 ± 2 nm much thinner than that of canonical ER. Interestingly, ER-derived omegasomes that serve as
platforms for the biogenesis of autophagosomes, possess similar characteristics with almost identical
intraluminal distances30, suggesting that WIPI2-CAAX induces the formation of omegasome-like
membrane cisternae at the PM (Fig. 3d).

We next co-expressed WIPI2-CAAX, ATG16L1 and LC3B and investigated the morphology of the PM by
PREM. We observed large membrane cups that closely resembled cups on SLBs in vitro (Extended Data
Figure 5f). Immunogold labeling of GFP-LC3B and HA-ATG16L1 in PREM samples con�rmed the
presence of both proteins on such structures (Extended Data Figure 5g). Interestingly, membrane cups
were only observed on cER and not at the PM, although WIPI2-CAAX, ATG16L1 and LC3B are recruited to
both membranes (Figure 3e and Supplementary Movie 6). This suggests that the formation of membrane
cups is restricted to omegasome-like membranes in vivo, while a simple lipid bilayer serves as substrate
for cup formation in vitro.

We next tested whether ATG16L1 variants that stabilized cup intermediates on SLBs in vitro produced
similar intermediates in vivo. We �rst expressed ATG16L1207, which lacks the WIPI2 binding site, together
with WIPI2-CAAX and LC3B in ATG16L1 knockout (KO) cells and found that ATG16L1207 was not
recruited, LC3B was thus not conjugated and the morphology of PM and cER was unchanged (Extended
Data Figure 6a). All other tested ATG16L1 variants contained the WIPI2 binding site and were recruited
together with LC3B to the PM (Extended Data Figure 6b). Furthermore, ATG16L1230 deformed cER
membranes into �at ring-like structures with diameters of 510 ± 160 nm (Figure 3f and Supplementary
Movie 7) which closely resembled rings produced by ATG16L1230 on SLBs in vitro. Expression of
ATG16L1264 induced the formation of irregular cups (Figure 3g), while ATG16L1307 produced expanded
and matured cups (Figure 3h). Apparently closed vesicles with diameters of 710 ± 70 nm were observed
in cells expressing full-length ATG16L1 (Figure 3e, i and Supplementary Movie 6). Furthermore, rims of
cups were decorated by a striated protein coat that was identical to that seen in reconstitutions in vitro
(Extended Data Figure 6c). Taken together, ATG16L1 variants stabilized intermediates of membrane cups
in reconstitutions on SLBs in vitro and at the PM in cells, providing snapshots of cup formation at distinct
stages.  

Function of ATG16L1 in starvation-induced autophagy
The formation of membrane cups is a hallmark of nonselective autophagy and our data suggests that
this process is driven by ATG16L1. To test this hypothesis, we studied the autophagic activity of
ATG16L1 variants that blocked cup formation. We �rst determined the E3-ligase activity of our different
ATG12–ATG5-ATG16L1 complexes. We found that ATG16L1NT and ATG16L1207 complexes that lacked
the WIPI2 binding site did not promote LC3B conjugation in ATG16L1 KO cells, while ATG16L1230,
ATG16L1264, ATG16L1307 and ATG16L1FL fully restored lipidation in vivo (Extended Data Figure 7a). 
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Membrane remodeling by ATG16L1 depends on its capacity to bind lipids. We thus compared ATG16L1
levels in cytosolic and membrane fractions of ATG16L1 KO cells that expressed the different ATG16L1
variants. Consistent with in vitro data from a previous study28, ATG16L1307 and ATG16L1FL were
enriched in membrane fractions, while membrane binding was strongly impaired for the other variants in
which at least a part of the C-terminal lipid binding region was missing (Extended Data Figure 7b). A
similar difference was observed regarding the intracellular localization of ATG16L1 variants. While
ATG16L1307 and ATG16L1FL were present at bigger ring-like structures, which might represent matured or
complete autophagosomes (Extended Data Figure 7c, e), ATG16L1230 and ATG16L1264 formed much
smaller puncta (Extended Data Figure 7c, d). To reveal whether these puncta correspond to immature
autophagosomes, we compared the �ux of autophagic cargo in cells using GFP-RFP-LC3B as a reporter.
Consistent with delivery of cargo to lysosomes, a mixture of yellow (cytosolic) and red (lysosomal) LC3B
puncta was observed in wildtype cells, while only yellow puncta were observed in ATG16L1 KO cells
(Extended Data Figure 7f). In wildtype and ATG16L1 KO cells that overexpressed ATG16L1 only yellow
puncta that colocalized with ATG16L1 were observed (Extended Data Figure 7g), suggesting that
autophagosomes are retained in the cytoplasm. The same was true for ATG16L1 KO cells that expressed
ATG16L1230, ATG16L1264 and ATG16L1307, suggesting that small and big LC3B-positive ATG16L1
puncta correspond to cytoplasmic phagophores and autophagosomes, respectively (Extended Data
Figure 7h). To identify the nature of these ATG16L1 puncta, we determined their ultrastructure by
correlative light electron microscopy (CLEM). Large ATG16L1 puncta in ATG16L1FL and ATG16L1307

expressing ATG16L1 KO cells corresponded to complete autophagosomes and vesicular clusters that
have recently been reported to contribute to the formation of pre-autophagic structures31 (Figure
4a and Supplementary Movies 8 and 9). However, fewer ATG16L1 vesicles were present in ATG16L1230

and ATG16L1264 expressing cells (Figure 4b and Supplementary Movies 10 and 11). Moreover, small
ATG16L1 puncta colocalized with ER-mitochondrial contact sites (Figure 4b) and neither immature nor
mature autophagosomes were detected. Taken together, we found a strict correlation between cup-
formation in reconstitutions and formation of autophagosomes in cells. ATG16L1 variants that deform
membranes into mature cups also promote the formation of autophagosomes, while variants that form
premature cups inhibited the formation of autophagosomes. 

Discussion
The conjugation of ATG8 proteins to phagophore membranes by an Ub-like conjugation system is a key
step during the formation of autophagosomes. LC3B and its E3-ligase complex promote phagophore
expansion and the high abundance of LC3B on phagophore membranes made LC3B a widely used
marker for autophagosomes in nonselective autophagy24,32. Moreover, the E3-ligase complex remains
associated with phagophores throughout expansion, but its subunits ATG16L1 and ATG5 are exclusively
targeted to their outer membrane33,34, suggesting that the complex itself exhibit an asymmetric
distribution on phagophores. Furthermore, recent studies showed that LC3 proteins are dispensable for
selective autophagy20,21,23 but elongated, unclosed phagophores accumulate in cells lacking
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components of the conjugation machinery35,36. Although all these data provide plenty of evidence that
LC3 proteins are particularly important for phagophore expansion, the following questions remain: what
is the molecular function of LC3s in nonselective autophagy, why does the E3-ligase remain associated
with phagophores throughout their expansion and why is the localization of the ligase restricted to the
outer face of phagophores. 

Here, we found that ATG12–ATG5-ATG16L1 not only conjugates LC3B to membranes, but also
assembles together with LC3B into membrane coats that cover extensive areas of �at membranes in
vitro. Furthermore, LC3B and ATG12–ATG5-ATG16L1 deform �at membranes into cups that share
remarkable similarity to phagophores. The highly bent rim of these cups is covered by a dense coat of
ATG16L1, suggesting that ATG16L1 stabilizes highly curved membranes. This observation is consistent
with a recent mathematical model predicting that phagophore rims need to be stabilized by a protein coat
to prevent their premature collapse37. This model also predicted that subunits of this rim-coat partitions
to the outer face of phagophores during phagophore expansion and rim constriction, which would explain
why ATG16L1 is only present at the outer face of phagophores.

The preference of ATG16L1 to bind highly curved membranes is also re�ected by its presence on clusters
of small vesicles which are involved in autophagy initiation31. We observed similar clusters of ATG16L1
vesicles by CLEM and most of these vesicles possessed diameters that were identical to rim-diameters of
membrane cups that we observed in our reconstitutions. Much fewer vesicles were observed in cells
expressing ATG16L1230 (Extended Data Figure 8a), arguing that ATG16L1 is involved in the biogenesis of
such vesicles. This suggests that ATG16L1 not only senses membrane curvature, but remodels �at
membranes into highly curved structures. Accordingly, we found that ATG12–ATG5-ATG16L1 and LC3B
deform GUV membranes, remodel SLBs into cup-like structures and induce the formation of membrane
cups on omegasome-like membranes in cells, but no such membrane deformations were observed in the
absence of ATG16L1. Interestingly, ATG16L1230 and ATG16L1264, which lack a part of the C-terminal
membrane binding region, were impaired in cup formation but deformed �at membranes into highly bent
rims, suggesting that the C-terminal membrane binding region is required for cup formation, but
dispensable for membrane bending. 

Interestingly, intermediate structures such as premature membrane cups that we observed on
omegasome-like membranes in cells expressing ATG16L1FL correspond to endpoints of cup formation in
cells expressing ATG16L1230, ATG16L1264 and ATG16L1307 (Figure 4c). This suggests that ATG16L1
variants stall cup-formation at distinct stages. Moreover, the capacity of ATG16L1 variants to deform
membranes into cups correlates with their ability to promote the formation of autophagosomes in
starved cells. Apparently completed autophagosomes were only observed in cells expressing ATG16L1307

and ATG16L1FL, which also supported the formation of fully expanded membrane cups on SLBs in vitro
and on phagophore-like membranes in vivo. By contrast, ATG16L1230 and ATG16L1264 failed to induce
the formation of autophagosomes in vivo. Instead, both variants colocalized mostly with ER-
mitochondria contact sites which serve as sites of phagophore formation38, suggesting that they stall
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phagophore formation at an early stage. Accordingly, rim-like structure or premature cups were observed
on SLBs in in vitro reconstitutions and on omegasome-like membranes in cells expressing ATG16L1230 or
ATG16L1264. 

Based on our observations and on predictions from mathematical modelling of phagophore formation37,
we propose that autophagy starts with the assembly of a circular ATG16L1 coat that buckles the
membrane into a highly bent rim (inset 1 and 2 in Extended Data Figure 8b, Figure 4d and Supplementary
Movie 12). Removal of ATG16L1 subunits from the rim coat leads to a constriction of these rings which
deforms membranes into cups. Partitioning of ATG16L1 to the outer face further stabilizes membrane
cups, which explains the asymmetric distribution of ATG16L1 on phagophores34. Consistent with this
model, membrane cups that we observed at omegasome-like membranes in WIPI2-CAAX expressing cells
were decorated with LC3B and ATG16L1 (Extended Data Figure 5g). The evolution of these cups into
mature vesicles (insets 3-6 in Extended Data Figure 8b) requires stabilization of shallow membrane
curvatures at a mesoscopic scale which could be supported by membrane coats that we observed on
SLBs in vitro. Our model also consistent with the observation that LC3B is dispensable for selective but
important for nonselective autophagy. In selective autophagy, cargo de�nes the size and shape of
phagophores. The formation of pre-shaped cups would thus be counterproductive. The opposite is true
for nonselective autophagy, in which free standing membrane cups ensure that bulk cytoplasm can be
sequestered. 

In summary, we demonstrated that ATG16L1 is an unconventional membrane remodeling protein that
cooperates with LC3B to generate phagophore-like membrane cups. We thus propose that nonselective
phagophores are generated by ATG16L1 driven remodeling of omegasomes.  

Methods
Details regarding the used reagents, antibodies and primers are summarized in Supplementary Table 2.

Protein puri�cation
Human ATG proteins were expressed as fusion proteins with N-terminal a�nity tags as indicated in
Supplementary Table 2. LC3B was expressed as processed, conjugation-competent variant lacking its C-
terminal propeptide (referred to as LC3BG120). ATG12-ATG5 was expressed using a polycistronic vector
harboring cDNAs of ATG7, ATG10, ATG5 and His10-tagged ATG12. LC3B, ATG3, ATG12–ATG5 and
ATG16L1 variants were produced in E.coli. Cells were grown at 37°C, 180 rpm until the OD600 reached 0.6.
Expression was induced by adding 0.3 mM IPTG and cells were grown further for 3 h at 37°C or at 18°C
overnight (ATG16 variants). E. coli cells were harvested by centrifugation at 4500 g for 10 minutes,
resuspended in lysis buffer (100 mM Tris-HCl pH 8.0, 300 mM NaCl (500 mM for ATG16L1), 20 mM
imidazole, 10 % glycerol, 5 mM beta-mercaptoethanol) supplemented with complete protease inhibitor
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cocktail (Sigma) and benzonase (Sigma). Cells were lysed using an Avestin Emulsi�ex C3 (ATA
Scienti�c). 

ATG7 and ATG16L1FL (full-length) were expressed in SF9 and Hi5 cells, respectively, and grown to 1x106

cells/ml in EX-CELL 420 serum-free medium supplemented with 5 % Fetal Bovine Serum for SF9 cells.
Baculovirus-infected insect cells were added in a ratio of 1:4000 (ATG7) and 1:1000 (ATG16L1). Cultures
were incubated for 72 h at 25°C and 90 rpm. Cells were harvested by centrifugation at 2000 g for 15
minutes, washed with Dulbecco’s phosphate buffered saline (DPBS, Gibco), resuspended in lysis buffer
(without beta-mercaptoethanol for ATG7) and lysed using a dounce homogenizer. Soluble fractions of all
cell lysates were collected after centrifugation at 45000 g for 1 h and incubated with Ni-NTA agarose for 1
h at 4°C. Unbound proteins were removed by washing with wash buffer (50 mM Tris-HCl pH 8.0, 300 mM
NaCl (500 mM for ATG16L1), 5 mM imidazole, 10 % glycerol, 5 mM beta-mercaptoethanol) and eluted
using elution buffer (50 mM Tris-HCl pH 7.4, 300 mM NaCl (500 mM for ATG16L1), 500 mM imidazole, 10
% glycerol). Except for ATG16L111-43, the a�nity tags were removed by Prescission protease treatment
for 45 min at room temperature in presence of 5 mM DTT (AppliChem) and 1 mM EDTA (Carl Roth). The
His-MBP tag of ATG16L111-43 was cleaved by Prescission protease treatment in presence of ATG12-
ATG5. The digested proteins were subjected to size exclusion chromatography on HiLoad 16/60
Superdex 75 (ATG3 and LC3B) or Superdex 200 (ATG12-ATG5, ATG7, ATG16L1 and -variants) columns,
equilibrated with SEC buffer (25 mM Tris-HCl pH 7.4, 275 mM NaCl or 400 mM for ATG16L1) using an
ÄKTA explorer (GE healthcare). The elution fractions containing protein of interest were pooled,
concentrated and aliquots were �ash frozen in liquid nitrogen and stored at -80°C. Protein quality and
integrity of the ATG12-ATG5-ATG16L111-43 complex were characterized by SDS-PAGE and mass
spectrometry. 

Fluorescent labelling of proteins
Fluorescent labeling of proteins was performed using maleimide-coupling chemistry. Alexa Fluor 488
C5 (Molecular Probes) was conjugated to an introduced N-terminal cysteine of LC3B while Atto590 (ATTO-
TEC) was conjugated to native cysteine residues in ATG16L1. Puri�ed proteins were incubated with an
equimolar amount of �uorescent dyes for 1 h at room-temperature. Unbound dyes were removed by using
HiTrap Desalting columns (GE healthcare, for LC3B), or Zeba Spin Desalting Columns (Thermo scienti�c,
for ATG16L1). Labelling e�ciency was determined spectroscopically.

Model membranes
Giant Unilamellar Vesicles (GUVs) were generated by electroformation on indium-tin oxide coated glass
slides in custom made Te�on chambers39. The lipid mixture consisting of 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE, 18:1 PE, 39.9 mol%), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, 18:1
PC, 40 mol%), 1-palmitoyl-2-oleoyl-sn-glycero-L-serine (POPS, 16:0-18:1 PS, 10 mol%), cholesterol (10
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mol%) and lissamine rhodamine PE (0.1 mol%) was deposited on slides and dried in vacuum for 60
minutes. The two glass plates were placed face-to-face in the assembled chamber by maintaining a 2
mm gap between them. The chamber was �lled with 600 mOsM sucrose solution an alternating electric
current (2 V, 10 Hz) was applied for 4 h. GUVs were diluted 1:1 with 600 mOsM sucrose solution and used
immediately.

Supported lipid bilayers (SLB) were produced from a suspension of small unilamellar vesicles (SUVs),
which were generated by hydration of a thin vacuum dried lipid �lm (same composition as for GUV
production) using liposome buffer (12.5 mM Tris HCl pH 7.4, 137.5 mM NaCl, 0.1 mM DTT and 1 mM
ATP/Mg 2+). The suspension was subjected to 3-5 freeze-thawing cycles followed by sonication for 30
min. The size of liposomes was measured by dynamic light scattering. 200 µl of SUV suspension was
supplemented with 1 mM CaCl2 and deposited either on freshly generated silanized mica or plasma
cleaned glass coverslips and incubated at room temperature for 30 min. Unbound vesicles were removed
by washing with SEC buffer. 

Reconstitution of LC3B conjugation reaction

LC3B was preincubated with ATP/Mg2+, DTT, ATG7 and ATG3 at 37°C for 30 min before reconstituted
ATG12–ATG5-ATG16L1 (variant) complexes were added. 100 µL of the mixture was added to 100 µL of
GUV suspension in IBIDI chambers to reach �nal concentrations of 1 mM ATP/Mg2+, 0.1 mM DTT, 1 µM
ATG7, 1.5 µM ATG3, 6 µM LC3B (2:1 ratio of unlabeled to labelled) and 1 µM ATG12-ATG5-ATG16L1, and
incubated for 1 h at 37°C. The conjugation of LC3B to SLBs was carried out as described for GUVs using
AFM chambers and unbound protein was removed by extensive washing with SEC buffer.

Confocal Microscopy
Confocal images of GUVs and �xed cells were acquired on a Leica TCS SP8 AOBS Confocal Laser
Scanning Microscope (×63/1.4 NA objective) using the Leica LAS AF SP8 software. Atto405,
GFP/Alexa488, rhodamine/mCherry/RFP/Alexa561, and Alexa633 dyes were excited with 405 nm, 488 nm,
561 nm and 633 nm laser light, respectively. Multi-tracking was used for image acquisition and pinholes
were set for acquisition of 0.5-1.0 µm optical slices. Images were analyzed using Fiji. 

Fluorescence Recovery after Photobleaching
FRAP experiments were performed using a Leica-TCS-SP8 microscope. The images were acquired using
a 63x objective with a resolution of 512 x 512 pixel and a pinhole set to 1.0 µm. Fluorescence
corresponding to 10 % of the total GUV area or of indicated SLB areas was bleached using 100 % laser
power. Fluorescence recovery was observed by recording 104 frames over 6-8 min. Images were analyzed
using Fiji using a non-bleached part of the same GUV to correct for bleaching during recovery and
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background �uorescence. FRAP curves were �tted to the exponential decay function y = a (1 − e (−xb))
with mobile fractions = a and half-times t1/2 = −log (0.5)/b.

Atomic Force Microscopy
The atomic force microscopy was performed on a BRUKER ScanAsyst. Peak force tapping mode AFM
images were acquired using SCANASYST-FLUID cantilevers (BRUKER). The peak force oscillation
frequency was set to 150 kHZ and the set point was assigned to 200 pN. Resolution of images were 512
x 512 pixels.

Cell culture
HeLa cells were purchased from Cell Lines Service (# 300194) and cultured in DMEM (Gibco, 31966-021)
containing 10 % FBS (Sigma-Aldrich, F4135), 100 U/ml penicillin and 100 µM streptomycin (Gibco,
15140-122) at 37oC in a 5 % CO2 atmosphere. Starvation of HeLa cells was induced by washing them
three times with DPBS and incubation for 2 h in presence of Earle’s Balanced Salt Solution (EBSS, Sigma
Aldrich, E2888). HeLa cells were transfected with TransIT-HeLaMONSTER Transfection Kit (Mirus,
MIR2904) ) or using JetPRIME ® (Polyplus 114-01) as per manufacturer’s protocol and analyzed 24 h to
48 h post-transfection.

Cloning
Plasmids and primers are listed in Supplementary Table 2. The cDNA clones coding for ATG7 (isoform 1),
ATG3, ATG12, ATG5, ATG16L1 and LC3B were cloned as described previously18. HA-tagged ATG16L1 was
generated by cloning a 3x HA-tag and the cDNA of ATG16L1, separated by a linker (AQCS
(GA)6GPTENSS), into pLPCX (Clontech) between HindIII and NotI restriction sites. ATG16L1 truncations
were ampli�ed by PCR using the full-length construct as template and cloned into the pLPCX vector using
the same restriction sites. RFP-GFP-LC3B was generated by inserting the cDNA of LC3B into pTfLC3
(Addgene plasmid #21074) using BglII and KpnI restriction sites. Cloning of the GFP-LC3B construct and
generation of CRISPR-Cas9 ATG16 knock out cells was described previously18 and WIPI2b-CAAX
construct was a gift from Sharon Tooze17. ATG14 cDNA from pEGFP-ATG14L (Addgene plasmid #
21635) was inserted into pmKate2-C1 (Euromedex EV-FP181) using the compatible restriction sites EcoRI
and KpnI. Site-directed mutagenesis was used to restore the reading frame by inserting an adenine at
position 1331. 

LC3B lipidation assay
ATG16L1 knock out HeLa cells were rescued by transfecting N-terminal HA tagged ATG16 variants or full-
length ATG16L1 as indicated for 24 h. Cells were washed with PBS and starved for 2 h in EBSS. The cells
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were harvested following trypsination and lysed with lysis buffer (150 mM NaCl, 1 % NP-40, 50 mM Tris
pH 7.4) supplemented with 1 mM PMSF (Roth) and complete protease inhibitor cocktail (Sigma Aldrich;
Roche) for 30 min on ice. The cell lysate was centrifuged at 10000 g for 10 min. The protein
concentration of the supernatant was measured by Pierce BCA protein assay kit (Thermo Fischer). Equal
amounts of cell lysate mixed with 5x sample buffer was subjected to NUPAGE 4-12 % Bis-Tris Gel
(Invitrogen), transferred to PVDF membrane and blotted with speci�c primary antibody and HRP-
conjugated secondary antibodies. Membrane was thoroughly washed 3 times and developed with Super
signal West Pico chemiluminescent substrate (Thermo Fischer). Detection was performed by a GelDoc
documentation system and analysis by ImageJ.

Cytosol and membrane fraction (Cell fractionation)

Membrane fractions were prepared as previously reported28. Cells were harvested by centrifugation at
1500 g for 10 min and the pellet was dissolved in fractionation buffer (20 mM HEPES-KOH pH 7.4, 100
mM potassium acetate, 85 mM sucrose, 1 mM magnesium acetate supplemented with 1 mM PMSF and
complete protease inhibitor cocktail). Cell lysis was performed by applying three freeze-thawing cycles
and cell lysate was centrifuged at 1500 g for 5 min. The soluble cytoplasmic fraction was prepared by
centrifugation of the supernatant at 70000 g for 30 min. The pellets from both the spins were dissolved in
fractionation buffer containing 1 % NP-40 and centrifuged at 70000 g for 30 min. The supernatant from
the second high speed run corresponds to the membrane fraction and was together with the cytosolic
fractions analyzed by western blotting.

Starvation-dependent recruitment of LC3B to the PM
Cells plated onto IBIDI µ-well dishes were transfected with 65 % WIPI2-CAAX, 25 % ATG16L1 and 20 %
GFP-LC3B using Mirus Hela Monster kit (Mirus 2904) according to manufacturer’s instructions. Two days
post-transfection, cells were washed with PBS and incubated with EBSS starvation medium for indicated
times at 37°C in a 5% CO2 atmosphere. Cells were imaged immediately after starvation. Ten non-
overlapping �elds of view were analysed and Z-stacks covering the entire cell volume were recorded for
each condition. The number of cells in which LC3B was targeted to the plasma membrane was assessed
in each �eld of view and expressed as percentage of total number of transfected cells.

Autophagy inhibition
HeLa cells were transfected with 65 % WIPI2-CAAX, 25 % ATG16L1 and 20 % GFP-LC3B using the Mirus
HeLa Monster kit, according to manufacturer’s instructions. At 48 h post-transfection, cells were treated
with 0.5 µM SAR405 (Ape Bio A8883) for 8 h (or untreated control) followed by starvation for 2 h in EBSS
(or fed in full DMEM). Alternatively, cells were incubated with 10 µM SBI-0206965 (Sigma Aldrich,
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SML1540; or untreated, control) and starved for 2 h in EBSS medium (or fed in full DMEM). Cells were
�xed for 10 min at room temperature in 4% PFA in PBS and mounted onto glass slides.

Quanti�cation of LC3B and ATG16L1 puncta
Z-stacks were converted into maximum projections using Fiji and LC3B puncta were counted using the
Particle Analysis Plugin. For each projection, a threshold was manually set to identify particles of interest.
The particles were analysed using a size range from 0.2 to 1 µm and a circularity between 0 to 1. The
number of puncta per cell was assessed in 10 randomly chosen �elds of view per condition. The same
procedure was used to count ATG16L1 puncta, but the size range was set to 0.1-0.7 µm and 0.7-2.0 µm,
respectively. 

siRNA treatment
Semicon�uent HeLa cells were transfected with control (scrambled), ATG14 or ULK1 siRNA. All siRNA
treatments were performed in serum- and antibiotic-free culture medium, using JetPRIME® (Polyplus 114-
01) according to manufacturer’s instructions. After 24 h, the medium was replaced by fresh full DMEM
and DNA transfection (60 % WIPI2-CAAX, 25 % ATG16L1 and 25 % GFP-LC3B) was carried out using
TransIT-HeLa MONSTER (Mirus 2904) and incubated 24 h. Cells were washed with PBS and analysed by
immuno�uorescence and western blot.

Cell unroo�ng and immunogold labeling

Unroo�ng was performed by sonication as previously described15. Coverslips where quickly rinsed three
times in Ringer+Ca (155 mM NaCl, 3 mM KCl, 3 mM NaH2PO4, 5 mM HEPES, 10 mM glucose, 2 mM
CaCl2, 1 mM MgCl2, pH 7.2), then immersed 10 s in Ringer-Ca (155 mM NaCl, 3 mM KCl, 3 mM NaH2PO4,
5 mM HEPES, 10 mM glucose, 3 mM EGTA, 5 mM MgCl2, pH 7.2) containing 0.5 mg/mL poly-L-lysine)
and quickly rinsed in Ringer-Ca. Cells were unroofed by scanning the coverslip with rapid (2-5 s) sonicator
pulses at the lowest deliverable power in KHMgE buffer (70 mM KCl, 30 mM HEPES, 5 mM MgCl2, 3 mM
EGTA, pH 7.2). 

Unroofed cells were immediately �xed using �xative in KHMgE: 4 % PFA for 45 min for PREM of
immunogold-labeled samples, 3 % PFA and 1 % glutaraldehyde or 2 % PFA and 2 % glutaraldehyde for 10
to 20 min for PREM. Glutaraldehyde-�xed samples were subsequently quenched using 0.1% NaBH4 in
KHMgE for 10 minutes. Immunogold labeling was performed in detergent-free buffer (KHMgE, 1 % BSA),
samples were blocked for 30 min, incubated 1 h and 30 min with the primary antibody (using a 1:20
dilution), rinsed and incubated two times 20 min with the gold-coupled secondary antibodies. Samples
were rinsed again and post-�xed with 2% glutaraldehyde.
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Platinum-replica sample processing
Cells and SLBs were further sequentially treated with 0.5 % OsO4, 1 % tannic acid and 1 % uranyl acetate
prior to graded ethanol dehydration and hexamethyldisilazane substitution (HMDS) (Sigma). Dried
samples were then rotary-shadowed with 2 nm of platinum and 5-8 nm of carbon using an ACE600 high
vacuum metal coater (Leica Microsystems). The resultant platinum replicas were �oated off the glass
with hydro�uoric acid (5 %), washed several times on distilled water, and picked up on 200 mesh
formvar/carbon-coated EM grids.

EM of platinum replicas
Replicas on EM grids were mounted in a eucentric side-entry goniometer stage of a transmission electron
microscope operated at 80 kV (model CM120; Philips) and images were recorded with a Morada digital
camera (Olympus). Images were processed in Photoshop (Adobe) to adjust brightness and contrast and
presented in inverted contrast. Tomograms were made by collecting images at the tilt angles up to ± 25°
relative to the plane of the sample with 5° increments. Images were aligned by layering them on top of
each other in Photoshop. Measurements of cup length and width were performed on high magni�cation
PREM views using ImageJ. 

Thin-section Transmission Electron Microscopy
Cells were �xed with 4 % paraformaldehyde and 0.2 % glutaraldehyde for 10 min followed by 2 %
paraformaldehyde and 0.1 % glutaraldehyde for two hours at RT. Cells were washed with PBS and 1%
gelatin in PBS was added before cells were collected, pelleted (5000 g, 5 min) and resuspended in 10%
gelatin (5 min at 37°C). Cells were again collected (8000 g, 5 min), the pellet was cut into blocks and
incubated in 2.3 M sucrose solution at 4°C overnight. Blocks were frozen in liquid nitrogen and 150 nm
ultrathin sections were prepared using a Leica-UC6-FC6 ultramicrotome equipped with a Leica
16DIA.DCIMM3530 diamond knife at -120 °C with a speed of 0.8 mm/s. Ribbons were mounted on
carbon-coated copper �nder grids (Oxford instruments AGG245) and tomograms were recorded using
a Tecnai Biotwin 120 electron microscope at magni�cation of 23,000x with a tilt range from 50° to -50°
and 5° increments. Tilt series were aligned and reconstructed using the IMOD software package and
further processed with Amira 2019.3 (Thermo Fisher Scienti�c). 

Statistics and reproducibility
Quanti�cations were performed from at least three (two for cell fractionation) independent experiments or
from at least 20 cells and values are expressed as mean ± standard deviation. All parameters including
signi�cance and n-values are speci�ed in each �gure legend. Statistical signi�cance between two
independent samples was determined using a two tailed unpaired t-test. P values of < 0.05 were
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considered statistically signi�cant and signi�cance levels were indicated by *P< 0.05; **P< 0.01; ***P<
0.001. The corresponding charts were generated by Excel or Prism – GraphPad software.

Data availability
Source data for �gures and numbers, including quanti�cations shown in charts and full blots of display
items in �gures are available in Supplementary Table 1 and Supplementary Figure in the Supplementary
Material. The authors declare that all data supporting the �ndings of this study are available in the paper
and its supplementary material. 
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Figures

Figure 1

Scaffold formation of LC3B and ATG12 –ATG5-ATG16L1 on membranes in vitro.

(a-d) Alexa 488 labeled LC3BG120 was conjugated to �uorescent labeled Giant Unilamellar Vesicles (GUVs,
red) in the presence of unlabeled ATG16L1FL (a-c) or ATG16L1NT (d) as illustrated by the cartoon. Images
show conjugation at indicated timepoints. Arrowheads in (a) indicate membrane deformation and
kymographs of the area depicted by the white line are shown, (b) 3D reconstruction of a GUV after
conjugation from a z-stack (see also Extended Data Figure 1c), (e) FRAP experiment of a GUV (red) to
which LC3BG120, Atto590 was conjugated in the presence of ATG16L1Alexa488. The �uorescence was
bleached in the indicated area (arrowhead) and recovery is shown seven minutes after bleaching. Scale
bars = 10µm. (f) Quanti�cation of FRAP experiments (shown in Extended Data Figure 2d) of ATG16L1
variants as indicated. The solid line shows the exponential �t of experimental data (dots). (g) AFM height
pro�le (with colors de�ned in corresponding scales) of a supported lipid bilayer on plasma cleaned glass.
(h) Similar height pro�les after LC3BG120 conjugation with ATG16L1. Scale bars = 500 nm. See also
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Figure 2

Cup formation by ATG16L1 on SLBs in vitro.

(a-f) High magni�cation PREM views of SLB to which LC3B was conjugated in the presence of
ATG16L1FL (a), ATG16L1Nt (b), ATG16L1207 (c), ATG16L1230 (d), ATG16L1264 (e) and ATG16L1307 (f).
Scale bars = 1 µm (overview, top panels - general appearance of SLBs), and 100 nm (left panels - insets
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focus on protein coats), 100 nm insets (right panels - showing characteristic membrane deformations).
Yellow arrows indicate protein aggregates in (b) and white arrowheads point rods connecting particles in
(e), see also Extended Data Figure 3c.

Figure 3

Generation of membrane cups by LC3B and ATG12–ATG5-ATG16L1 in vivo.

(a) Confocal image of HeLa cells coexpressing WIPI2-CAAX, GFP-LC3B and mCherry-ATG16L1. Scale bar
= 10 µm. (b, c) Targeting of LC3B to the PM in HeLa cells expressing GFP-LC3B, WIPI2-CAAX and
ATG16L1. Data show the percentage of cells with LC3B at the plasma membrane, expressed as mean ±
S.D. of N = 5 (b) and N = 3 (c) independent experiments. (b) Cells were treated with scrambled siRNAs
(control) or siRNA against ULK1 or ATG14, nCtrl = 477 cells; nULK1 = 486 cells; nATG14 = 612 cells.
Signi�cance from Student’s t-test with *p = 0.0308. (c) Cells were starved for indicated times, n(0h) = 312
cells, n(1h) = 288 cells, n(2h) = 299 cells, n(3h) = 239 cells and n(4h) = 281 cells. ns: no signi�cance between
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non-starved and starved cells. (d) Transmission Electron Micrograph (TEM) tomogram of ultrathin
cryosections of ATG16L1 knock out cells expressing WIPI2-CAAX. Plasma membrane and thin cortical ER
are color coded as shown in the schematic drawing. Scale bar = 200 nm. (e) PREM image of an unroofed
cell expressing WIPI2-CAAX, ATG16L1 and LC3B. Arrowheads indicate membrane cups that are formed at
omegasome-like membranes (W). Patches of plasma membrane are indicated by asterisks. Scale bar =
1µm. Confocal images of ATG161L1 KO cells expressing WIPI2-CAAX, GFP-LC3B and mCherry-tagged
ATG16L1230 (f), ATG16L1264 (g), ATG16L1307 (h) and ATG16L1FL (i). Merged GFP (green) and mCherry
(red) images are shown. Confocal images of the corresponding single channels are shown in Extended
Data Figure 6b. Scale bar = 5µm. (f-i) The high magni�cation PREM views show characteristic membrane
deformations of unroofed ATG16L1 KO cells expressing WIPI2-CAAX, LC3B and HA-ATG16L1 variants as
indicated. W denotes omegasome-like membranes from which cups emerge, * indicates regions in which
the plasma membrane is visable. Scale bars = 1 µm and 200 nm (insets).

Figure 4
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Formation of membrane cups and autophagosomes by ATG16L1 variants.

Correlative light electron microscopy images of cells expressing HA-tagged ATG16L1FL or ATRG16L1307

(a) and ATG16L1264 or ATG16L1230 (b) in ATG16L1 knock out cells, labeled with anti-HA primary and
Alexa488 labeled secondary antibody. Overview EM images in the top panel with superimposed
�uorescence of ATG16L1 variants (green) and nucleus (blue). Scale bars = 1 µm. The corresponding
insets show ATG16L1 vesicles and autophagosomes (a) or ER-mitochondria contact sites (b). Scale bars
= 100 nm (c) Comparison of endpoints of cup formation as shown in high magni�cation PREM views of
unroofed ATG16L1 KO cells expressing WIPI2-CAAX, LC3B and HA-ATG16L1230, HA-ATG16L1264, HA-
ATG16L1307 and HA-ATG16L1FL (left panel, scale bars = 1 µm) with intermediate of cup formation in
PREM views of ATG16L1 KO cells expressing WIPI2-CAAX, LC3B and HA-ATG16L1FL (right penal, scale
bars = 500 nm). (d) Model of cup formation. ATG12–ATG5-ATG16L1 complexes self-assemble into ring-
like structures that bend membranes into rims. Cups appear to evolve from membrane rims by
remodeling the donor membrane that coincide with the formation of extended membrane coats in vitro.
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