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ATG9 vesicles comprise the seed membrane of
mammalian autophagosomes

Taryn ). Olivas!®, Yumei Wu>34*@®, Shenliang Yu'*@®, Lin Luan'®, Peter Choi'®, Emily D. Guinn'@®, Shanta Nag'®, Pietro V. De Camilli*>**@®,
Kallol Gupta>®®, and Thomas |. Melia'®

As the autophagosome forms, its membrane surface area expands rapidly, while its volume is kept low. Protein-mediated
transfer of lipids from another organelle to the autophagosome likely drives this expansion, but as these lipids are only
introduced into the cytoplasmic-facing leaflet of the organelle, full membrane growth also requires lipid scramblase activity.
ATG9 harbors scramblase activity and is essential to autophagosome formation; however, whether ATG9 is integrated into
mammalian autophagosomes remains unclear. Here we show that in the absence of lipid transport, ATG9 vesicles are already
competent to collect proteins found on mature autophagosomes, including LC3-II. Further, we use styrene-maleic acid lipid
particles to reveal the nanoscale organization of protein on LC3-1l membranes; ATG9 and LC3-Il are each fully integrated into
expanding autophagosomes. The ratios of these two proteins at different stages of maturation demonstrate that ATG9 proteins

are not continuously integrated, but rather are present on the seed vesicles only and become diluted in the expanding

autophagosome membrane.

Introduction

Macroautophagy, herein referred to as autophagy, is the process
of clearing large cytoplasmic debris such as protein aggregates
and even whole dysfunctional organelles in order to maintain
cellular homeostasis. This is mediated by the autophagosome—
an organelle characterized by its de novo formation around
targeted cytosolic cargoes, encapsulating and subsequently
trafficking them to the lysosome for degradation. As autopha-
gosomes are largely separate from classic vesicle trafficking
pathways, how these organelles form de novo has been an area of
intense exploration. Intriguingly, recent studies implicate an
entirely novel method of membrane expansion: the direct de-
livery of lipid from a donor membrane to the autophagosome via
protein-mediated lipid transport through the autophagy protein
ATG2 (Maeda et al., 2019; Osawa et al., 2019; Valverde et al.,
2019).

ATG2 is among a new class of bulk lipid transport proteins
characterized by an N-terminal chorein domain and a long hy-
drophobic channel that makes it capable of transporting tens of
lipids at once (Leonzino et al., 2021). This higher capacity to
move large quantities of lipids suggests that bulk lipid flow may
be suitable to grow an organelle; however, lipid transfer alone
cannot complete the process. In order for the membrane to

expand, there must also be a mechanism to populate the inner
leaflet of the bilayer with lipids. The presence of a lipid floppase
or scramblase, proteins capable of moving lipids across the bi-
layer from the outer to inner leaflet, would fulfill this require-
ment. Recently, ATG9, the only transmembrane protein in the
core autophagy machinery, was defined to function as a scram-
blase (Ghanbarpour et al., 2021; Maeda et al., 2020; Matoba
et al.,, 2020), and to bind ATG2 proteins directly to support
autophagosome expansion (Ghanbarpour et al., 2021; Gémez-
Sénchez et al., 2018; Kotani et al., 2018; Tang et al., 2019). This
makes ATG9 an excellent candidate to be the phagophore
scramblase. However, it remains unclear whether ATG9 is ever
resident on the mammalian autophagosome.

Recent structural studies identified a hydrophilic channel in
ATG9 (Guardia et al., 2020; Maeda et al., 2020; Matoba et al.,
2020), which in vitro assays on liposomes confirmed supported
lipid scrambling activity (Ghanbarpour et al., 2021; Maeda et al.,
2020; Matoba et al., 2020). Isolated Atg9 vesicles from yeast can
also support the lipid-conjugation of the autophagy protein Atg8
in vitro, when all the conjugation machinery is supplied exog-
enously, indicating the surface of these vesicles is autophagy-
competent (Sawa-Makarska et al., 2020). Critically, ATG9 must
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be incorporated into the membrane of the growing autophago-
some to support the membrane expansion model. Biochemically
isolated autophagosomes from yeast appear to have a small
number of Atg9 proteins (Yamamoto et al., 2012), but in mam-
mals evidence for ATG9 on the autophagosome has been lacking.
ATG9 is found on vesicles throughout the endolysosomal path-
way (Imai et al., 2016; Puri et al., 2013; Zhou et al., 2022), as well
as apposed to several membrane compartments including lipid
droplets (Mailler et al., 2021), and even transit through the
plasma membrane (Claude-Taupin et al., 2021). ATG9 vesicles
also travel to and shuttle around phagophores when autophagy
is initiated (Mari et al., 2010; Orsi et al., 2012; Young et al., 2006)
but these vesicles appear to remain proximal to rather than
integrated in growing phagophores (Orsi et al., 2012). Indeed,
detection of any transmembrane proteins on the completed
autophagosome is challenging (Fengsrud et al., 2000). Intrigu-
ingly, a consequence of driving membrane expansion predom-
inantly through protein-mediated lipid transport rather than
vesicle fusion is that transmembrane proteins would be largely
excluded from the final mature organelle. Thus, ATG9 proteins
might never accumulate at the autophagosome beyond whatever
small number of proteins are present before lipid transport is
activated. If ATG9-related vesicles comprised a seed membrane
for autophagosome biogenesis, then the density of ATG9 pro-
teins would be highest in the moments just before lipid trans-
port occurs.

We previously generated cells with both forms of human
ATG2 (ATG2A and ATG2B) knocked out (Valverde et al., 2019),
which we speculate would accumulate the precursor to the
phagophore membrane. Here we show that these cells harbor a
pre-ATG2 compartment that is significantly enriched for ATG9
and LC3B-II. We then employ styrene maleic acid copolymer
nanodiscs to capture small spans of membrane that biochemi-
cally show that ATG9 and LC3 are on the same membrane in cells
where this compartment forms and also are present together on
autophagosomes collected from wild-type cells. Together, these
data establish that ATG9 is resident on the phagophore mem-
brane, positioning it to receive lipids from ATG2 and populate
the inner leaflet with lipid during autophagosome expansion
(Fig. 1 A).

Results

Large vesicle clusters enriched in early autophagy proteins
accumulate in mammalian ATG2-depleted cells
ATG2-mediated lipid transport is essential to autophagosome
growth, suggesting a simple model where ATG2 delivers lipids in
bulk to a pre-existing progenitor or seed membrane (Fig. 1 A). To
look for these progenitors, we removed ATG2 from the cell and
examined what structures accumulate at the resulting sites of
frustrated autophagosome biogenesis. Gene-edited HEK293 cells
lacking both mammalian ATG2 genes (ATG2 double knockout or
ATG2 DKO) accumulate abnormally large LC3B-positive immuno-
fluorescent structures but no mature autophagosomes (Valverde
et al., 2019). To determine the ultrastructure of these LC3B-
positive structures, we employed correlative light electron mi-
croscopy (CLEM) combined with focused ion beam scanning
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electron microscopy (FIB-SEM) on ATG2 DKO cells expressing
GFP-LC3B. 3D modeling of FIB-SEM volumes revealed that GFP-
LC3B structures corresponded to large clusters of hundreds of
small vesicles (Fig. 1, B and C; and Video 1). Elements of ER were
generally observed to be in closest proximity, such that in some
cases the ER appeared to partially encapsulate a cluster (Fig. 1,
C-E).

Conventional transmission electron microscopy, which yields
higher resolution images, revealed that clusters were primarily
represented by a mixture of heterogeneously sized vesicular
structures (Fig. 2 A). Vesicles within the core of the clusters were
very small (<40 nm range) and interspersed within what ap-
peared to be a proteinaceous matrix. Vesicles at the periphery of
the clusters were larger (diameters ~80 nm) and frequently
adopt a cup-like morphology (red arrows). Interspersed within
these cup-like vesicles were focal accumulation of tiny electron-
dense particles, which likely correspond to ferritin (yellow as-
terisk; Kishi-Itakura et al., 2014). Consistent with FIB-SEM 3D
volumes, ER elements partially surrounding the clusters were
observed (black arrows).

Cup-shaped vesicles (Bieber et al., 2022; Knorr et al., 2012),
proximity to ferritin clusters (Kishi-Itakura et al., 2014), and
proximity to ER (Axe et al., 2008; Nascimbeni et al., 2017; Polson
et al., 2010; Uemura et al., 2014) are each common elements in
phagophore formation, suggesting these structures at the pe-
riphery of the clusters might be pre-phagophores. Their accu-
mulation in an ATG2-depleted background implies that at least
the initial stages of cup formation is independent of ATG2, but
that growth to full size phagophores or autophagosomes re-
quires ATG2 and presumably lipid transport. Furthermore,
similar structures were recently observed in ATG2 DKO mouse
embryonic fibroblasts (published while this work was in revi-
sion [Gudmundsson et al., 2022]), indicating the formation of
“pre-phagophores” and the essential role for ATG2 in membrane
expansion is conserved across cell types.

We next used fluorescence microscopy to explore how factors
involved in initiation and formation of the phagophore distrib-
ute across this compartment. We detected ATG9A, p62, WIPI2,
and FIP200 (Fig. 2 B) colocalizing with the LC3B-positive puncta,
consistent with previous reports indicating most autophago-
some biogenesis proteins collect in large puncta when ATG2 is
depleted (Bozic et al., 2020; Stanga et al., 2019; Tamura et al.,
2017; Tang et al., 2017; Tang et al., 2019; Valverde et al., 2019;
Velikkakath et al., 2012). Because most of the LC3B appear to be
lipidated in these cells (Valverde et al., 2019), LC3 is likely bound
to membranes in this compartment. Likewise, as a transmem-
brane protein, ATG9A must be embedded within one or more
vesicle population found here. Furthermore, virtually all of the
detectable ATG9A and LC3B are found together in these struc-
tures, in stark contrast to the situation in WT cells where each
protein is found in puncta throughout the cytoplasm but only
rarely colocalized (Fig. 2 C and [Mari et al., 2010]).

Within each structure, ATG9A and p62 each appeared to
broadly colocalize with LC3B throughout the whole of the
structure (Fig. 2 B). The distribution of each marker is not
always homogeneous however (Fig. S1, A and B), and at this
resolution we cannot conclude whether ATG9A and LC3B-II
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Figure 1. LC3B-positive vesicles accumulate in large clusters in ATG2 DKO cells. (A) Model for autophagosome growth via direct lipid transport by ATG2.
ATG2 moves lipids from a donor membrane to the phagophore membrane, where ATG9 scrambles the lipids to populate both leaflets of the growing bilayer.
This model requires that ATG9 be integrated in the expanding phagophore. (B) CLEM combined with FIB-SEM in ATG2 DKO HEK293 cells revealed two
accumulations of GFP-LC3B signal (white arrow and inset) that correlated to the site of accumulated vesicles (white arrow on the cell of FIB-SEM image). Scale
bars: 5 um. (C) 3D segmentation of two vesicle clusters. Top: Two vesicle clusters from FIB-SEM (B) at high magnification showing ER structures (red arrows)
surrounding the vesicle clusters. Middle: Segmented small vesicle clusters. Bottom: Vesicle clusters with abundant ER contacts (yellow). Scale bar: 250
nm. (D) More FIB-SEM-imaged small vesicle clusters (red arrows) are correlated to the GFP-LC3B positive signals (inset, red arrows). Scale bar: 1 pm.
Inset scale bar: 1 um. (E) 3D segmentation of the vesicle accumulation from the blue box in D. Left: Abundant ER structures are closely surrounding the
vesicle cluster (red arrows) on the FIB-SEM image. Middle and right: 3D models are showing the vesicle cluster encaged by the ER structure. Scale bars:
500 nm.
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Figure 2. Clustering of autophagy initiation factors, ATG9A, and LC3B-II to vesicles and cup-like pre-phagophores in the absence of ATG2. (A) TEM
reveals morphologies of clustered membranes in ATG2 DKO cells and nearby surrounding ER (black arrows). Zoomed fields at the bottom highlight critical
features. Left: Heterogenous small vesicles embedded in a dense matrix in the center of the cluster. Center: Cup-shaped membranes at the periphery of the
cluster (red arrows in the main field). Right: Focal accumulation of ferritin particles around peripheral vesicles (yellow asterisks in the main field). Scale bar: 500
nm. Inset scale bars: 100 nm. (B) Immunofluorescence of ATG2 DKO cells comparing the distribution of autophagy biogenesis factors ATGIA, p62, WIPI2, and
FIP200 with LC3B. ATG9A, p62, and LC3B span the breadth of each fluorescence cluster as demonstrated with individual line scans, while WIPI2 and FIP200 are
enriched at the periphery of each fluorescence cluster. Single slices from confocal Z-stacks. All line scans correspond to the white dashed line in the insets.
Scale bars: 10 um. Inset scale bars: 3 um. (C) Immunofluorescence of GFP-LC3B expressing WT HEK293 cells showing endogenous localization of ATG9A in
relation to LC3B (white arrows) in control and bafilomycin Al treated cells (0.1 uM for 2 h). Maximum intensity projections of AiryScan confocal images. Scale
bars: 10 um. Inset scale bars: 3 um. (D) Immunofluorescence of endogenous LC3B in WT and ATG9A KO HEK293 cells. The ATG9A KO does not show ba-
filomycin Al-dependent accumulation of autophagosomes, nor support LC3B-Il formation (Fig. S2 A). Maximum intensity projections of confocal images. Scale

bars: 10 um.

decorate the same membranes or closely adjacent different
membranes. In contrast, WIPI2, a PI3P-binding protein impli-
cated in early biogenesis events including recruitment of
ATGI16L1 (Dooley et al., 2014; Dooley et al., 2015; Polson et al.,
2010; Zhao et al., 2017), was excluded from the core of the
puncta and instead found around the periphery (Fig. 2 B and
Fig. S1C). The autophagic scaffold and initiation protein FIP200
were present in a less discernible pattern, but also tended to be
near the edges of large clusters (Fig. 2 B and Fig. S1 D). Thus,
initiation factors for autophagosome formation arrive at this
site and tend to be enriched at the periphery where cup-like
membranes are concentrated and where the ER is in closest
proximity. The presence of lipidated LC3B suggests that these
accumulating membranes have the characteristics of putative
phagophore seed vesicles—membranes with the capacity to
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carry out the early events in autophagosome biogenesis.
Whether ATG9A is a core component of these seeds, or func-
tions peripherally to organize autophagy proteins is not de-
ducible from imaging alone.

Knockout of ATG9A results in little to no LC3B lipidation

Like ATG2, ATG9 is essential for autophagosome biogenesis (He
et al., 2008; Orsi et al., 2012; Yamamoto et al., 2012). To deter-
mine where in the autophagosome biogenesis pathway ATG9A is
needed, we used gene-editing to remove ATG9A in HEK293 cells
(ATG9A KO). ATG9A KO cells did not form LC3B-positive
punctate structures even with bafilomycin Al treatment to
accumulate autophagosomes (Fig. 2 D). They also did not sup-
port autophagic flux; these cells had an accumulation of p62
and did not accumulate LC3B-II under bafilomycin Al treatment
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(Fig. S2 A). These phenotypes can be partially rescued by tran-
sient expression of exogenous FLAG-tagged ATG9A (Fig. S2, B
and C), and stable expression of FLAG-ATG9A fully restored
bafilomycin Al-dependent LC3B-II accumulation (Fig. S2 C).
Thus, in these cells, loss of ATG9A correlated with a loss of
autophagy-related LC3B-II formation. An inability to drive
LC3-II production in ATG9A KO cells is a similar phenotype to
that observed in cells where autophagy initiation factors like
FIP200 are depleted (Fig. S2 D) or where the lipidation ma-
chinery is removed (Fig. S2 E), but notably this is different
from ATG2 DKO cells where LC3-II actually accumulates.
Thus, although many reports have noted that ATG9 and ATG2
work together to support lipid movement during autopha-
gosome biogenesis, ATG9 is required for LC3-II formation and
ATG2 is not, suggesting that ATG9 either resides on the target
membrane of LC3-II or locally coordinates the machinery that
supports LC3 lipidation.

ATG9A and LC3B reside in the same membrane fraction after
density gradient fractionation

If ATGY vesicles are integrated into developing autophago-
somes at any point, ATG9 and LC3B-II will be found on the
same membranes. If so, these markers should co-enrich during
membrane fractionation. We developed a workflow to isolate
autophagosomes and other membranes at a scale appropriate
for both membrane fractionation and the subsequent nano-
domain isolation used throughout the rest of this report (Fig. S3).
To first characterize potential co-enrichment of ATG9 and LC3-
11, our workflow starts with a well-established density gradient
membrane fractionation protocol (Strgmhaug et al., 1998) to
isolate LC3B-positive membranes. This technique involves sev-
eral centrifugation steps to separate membrane compartments
from one another (Fig. 3 A). We initially applied this approach to
WT HEK293 cells that were also stably expressing GFP-LC3B to
facilitate subsequent immunoisolation studies. Autophagosomes
are relatively scarce and not protein dense, as such, <1% of total
lysate protein is ultimately recovered in the autophagosome (AP)
fraction (fraction 6 in Fig. 3 A) of starved and bafilomycin Al-
treated WT cells, and the yield drops to only 0.1% for WT cells
grown under basal conditions (Table S1).

To measure enrichment of particular proteins in a given
fraction, we load gels with equal amounts of total protein from
each fraction (typically 3 pg) and use densitometry following
immunoblot detection of individual proteins. Bands that are
more intense in a fraction than the corresponding band in the
lysate are said to be enriched. Consistent with Strgmhaug et al.
(1998) and our own previous results (Jeong et al., 2009; Nguyen
et al., 2020; Strgmhaug et al,, 1998), GFP-LC3B-II and LC3B-II
were strongly enriched in the AP fraction in WT cells grown
either under basal conditions (Fig. S4, A and B) or starved and
treated with bafilomycin Al to accumulate autophagosomes
(Fig. 3, B and D; and Fig. S5). Strikingly, ATG9A was also ro-
bustly enriched in this fraction in both conditions (Fig. 3, B, D,
and E; and Fig. S4, A and B). Despite this enrichment, the vast
majority of ATG9A was present in other fractions, including
especially fraction 5 where other transmembrane proteins such
as TOM20 and Calnexin were also enriched (Fig. 3, B and D; and
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Fig. S5) consistent with the predominantly non-autophagosomal
distribution of ATG9A described by microscopy. Thus, bio-
chemical enrichment revealed that a small fraction of the ATG9A
pool strongly co-enriches with the autophagosome membrane
population.

In ATG2 DKO cells, most of the LC3B is form II independent of
starvation (Valverde et al., 2019 and Fig. S4, C and D) and by
microscopy, all of this LC3B appears to colocalize with ATG9A in
the pre-ATG2 compartment (Fig. 2). If LC3B is directly lipidated
on ATGYA vesicles in this compartment, then it would indicate
ATG9 vesicles are fully competent to promote the downstream
biochemistry involved in the lipidation reaction as would be
expected of a seed membrane. To study whether ATG9A and
LC3B are on biochemically separable membranes in these cells,
we again utilized stable expression of GFP-LC3B. In ATG2 DKO
cells, where autophagosome formation is largely disrupted,
neither LC3B-II nor ATG9A enriched in the AP fraction (Fig. 3,
C-E). Instead, virtually all of the ATG9A, LC3B-1I, and GFP-LC3B-
II were recovered in fraction 5, (Fig. 3, C-E and Fig. S5), which
was also enriched for ER and mitochondrial markers. This frac-
tion was originally described by Stresmhaug et al. (1998) as an
“ER” fraction, but in our hands we also observe significant ac-
cumulation of mitochondria suggesting less specific bulk mem-
brane fractionates here. However, as autophagy markers in both
the WT and ATG2 DKO samples also accumulate in this fraction
(Fig. 3, B-D), its composition is consistent with the presence of
omegasomes or phagophores expected to be proximal to the ER,
and thus we consider this to also be a pre-autophagosome-
enriched fraction.

We tested whether other genes in the autophagy pathway
were also essential to drive enrichment of ATG9A into the AP
fraction. CRISPR knockout of genes involved in initiation (FIP200),
lipidation of LC3B (ATG3), or of all four ATG4 genes which
disrupts both LC3B-lipidation (Kauffman et al., 2018) and
trafficking of ATG9 proteins (Nguyen et al., 2021), each elimi-
nated enrichment of ATG9A in the AP fraction (Fig. 4, A-F).
Furthermore, total recovery of protein material in this fraction
was dramatically reduced in each of these cell lines (Table S1),
confirming that the relationship between the density of these
membranes and the enrichment of specific proteins are both
directly connected to autophagosome formation. Indeed, when
accounting for how little total protein is in these fractions,
ATGYA is essentially excluded from the fraction (Fig. 4 G).
Likewise, knockout of ATG9A itself reduces the total recovery
of protein in this fraction from 0.1 to 0.01% of lysate protein
(Table S1), suggesting that ATG9A membranes and the au-
tophagy pathway in general account for ~90% of the material
recovered in this fraction under basal conditions.

Thus in WT cells, ATG9A and LC3B are each associated with
membranes of comparable density and further, when auto-
phagosome biogenesis is disrupted, they each redistribute to
the same new density, strongly suggesting that in WT cells
they were present on the same structure. However, the lim-
itations of density gradient isolation are also obvious as both
Calnexin and TOM20 can be readily detected in each LC3B-II
fraction, necessitating a “higher resolution” biochemistry
approach.
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fractions from GFP-LC3B expressing WT HEK293 cells showing enrichment of ATG9A and LC3B together in fractions 5 and 6, fraction 6 being reportedly
enriched for autophagosome membranes. Cells were grown in DMEM before being starved in EBSS and treated with 0.1 pM bafilomycin Al for 4-6 h. Loaded
protein: 3 pg. (C) Immunoblot of cell membrane fractions from GFP-LC3B expressing ATG2 DKO HEK293 cells showing enrichment of ATG9A and LC3B to-
gether in fraction 5, while fraction 6 is largely depleted of both proteins in this cell line blocking autophagosome formation. Cells were grown in DMEM under
basal conditions (ATG2 DKO cells accumulate early autophagic factors without starvation or bafilomycin Al treatment [Valverde et al., 2019]). Loaded protein: 3
pg. (D) Densitometric quantification of ATG9A, GFP-LC3B, LC3B-II, Calnexin, and TOM20 in each cell line membrane fractionation displayed as average + SD.
The intensity of the bands in B and C were normalized to the lysate, and statistical significance was assessed by two-way ANOVA. *, adjusted P value <0.05. **,
adjusted P value <0.01. ***, adjusted P value <0.001. ****, adjusted P value <0.0001. WT, n = 4 biological replicates; ATG2 DKO, n = 3 biological replicates.
(E) Densitometric quantification of ATG9A in each fraction compared between the two cells lines and with WT cells grown under basal conditions
displayed as average + SD. The intensity of the bands in B and C were normalized to the lysate, and statistical significance was assessed by two-way
ANOVA. *, adjusted P value <0.05. ***, adjusted P value <0.001. WT Basal, n = 3 biological replicates; WT Starved+Baf, n = 4 biological replicates; ATG2 DKO,

n = 3 biological replicates. More quantifications are shown in Fig. S5. Basal WT membrane fractions are shown in Fig. S4. Baf, bafilomycin Al

Nanodiscs reveal that ATG9A and LC3B-II are on the same
vesicle membrane in the pre-ATG2 compartment

Styrene maleic acid (SMA) copolymer is an anionic hypercoiling
polymer that has drawn attention for its ability to stabilize small,
intact regions of membrane for downstream analysis (Dérr et al.,
2016). In an aqueous environment, the copolymer extended
chain collapses into an uncharged coil exposing hydrophobic
styrenes such that the copolymer behaves as an amphipathic
molecule (Tonge and Tighe, 2001). The styrene intercalates be-
tween the bilayer acyl chains similarly to cholesterol, destabi-
lizing the membrane and capturing lipids in nanodiscs ~10 nm
in diameter on average (Jamshad et al., 2015) when no protein is
present. Captured proteins are accommodated for their size by
SMA copolymer, with larger nanodiscs formed around larger
proteins (Walker et al., 2023 Preprint). This is possible because
unlike other nanodiscs of distinct size, SMA self-assembles into
heterogenous nanoparticles (Vargas et al., 2015). In addition,
SMA also differs from other membrane encapsulating nanodiscs
because at no time does SMA extraction require detergent,
therefore maintaining the integrity of the isolated membrane.

SMA is most commonly used as a preparative tool for the study
of membrane-embedded proteins from native sources during
structure analysis (Dérr et al., 2016; Esmaili and Overduin, 2018;
Postis et al., 2015). Under those working conditions, membranes
are fully solubilized into nanodiscs called SMA lipid particles
(SMALPs). With artificial liposomes as a substrate, we observed
this complete solubilization at 2.5% (w/v) SMA (Fig. 5 A). At lower
concentrations of SMA, SMALPs of comparable dimensions still
form (e.g., particles in 0.05% SMA), but largely intact mem-
branes also persist. This demonstrates the utility of SMA to
“punch out” single nanodomains from otherwise intact mem-
brane, each estimated to comprise about 140 lipids on average
(Jamshad et al., 2015).

The capability of SMA to punch out sections of membrane
and preserve the bilayer provides a mechanism to biochemically
establish whether ATG9A and LC3B are present on the same
membrane. ATGYA is likely a trimer in the membrane (Guardia
et al., 2020; Maeda et al., 2020; Matoba et al., 2020). The ATG9A
trimer is ~12 nm across (Maeda et al., 2020), thus an ATG9A
trimer can be captured in a larger SMALP with enough space left
for lipids including those that may be conjugated to LC3B if both
proteins are on the same span of membrane (Fig. 5 B).

To develop SMA as a tool to detect protein co-residency on
natural membranes, SMA was titrated onto membranes enriched
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in the bulk fraction containing pre-autophagosomal material from
ATG2 DKO cells, and then GFP-LC3B was immunoisolated. We
started with this bulk material because ATG9A is highly en-
riched here in ATG2 DKO cells, and because significantly more
of this material is recovered during membrane fractionation
than any other membrane isolate. In the absence of SMA, GFP-
LC3B immunoisolation pulls down essentially the same distri-
bution of all proteins as the starting bulk fraction (Fig. 5 C,
compare Inp. to 0), suggesting elements of this compartment
remains organized and associated with the ER during the pull-
down. SMA-treated immunoisolates contained both ATG9A and
GFP-LC3B; at low SMA concentrations, these immunoisolates
harbor both SMALPs and incompletely solubilized membranes,
and thus Calnexin and TOM20 are recovered. Crucially at
higher concentrations of SMA, contaminating ER and mito-
chondrial membrane markers are lost, but GFP-LC3B and
ATG9A continue to co-purify along with some detectable en-
dogenous LC3B-II (Fig. 5 C) suggesting these molecules are co-
resident in individual SMALPs.

High SMA concentrations fully solubilize membranes, po-
tentially raising questions about the integrity of the membranes
from which the individual SMALPs arise. At low SMA, each
SMALP is more akin to a single bite from an apple and may
better represent the natural protein distribution in the original
membrane. To characterize SMALPs generated at low SMA con-
centrations, separate from the remaining largely intact mem-
brane, we devised a density gradient membrane isolation that
separates SMALPs from intact membranes. ATG2 DKO bulk
fraction was treated with 0.1% SMA and applied to the same
gradient as the first step in Fig. 3 A. We discovered that SMALPs
efficiently solubilized transmembrane proteins into particles that
collect at the top of the gradient like cytosolic protein while intact
membranes appear to continue to concentrate at a lower interface
(Fig. 5 D). Immunoisolation from this SMALP-containing top
fraction showed co-purification of ATG9A, GFP-LC3B and some
endogenous LC3B away from other membrane contaminants.
Thus, immunoisolation with either high or low SMA percentages
capture nanomembrane expanses that are populated by both
ATGYA and lipidated forms of LC3B.

ATG9A and LC3B are co-resident on the autophagosome

We next used SMA isolations to compare how the co-residency of
ATGO9A and LC3B proteins varies between the pre-autophagosomal
compartment in ATG2 DKO cells and the autophagosome-
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indicated knockout cells. Cells in A-D were grown in DMEM under basal conditions. Loaded protein: 3 pg. (E) Densitometric quantification of ATG9A, LC3B-Il,
Calnexin, and TOM20 in each cell line membrane fractionation displayed as average + SD. The intensity of the bands in A-D were normalized to the lysate, and
statistical significance was assessed by two-way ANOVA. ***, adjusted P value <0.001. ****, adjusted P value <0.0001. All KO cell lines, n = 3 biological
replicates. TOM20 signal was oversaturated in fraction 5 of the FIP200 KO in one replicate, so n = 2 included biological replicates for TOM20 in FIP200 KO
fraction 5. ATG9A is enriched in fraction 5 when initiation or lipidation is inhibited but not enriched over lysate in the AP fraction. Very little AP fraction was
recovered for any sample (Table S1) and total LC3B-Il in lysate is minimal (A and B) or lost (C and D). Where trace LC3B-1l is present, there is a clear enrichment
in the AP fraction. (F) Densitometric quantification of ATG9A enrichment in fraction 6 compared across all cell lines tested displayed as average + SD. These
values were taken directly from E, Fig. 3, B and C; and Fig. S4 B. WT Starved+Baf, n = 4 biological replicates; all other cell lines, n = 3 biological replicates.
(G) Densitometric quantification of ATGIA total recovery in fraction 6 compared across all cell lines tested with the WT Starved+Baf condition as the
reference value (100% recovery) displayed as average + SD. These values were generated by multiplying the values in F by the fraction recovery

highlighted in Table S1. WT Starved+Baf, n = 4 biological replicates; all other cell lines, n = 3 biological replicates.

enriched fraction from WT cells (Fig. 6, A-C). In both cases,
we found that immunoprecipitation of whole organelles (WO)
without SMA polymer did not allow for significant purifica-
tion of autophagy proteins away from contaminants. Im-
munoisolation of SMA-treated samples lead to the specific
capture of ATG9A with GFP-LC3B. Interestingly, the ratio of
ATG9A to GFP-LC3B was about 7 times lower in mature au-
tophagosomes (Fig. 6 C and Fig. S5). This suggests that as
autophagosomes mature the surface density of ATG9A comes
down relative to LC3B surface densities—precisely what
would be expected if the membrane was expanding by lipid
transfer which would facilitate more LC3B lipidation without
introducing more ATG9A.

Because SMALPs carry only ~140 lipids, the capture of two
separate proteins in a single disc is unlikely to occur at random.
For example, on liposomes reconstituted with both GFP-LC3B-II
and LC3B-II, the frequency of capturing both proteins is very
low (Fig. S5, ] and K). ATG9A co-isolates with GFP-LC3 in
SMALPs much more efficiently than would be expected if they
were randomly distributed and furthermore, ATG9A and GFP-
LC3B also co-isolate together in a classic Triton X-100-mediated
detergent immunoisolation (Fig. 6, B and C). We also confirmed
this interaction in a reverse pull-down using antibodies against
ATGYA to capture endogenous LC3B-II via either SMA or Triton
X-100 (Fig. 6 D). Notably, we do not observe any co-IP when
FIP200 KO cells are used (Fig. 6 E), despite both proteins en-
riching in the bulk fraction. These results suggest these proteins
either directly interact or both participate in a larger protein
complex, but only in cells where autophagy can proceed at least
part of the way to a phagophore. A recent preprint article has
also eluded to such a direct interaction (Zhang et al., 2020 Pre-
print), but an ATG9-LC3 binding interaction did not surface in a
previous proteomic study (Behrends et al., 2010).

Formally, such a complex could form between membranes
rather than on a single membrane and thus it became important
to determine whether the interaction was cis on one SMALP or
trans on two SMALPs. We employed a protein denaturation
protocol to disrupt any protein-protein interactions that could
support a multi-SMALP trans complex (Fig. 6 F). We used WT
HEK293 cell lines labeled with GFP-LC3B and enriched for auto-
phagosomes as shown in Fig. 3. Samples were then treated with
either SMA or Triton X-100 and immunoisolated for GFP-LC3B
before being treated with guanidine hydrochloride (GdnHCI) to
denature possible protein interactions. Treatment with 6 M
GdnHCI did not change the buffered neutral pH of the sample
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solution, importantly maintaining favorable conditions for the
pH-sensitive SMA copolymer (Dorr et al., 2016; Scheidelaar
et al., 2016). After diluting the samples containing GdnHCI at
least 25 times, the samples were put through a second round of
immunoisolation targeting ATG9A. ATG9A continued to robustly
pull-down GFP-LC3B in the SMA-treated samples (Fig. 6 F), as
expected if they were each independently anchored in the same
nanomembrane, while co-precipitation in the detergent sample
was much less effective. We observed similar results with the AP
fraction from WT cells collected under basal conditions (Fig. S4
E), though total recovery was limited due to less starting mate-
rial. Likewise, we observed robust recovery of GFP-LC3 after
denaturation onto FLAG beads in cells expressing FLAG-ATG9A,
but again only in the SMA not Triton X-100 samples (Fig. S4 F).
Thus, ATG9A and LC3B-II can be found on the same nano-
domains within the confines of SMALP nanodiscs.

We have focused on LC3B-II and ATG9A because they are
fully integrated into membranes, either as a protein-lipid con-
jugate or an integral membrane protein, and thus are the
strongest evidence of co-residency on a common bilayer. To
better evaluate whether these structures are related to autoph-
agy, and to test the limits of nanodomains, we conducted ex-
tensive immunoblot analyses against our samples (Fig. 7). As
expected, membranes, isolated in the AP fraction from WT cells
(Fig. 7 A, left), show enrichment for 14 of the 15 autophagy
proteins tested (compare intensity of bands in fraction 6 to in-
tensity in lysate). One exception is TMEM41B which is an in-
tegral membrane protein of the ER involved in lipid transport
and is not expected to integrate into autophagosomes them-
selves. The AP fraction does not enrich for proteins from the
Golgi (GOLIM4), the ER (Calnexin), and only weakly for the
mitochondrial marker TOM20. In fraction 5, the bulk mem-
branes containing pre-autophagosomal material, we see similar
enrichment of most autophagy factors as well as Calnexin and
TMEMA41B. In ATG2 DKO cells, we collect very little AP fraction,
but in that material we do see autophagy proteins (Fig. 7 A,
right). Only NBR1 and possibly GL1-1I appear to be enriched over
lysate. Instead, all of the autophagy proteins, including ATG9A
and LC3B-II, are found in the bulk membrane fraction contain-
ing pre-autophagosomal material. IPs of GFP-LC3B from either
of these fractions, using either SMA or Triton X-100, efficiently
recover ATG9A, p62, and in WT cells, ATG2A (Fig. 7 B). There is
also trace recovery of NBRI1, but most peripheral proteins are
either excluded from these structures or lost during the stren-
uous washing conditions used.
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Figure 5. Styrene maleic acid (SMA) copolymer nanodiscs capture ATG9A and LC3B together in nanoscale membranes. (A) Transmission electron
microscopy (TEM) of 200 nm liposomes treated with varying concentrations of SMA copolymer. The titration reveals the formation of SMA lipid particles
(SMALPs) even at low SMA concentrations, with complete solubilization of liposomes at 1.5-2.5% SMA. Scale bar in first panel: 200 nm. Scale bars in SMA
treated panels: 100 nm. (B) Cartoon of the transmembrane domains of the ATG9 trimer in a SMALP beside a lipidated LC3B. (C) Immunoblot of the bulk
membrane fraction from GFP-LC3B expressing ATG2 DKO HEK293 cells. SMA was titrated in leading to increasing solubilization of the material, and then GFP-
LC3B was isolated by immunoprecipitation (IP). ATG9A and GFP-LC3B co-IP with little to no membrane contaminants at higher concentrations of SMA. At
lower concentrations of SMA, where membranes are incompletely solubilized into nanodiscs, the IP continues to pull-down all components. Input protein for
each IP: 200 pg. Loaded input protein: 3 pg (1.5%). Loaded IPs: 5% of the total collected beads. (D) Immunoblot of the separation of intact membranes from
SMALPs via density gradient fractionation (cartoon above) after treatment with a low concentration of SMA (0.1%) on the bulk membrane fraction from GFP-
LC3B expressing ATG2 DKO HEK293 cells. Input protein on gradient: 600 pg. Input for each IP: 90% of the material collected from the gradient. Loaded pre-
SMA input protein: 3 ug (0.5%). Loaded gradient protein: 5% of the total collected. Loaded IPs: 10% of the total collected beads.
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Figure 6. Cis-interacting ATG9A and LC3B are co-resident on autophagosomes and putative autophagosome precursor membranes accumulating in
ATG2 DKO cells. (A) Schematic of the three types of IPs performed to look for ATG9A associating with GFP-LC3B in membrane fractions collected as in Fig. 3.
(B) Immunoblot of GFP IPs performed on membranes in the AP fraction collected from WT cells or the bulk membrane fraction collected from ATG2 DKO cells.
WO (untreated samples pulling down Whole Organelles); SMA (samples incubated with 12:1 SMA:protein (~2.5%); TX (samples treated with 1% Triton X-100).
Input protein for each IP: 50 pg. Loaded input protein: 3 ug (6%). Loaded IPs: 10% of the total collected beads. (C) Densitometric quantification of ATGIA, GFP-
LC3B, LC3B-II, Calnexin, and TOM20 in each type of IP displayed as average + SD. The intensity of the bands in B were normalized to the input, and statistical
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significance was assessed by two-way ANOVA. *, adjusted P value <0.05. **, adjusted P value <0.01. Both cell lines, n = 3 biological replicates, except for WT
Triton X-100 IPs where n = 2 biological replicates. Quantifications between cell lines are shown in Fig. S3. (D) Immunoblot of reverse IP confirming ATG9A can
pull down LC3B-II. The AP fraction from WT cells expressing FLAG-ATG9A was solubilized with either 12:1 SMA:protein (~2.5%) or 1% Triton X-100. Input
protein for IPs: 100 pg. Loaded input protein: 10 pg (10%). Loaded IPs: 25% of the total collected beads. (E) Immunoblot of reverse IP demonstrating that
ATGYA cannot pull down LC3B-Il in autophagy deficient cells. Bulk membrane fraction from FIP200 KO cells was solubilized with either 12:1 SMA:protein
(~2.5%) or 1% Triton X-100. Input protein for IPs: 100 pg. Loaded input protein: 10 pg (10%). Loaded IPs: 25% of the total collected beads. (F) Left: schematic
outlining how protein denaturation can be used to distinguish proteins interacting in trans (in separate SMALPs) vs in cis (within the same SMALP). ATG9A and
GFP-LC3B are in the same SMALP only if they continue to co-purify after denaturation with guanidine hydrochloride (GdnHCl). Middle: immunoblot of de-
naturation experiment conducted with the AP fraction from WT cells expressing GFP-LC3B. Shown are sequential IPs, first with GFP-LC3B, then the sample
was treated with 6 M GdnHCl before diluting over 25X and performing a second IP against ATG9A. Input protein for GFP IPs: 50 pg. Input for ATG9A [Ps: 98% of
the material collected from the GFP IPs. Loaded input protein: 5 pg (10%). Loaded GFP IPs: 1% of the total collected from the beads. Loaded ATGOA IPs: 50% of
the total collected from the beads after GdnHCl treatment. Right: densitometric quantification of GFP-LC3B recovered in the final IP after GdnHCl treatment
displayed as average + SD. Two biological replicates are shown with 300 ul of anti-GFP beads (black) and one biological replicate with only 100 pl of anti-GFP

beads (blue).

Collectively, this work demonstrates biochemically that
mammalian ATG9A is incorporated onto the autophagosome
membrane. Furthermore, in the absence of ATG2-mediated
membrane expansion, LC3B still finds ATG9A vesicles and/or
pre-phagophore like cupped membranes at a site proximal to the
ER and undergoes lipid conjugation. Taken together, these data
suggest that ATG9 vesicles are the seed membrane for the
autophagosome.

Discussion

ATG9 vesicles are required for autophagosome formation, but
precisely where they function has been challenging to establish
(Feng and Klionsky, 2017; He et al., 2008; He et al., 2006;
Karanasios et al., 2016; Kishi-Itakura et al., 2014; Mari et al.,
2010; Orsi et al., 2012; Yamamoto et al.,, 2012; Young et al.,
2006). In particular, in mammals the majority of ATGY vesi-
cles are not localized to the site of autophagosome biogenesis at
any given time, and fluorescence imaging during autophagosome
biogenesis appeared to favor a peripheral rather than integrated
role for these vesicles as autophagosomes grew (Claude-Taupin
et al., 2021; Mailler et al., 2021; Mattera et al., 2017; Orsi et al.,
2012; Puri et al,, 2013; Young et al., 2006). In contrast, in yeast,
membrane fractionation proved to be a valuable approach to
capture Atg9 within autophagosomes (Yamamoto et al., 2012).
They have been shown to interact at the ER preceding the for-
mation of the phagophore, suggesting they could be involved in
the seeding event of the autophagosome (Karanasios et al., 2016),
and isolated natural ATG9 vesicles have proven to be competent
for lipidation in vitro (Sawa-Makarska et al., 2020). For ATG9
vesicles to be the seed membranes for autophagosomes, ATG9
must be shown to be incorporated in nascent autophagosome
membranes. Here, we have re-engineered the structural biology
tool styrene maleic acid nanodiscs to develop a nanoscale tool for
capturing proteins jointly embedded in a common membrane.
We used this device to formally establish that both ATG9A and
LC3B-II reside in the same membranes, both in purified au-
tophagosomes and in ER-rich membranes replete with pre-
autophagosomal material.

Further, we show that in the absence of the lipid transport
protein ATG2, ATGY vesicles collect near the ER but remain
competent to collect lipidated LC3B. How the vesicle cluster is
maintained in its organization is unclear. The core of the cluster
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is composed of hundreds or even thousands of very small vesi-
cles which adopt an irregular shape (Fig. 2 A) and appear to be in
close proximity to a broader possibly proteinaceous matrix. It
has been reported that p62 is capable of phase separation both
in vitro and in vivo (Sun et al., 2018), so it is possible that p62
provides a matrix that holds this compartment together, but
more work is needed. Interestingly, ATG9A vesicles can also be
driven into similar large phase-separated clusters by proteins
regulating synaptic vesicle organization (Park et al., 2023) sug-
gesting they may generally be substrates for these types of
adaptors, though in that case the vesicles appear to retain a
roughly circular shape. Given the composition of the pre-ATG2
compartment, we propose that it captures the initiation stage of
autophagosome biogenesis before membrane expansion can
occur and by extension traps the seed membrane for the auto-
phagosome. Indeed, we also observe pre-phagophore-like cups
and ferritin clusters decorating these vesicle accumulations,
suggesting that the first stages of autophagosome biogenesis
including perhaps the fundamental shaping of the phagophore,
are independent of ATG2-dependent lipid transfer, but growth
of the organelle is almost entirely restricted without ATG2-
mediated lipid transport. These results are consistent with
many other studies implicating recruitment of ATG9 proteins to
areas near the ER ahead of eventual ATG2-dependent activity
during autophagosome biogenesis (Gémez-Sénchez et al., 2018;
Hamasaki et al., 2013; Karanasios et al., 2016; Maeda et al., 2019;
Osawa et al., 2019; Tang et al., 2019; Valverde et al., 2019).

Our findings offer one of the final pieces to the phagophore
half of the lipid transport facilitated expansion model of auto-
phagosome biogenesis (Fig. 1 A; Ghanbarpour et al., 2021; Maeda
etal., 2020; Matoba et al., 2020; Melia and Reinisch, 2022; Noda,
2021). ATG2 binds the phagophore, where it is held in position
by peripheral protein receptors including GABARAP/L1 and
WIPI4 (Bozic et al., 2020; Chowdhury et al., 2018; Gémez-
Sanchez et al., 2018; Kotani et al., 2018; Maeda et al., 2019).
Our data presented here put ATG9 also on the phagophore
membrane, where its scramblase function can populate the in-
ner leaflet of the growing organelle as it is fed lipid by ATG2.
Various studies indicate that ATG2 proteins directly engage
ATG9 (Ghanbarpour et al., 2021; Gémez-Sdnchez et al., 2018; van
Vliet et al., 2022) forming a scramblase-transporter complex.
Intriguingly, the other side of ATG2 is bound to the ER through
interactions that include additional scramblases (Ghanbarpour
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Figure 7. Recovery of other autophagy proteins in membrane fractions and in GFP-LC3B immunoprecipitations. (A) Immunoblots of cell membrane
fractions from GFP-LC3B expressing WT cells (left) and GFP-LC3B expressing ATG2 DKO cells (right) showing enrichment of autophagy factors in WT fractions
5and 6 and in ATG2 DKO fraction 5. Cells were grown in indicated conditions as in Fig. 3. Loaded protein: 5 pg. (B) Immunoblots of GFP IPs performed as in
Fig. 6 B. Input protein for each IP: 50 pg. Loaded input protein: 5 pg (10%). Loaded IPs: 10% of the total collected beads.

Olivas et al.

ATG9 is on the autophagosome

Journal of Cell Biology
https://doi.org/10.1083/jcb.202208088

13 of 22


https://doi.org/10.1083/jcb.202208088

et al., 2021) suggesting there may be a broad benefit to coupling
bulk lipid transport with scrambling activity. Future work must
still define the driving force behind unidirectional lipid flow
through ATG2 in order to grow the autophagosome.

Materials and methods

Plasmids and reagents
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (850725C;
DOPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(850457C; POPC), L-a-phosphatidylinositol (from bovine
liver—blIPI; 840042C), 1,2-dioleoyl-sn-glycero-3-phosphocho-
line (850375C; DOPC), 1,2-dioleoyl-sn-glycero-3-phosphoetha-
nolamine-N-(lissamine rhodamine B sulfonyl; 810150C; Rhod-PE)
were purchased from Avanti Polar Lipids. ATP (AB00162), DTT
(AB00490), isopropyl B-D-thiogalactopyranoside (AB00841), NaCl
(AB01915), sucrose (AB01900), and Tris HCl (AB0O2005) were
purchased from AmericanBio. 100% glycerol, anhydrous (2136),
CaCl, (1332), EDTA (8993), and MgCl, (2444) were purchased
from J.T. Baker. 0.05% Trypsin-EDTA 1X (25300054), Dulbec-
co’s phosphate buffered saline (DPBS) 10X (14200075), and
DMSO (D2650) were purchased from Thermo Fisher Scientific.
Borosilicate glass tubes 10 x 75 mm (47729568) were purchased
from VWR.

For transient rescue of the ATG9A KO cell line, pCMV-10-
3xFLAG-ATG9A (described in Ghanbarpour et al., 2021) was
used. For stable rescue, 3xFLAG-ATG9A was subcloned from
pCMV-10-3xFLAG-ATG9A into pLVX-puro (632159; Clontech)
for stable cell line creation. pLVX-GFP-LC3B was generated by
Gibson assembly using pLVX-Puro backbone, and gel-purified
PCR products of GFP-6xGS linker and LC3B to form the GFP-
LC3B insert. GFP-LC3B was then cut from the pLVX-puro
backbone using EcoRI and BamHI restriction sites and inserted
into the digested and gel-purified backbone of pLVX-EGFP-
IRES-Neo from R. Sobol (University of Pittsburgh School of
Medicine, Pittsburgh, PA; 128660; Addgene) for double-labeled
stable cell line creation.

Antibodies used for immunofluorescence in this study in-
clude anti-LC3B (rabbit; 1:500; PM036; MBL), anti-LC3B, clone
2G6 (mouse; 1:100; 0260100; Nanotools), anti-ATG9A (rabbit;
1:250; ab108338; Abcam), anti-p62 (mouse; 1:250; 610832; BD
Biosciences), anti-WIPI2, clone 2A2 (mouse; 1:250; MABC9I;
Millipore), anti-RBICC1 (rabbit; 1:100; Thermo Fisher Scien-
tific; 172501AP), Alexa Fluor 405 goat anti-rabbit IgG (A31556;
Thermo Fisher Scientific), Alexa Fluor 405 goat anti-mouse IgG
(A31553; Thermo Fisher Scientific), Alexa Fluor 488 goat anti-
rabbit IgG (A11008; Thermo Fisher Scientific), Alexa Fluor 594
goat anti-rabbit IgG (A11037; Thermo Fisher Scientific), and
Alexa Fluor 594 donkey anti-mouse IgG (A21203; Thermo
Fisher Scientific). Antibodies used for immunoblotting in
this study include anti-LC3B (3868S; Cell Signaling Tech-
nology; rabbit), anti-GFP (2956S; Cell Signaling Technology;
rabbit), anti-ATG9A (abl08338; Abcam; rabbit), anti-Calnexin
(610524; BD Biosciences; mouse), anti-TOM20 (42406S; Cell Sig-
naling Technology; rabbit), anti-p62 (610832; BD Biosciences;
mouse), anti-GAPDH (ab9484; Abcam; mouse), anti-RB1CCl
(172501AP; Thermo Fisher Scientific; rabbit), anti-ATG5 (2630S;
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Cell Signaling Technology; rabbit), anti-ATG16L1 (8089S; Cell Sig-
naling Technology; rabbit), anti-ATG3 (A3231; Sigma-Aldrich; rabbit),
anti-ATG2A (15011S; Cell Signaling Technology; rabbit), anti-
GL1 (26632S; Cell Signaling Technology; rabbit), anti-GL2
(14256S; Cell Signaling Technology; rabbit), anti-NBR1 (ab126175;
Abcam; rabbit), anti-Syntaxinl7 (178151AP; Thermo Fisher Scien-
tific; rabbit), anti-TMEM41B (HPA014946; Sigma-Aldrich; rabbit),
anti-WIPI2, clone 2A2 (MABC91; Millipore; mouse), anti-GOLIM4
(LS-C307726; LS Bio; mouse), ECL anti-rabbit IgG horseradish
peroxidase-linked (NA934V; GE Healthcare), and ECL anti-mouse
IgG horseradish peroxidase-linked (NA931V; GE Healthcare).

Cell culture

HEK293 cells were cultured at 37°C and 5% CO, in DMEM
(11965092; Thermo Fisher Scientific) supplemented with 10%
FBS (10438062; Thermo Fisher Scientific) and 1% penicillin-
streptomycin (15140122; Thermo Fisher Scientific). For experi-
ments to collect autophagosome membranes, cells were starved
by incubation in Earle’s Balanced Salt Solution (24010043;
Thermo Fisher Scientific) and treated with 0.1 uM bafilomycin
Al (Enzo; BML-CM110-0100) for 4-6 h.

Lentivirus production and transduction
HEK?293 cells were seeded into a 10-cm plate. At 70% confluence,
cells were transfected with 4.3 ug psPAX2 (12260; Addgene),
0.43 ug pCMV-VSV-G (8454; Addgene), and 4.3 ug target plas-
mid using 36 pl Lipofectamine 3000 (L3000008; Thermo Fisher
Scientific). DNA was added to 500 pl Opti-MEM (31985070;
Thermo Fisher Scientific) and Lipofectamine 3000 to 500 pl
Opti-MEM in separate 1.5 ml microcentrifuge tubes. The tubes
were then mixed and left for 15 min before adding the mixture
dropwise to cells in fresh DMEM. After overnight incubation at
37°C, the medium was replaced with fresh DMEM. Cell medium
was then collected every 24 h for 2 d and filtered with a 0.45-um
syringe filter (4184; Pall). Generated virus was stored at 4°C
overnight the first day to pool both collections and was then
either used immediately or was aliquoted and stored at -80°C.
HEK293 cells to be transduced were seeded into a 6-well
plate. Undiluted virus was added dropwise to cells with 10 ug/
ml polybrene (TR1003G; Sigma-Aldrich) and incubated at 37°C
for 24 h. The medium was replaced with fresh DMEM and left
for another 24 h. The cells were then treated with 2 pug/ml pu-
romycin (Clontech; 631306) under selection for at least 1 wk. In
the case of double-labeled cells, the process was completed again
and selection was performed by treating cells with 2 mg/ml
Geneticin (10131035; Thermo Fisher Scientific) for at least 2 wk.

Focused ion beam scanning electron microscopy and
correlative light electron microscopy

For transmission electron microscopy (TEM) CLEM, GFP-LC3B
over-expressed ATG2 DKO HEK293 cells were plated on 35-mm
MatTek dish (P35G-1.5-14-CGRD). Cells were pre-fixed in 4%
PFA + 0.25% glutaraldehyde then washed before fluorescence
light microscopy imaging. Regions of interest were selected and
their coordinates on the dish were identified using phase con-
trast. Cells were further fixed with 2.5% glutaraldehyde in
0.1 M sodium cacodylate buffer, postfixed in 2% OsO, and 1.5%
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K4Fe(CN)6 (Sigma-Aldrich) in 0.1 M sodium cacodylate buffer,
en bloc stained with 2% aqueous uranyl acetate, dehydrated,
embedded in Embed 812, and polymerized at 60°C for 48 hrs.
Cells of interest were relocated based on the pre-recorded co-
ordinates. Ultrathin sections (50-60 nm) were observed in a
Talos L 120C TEM microscope at 80 kV; images were taken with
Velox software and a 4k x 4K Ceta CMOS camera (Thermo
Fisher Scientific).

For focused ion beam scanning electron microscopy (FIB-
SEM) CLEM, Epon block was glued onto the SEM sample
mounting aluminum stub and platinum en bloc coating on the
sample surface was carried out with the sputter coater (Ted
Pella, Inc.). The cell of interest was relocated under SEM imaging
based on pre-recorded coordinates and FIB-SEM imaged in a
Crossbeam 550 FIB-SEM workstation operating under Smart-
SEM (Carl Zeiss Microscopy GmbH) and Atlas 5 engine (Fibics,
Inc.). The imaging resolution was set at 7 nm/pixel in the X, Y
axis with milling being performed at 7 nm/step along the Z axis
to achieve an isotropic resolution of 7 nm/voxel. Images were
aligned and exported with Atlas 5 (Fibics, Inc.), further pro-
cessed and segmented with DragonFly Pro software (Object
Research Systems [ORS], Inc.).

Immunofluorescence and confocal microscopy

HEK293 cells were seeded onto coverslips in a 24-well plate. If
cells were treated with bafilomycin Al, 0.1 uM was used for 2 h.
Cells were rinsed in PBS, fixed in 4% PFA (15710; Electron Mi-
croscopy Sciences), washed three times with PBS, and per-
meabilized in ice-cold methanol by dipping the coverslip in it
20 times followed by blocking in 3% BSA (A9647; Sigma-Aldrich)
in PBS for 15 min (Fig. 2 B and Fig. S1). Alternatively, cells were
permeabilized and blocked in 0.1% saponin (47036; Sigma-
Aldrich) and 3% BSA in PBS instead of methanol permeabiliza-
tion (Fig. 2, C and D). Cells were then incubated in primary
antibody at indicated concentrations (see Reagents) overnight at
4°C. Methanol-permeabilized cells were washed three times in
PBS and saponin-permeabilized cells were washed three times in
PBS containing 0.1% saponin and 3% BSA. Secondary antibody
was applied in a 1:600 dilution for 1 h at room temperature in the
dark. Cells were washed again three times and mounted on pre-
cleaned microscope slides with ProLong Gold antifade reagent
(P36934; Thermo Fisher Scientific) or Fluoromount-G (0100-01;
Southern Biotech) when using GFP-labeled cells.

Imaging was performed at the Center for Cellular and Mo-
lecular Imaging Facility at Yale. The 63x oil-immersion objective
was used on an inverted Zeiss LSM 880 laser scanning confocal
microscope with AiryScan, using Zen acquisition software. Im-
ages in Fig. 2 C taken using AiryScan were pre-processed at the
microscope using the AiryScan processing presets in Zen Black.
Images were processed using Image] software. Images in Fig. 2 B
and Fig. S1 depict one slice from a Z-stack. Images in Fig. 2, C and
D, and Fig. S2 B are maximum intensity projections.

Generation of knockouts using CRISPR/Cas9

CRISPR guide RNAs (gRNAs) targeting the third, sixth, seventh,
and eighth exons of ATG9A were accessed omnline from the
Toronto KnockOut Library (University of Toronto; TKOv3, [Hart
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et al., 2017]). The target sequences were 5'-TATAGGAGGCCT
CTAGGCGC-3’ (TKO1), 5'-TAGTGAAGGCAACCACAAAG-3’
(TKO2), 5'-GAAGCTGTCTTCTTCACCCG-3’ (TKO3), and 5'-
AGATGAACTTGATAAGCCGG-3' (TKO4). Complementary se-
quence to the overhangs created in the vector backbone after
digestion was added to the 5’ ends of the forward and reverse
gRNA primers. The gRNAs were cloned into pX458 (48138;
Addgene) using Bpil (FD1014; Thermo Fisher Scientific) as de-
scribed previously (Ran et al., 2013). HEK293 cells were tran-
siently transfected with the constructs containing gRNAs using
Lipofectamine 3000 according to the manufacturer’s sugges-
tion. After 48 h, cells were sorted into a 96-well plate for single
clones using a BD FACSAria cell sorter at the Flow Cytometry
Facility at Yale. The cells were validated by genotyping,
Western blotting, and immunofluorescence. For genotyping,
briefly, genomic DNA from single clones was extracted using
QuickExtract DNA extraction solution (QE0905T; Lucigen) ac-
cording to the manufacturer’s suggestion. PCR products were
generated using the following surveyor primers: TKO1-F, 5’-CAG
GAAAGCAGCAGTAGACAC-3'; TKOI1-R, 5'-GAGACATTAAAG
GTCCCAGAG-3’; TKO2-F, 5-GTAGTGGTGGCTGAGGTTACC-3';
TKO2-R, 5'-CTTGGCAGAGACGCTGCTATC-3’; TKO3-F, 5'-GAG
GCAACAACCCCACCTTC-3'; TKO3-R, 5'-CCATAGAGTGACCAG
CAGCG-3'; TKO4-F, 5'-CTTGAGTTCTGCTAGCAGGTG-3'; TKO4-
R, 5'-GACCCCTTTGCCCTATATTAG-3'. Surveyor primers were
designed to be unique to the target gene using NCBI Primer-
BLAST and tested on WT HEK293 cell genomic DNA for easily
excisable bands from a 1% agarose gel before using them on
ATG9A KO candidate genomic DNA. The 400-600 bp PCR
products were gel-purified and sequenced. The chosen ATG9A
KO HEK293 cell line was cut with gRNA TKOI, creating an in-
frame stop codon after 36 bases making the expressed ATG9A
peptide fragment only 12 amino acids long. ATG9A KO cell line
was used at low passage number for all experiments.

ATG3 and FIP200 KOs were generated in the same manner
using the protocol above. CRISPR gRNAs for ATG3 were accessed
online from Synthego, and gRNAs for FIP200 were accessed
online from the Toronto KnockOut Library. ATG3 target se-
quences were 5'-TGTTTGCACCGCTTATAGCA-3', 5'-TTATAG
TGCCGTGCTATAAG-3', 5'-CTATAAGCGGTGCAAACAGA-3', and
5'-GCTATCATTGAAGAAGATGA-3'. FIP200 target sequences
were 5'-GATGAACATCTTCAACACCA-3’, 5'-AGGAGAGAGCAC
CAGTTCAG-3', 5'-AGGAATGGCTGAACTTCCGA-3’, and 5'-TGA
AGATCGGCTCTACGCCC-3'. ATG3 KO cells were validated by
genotyping, Western blotting, and immunofluorescence. FIP200
KO cells were validated by Western blotting and immunofluo-
rescence. Both cell lines were used at low passage number for all
experiments.

ATG2 DKO HEK293 cells were generated previously in a
similar manner using puromycin selection with pX459 (62988;
Addgene) instead of GFP (Valverde et al., 2019), as well as ATG4
QKO HEK293 cells (Kauffman et al., 2018; Nguyen et al., 2020).

Density gradient membrane fractionation

Membrane fractionation was modified from Stremhaug et al.
(1998). In summary, GFP-LC3B expressing WT HEK293 cells
were either seeded into 60 15-cm plates for starvation/
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bafilomycin treatment or seeded into 120 15-cm plates for basal
conditions. GFP-LC3B expressing ATG2 DKO HEK293 cells
(Valverde et al., 2019), FIP200 KO HEK293 cells, ATG9A KO
HEK293 cells, ATG3 KO HEK293 cells, and ATG4 QKO HEK293
cells were seeded into 40 15-cm plates. All cell lines were grown
to 80-90% confluency. WT cells were either left under basal
conditions or were starved in EBSS and treated with 0.1 pM
bafilomycin Al for 4-6 h before harvesting to accumulate auto-
phagosomes, and ATG2 DKO cells were collected untreated (au-
tophagy factors accumulate without intervention [Valverde
et al., 2019]). All other KO cell lines were also collected under
basal conditions to match the ATG2 DKO. Cells were scraped
from the plates, resuspended in 1 ml sucrose homogenization
buffer (SHB; 50 mM Tris pH 7.4, 150 mM NaCl, 10% sucrose, and
1X EDTA-free protease inhibitor cocktail [Sigma-Aldrich;
11873580001]), and lysed with a 2-ml Dounce homogenizer
(DWK8853000001; Sigma-Aldrich). The lysates were centri-
fuged at 4,000 rpm for 2 min at 4°C to pellet the nuclei and
collect the post-nuclear supernatant (PNS). PNS fractions were
loaded onto a Nycodenz (1002424; Accurate Chemical and Sci-
entific Corp) gradient (110 pl of 22.5% Nycodenz on bottom,
270 ul of 9.5% Nycodenz layered next, and 225 1 of PNS on top)
in a thin-walled ultracentrifuge tube (355090; Beckman Coulter)
and centrifuged at 38,600 rpm with an SW55 rotor (342194;
Beckman Coulter) for 1 h at 4°C. Fractions collected are shown in
Fig. 3 A and Fig. S3, and were recovered in the following vol-
umes: F1, 50 pl; F2, 50 pl; F3, 80 pl; F4, 30 pl; F5/6, 120 pl
Fraction 5/6 (found at the interface between 22.5 and 9.5% Ny-
codenz and enriched in ER and autophagosome membranes
[Strgmhaug et al., 1998]) was diluted 1.25X and loaded on a
Percoll (P4937; Sigma-Aldrich)/Nycodenz gradient (110 ul of
22.5% Nycodenz on bottom, 300 pl of 33% Percoll layered next,
and 200 pl of Fraction 5/6 on top) in an ultracentrifuge tube and
centrifuged at 27,600 rpm for 30 min at 4°C. The two fractions
were recovered in the following volumes: F5, 80 pl; F6/Per-
coll, 80 pl. For every 240 pl of F6/Percoll collected, 168 pl of
60% (w/v) OptiPrep density gradient medium (D1556; Sigma-
Aldrich) was added to the fraction. This membrane/Percoll/
10ptiPrep sample was loaded on the final OptiPrep gradient
(408 pl of F6/Percoll/OptiPrep on bottom, 75 pl 30% OptiPrep
layered next, and 120 pl of 1X SHB on top) in an ultracentrifuge
tube and centrifuged at 27,300 rpm for 30 min at 4°C. Fraction
6 free of Percoll was collected in a volume of 40 pl from the 30%
OptiPrep/buffer interface. All gradient mediums were diluted
with 5X SHB to final concentrations in 1X SHB in 10 ml. All
fractions were collected and pooled from multiple gradients.

Lysis, gel electrophoresis, immunoblotting, and

Coomassie staining

Nearly all experiments required maintenance of membrane in-
tegrity, so cells were Dounce homogenized for lysis without
detergent. For KO cell line validation (Fig. S2, A, D, and E) and
ATGYA KO rescue (Fig. S2 C), cells were lysed in 400 ul lysis
buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1% Triton X-100
[AB02025; AmericanBio], 1X EDTA-free protease inhibitor
cocktail), incubated on ice for 5 min, centrifuged at 14,000 rpm
for 10 min at 4°C, and the supernatant was collected and used
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immediately or stored at —-20°C short term. Protein concentra-
tion was determined using protein assay dye reagent (5000006;
Bio-Rad) and a Bio-Rad SmartSpec Plus spectrophotometer.
Samples were prepared in 1X LDS loading buffer (NP0007;
Thermo Fisher Scientific) with 15 mM DTT and then boiled at
98°C for 5 min. Samples were electrophoresed on 12% Bis-Tris
precast gels (NP0341BOX or NP0342BOX; Thermo Fisher Sci-
entific) with a SeeBlue Plus2 pre-stained protein standard
(LC5925; Thermo Fisher Scientific), typically at 150 V for 75 min
in 1X MOPS running buffer (NPO001; Thermo Fisher Scientific).
For separation of GFP-LC3B-I from GFP-LC3B-II, samples were
electrophoresed on 8% Bolt Bis-Tris Plus precast gels
(NW00080BOX; Thermo Fisher Scientific) in 1X Bolt MOPS
running buffer (BO0OL; Thermo Fisher Scientific), typically at
180 V for ~60 min to run the GFP band to the bottom of the gel.
Gels were subsequently transferred to Immobilon-FL. PVDF
membranes (IPFLO0010; Sigma-Aldrich) in 1X transfer buffer
(NP00061; Thermo Fisher Scientific) containing 20% methanol
(179337; Sigma-Aldrich) at 30 V for 75 min.

For immunoblotting, membranes were blocked with 5%
Omniblok (AB10109; AmericanBio) in PBST (PBS containing
0.1% Tween 20 [AB02038; AmericanBio]) for 1 h at room tem-
perature. Membranes were then rinsed with PBST, and incu-
bated with primary antibody (see Reagents) diluted 1:1,000 in
PBST containing 5% BSA and 0.02% sodium azide (S2002;
Sigma-Aldrich) overnight at 4°C. Membranes were washed three
times in PBST before incubation with secondary antibody
(GENA931 or GENA934; Sigma-Aldrich) diluted 1:5,000 in PBST
containing 5% Omniblok for 1 h at room temperature. Mem-
branes were then washed three times in PBST and treated with
SuperSignal West Femto substrate (34096; Thermo Fisher
Scientific) for 5 min before imaging with the Bio-Rad VersaDoc
imaging system.

For in vitro lipidation followed by IP, gels were electro-
phoresed in 1X MES running buffer (NP0002; Thermo Fisher
Scientific), typically at 200 V for 55 min. The gels were stained
for protein by incubation in Imperial Protein Stain (24615;
Thermo Fisher Scientific) for 1 h at room temperature. Gels were
then destained in water overnight at room temperature before
imaging with the Bio-Rad VersaDoc imaging system.

Densitometry and quantification

Densitometry quantifications of both immunoblots and
Coomassie protein-stained gels were performed using Image]
software. For density-gradient membrane fractionation (Figs.
3, 4, S4, and S5), the band intensity of each fraction was
normalized to that of the lysate, setting the lysate as 1. Mean
values in each fraction for each protein and for each cell line
were compared for enrichment, and statistical significance
was determined by two-way ANOVA followed by Holm-
Siddk’s multiple comparisons test (used for all two-way
ANOVA analyses). Mean values for WT HEK293 cell membrane
fractions (treated and untreated) were compared to ATG2
DKO HEK293 cell membrane fractions (untreated), and sta-
tistical significance was determined by two-way ANOVA. For
immunoprecipitation (IP) experiments (Figs. 6 and S5), the
band intensity of each IP was normalized to that of the input,

Journal of Cell Biology
https://doi.org/10.1083/jcb.202208088

16 of 22


https://doi.org/10.1083/jcb.202208088

setting the input as 1. The mean values were first compared
within cell type between different IP treatments, and statis-
tical significance was determined by two-way ANOVA. The
mean values were then compared between WT and ATG2 DKO
values for each IP treatment, and statistical significance was
determined by two-way ANOVA. For in vitro lipidation fol-
lowed by IP, the band intensity of LC3B-II was plotted as a
ratio against GFP-LC3B to compare their recovery in each
treatment (Fig. S5). Statistical significance was determined by
one-way ANOVA. Data distributions were assumed to be
normal. Most data are n = 3, except for WT membrane frac-
tions (Figs. 3 and S5) that are n = 4, WT Triton X-100 IPs (Figs.
6 and S5) that are n = 2, WT Basal TOM20 in fraction 5 (Fig.
S4) that is n = 2, and FIP200 KO TOM20 in fraction 5 (Fig. 4)
that is n = 2. All n values represent biological replicates. All
data were plotted with mean + SD, and all significance values
were considering adjusted P value based on grouped analyses
in Prism 9 (GraphPad). Asterisks indicate significance: *, P <
0.05; **, P < 0.0L; ***, P < 0.001; **** P < 0.0001.

All blots were adjusted in contrast for better visualization of
the bands in the figures.

Dialysis of styrene maleic acid (SMA)
SMA in NaOH (XIRAN SL30010P20; Polyscope) was dialyzed in
SMA buffer (50 mM Tris pH 7.4 and 150 mM NaCl) before use in
experiments. Briefly, 2 ml of SMA was injected into a 20 kD
dialysis cassette (66003; Thermo Fisher Scientific) and placed in
4 liters of SMA buffer with gentle mixing for 5 h at room tem-
perature. Buffer was replaced with 4 liters of fresh SMA buffer
and incubated with gentle mixing overnight at room tempera-
ture. The buffer was again changed, and the cassette incubated
in 4 liters of SMA buffer with gentle mixing for 5 h at room
temperature. Dialyzed SMA was carefully removed from the
cassette, and the percent concentration (w/v) was determined
using an Abbe 3L refractometer (Bausch & Lomb). The calcula-
tion using refractive indices is as follows: (Sampleg;—Bufferg;)/
2 x 1,000 = % SMA.

For in vitro lipidation followed by IP, ready-to-use SMA
(SMALP 30010P; Orbiscope) was used instead of dialyzed stock.

Liposome preparation

To prepare liposomes, lipids in chloroform were mixed in the
noted compositions and dried to a thin film under nitrogen gas
for ~10 min. The composition of liposomes for testing SMA
(Fig. 5 A) was 30 mol percent DOPE, 60 mol percent POPC, and
10 mol percent PI. The composition of liposomes for in vitro
lipidation assays (Fig. S5 J) was 55 mol percent DOPE, 34.75 mol
percent DOPC, 10 mol percent PI, and 0.25% rhodamine DOPE.
The lipid film was further dried under vacuum for 1 h. The lipids
were reconstituted in SMA buffer (Fig. 5 A) or SN buffer (Fig. S5;
20 mM Tris pH 8,100 mM NaCl, and 5 mM MgCl,) and subjected
to seven cycles of flash-freezing in liquid nitrogen and thawing
in a 37°C bath. After freeze-thaw, liposomes were extruded with
the LipSoFast-Basic extruder (Avestin) 21 times through two
polycarbonate membranes (WHA10417004 or WHAI110405;
Sigma-Aldrich). For testing SMA, liposomes were extruded to
200 nm. For lipidation reactions, liposomes were first extruded
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to 100 nm and then were sonicated using the VirSonic 600
(VirTis) microtip sonicator to a size of 25 nm immediately prior
to the lipidation reaction.

Negative stain transmission electron microscopy

For negative staining SMA-treated liposomes, 400 mesh Form-
var carbon-coated copper grids (FCF400CU; Electron Micros-
copy Sciences) were glow discharged using a PELCO easiGlow
glow discharge cleaning system (Ted Pella, Inc.). Samples were
diluted 1:10 in buffer before being applied to the grid and stained
with 2% uranyl formate. Imaging was performed on a JEOL JEM-
1400 Plus microscope operated at 80 kV with a bottom-mount
4k x 3k CCD camera (Advanced Microscopy Technologies).

Styrene maleic acid membrane extraction, titration,

and immunoprecipitation

SMA membrane extraction occurs spontaneously after addition
to membranes (artificial or natural from cells). After addition of
SMA in any concentration, samples were mixed and incubated
for 5 min on ice to ensure complete extraction.

Titration was performed on 200 nm liposomes and on ATG2
DKO fraction 5 (Fig. 3) due to plentiful membrane material. For
liposome-based SMA titration, 50 mM liposomes were treated
with 2.5, 1.5, 0.5, 0.3, 0.1, and 0.01% SMA. They were then
negatively stained as described previously. For SMA titration
onto natural membranes, 200 ug of protein was treated with 2.5,
0.5, 0.1, and 0.01% SMA and incubated on ice for 5 min. The
SMA-to-lipid ratios were about 12:1, 1:1.5, 1:3, and 1:33, estimat-
ing that the protein-to-lipid ratio in the ER is around 1:1. Auto-
phagosomes have a lower protein to lipid ratio than the ER, so
herein it was referred to as the SMA-to-protein ratio. Samples
were then immunoisolated with GFP-LC3B using 50 pl of GFP
microbeads from a GFP isolation kit (130091125; Miltenyi Biotec)
added to each sample. Samples were incubated with beads on ice
for 2 h with gentle mixing every 15 min. The beads were then
run through MACS 25 MS separation columns (130042201;
Miltenyi Biotec) on the MACS MultiStand magnetic stand
(Miltenyi Biotec). Columns were primed with 500 pl 1X SHB,
followed by the entire volume of samples containing beads, and
then the beads were washed three times with 500 pl SHB. The
beads were then eluted from the column by removing the column
from the stand, holding it over a collection tube on ice, and adding
500 pl 1X SHB 100 pl at a time and allowing elution to occur by
gravity. After the last 100 pl, any liquid left in the column was
pushed through with a plastic plunger that comes with the col-
umn. Due to the large volume eluted, protein was precipitated
from the beads using either methanol/chloroform precipitation
(Fig. 5 C) or acetone precipitation (all other IP experiments).

For separation of whole organelles from SMA lipid particles
(SMALPs) following treatment with low concentration SMA
(Fig. 5 D), 600 pg of ATG2 DKO fraction 5 protein was treated
with 0.1% SMA and incubated on ice for 5 min. SMA-treated
sample and untreated control were loaded onto a Nycodenz
gradient (110 ul of 22.5% Nycodenz on bottom, 270 ul of 9.5%
Nycodenz layered next, and 100 pl of sample on top) in thin-
walled ultracentrifuge tubes and centrifuged at 38,600 rpm for
1 h at 4°C. The entire top fraction was carefully collected away
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from the visible intact membrane band (~400 pl), intact
membranes were collected in 50 pl, as well as 50 pl from the
bottom of the tube. The SMA-treated samples were then im-
munoisolated with GFP-LC3B using GFP microbeads as
described above.

SMA was used at a concentration of 2.5% per the literature.
The SMA to protein ratio in using 2.5% SMA was calculated after
the first set of IPs to be 12:1 SMA/protein, and was kept con-
sistent for all following experiments.

Three strategies for immunoprecipitation

For IPs against GFP-LC3B (Fig. 6 B), 50 ug of protein from either
WT Starve+Baf fraction 6 or ATG2 DKO fraction 5 (Fig. 3) was
either left untreated for whole organelle isolation, treated with a
SMA to protein ratio of 12:1 SMA/protein (2.5%), or treated with
1% Triton X-100 for standard detergent-based IP (Fig. 6 A).
Samples were incubated on ice for 5 min. All samples were then
immunoisolated with GFP-LC3B using GFP microbeads as de-
scribed in the previous section.

Methanol/chloroform protein precipitation

For precipitating protein from immunoisolated beads, 200 pl of
methanol (106035; Millipore) was added to 50 pl of sample (10%
of the beads) and vortexed well. 50 ul of chloroform (650498;
Sigma-Aldrich) was then added, the sample was vortexed, 150 ul
of ddH20 (115333; Millipore) was added, the sample was vor-
texed again, and was then centrifuged at 14,000 x g for 2 min at
room temperature. The top aqueous layer was removed, 200 pl
of methanol was added to the sample, the sample was vortexed,
and was then centrifuged at 14,000 x g for 3 min at room tem-
perature. Methanol was removed carefully, and the sample was
dried under vacuum for 2 min. The pellet was then resuspended
in 1X LDS, boiled at 98°C for 10 min, centrifuged at 14,000 rpm
for 10 min, beads were removed on a magnetic stand, and finally
15 mM DTT was added. Samples were then used for SDS-PAGE
and immunoblotting.

Acetone protein precipitation

For precipitating protein from immunoisolated beads, four
times the sample volume of ice-cold acetone was added to 100 pl
of sample (20% of the beads) and vortexed well. Acetone samples
were incubated at -20°C for 60 min. Samples were then
centrifuged at 14,000 rpm for 10 min at 4°C. Acetone was re-
moved carefully, and samples were either dried uncapped under
the fume hood for 30 min or under vacuum for 2-5 min. The
pellet was then resuspended in 1X LDS, boiled at 98°C for 10 min,
centrifuged at 14,000 rpm for 10 min, beads were removed on a
magnetic stand, and finally, 15 mM DTT was added. Samples
were then used for SDS-PAGE and immunoblotting.

Endogenous immunoprecipitation

For IPs against ATG9A (Fig. 6, D and E), 100 pg of protein from
either FLAG-ATG9A expressing WT Starve+Baf fraction 6 or
FIP200 KO fraction 5 (Fig. 4) was treated with an SMA to protein
ratio of 12:1 SMA/protein (2.5%) or treated with 1% Triton X-100
for standard detergent-based IP (Fig. 6 A). Samples were incu-
bated on ice for 5 min. Samples were then treated with 1 pg
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ATG9A antibody overnight at 4°C with mixing. Immunoisolation
was carried out using Pierce protein A/G magnetic beads
(88802; Thermo Fisher Scientific). 50 pl of beads per IP were
washed three times with 1X SHB on a magnetic stand, added to
each sample, incubated at room temperature for 60 min with
mixing, and washed again three times on a magnetic stand with
1X SHB. Samples were then eluted in 100 ul 1X LDS at room
temperature for 10 min, the beads were removed on a magnetic
stand, and 15 mM DTT was added. Samples were heated at 98°C
for 5 min and then used for SDS-PAGE and immunoblotting.

Protein denaturation using guanidine hydrochloride and
sequential immunoprecipitation

To make the determination between cis or trans protein-protein
interaction (Fig. 6 F), WT GFP-LC3B expressing HEK293 cells
were used for sequential IP. 50 pg of WT Starve+Baf fraction 6
was treated with either SMA in a ratio of 12:1 SMA:protein or 1%
Triton X-100 and immunoisolated with GFP-LC3B using 300 pl
GFP microbeads, otherwise as described previously before pro-
tein immunoprecipitation. The eluted beads were then treated
with 6 M guanidine hydrochloride (GdnHCl; [24115; Thermo
Fisher Scientific]) and incubated for 2 h at room temperature
with mixing. Beads were removed by running the sample
through a second MACS 25 MS separation column and collecting
the eluate. The sample was then diluted to 225 mM GdnHCl in 1X
SHB and treated with 1 ug ATG9A antibody before being incu-
bated at 4°C overnight with mixing. The sample was then ap-
plied to pre-washed Pierce protein A/G magnetic beads in 50 ml
tubes for 60 min at room temperature with mixing. The 50 ml
tubes were centrifuged at 4,000 rpm to pellet the beads, and the
flow-through was removed. The beads were then transferred to
1.5 ml microcentrifuge tubes and washed three times with 1X
SHB on a magnetic stand. The protein was eluted by adding 1X
LDS at room temperature for 10 min, removing the beads on a
magnetic stand, and adding 15 mM DTT before heating for 5 min
at 98°C. Samples were then used for SDS-PAGE and immuno-
blotting. The same procedure was applied to WT material under
basal conditions (Fig. S4 E), and similar protocol was applied to
WT HEK293 cells expressing FLAG-ATG9A as well as GFP-LC3B
(Fig. S4 F). WT FLAG-ATG9A expressing HEK293 cells were
transduced with GFP-LC3B to create a double-labeled (DL) cell
line for sequential IP. 35 ug of DL WT fraction 6 protein was
treated with either SMA in a ratio of 12:1 SMA:protein or 1%
Triton X-100 and immunoisolated with GFP-LC3B using 100 pl
GFP microbeads, otherwise as described previously before pro-
tein precipitation. GAnHCl treatment was performed the same as
above. The sample was then diluted to 225 mM GdnHCI in 1X
SHB and applied to pre-washed Pierce anti-FLAG magnetic ag-
arose beads (A36797; Thermo Fisher Scientific) in 50 ml tubes
for 30 min at room temperature with mixing. The 50 ml tubes
were centrifuged at 400 rpm to pellet the beads, and the flow-
through was removed. The beads were then transferred to 1.5 ml
microcentrifuge tubes and washed three times with IX SHBon a
magnetic stand. The protein was eluted by adding 1X LDS,
boiling the samples at 98°C for 10 min, removing the beads on a
magnetic stand, and adding 15 mM DTT. Samples were then used
for SDS-PAGE and immunoblotting.
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It is important to note that the dominant mechanism by
which GdnHCI denatures protein is reported to be electrostatic
interactions between the guanidinium ion and charged residues
as well as the peptide backbone (O’Brien et al., 2007). For this
reason, GdnHCl should unfold proteins without threatening the
captured lipids or SMA copolymer itself. The SMA copolymer is
reportedly pH-sensitive (Dérr et al., 2016), and the aqueous
GdnHCI solution is weakly acidic. SMALP samples were buffered
at pH 7.4 and the addition of GdnHClI to a final concentration of
6 M only shifted the pH to 7.2, remaining in the neutral range. In
any case, SMA 2:1, which is the copolymer ratio we use for this
study, functions at the widest pH range and remains soluble at a
pH as low as 5.0 (Scheidelaar et al., 2016).

Recombinant protein expression and purification

Mouse ATG3, human LC3B, and human GFP-LC3B were ex-
pressed and purified as previously described (Kauffman et al.,
2018; Nath et al., 2014). For all in vitro experiments, LC3B and
GFP-LC3B refer to protein expressed and purified from con-
structs ending at the reactive glycine (G120) of LC3B, and thus
no ATG4-mediated pre-processing was needed for lipidation. In
summary, human LC3B and GFP-LC3B were cloned in the pGEX-
2T GST vector, and mouse ATG3 was cloned into pGEX-6p GST
vector. All three proteins were expressed in BL21-Gold (DE3)
competent cells (Agilent Technologies; 230132). The cells were
cultured in 4 liters of Luria Bertani broth (LB) medium with
50 mg/ml carbenicillin (C1389; Sigma-Aldrich) and induced with
0.5 mM isopropyl B-D-thiogalactopyranoside (IPTG). Bacterial
pellets were treated with EDTA-free protease inhibitor tablets in
either thrombin buffer (20 mM Tris pH 7.5, 100 mM NaCl, 5 mM
MgCl,, 2 mM CaCl,, 1 mM DTT) for LC3B and GFP-LC3B or
preScission protease buffer (50 mM Tris pH 7.5, 150 mM NacCl,
1 mM EDTA, 1 mM DTT) for ATG3. The cells were broken in a cell
disrupter, and the lysate was incubated with pre-washed glu-
tathione agarose beads (G4501; Sigma-Aldrich) for 3 h at 4°C.
The beads were washed three times and then incubated with
thrombin (for LC3B/GFP-LC3; 10 pl of thrombin [T6884; Sigma-
Aldrich], 500 pl of thrombin buffer, 0.5 pl of DTT, 500 pl of
beads) or preScission protease (for ATG3; 25 pl of preScission
protease [GE27084301; Sigma-Aldrich], 500 pl of preScission
protease buffer, 0.5 pl of DTT, 500 pl of beads) to cut the pro-
teins from GST tags overnight at 4°C. Purified proteins were
stored in 20% glycerol at -80°C.

Protein expression and purification for human ATG7

Human ATG7 was expressed and purified as previously de-
scribed (Choy et al., 2012). In summary, the ATG7-containing
plasmid was transformed into Bacmid DNA. 2 pg of DNA was
used to infect 8 x 10° SF9 cells by using Cellfectin II (10362100;
Thermo Fisher Scientific) two times to increase viral titer to 5 x
106 plaque-forming units/ml. 1 x 108 plaque-forming unit/ml of
SF9 cells were infected with virus and grew for 72 h. The cells
were treated with PIC tablets in the lysis buffer (20 mM Tris pH
8, 500 mM NaCl, 20 mM imidazole, 1 mM DTT, 10% glycerol),
sonicated with the Virsonic 600 (VirTis) microtip sonicator for
3 min (30 s on, 30 s off} intensity 3.5), and centrifuged at
18,000 rpm for 1 h. The lysate was incubated with 1 ml of nickel
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resin (nickel-nitrilotriacetic acid-agarose) for 2 h at 4°C. The
beads were washed with the wash buffer (20 mM Tris pH 8,
300 mM NaCl, 20 mM imidazole [15513; Sigma-Aldrich], 1 mM
DTT) three times and eluted with the elution buffer (20 mM Tris
pH 7.5, 300 mM NaCl, 500 mM imidazole, 1 mM DTT). Purified
proteins were stored in 20% glycerol at -80°C.

Lipidation assay, float up, and immunoprecipitation following
SMA extraction

Recombinant LC3B and GFP-LC3B underwent the lipidation
process to be coupled to liposomes at the same time. In short,
LC3B protein (30 pM), GFP-LC3B protein (15 pM), ATG3 (16
uM), ATG7 (4 uM), and sonicated liposomes (8 mM) were mixed
with DTT (1 mM) in SN buffer. Lipidation was initiated by
adding ATP (1 mM), the reaction was incubated at 37°C for 1 b,
1 mM of ATP was added again to the reaction, and the reaction
was incubated at 37°C for 1 h.

Protein-coupled liposomes were floated up by loading them
onto Nycodenz gradients (150 pl of lipidation reaction mixed
with 150 pl of 80% Nycodenz [40% Nycodenz layer] on bottom,
250 pl of 30% Nycodenz layered next, and 50 pl of 1X SN
buffer on top) in a thin-walled ultracentrifuge tube (355090;
Beckman Coulter), and centrifuging them at 48,000 rpm for
4 h at 4°C. Protein-coupled liposomes were recovered in 40 pl
from the interface between 30% Nycodenz and buffer. Ny-
codenz was diluted with 5X SN buffer to final concentrations
in 1X SN buffer in 10 ml. Protein-coupled liposomes were
collected and pooled.

To validate natural membrane results with these liposomes
decorated with only LC3B and GFP-LC3B, 37.5 ul of lipidated
material was treated with 2.5% SMA, 0.5% SMA, or 1% Triton X-
100. Samples were immunoprecipitated with GFP-LC3B using
GFP microbeads as described in previous sections.

Online supplemental material

Fig. S1 shows line scans of more LC3B-positive vesicle clusters in
ATG2 DKO cells. Fig. S2 shows lipidation and p62 turnover de-
fects in ATG9A KO cells, as well as the lipidation defects in
FIP200 KO and ATG3 KO cells. Fig. S3 is an annotated work-
flow for the isolation of autophagosomes. Fig. S4 shows the
distribution of ATG9A, GFP-LC3B, LC3B, Calnexin, and TOM20
in basal WT membrane fractions. It also shows the distribution
of lipidated LC3B and GFP-LC3B in WT and ATG2 DKO cells, and
contains more GdnHCI sequential IPs under basal conditions
and using FLAG-ATGY9A pull down instead of endogenous
ATGYA. Fig. S5 compares basal WT, starved and bafilomycin
Al-treated WT, and basal ATG2 DKO cell membrane fractions
and the IPs in Fig. 6 between the two cell lines. Additionally, it
includes an in vitro experiment of SMA-treated liposomes
decorated with GFP-LC3B and LC3B. Table Sl is the total re-
covery of ATG9A in autophagosomes between WT and all KO
cell lines.

Data availability

Tabular data underlying Fig. 3, D and E, 4, E-G, 6, Cand F, S4 B,
and S5, A-I and K are openly available in Zenodo at https://doi.
0rg/10.5281/zenodo.7799942.
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Figure S1. The pre-ATG2 compartment is an organized collection of pre-autophagosomal proteins and membranes. Line scans corresponding to six
individual LC3B-positive structures from ATG2 DKO HEK293 cells per early autophagy factor. (A) ATG9A signal largely colocalizes with LC3B but in the largest
structures is also found enriched in the compartment core. (B) p62 consistently colocalizes with LC3B with strongest signal in the center of the compartment in
the majority of sampled cells. (C) WIPI2 signal is consistently found on the outside of the LC3B signal, colocalizing with LC3B at the rim of the com-
partment. (D) FIP200 colocalizes with LC3B, with both direct overlap and adjacent localization. Inset images are single slices from confocal Z-stacks.
Inset scale bars: 3 um.
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Figure S2. ATG9A knockout displays little to no lipidation. (A) Immunoblot showing the loss of ATGIA protein in ATG9A KO HEK293 cells. LC3B lipidation
is blocked and p62 accumulates, suggesting no autophagic flux. Loaded protein: 10 pg. (B) Immunofluorescence of WT HEK293 cells compared to ATG9A KO
HEK293 cells and ATG9A KO cells rescued with transient expression of FLAG-ATG9A. Rescue of the ATG9A KO shows restoration of bafilomycin Al-dependent
accumulation of autophagosomes as in the WT. Maximum intensity projections of confocal images. Scale bars: 10 um. (C€) Immunoblots showing LC3B lip-
idation, p62 turnover, and bafilomycin Al-induced accumulation of lipidated LC3B is restored by addition of exogenous ATG9A in both transient (left) and stable
(right) expression in ATG9A KO cells. Loaded protein: 10 pg. (D) Immunoblot showing the loss of FIP200 protein in FIP200 KO HEK293 cells. LC3B lipidation is
blocked, suggesting no autophagic turnover. Loaded protein: 10 ug. (E) Immunoblot showing the loss of ATG3 protein in ATG3 KO HEK293 cells. Loss of LC3B
lipidation suggests no autophagic turnover. Loaded protein: 15 pg.
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Membrane Fractionation, Styrene Maleic Acid Copolymer Extraction
and Purification Workflow
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2. Cell Collection

40 Plates ataTime

3. Membrane Fractionation
WT Starved+Baf Example Tubes

Fraction: Fraction: Fraction:
1
2 Dounce
Homogenize
3 Bulk «—
5

5&6 .

4 Percoll ‘

Spin 1 Spin 2 Spin 3
38.6K RPM 27.6K RPM 27.3KRPM
Average No. Tubes per Cell Line per Replicate 5> 4. Protein Quantification
19 WT Starve+Baf 18 WT Starve+Baf 4 WT Starve+Baf 5. SMA or Triton X-100 Treatment
42 WT Basal 39 WT Basal 6 WT Basal Membrane sample clarifies:
13 ATG2 DKO 12 ATG2 DKO 2 ATG2 DKO ~5 min on ice '
13 FIP200 KO 12 FIP200 KO 2 FIP200 KO
13 ATG9A KO 12 ATG9A KO 2 ATG9A KO
13 ATG3 KO 12 ATG3 KO 2 ATG3 KO m
13 ATG4 QKO 12 ATG4 QKO 2 ATG4 QKO 6.GFP IP 7.GdnHCI 2xIP
*40 uL AP Fraction
Recovered per Tube

See Table 1

8. Western Blotting
Figures 3,4,5,6,7
Supplements 3, 4

s e ¥

Figure 7 Western Blots

Figure S3.  Workflow for membrane collection and separation for use in this study. Autophagosomes make up only a small percentage of total membrane
in most cells and thus approaches to isolate autophagosome-enriched material typically require significant starting biomass. To isolate autophagosomes, we
are using a density gradient centrifugation approach originally applied to rat tissue, where biomass is plentiful (Stremhaug et al., 1998), which we later adapted
for use in cell culture (Jeong et al, 2009). In this illustrated workflow, we start with various cell lines grown in culture on 15-cm plates which we then scrape
and Dounce homogenize before putting through a density centrifugation fractionation protocol. Our ultimate goal in this paper is to then isolate nanoscopic
regions of autophagic membrane in SMA-derived nanodiscs and subject this material to various further protein-protein interrogations including a denaturant
step. Each of these steps leads to a loss of material, and thus necessitates a very significant initial investment in cell culture mass. In this illustrated workflow,
the numbers of plates, tubes, etc. are detailed for one replicate per cell line.
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Figure S4. Additional considerations for ATG9A and LC3B distribution and co-residency. (A) Immunoblot of cell membrane fractions from GFP-LC3B
expressing WT HEK293 cells showing enrichment of ATG9A and LC3B together in fraction 5 and 6. Cells were grown in DMEM under basal conditions like the
KO cells lines in Fig. 4. Loaded protein: 3 pg. (B) Densitometric quantification of ATG9A, GFP-LC3B, LC3B-II, Calnexin, and TOM20 in WT Basal membrane
fractionation displayed as average + SD. The intensity of the bands in A were normalized to the lysate, and statistical significance was assessed by two-way
ANOVA. **, adjusted P value <0.01. ****, adjusted P value <0.0001. n = 3 biological replicates, except TOM20 signal was oversaturated in fraction 5 in one
replicate, so n = 2 included biological replicates for TOM20 in fraction 5. (C) Immunoblot comparing endogenous levels of LC3B-II in HEK293 cells with or
without overexpression of GFP-LC3B. The endogenous LC3B pool in ATG2 DKO cells is mostly but not completely in form II, perhaps because the ability to
lipidate LC3B is saturated with GFP-LC3B overexpression. WT and ATG2 DKO samples are from the same blot. Loaded protein: 10 pg. (D) Immunoblots from
membrane fractions from both WT and ATG2 DKO HEK293 cells were run on the Bolt SDS-PAGE system, which allows larger fusion proteins to run far enough
to separate protein conjugated to lipid, to distinguish GFP-LC3B-I and GFP-LC3B-II. Colored dots indicate whether the non-lipidated (blue) and/or lipidated
(red) forms of GFP-LC3B were detectable in each lane. Loaded protein: 3 ug. (E) Immunoblot of sequential IPs as in Fig. 6 F, first with GFP-LC3B and then with
endogenous ATG9A, from GFP-LC3B expressing WT HEK293 cells under basal conditions. After the first IP, the sample was treated with 6 M GdnHCl before
diluting over 25X and performing a second IP against ATG9A. Recovery of GFP-LC3B after the second IP is more robust in SMALPs than in soluble Triton-X
micelles. Input protein for GFP IPs: 50 ug. Input for ATG9A IPs: 98% of the material collected from the GFP IPs. Loaded input protein: 5 pg (10%). Loaded GFP
IPs: 1% of the total collected from the beads. Loaded ATG9A IPs: 50% of the total collected from the beads after GdnHCl treatment. (F) Immunoblot of
sequential IPs as in Fig. 6 F, using WT HEK293 cells expressing both GFP-LC3B and FLAG-ATG9A. After the first IP, the sample was treated with 6 M GdnHCl
before diluting over 25X and performing a second IP against FLAG. Recovery of GFP-LC3B after the second IP is more robust in SMALPs than in soluble Triton-X
micelles. Input protein for GFP IPs: 35 pg. Input for FLAG IPs: 98% of the material collected from the GFP IPs. Loaded input protein: 0.35 pg (1%). Loaded GFP
IPs: 1% of the total collected from the beads. Loaded ATG9A IPs: 50% of the total collected from the beads after GdnHCl treatment.
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Figure S5. Further quantifications and in vitro controls. (A-D) Densitometric quantification of GFP-LC3B, LC3B-II, Calnexin, and TOM20 from the density
gradient membrane fractions in Figs. 3 and S4 displayed as average + SD. The intensity of the bands were normalized to the lysate, and statistical significance
was assessed by two-way ANOVA. *, adjusted P value <0.05. **, adjusted P value <0.01. ***, adjusted P value <0.001. ****, adjusted P value <0.0001. WT
Basal, n = 3 biological replicates; WT Starved+Baf, n = 4 biological replicates; ATG2 DKO, n = 3 biological replicates. TOM20 signal was oversaturated in fraction
5 of the WT Basal in one replicate, so n = 2 included biological replicates for TOM20 in WT Basal fraction 5. Comparisons are nonsignificant unless noted
otherwise in this figure. (E-I) Densitometric quantification of the GFP-LC3B IPs in Fig. 6 comparing protein levels from ATG9A/LC3B-enriched fractions
between WT and ATG2 DKO HEK293 cells displayed as average + SD. The intensity of the bands were normalized to the input, and statistical significance was
assessed by two-way ANOVA. All comparisons between WT and ATG2 DKO IPs were nonsignificant. Both cell lines, n = 3 biological replicates, except WT Triton
X-100 IPs where n = 2 biological replicates. (J and K) In vitro SMA isolation of GFP-LC3B and LC3B decorated liposomes reveal low frequency of co-
residency in SMALPs of randomly distributed proteins. 25 nm liposomes were lipidated as described before (Kauffman et al., 2018), with both LC3B and
GFP-LC3B. (J) Coomassie-stained SDS-PAGE gel showing IPs of lipidated liposomes treated with various SMA concentrations or Triton X-100. The 2.5%
SMA condition mimics that used on the natural membrane SMA IPs in Fig. 6. The in vitro results show that recovery of two distinct peripheral proteins together
is relatively rare and further these results closely mirror the recovery of these two proteins from natural sources as shown with the SMA titrations in Fig. 5 C on
levels of GFP-LC3B and LC3B recovery. (K) Densitometric quantification of the LC3B:GFP-LC3B ratio between IPs displayed as average + SD. Statistical sig-
nificance was assessed by one-way ANOVA. *, adjusted P value <0.05. **, adjusted P value <0.01. n = 3 in vitro biological replicates.
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Video 1. FIB-SEM revealed a spherical compartment of vesicles in ATG2 DKO cells. FIB-SEM from Fig. 1 moving down the Z axis of the cluster of vesicles
in ATG2 DKO HEK293 cells. Each frame is a FIB-SEM slice. Scale bar: 500 nm. FIB-SEM slice thickness: 7 nm.

Provided online is Table S1. Table S1 shows total protein recovery in the autophagosome fraction.
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