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INTRODUCTION: Macroautophagy (hereafter
autophagy) is an evolutionarily conserved
lysosomal degradation pathway. It ensures
cellular homeostasis and health by removing
harmful material from the cytoplasm. Among
the many substances that are degraded by
autophagy are protein aggregates, damaged
organelles, and pathogens. Defects in this path-
way can result in diseases such as cancer and
neurodegeneration. During autophagy, the
harmful material, referred to as cargo, is se-
questered by double-membrane vesicles called
autophagosomes, which form de novo around
the cargo. Autophagosome formation occurs
at sites close to the endoplasmic reticulum
(ER). The process is catalyzed by a complex
machinery that includes protein and lipid ki-
nases, membrane binding and transfer pro-
teins, and ubiquitin-like conjugation systems.
How these components and biochemical activ-

ities act in concert to mediate autophagosome
formation is incompletely understood. Partic-
ularly enigmatic are autophagy related protein
9 (Atg9)-containing vesicles that are required
for the assembly of the autophagy machinery
but do not supply the bulk of the autophago-
somal membrane.

RATIONALE: To understand the mechanism of
how the various biochemical activities of the
autophagy machinery are orchestrated during
the nucleation and expansion of the precur-
sors to autophagosomes at the cargo, we fully
reconstituted these events using the yeast
machinery. Specifically, we used recombinant-
ly expressed and purified proteins in combi-
nation with reconstituted Atg9 proteoliposomes
and endogenous Atg9 vesicles isolated from
cells. Our reconstituted system included
21 polypeptides, as well as membrane platforms,
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Assembly of the yeast autophagy machinery. Model for the assembly of the yeast autophagy machinery
and Atg2-mediated lipid transfer into Atg9 vesicles from a donor compartment, such as the endoplasmic
reticulum, during the nucleation of autophagosomes.
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making up almost the entire yeast core ma-
chinery required for selective autophagy. This
approach allowed us to exert full control over
the biochemical reactions and to define the
organization principles of the early autoph-
agy machinery.

RESULTS: We found that Atg9 vesicles and
proteoliposomes were recruited to the au-
tophagy cargo via the Atgl9 receptor and Atgll
scaffold axis. The vesicles in turn recruited
the Atg2-Atgl8 lipid transfer complex and
the class III phosphatidylinositol 3-phosphate
kinase complex 1(PI3KC3-C1), which produced
the signaling lipid phosphatidylinositol 3-
phosphate (PI3P). PI3P production triggered
the subsequent recruitment of the PI3P-
binding protein Atg21, which together with
the Atg2-Atgl8 complex efficiently attracted
the E3-like Atgl12-Atg5-Atgl6 complex. Togeth-
er with the El-like Atg7 and the E2-like Atg3
proteins, the recruitment of the E3-like com-
plex ultimately resulted in the conjugation of
the ubiquitin-like Atg8 protein to the head-
group of phosphatidylethanolamine (PE) on
the Atg9 vesicles and proteoliposomes. Atg8
conjugation is a hallmark of autophagy and
necessary for membrane expansion. Further-
more, we discovered that sustained Atg8 con-
jugation required the Atg2-mediated transfer
of PE from a donor membrane into Atg9
proteoliposomes.

CONCLUSION: We conclude that Atg9 vesicles
form seeds that establish membrane contact
sites to initiate the transfer of lipids from
donor compartments such as the ER. It has
become increasingly clear that lipid transport
between different compartments occurs at
membrane contact sites and that it is medi-
ated by lipid transfer proteins. Notably, lipid
transfer at membrane contact sites requires
two preexisting compartments. We propose
that during the de novo formation of auto-
phagosomes, the Atg9 vesicles recruit the
autophagy machinery and serve as nucleators
to establish membrane contact sites with a
donor compartment such as the ER. Atg2-
mediated lipid transfer in conjunction with
energy-consuming reactions such as PI3K-
dependent PI3P production and Atg8 lipida-
tion on the Atg9 vesicles drive net flow of
lipids into the vesicles, resulting in their ex-
pansion for autophagosome formation.
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Autophagosomes form de novo in a manner that is incompletely understood. Particularly enigmatic
are autophagy-related protein 9 (Atg9)-containing vesicles that are required for autophagy machinery
assembly but do not supply the bulk of the autophagosomal membrane. In this study, we reconstituted
autophagosome nucleation using recombinant components from yeast. We found that Atg9 proteoliposomes
first recruited the phosphatidylinositol 3-phosphate kinase complex, followed by Atg?21, the Atg2-Atgl8 lipid
transfer complex, and the E3-like Atgl2-Atg5-Atgl6 complex, which promoted Atg8 lipidation. Furthermore,
we found that Atg2 could transfer lipids for Atg8 lipidation. In selective autophagy, these reactions could
potentially be coupled to the cargo via the Atgl9-Atgll-Atg9 interactions. We thus propose that Atg9 vesicles
form seeds that establish membrane contact sites to initiate lipid transfer from compartments such as the

endoplasmic reticulum.

utophagy mediates the degradation of

cytoplasmic material (the cargo) within

lysosomes and ensures cellular homeo-

stasis (7). Defects in autophagy have been

associated with severe pathologies such
as neurodegeneration, cancer, and infections
(2). Cargo degradation is achieved by its se-
questration within double-membrane vesicles
called autophagosomes. These form de novo
in an inducible manner and first appear as
small membrane structures called isolation
membranes (or phagophores), which gradu-
ally enclose the cargo as they grow. The assembly
and growth of the isolation membranes is de-
pendent on a number of conserved autophagy-
related (Atg) proteins that act together in a
hierarchical manner to nucleate and expand
the isolation membranes (3-5). In yeast, these
include the Atgl protein kinase complex, ves-
icles containing the Atg9 protein, the class III
phosphatidylinositol 3-phosphate kinase com-
plex 1 (PI3KC3-C1) producing the signaling
lipid phosphatidylinositol 3-phosphate (PI3P),
the PI3P-binding PROPPIN proteins, the lipid
transfer protein Atg2, and the ubiquitin-like
Atgl2 and Atg8 conjugation systems (Fig. 1A).
During selective autophagy, the interaction of
cargo receptors with scaffold proteins directs
this machinery toward specific cargos (6, 7). The
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attachment of Atg8 to the membrane lipid
phosphatidylethanolamine (PE), referred to as
lipidation, is the most downstream event of
this cascade. How the biochemical activities of
the autophagy machinery are orchestrated to
mediate the formation of autophagosomes is
not well understood. Especially enigmatic is
the role of Golgi-derived Atg9 vesicles that are
required for nucleation of the isolation mem-
brane but that do not provide the bulk of the
autophagosomal membrane (8-1I). The bulk
of the lipids appears to be derived from other
donor compartments, in particular the endo-
plasmic reticulum (ER) (12-19).

Previous work has demonstrated that mem-
brane contact sites are major mediators of non-
vesicular lipid flow between compartments
within the cell (20, 21). The flow of lipids is
mediated by lipid transfer proteins that ex-
tract lipids from a donor membrane and trans-
port them to an acceptor membrane. To
elucidate how the various activities of the au-
tophagy machinery act together during the
nucleation of isolation membranes, we recon-
stituted a large part of the yeast autophagy
machinery in vitro.

Membrane recruitment of Atgl2-Atg5-Atgl6
by Atg2l and Atg2-Atgl8

A hallmark of isolation membranes and com-
pleted autophagosomes is the conjugation of
the ubiquitin-like Atg8 proteins to the head-
group of the lipid PE (22, 23). The Atg8 pro-
teins are required for isolation membrane
expansion, closure, and cargo selectivity (24).
The conjugation of Atg8 to PE is mediated by
the El-like Atg7 and the E2-like Atg3 proteins
(22) as well as the Atgl2-Atg5-Atgl6 complex
that acts in an E3-like manner (25) by activat-
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ing and localizing Atg8-loaded Atg3 to the
membrane (26, 27). Thus, the localization of
the Atgl2-Atg5-Atgl6 complex is a crucial de-
terminant of the site of Atg8 lipidation (28).
Atgl6 binds to the PI3P-binding PROPPIN
protein Atg21 (29). We sought to determine
whether this interaction could mediate the
recruitment of the Atgl2-Atg5-Atgl6 complex
to PI3P-containing membranes, such as the
isolation membrane, and found that Atg21
bound to PI3P-containing giant unilamellar
vesicles (GUVs) (Fig. 1B). As expected (27), the
Atgl12-Atg5-Atgl6 complex did not directly
bind to this lipid composition and was recruited
only in the presence of Atg21 (Fig. 1B). In cells,
the PI3P at the pre-autophagosomal structure
(PAS) recruits another PROPPIN, the Atgl8
protein in complex with the membrane tether-
ing and lipid transfer protein Atg2 (16, 30-33).
We examined whether the Atg2-Atgl8 com-
plex could also interact with Atg12-Atg5-Atgl6
and thereby contribute to its recruitment to
PI3P-positive membranes. Indeed, we detected
a direct interaction between the two protein
complexes in a pull-down assay (Fig. 1C). We
also observed that the presence of Atg2-Atgl8
tended to accelerate the recruitment of the
Atgl2-Atg5-Atgl6 complex to PI3P-containing
GUVs (fig. S1A). Microscopy-based pull-down
and membrane recruitment experiments indi-
cated that, as expected, Atg21 bound to the
Atgl12-Atg5-Atgl6 complex via Atgl6 (fig. S1,
B and C) (29), while the interaction of Atg2
was mediated by Atg5 and the interaction of
Atg18 required the presence of Atgl2 (Fig. 1,
D to F, and fig. S1D).

These results suggested the formation of a
holocomplex on the membrane, containing
Atg21, Atgl2-Atg5-Atgl6, and Atg2-Atgl8, and
so we dissected the recruitment of the individ-
ual components in more detail. Atg21 was the
main driving force for the recruitment of Atgl2-
Atg5-Atgl6 under the conditions tested (Fig. 1G).
In cells, both PROPPINS (Atgl8 and Atg21) and
Atg2 contributed to the localization of Atgl2-
Atg5-Atgl6 to the PAS (fig. S2) (29). The resi-
dual recruitment of Atgl2-Atg5-Atgl6 in the
triple-deficient cells could be mediated by the
Atgl complex (34). In addition, deletion of Atg2,
Atgl8, and Atg21 strongly reduced Atg8 lipid-
ation (fig. S3A), and deletion of any of the three
proteins stalled the progression of the autoph-
agic pathway (fig. S3, B and C) (29, 30).

At the PAS, the PI3KC3-C1 [consisting of the
vacuolar protein sorting 34 (Vps34), Vps15,
Atg6, and Atgl4: subunits] phosphorylates phos-
phatidylinositol (PI) to PI3P (35). To address
whether the recruitment of the Atgl2-Atg5-
Atgl6 complex and Atg8 lipidation could be
driven by the activity of the PI3KC3-C1 through
the PI3P-dependent recruitment of Atg2-Atgl8
and Atg21, we added the purified PI3KC3-C1
to PI-containing GUVs in the presence of Atg21
and Atg2-Atgl18 (Fig. 2A). The Atgl12-Atg5-Atgl6
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Fig. 1. Membrane recruitment of the Atgl2-Atg5-Atgl6 complex by
PROPPINSs. (A) Cartoon showing proteins used in this study. PI3KC3-C1

is labeled as PI3K in all figures. (B) GUVs containing PI3P (57% POPC, 25.5%
POPS, 15% POPE, 2.5% PI3P; see table S2 for lipid definitions) were incubated
with either 1 uM Atgl2-Atg5-Atgl6-mCherry supplemented with 1 uM
eGFP-Atg21, 1 uM eGFP-Atg2l, or 1 uM Atgl2-Atg5-Atgl6-mCherry and

imaged by microscopy. DIC, differential interference contrast microscopy.
(C) GFP-Trap pulldown using Atgl2—Atgh-Atgl6-GFP or GFP as bait and Atg2-Atgl8 as
prey. The bait and the prey proteins were detected by immunoblotting with anti-GFP

Scale bar: 20 pm

and anti-CBP antibodies, respectively. (D to F) Quantification of the pull-down
experiment mapping the interaction between Atgl2-Atgb-Atgl6 and Atg2-Atgl8
shown in fig. S1D. The quantification is based on three independent experiments.
Standard deviations are shown. A schematic representation of the putative
holocomplex composed of Atgl2-Atgh-Atgl6, Atg2-Atgl8, and Atg21 is shown
as a cartoon insert in (F). a.u., arbitrary units. (G) GUVs of the same lipid
composition as in (B) were incubated with Atgl2-Atg5-Atgl6-mCherry, Atg?21, or
Atg2-GFP-Atgl8 at 1 uM final concentration each, and the recruitment of the
proteins to the membrane was imaged by microscopy.

complex was recruited to the GUV membrane,
and this recruitment was dependent on the
activity of the PI3KC3-C1 (Fig. 2A and fig. S4A).
Atg21 alone was sufficient to recruit the Atgl2-
Atg5-Atgl6 complex and to induce Atg8 lipida-
tion on the GUVs (Fig. 2B). These effects were
enhanced when Atg2-Atgl8 was also present

Sawa-Makarska et al., Science 369, eaaz7714 (2020)

(Fig. 2B). We interpreted the localization of
green fluorescent protein (GFP)-Atg8 on the
membrane as lipidation because it was abol-
ished when using a nonconjugatable form of
Atg8 (GFP-Atg8-6xHis) and it strictly depended
on the presence of the conjugation machinery
Atg7 and Atg3 (fig. S4B).

4 September 2020

Reconstitution of Atg8 lipidation on

Atg9 proteoliposomes

Autophagosome nucleation depends on the pres-
ence of Atg9 vesicles (8-11). In Saccharomyces
cerevisiae, a few of these vesicles translocate
to the autophagosome formation site (8). Be-
cause Atg9 is required for the recruitment of
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Fig. 2. In vitro reconstitution of PI3KC3-C1-dependent Atg8 lipidation.

(A) The Atg8-PE conjugation machinery (Atg7, Atg3, Atgl2-Atgb-Atgl6-mCherry,
and GFP-Atg8AR117) and PROPPINs (Atg21 and Atg2-Atgl8) were added to GUVs
(55% DOPC, 10% DOPS, 17% DOPE, 18% liver Pl) and incubated in the presence or
absence of PI3KC3-C1 and cofactors (ATP, MnCl,, MgCl,, and EGTA). Microscopy
images of representative GUVs are shown. The proteins included in the experiment
are depicted in the cartoon inserts. (B) Atg8 lipidation to GUVs depends on the
presence of Atg21. GUVs were incubated with Atg8-PE conjugation machinery
proteins as in (A) and PI3KC3-C1 in the presence of either one or both PROPPINs.
The quantification of the GFP signal on GUVs from three independent experiments is
shown to the left. (C) Atgl2-Atg5-Atgl6 recruitment to Atg9 PLs depends on the
activity of PI3KC3-C1. GFP-Trap beads were coated with Atg9-EGFP PLs and
incubated with Atg21, Atg2-Atgl8, and Atgl2-Atg5-Atgl6-mCherry in the presence
or absence of PI3KC3-C1 and ATP or in the presence of PI3KC3-C1 and AMP-PNP.

Microscopy images of representative beads are shown. (D) Beads as in (C) were
incubated with Atgl2-Atg5-Atgl6-mCherry and PISKC3-Cl in the presence of
either one or both PROPPINs. The quantification of mCherry signal on beads from
three independent experiments is shown to the left. (E) Reconstitution

of Atg8 lipidation to Atg9 PLs. Beads as in (C) were incubated with PI3KC3-C1,
ATP, Atg?1, Atg2-Atgl8, mCherry-Atg8AR1L7, Atg7, Atg3, and Atgl2-Atg5-Atgl6,
each time omitting one of the Atg8—PE conjugation machinery proteins, as
indicated above the microscopy images of representative beads. (F) Atg8
lipidation to Atg9 PLs depends on the presence of Atg2l. Beads as in (C) were
incubated with PI3KC3-C1, ATP, mCherry-Atg8AR117, Atg7, Atg3, and Atgl2-
Atgb-Atgl6 in the presence of either one or both PROPPINSs. The quantification
of mCherry signal on the beads from three independent experiments is shown
to the left. Significance is indicated using P values from Student’s t test: *P < 0.05,
**P < 0.01, ***P < 0.001.

the PIBKC3-C1 to the site of autophagosome
formation (36), we wondered whether the Atg9
vesicles could serve as platforms for the as-
sembly of the autophagy machinery and there-
by nucleate autophagosome formation. To this
end, we reconstituted the purified Atg9 pro-
tein into small unilamellar vesicles (SUVs) to
form proteoliposomes (PLs) (fig. S5, A to D).
To mimic the natural lipid composition of
these vesicles, we isolated Atg9 vesicles from
S. cerevisiae and determined their lipid com-
position by lipidomics (fig. S6A). The vesicles
had a high PI content (44%) (fig. S6B) (37),
suggesting that they should be particularly
good substrates for the PI3KC3-C1. To test this,
we tethered PLs containing Atg9-enhanced
green fluorescent protein (EGFP) to GFP-Trap
beads to image the recruitment of other fac-
tors by microscopy. The membrane of the PLs
was labeled by incorporation of a blue mem-
brane dye (ATTO390-DOPE). Upon incubation
of the vesicles with the PI3KC3-C1, Atg21, Atg2-
Atgl8, and the Atgl2-Atg5-Atgl6 complex, we
observed recruitment of Atgl2-Atg5-Atgl6 to
the Atg9 PLs (Fig. 2C). Consistent with the re-
sults above (Figs. 1G and 2B), recruitment was
strongest in the presence of both Atg2-Atgl8
and Atg21 (Fig. 2D). We then added Atg7 and
Atg3 to the reaction (now containing 14: poly-
peptides) to test whether Atg8 could be conju-
gated to the Atg9 PLs in a manner that depends
on PI3KC3-Cl, Atg21, Atg2-Atgl8, and Atgl2-
Atg5-Atgl6. We observed efficient Atg8 lipida-
tion to the Atg9 PLs (Fig. 2E). Reduction of the
Atg8 signal upon addition of the wild-type de-
lipidating enzyme Atg4 but not its catalytic
mutant (fig. S7A) showed that the detected
mCherry-Atg8 signal at the beads was indeed
attributable to lipidation.

Analogous to the results we observed for
Atgl2-Atg5-Atgl6 recruitment, Atg8 conjuga-
tion was relatively independent of the Atg2-
Atg18 complex and was also weakly detectable
in the absence of the PI3KC3-C1 (Fig. 2F and
fig. S7, B and C), likely because Atg21 shows
residual binding to PI-containing membranes.
These results suggested a division of labor be-

Sawa-Makarska et al., Science 369, eaaz7714 (2020)

tween Atg21 and Atg2-Atgl8, where Atg21 plays
amajor role in the initial recruitment of Atg12-
Atg5-Atgl16, and the main function of Atg2-
Atgl18 could be membrane tethering and lipid
transfer (16, 30-33).

Reconstitution of autophagosome nucleation
in selective autophagy

In selective autophagy, autophagosome nucle-
ation must be coupled to the presence of cargo
material (7). The cargo is recognized by cargo
receptors such as p62 in human cells and Atgl9
in S. cerevisiae. These cargo receptors link the
autophagy machinery to the cargo via the
FIP200/Atg11 proteins (6). Atgll was shown to
interact with Atg9 (38, 39). We purified full-
length Atgll and, in agreement with (40) but
in contrast to (39), found Atgll to be a con-
stitutive dimer (fig. S8B). Atgll bound directly
to the N terminus of Atg9 (fig. S8C). Next, we
examined whether the Atgl9 cargo receptor
could recruit the autophagy machinery, includ-
ing Atg9 vesicles, to the cargo and subsequently
initiate Atg8 conjugation. The cargo was mi-
micked by attachment of the GST-prApel pro-
peptide (residues 1 to 41) to glutathione beads.
These were incubated with the Atgl9 cargo
receptor and subsequently with Atgll. Atgll
was recruited to the beads in an Atg19-dependent
manner. The recruitment was enhanced
when a phospho-mimicking mutant of Atgl9
[Ser2®3913%_, Asp (390D, S391D, and S396D)]
(41) was used (fig. S8A). Atg9 PLs and Atg9
vesicles isolated from cells (fig. S9) bound to
the cargo beads in an Atgll-dependent manner
(Fig. 3, A and B, and fig. S8D). When we added
the PIBKC3-Cl, Atg2-Atgl8, Atg2l, Atgl2-Atg5-
Atgl6, Atg3, Atg7, and Atg8 to the Atg9 PLs
bound to the cargo beads—a reaction now con-
taining almost the entire autophagy machinery—
Atg8 was efficiently lipidated and anchored to
the Atg9 PLs (Fig. 3C). Isolated Atg9 vesicles
could also serve as substrates for the lipidation
reaction (Fig. 3D), although the lipidation was
markedly less prominent on the vesicles than
on the reconstituted PLs (fig. S1I0A). The Atg8
signal on the Atg9 vesicles was attributable to
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lipidation because it depended on the Atgl2-
Atg5-Atgl6 complex (Fig. 3D) and decreased
upon addition of Atg4 (Fig. 3E). Thus, the au-
tophagy machinery can be redirected toward
the cargo via the cargo receptor (Atgl9)-scaffold
(Atgll)-Atg9 axis (Fig. 3 and fig. S10B). The
Atgl-Atgl3 complex was also recruited to these
beads (fig. S10C). Thus, Atgll and Atg9 vesicles
are sufficient to recruit (almost) the entire
autophagy machinery to the cargo.

Atg9 vesicles as acceptors for lipid transfer by Atg2
Owing to their small size, Atg9 vesicles provide
only limited surface for Atg8 lipidation and
isolation membrane expansion. Furthermore,
in addition to Atg9, these vesicles contain
other proteins, which further reduce the ef-
fective surface for lipidation. This is consistent
with our finding that Atg9 vesicles were less
efficient substrates for Atg8 lipidation than
Atg9 PLs (Fig. 3 and fig. S1I0A). To estimate
the available membrane surface of these ves-
icles, we built a three-dimensional model of
an Atg9 vesicle (Fig. 4A and movie S1). We
based this model on an average diameter of
60 nm (fig. S9) (8), our proteomics data (fig.
S6C and data S1), and an average of 28 Atg9
molecules per vesicle (8). In addition, we placed
one molecule each of PI3KC3-C1, Atg2-Atgl8,
Atg21, Atgl12-Atg5-Atgl6, and Atg3 loaded with
Atg8 on the vesicular membrane (see Mate-
rials and methods section for details). With 70
proteins present in the modeled Atg9 vesicle,
the accessibility of the membrane would be
very limited. We calculated an effective dynam-
ic surface coverage of 82% of the membrane
area. Given that peripheral membrane pro-
teins may have been lost during the isolation,
the very stringent selection of proteins from
mass spectrometric data used for modeling,
and the fact that we assumed the Atg9 N and
C termini not to interact with the vesicular
membrane, the actual free surface may be even
lower and more difficult to reach for incoming
proteins. Thus, Atg9 vesicles may require lipid
influx to transform into an efficient substrate
for Atg8 lipidation.
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Fig. 3. Reconstitution of cargo-directed Atg8 lipidation to Atg9 PLs and Atg9
endogenous vesicles. (A and B) Recruitment of Atg PLs and endogenous Atg9
vesicles to the cargo. Cargo-mimetic beads (glutathione sepharose) were
prepared by coating with GST-prApel (1-41), Atgl9-3D, and mCherry-Atgll. For
details of the pull-down, see fig. S8A. The preassembled cargo-mimetic beads
were subsequently incubated with either Atg9-EGFP PLs (A) or endogenous
Atg9-EGFP vesicles (B), washed, and imaged. Microscopy images of representative
beads are shown. The Atg9-eGFP PLs were additionally labeled with ATTO390-PE.
The experimental setup is shown by the accompanying cartoons. (C and D)
Atg8-lipidation on the Atg9 PLs (C) and endogenous Atg9 vesicles (D) bound to
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<
Scale bar: 20 pm

the cargo-mimetic beads. Glutathione sepharose beads were coated with
GST-prApel (1-41), Atgl9-3D, and Atgll, incubated with Atg9-mCherry PLs (C)
or Atg9-EGFP vesicles (D), washed with buffer, and incubated with PI3KC3-Cl1,
ATP, Atg21, Atg2-Atgl8, Atg3, Atgl2—-Atgh-Atgl6, eGFP-Atg8AR117 (C) or
mCherry-Atg8AR117 (D) and with or without Atgl2—-Atgb-Atgl6 (see cartoons
for the experimental setup). Microscopy images of representative beads are
shown. (E) Time course experiment of the Atg8-deconjugation reaction on Atg9
vesicles. Atg4 wild type or the Atg4 C147S inactive mutant were added to the
beads, as in (D). Microscopy images were taken at the indicated time points
after the addition of Atg4.
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Fig. 4. Atg2-mediated lipid transfer into Atg9 PLs. (A) Molecular model of an
endogenous Atg9 vesicle. The model contains the following proteins (copy
numbers in parentheses): Atg9 (28), Atg27 (10), Atg23 (10), and the SNAP
receptors (SNAREs) SFT1 (1), TLGL (1), VTI1 (1), SSO1 (1), and GOS1 (1). Copy
numbers are based on literature and mass spectrometry analysis of isolated
Atg9 vesicles (see main text, fig. S6C, and methods section). Single copies of
membrane-interacting autophagy proteins (PI3KC3-C1, Atg21, Atg2-Atgl8, Atg3,
Atgl2-Atgh-Atgl6, and Atg8) were additionally positioned on the surface of

the Atg9 vesicle. Atg9-NTD and Atg9-CTD indicate N-terminal and C-terminal
domains, respectively. Lipid headgroups are shown as small tan spheres.

(B) Atg2-Atgl8 is recruited to Atg9 vesicles and cargo-mimetic beads. GFP-Trap
beads were coated with endogenous Atg9-EGFP vesicles. Glutathione sepharose
beads were coated with GST-prApel (1-41), Atgl9-3D, Atgll, and Atg9-EGFP
vesicles and incubated with Atg2-mCherry-Atgl8. Mock membranes were derived
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from a wild-type yeast strain. (C) Coomassie-stained gels showing Atg8-PE
conjugation assays using the depicted experimental setup. Atg8-PE conjugation
was detected as a band shift. Numbers above the gels indicate the time in minutes.
(D) Phospholipid transfer assay based on the dequenching of NBD fluorescence.
Fqmy and Fgy represent the nitrobenzoxadiazole (NBD) fluorescence intensity at
each time point after and before addition of Atg2-Atgl8, respectively, measured
at 535 nm. Atg9 PLs were used as acceptor liposomes. Data are the mean values
from five independent experiments. SD is shown. (E) Anti-Atg8 immunoblots
showing Atg8-PE conjugation assays mediated by lipid transfer of Atg2-Atgl8.
The arrow indicates the Atg8 signal after pulling down Atg9-EGFP with GFP-Trap
beads. [(C) and (E)] Quantification shows the averaged Atg8-PE/Atg8 ratio for
each time point. Error bars represent SD. The quantification is based on four
independent experiments. P values were calculated using Student’s t test.
Significance is indicated with *P < 0.05 and **P < 0.01 n.s., not significant.
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vesicle

Progression of autophagosome formation

Fig. 5. Model for the initial steps of the isolation membrane generation. (A) Recruitment of Atg9 vesicles to the prApel cargo via the Atgl9 receptor and
Atgll scaffold axis. The Atg9 vesicles recruit Atg2-Atgl8 and PISKC3-C1 (labeled PI3K). Production of PI3P by PISKC3-C1 recruits Atg21 and the E3-like Atgl2-Atgh-
Atgl6 complex. The membrane-positioned E3-like complex directs Atg8-PE conjugation to the vesicle. Atg8 lipidation is sustained by Atg2-mediated lipid transfer
from a donor compartment such as the ER. (B and C) Lipid influx expands the vesicle surface resulting in isolation membrane expansion.

The lipid transfer protein Atg2 is recruited
to the Atg9 vesicles (Fig. 4B) and tethers Atg9
to the ER in cells (I6). The interaction between
ATG2A and ATGOYA is important for isolation
membrane expansion in mammalian cells (42).
Atg2-mediated lipid transfer from the ER into
the membrane of the Atg9 vesicle may there-
fore enable Atg8 lipidation and subsequent
expansion of the spherical Atg9 vesicles, con-
verting them into the disk-shaped isolation
membranes.

To test whether Atg2 can transport lipids for
Atg8 conjugation, we mixed two populations
of liposomes. One population (SUV A) con-
tained a lipid composition that efficiently re-
cruited the lipidation machinery (27) but did
not contain PE as substrate for Atg8 conjuga-
tion. The other population (SUV B) contained
PE but was not efficiently targeted by the lipid-
ation machinery (Fig. 4C and fig. S11C). Upon
addition of Atg2-Atgl18, which is active in lipid
transport (fig. S11, A and B), we detected a sig-
nificantly increased lipidation of Atg8, dem-
onstrating that Atg2-Atg18 could directly enhance
Atg8 lipidation (Fig. 4C). Because phosphati-
dylserine (PS) can also serve as substrate for
Atg8 lipidation in vitro (43), the actual stimu-
latory effect of Atg2-Atg18 on Atg8 lipidation
may be even higher. To exclude the possibility
that Atg2-Atgl8 allosterically activated the E3
by direct binding, we conjugated Atg8 to PE-
containing SUVs in the presence or absence of
Atg2-Atg18 and found that we could not ob-
serve significant differences in Atg8 lipidation
(fig. S11D). Atg9 PLs also served as acceptors
for Atg2-mediated lipid transport (Fig. 4D).
We therefore sought to determine whether the
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lipids transported into Atg9 PLs could serve as
substrates for Atg8 lipidation. Atg9 PLs lack-
ing PE and PS were mixed with a second pop-
ulation of liposomes containing these lipids.
We then added Atg2-Atgl8 in the presence of
the PIBKC3-C1, Atg21, Atgl2-Atg5-Atgl6, Atg7,
Atg3, and Atg8 (Fig. 4E). We found that Atg8
lipidation, as monitored by immunoblotting,
was accelerated in the presence of Atg2-Atgl8
(Fig. 4E). To confirm that Atg8 lipidation oc-
curred on the Atg9 PLs, we pulled down the
Atg9 PLs using GFP-Trap beads and found
lipidated Atg8 only in the presence of Atg2-
Atg18 (Fig. 4E, arrow in top immunoblot).

Outlook

Here, we present a near-full in vitro reconsti-
tution of the events occurring during auto-
phagosome nucleation in selective autophagy.
Specifically, we demonstrate that Atg9 vesicles
are substrates of PI3KC3-C1 and that the PI3P
generated in situ mediates the successive re-
cruitment of Atg21, Atg2-Atgl8, and the Atgl2-
Atg5-Atgl6 complex as prerequisites for the
subsequent Atg8 lipidation.

The role of Atg9 vesicles has remained mys-
terious. They are required for early steps of
autophagosome formation but make up only a
minor fraction of the lipids required to form
the autophagosomal membrane (8-1I). Auto-
phagosomes are generated in proximity to the
ER, but their membranes are clearly distinct
from the ER membrane (13-19). Our results
show that Atg9 vesicles form a platform for the
recruitment of the autophagy machinery. Among
them is the membrane tethering and lipid trans-
fer protein Atg2 (16, 30-33), which can trans-
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fer lipids at a rate that enables it to be a major
contributor to isolation membrane expansion
(44). It has become clear that lipid transfer at
membrane contact sites provides the commu-
nication and membrane flow between intracel-
lular compartments. However, lipid transfer
can only occur between existing donor and ac-
ceptor compartments. Atg9 vesicles may thus
form seeds for the initial establishment of
membrane contact sites. Therefore, quantita-
tive Atg8 lipidation may only occur after lipid
influx from the ER into the Atg9 vesicle, grad-
ually converting it into the disk-shaped isola-
tion membrane (Fig. 5). In this manner, Atg9
vesicles could seed a biochemically distinctive
membrane, the isolation membrane, largely
devoid of transmembrane proteins (45, 46).
To ensure the expansion of the isolation mem-
brane, the incoming lipids must be distributed
to its inner leaflet, an action that would re-
quire flippase or scramblase activity. Notably,
we found two flippases (Drs2 and Neol) pres-
ent in our Atg9 vesicle proteomics analysis.
Multiple individual nucleation events followed
by ESCRT (endosomal sorting complexes re-
quired for transport)-mediated membrane seal-
ing may be required for the formation of larger
autophagosomes (47-49).

In addition, the Golgi-derived Atg9 vesicles
isolated from cells might be tightly packed with
proteins. The influx of loosely packed lipids
from the ER might thus render them good sub-
strates for subsequent Atg8 lipidation apart
from the expansion of the free membrane area.
In fact, autophagosomal membranes contain
a high proportion of lipids with unsaturated
fatty acids (12). Apart from serving as acceptors
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for lipid influx, Atg9 vesicles may also kickstart
local lipid synthesis (72). Accordingly, we found
Faal and Faa4 in our Atg9 vesicle proteomics.
During selective autophagy, cargo material
is specifically sequestered by autophagosomes.
It has become clear that cargo receptors act
upstream of the autophagy machinery by re-
cruiting scaffold proteins to the cargo (50-56).
Here, we fully reconstitute the cargo receptor
and scaffold dependent recruitment of the
autophagy machinery to the cargo material
and demonstrate that this system is sufficient
to promote local Atg8 lipidation. Future work
will reveal how the recruitment of the autoph-
agy machinery, including the Atg9 vesicles, is
sterically and temporally coupled to the forma-
tion of membrane contact sites with the ER.

Materials and methods summary

The full version of the materials and methods
is available in the supplementary materials.

Protein expression and purification

Atgl19 (residues 1 to 374) and the Atgl19-3D and
Atgl19-3DALIR mutants were expressed and
purified as described elsewhere (57, 58). mEGFP/
mCherry-Atg8-AR117 was expressed and puri-
fied as described in (27).

6xHis-TEV-Atg21, 6xHis-TEV-mEGFP-Atg21,
6xHis-TEV-mCherry-Atg21, 6xHis-Atgl8-mEGFP,
and Atg9-NTD(1-285)-mEGFP were all expressed
in E. coli Rosetta pLysS.

Atg2-Atg18-CBP (CBP, calmodulin binding pro-
tein), Atg2-GFP-Atg18-CBP, and Atg2-mCherry-
Atg18-CBP were purified from the SMY373, SMY374,
and SMY4.39 yeast strains, respectively.

6xHis-TEV-Atg2-mEGFP, PI3KC3-C1, protA-
TEV-Atgl-Atgl3, 6xHis-TEV-mEGFP/mCherry-
Atgll, and 6xHis-TEV-Atg9- mEGFP/mCherry
were all expressed in the baculovirus expres-
sion system.

All soluble proteins were purified via affi-
nity chromatography followed by size-exclusion
chromatography.

For full length Atg9-mEGFP/mCherry, cell
membranes were collected by centrifuging the
cleared cell lysate at 40,000 revolutions per
minute (rpm) for 1 hour. The membranes were
resuspended for 2 hours at 4°C in lysis buffer
containing 2% n-dodecyl f-D-maltoside (DDM).
After 2 hours of incubation, the insoluble
material was removed by centrifugation at
40,000 rpm for 1 hour. Atg9 was then purified
by affinity chromatography followed by size-
exclusion chromatography in the presence
of 0.2% DDM. To concentrate the protein
without increasing the detergent concentra-
tion, the fractions containing protein were in-
cubated with 150 ul of nickel nitrilotriacetic
acid (NiNTA) beads for 3 hours at 4°C. The
beads were washed several times with 25 mM
Tris pH 7.4, 300 mM NacCl, 0.04% DDM. The
protein was eluted in the desired volume of
buffer supplemented with 300 mM imidazole.
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A final dialysis was performed overnight at 4°C
against 25 mM Tris pH 7.4, 300 mM NacCl,
0.04% DDM.

Atg9 PLs formation and analysis

Small unilamellar vesicles (SUVs; i.e., liposomes)
destined for the reconstitution of Atg9 PLs
were prepared with a lipid composition mimick-
ing the lipid composition of the endogenous
Atg9 vesicles determined in this study (for
details, see table S2). For the incorporation
of Atg9, the SUVs were treated with 3-[(3-
cholamidopropyl)dimethylammonio]-1-propane-
sulfonate (CHAPS) (Avanti Polar Lipids, Inc.).
The SUV suspension was brought up to 2.5%
CHAPS and incubated at room temperature
(RT) for 1 hour. The SUV suspension was then
mixed at a 1:1 ratio with a 1-uM Atg9 solution
in 0.04% DDM. The mixture was incubated at
RT for another 90 min and then diluted by a
factor of 10 in Tris 25 mM Tris pH 7.4, 300 mM
NaCl to reach a detergent concentration below
the critical micelle concentration (CMC) of
both detergents. The resulting PL solution was
dialyzed overnight at 4°C against 25 mM Tris
PpH 7.4, 300 mM NaCl supplemented with 0.1g
of BioBeads SM2 (BioRad) per liter of buffer.
Finally, BioBeads were added directly to the
sample and incubated for 1 hour at RT. The
insoluble material that did not get incorpo-
rated into liposomes was removed by centri-
fuging 30 min at 18,000 rpm. The supernatant
containing Atg9 PLs was collected and used
for subsequent experiments.

Membrane recruitment—GUV assays

To image Atg21, Atg2-Atgl8, and Atgl2-Atg5-
Atgl6 membrane recruitment, 15 ul of the elec-
troformed GUVs were transferred to a 96-well
glass-bottom microplate (Greiner Bio-One),
and the respective proteins were added to the
final concentration of 1 uM in a final reaction
volume of 30 pul in a reaction buffer 25 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) at pH 7.5, 150 mM NacCl. In
every experiment involving GUVs, before the
GUVs and proteins were pipetted onto the
plate, the wells were blocked with a blocking
solution [2.5 mg/ml bovine serum albumin
(BSA) in 50 mM TrisHCI pH 7.4, 150 mM NaCl]
for 1 hour and washed twice with the reac-
tion buffer.

For Atg21, Atg2-Atgl8, and Atgl2-Atg5-Atgl6
membrane recruitment in the presence of
PIBKC3-C1 experiments, mixes containing respec-
tive proteins, 0.1 mM adenosine triphosphate
(ATP) or 0.1 mM adenylyl-imidodiphosphate
(AMP-PNP), 0.5 mM MgCl,, 2 mM MnCl,, and
1 mM egtazic acid (EGTA) in a final volume of
15 ul were prepared. The final concentration of
proteins in the reaction mixes were 50 nM for
PI3KC3-C1, 400 nM for Atg21, 400 nM for
Atg2-GFP-Atgl18, and 40 nM for Atgl2-Atgs-
Atgl6-mCherry. The reaction mixes were ad-
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ded to the well already containing 15 ul of the
electroformed GUVs. For the time course ex-
periment, the imaging started 5 min after the
addition of the reaction mix to GUVs. The
images were acquired for 45 min at the indi-
cated time points of reaction.

In vitro reconstitution of Atg8 lipidation on GUVs

To image the PI3KC3-Cl-dependent Atg8-PE
conjugation to GUVs, mixes containing re-
spective proteins (according to the experimen-
tal setup), 0.5 mM ATP, 0.5 mM MgCl,, 2 mM
MnCl,, and 1 mM EGTA in a final volume of
15 ul were prepared. The reaction buffer con-
tained 25 mM HEPES at pH 7.5, 150 mM NaCl.
The final concentrations of proteins in the re-
action mixes were 50 nM for PI3KC3-C1, 400 nM
for Atg21, 400 nM for Atg2-Atgl8, 40 nM for
Atgl12-Atg5-Atgl6-mCherry, 80 nM for Atg7,
80 nM for Atg3, 400 nM GFP-Atg8AR117, and
400 nM GFP-Atg8-6xHis. The reaction mixes
were added to wells of a 96-well glass-bottom
microplate (Greiner Bio-One) already contain-
ing 15 ul of the electroformed GUVs. Concen-
trations of proteins and cofactors used were
calculated for the final 30 ul volume of the
experiment.

Microscopy-based protein-protein
interaction assay

For the experiments shown in Fig. 2, B and G,
giant unilamellar vesicles (GUVs) were pre-
pared. Preparation was carried out as described
above. Assays were performed under equilibrium
conditions, and mEGFP-Atg21, 6xHis-Atg21,
Atgl12-Atg5-Atgl6-mCherry, and Atg2-GFP-Atgl18-
CBP were added at a final concentration of
500 nM.

For Fig. 1, D to F, Atgl2-Atg5-Atgl6-mCherry,
Atg5-mCherry-Atgl6(1-46), and Atgl6-mCherry
were recruited to red fluorescent protein (RFP)-
TRAP beads (Chromotek). Assays were per-
formed under equilibrium conditions with
2 uM of the prey proteins Atg2-GFP-Atg18-CBP,
Atg2-mEGFP, and Atg18-mEGFP.

Isolation of endogenous Atg9 vesicles

To isolate endogenous Atg9 vesicles, we cloned
versions of Atg9 tagged with a fluorophore
(mEGFP or mCherry) and a tobacco etch virus
(TEV) cleavable affinity tag (9xmyc or TAP).
These constructs were used to replace the
endogenous ATGY9 gene in haploid BY474x
S. cerevisiae cells, putting the expression under
the control of the endogenous A7TG9 promoter.
Constructs were then integrated into wild type
or pep4A strains.

Strains were grown, harvested, and lysed.
Cleared cell lysate was incubated with the ap-
propriate affinity beads (coated with either
immunoglobulin G or anti-myc antibody) at
4°C for 1 hour. The beads were then washed, the
vesicles were released by TEV cleavage at 4°C
for an hour, and the supernatant was collected.
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In vitro reconstitution of Atg8 lipidation on Atg9
PLs or Atg9 vesicles bound to cargo-mimetic beads
Assembly of the cargo-mimetic beads

Glutathione sepharose 4B beads (GE Health-
care) were first equilibrated in 25 mM Tris pH
7.4, 300 mM NaCl. Beads were mixed with the
same volume of a 30-uM solution of GST-prApel
(141), 30-uM solution of Atg19-3DALIR mutant,
and 30 uM of Atgll. The mixture was incubated
for 1 hour at 4°C, and the beads were subse-
quently washed three times.

Recruitment of Atg9 PLs or Atg9 vesicles
to the cargo-mimetic beads

Ten microliters of cargo-mimetic beads were
mixed with either 200 ul of Atg9-mCherry PLs
solution or an equal volume of TEV-eluted
Atg9-EGFP vesicles. The mixture was incu-
bated for 2 hours at 4°C, and the beads were
subsequently washed once

In vitro Atg8 lipidation

Five tenths of a microliter of cargo-mimetic
beads coated with Atg9-mCherry PL or Atg9-
EGFP vesicles were pipetted into the wells of
a 384-well glass-bottom microplate (Greiner
Bio-One) containing 0.5 mM ATP, 0.5 mM
MgCl,, 2 mM MnCl,, and 1 mM EGTA in a final
volume of 15 ul. The final concentrations of
proteins in the reaction mixes were 50 nM for
PI3KC3-C1, 400 nM for Atg21, 400 nM for
Atg2-Atg18, 40 nM for Atgl2-Atg5-Atgl6, 100 nM
for Atg7, 100 nM for Atg3, and 400 nM for
EGFP-Atg8AR117 (200 nM of mCherry-Atg8ARI17
for Atg9 vesicles). The reactions were incu-
bated for 2 hours at RT in the dark, and the
beads were imaged using confocal microscope
LSM700 (Zeiss) with 20x objective and pro-
cessed with ImageJ software.

To deconjugate Atg8 from Atg9 vesicles,

Atg4 or Atg4Cl47S was added at a final con-
centration of 0.5 uM together with EDTA at a
final concentration of 2 mM, and microscopy
images were taken at the indicated time points.
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Reconstituting autophagosome nucleation

To stay healthy, our cells must constantly dispose of harmful material. Autophagy, or self-eating, is an important
mechanism to ensure the clearance of bulky material. Such material is enwrapped by cellular membranes to form
autophagosomes, the contents of which are then degraded. The formation of autophagosomes is a complicated process
involving a large number of factors. How they act together in this process is still enigmatic. Sawa-Makarska et al.
recapitulated the initial steps of autophagosome formation using purified autophagy factors from yeast. This approach
elucidated some of the organizational principles of the autophagy machinery during the assembly of autophagosomes.
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