L T

/

1\

=y

Check for
updates

The Atg2-Atg18 complex tethers pre-autophagosomal
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The biogenesis of double-membrane vesicles called autophago-
somes, which sequester and transport intracellular material for
degradation in lysosomes or vacuoles, is a central event in
autophagy. This process requires a unique set of factors called
autophagy-related (Atg) proteins. The Atg proteins assemble to
organize the preautophagosomal structure (PAS), at which a cup-
shaped membrane, the isolation membrane (or phagophore), forms
and expands to become the autophagosome. The molecular mecha-
nism of autophagosome biogenesis remains poorly understood.
Previous studies have shown that Atg2 forms a complex with the
phosphatidylinositol 3-phosphate (PI3P)-binding protein Atg18 and
localizes to the PAS to initiate autophagosome biogenesis; however,
the molecular function of Atg2 remains unknown. In this study, we
show that Atg2 has two membrane-binding domains in the N- and
C-terminal regions and acts as a membrane tether during autopha-
gosome formation in the budding yeast Saccharomyces cerevisiae. An
amphipathic helix in the C-terminal region binds to membranes and
facilitates Atg18 binding to PI3P to target the Atg2-Atg18 complex to
the PAS. The N-terminal region of Atg2 is also involved in the mem-
brane binding of this protein but is dispensable for the PAS targeting
of the Atg2-Atg18 complex. Our data suggest that this region asso-
ciates with the endoplasmic reticulum (ER) and is responsible for the
formation of the isolation membrane at the PAS. Based on these
results, we propose that the Atg2-Atg18 complex tethers the PAS
to the ER to initiate membrane expansion during autophagosome
formation.
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Autophagy is an intracellular degradation pathway highly
conserved from yeast to humans (1). When autophagy is
induced, a flattened membrane vesicle called the isolation
membrane (or phagophore) appears, expands, and closes to form
a double-membrane vesicle called the autophagosome. The
autophagosome is delivered to, and fuses with, the lysosome or
vacuole, where its contents are degraded. In the budding yeast
Saccharomyces cerevisiae, more than 40 autophagy-related (Atg)
proteins have been identified to date (2), of which 19 proteins
are required for autophagosome formation. These 19 Atg pro-
teins constitute six functional groups: (i) the Atgl protein kinase
complex, (if) vesicles containing the membrane protein Atg9
(Atg9 vesicles), (iii) the Atgl4-containing phosphatidylinositol 3-
kinase (PI3K) complex, (iv) the Atgl2-Atg5 conjugation system,
(v) the Atg8-phosphatidylethanolamine conjugation system, and
(vi) the Atg2-Atgl8 complex. These proteins assemble in an
ordered manner and organize the preautophagosomal structure
(PAS) on the surface of the vacuolar membrane (3). Previous
studies have suggested that Atg9 vesicles serve as starting ma-
terial to form the isolation membrane at the PAS, followed by
expansion of the isolation membrane using an as-yet unknown
membrane source (4).

The Atg2-Atgl8 complex localizes to the PAS in a manner
dependent on PI3P, which is produced by the Atgl4-containing
PI3K complex (3, 5, 6). Atgl8 binds to PI3P and PI3,5P, via the
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conserved FRRG motif (7, 8). Atgl8 forms another complex
with Fabl, Vac7, Vacl4, and Fig4 that is involved in the regu-
lation of vacuolar morphology, but not of autophagy (5, 7, 9).
Atgl8 binding to PI3,5P, is required for the localization of this
protein to the vacuolar membrane (7, 10). The replacement of
two arginine residues in the FRRG motif of Atgl8 with threo-
nine abolishes the binding of Atgl8 to both PI3P and PI3,5P, (7,
8). Cells expressing the Atgl18¥TTS mutant are defective in the
PAS localization of the Atg2-Atgl8 complex and exhibit reduced
autophagic activity. Fusion of the FYVE domain, which specif-
ically binds PI3P, to the C terminus of the Atg18F 'S mutant
rescues these defects (5). These results suggest that the PI3P-
binding ability of Atgl8 is required for PAS localization of the
Atg2-Atgl8 complex, and thus autophagy.

In the absence of the Atg2-Atgl8 complex, the isolation
membrane is not formed, although other Atg proteins accumu-
late at the PAS (3). Previous studies have shown that the Atg2-
Atgl8 complex localizes to a few specific spots on the opening
edge of the isolation membrane that lie in the vicinity of sites for
COPII vesicle formation in the endoplsasmic reticulum (ER), or
ER exit sites (11, 12). These findings led us to speculate that the
Atg2-Atgl8 complex functions at a contact between the PAS and
the ER and serves to initiate the formation and expansion of the
isolation membrane. How the Atg2-Atgl8 complex is involved in
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this process remains to be clarified, however. To address this
issue, it is necessary to reveal the molecular function of Atg2.

In this study, we identified two membrane-binding domains in
the N- and C-terminal regions of Atg2 that are important for
autophagosome formation. In vivo and in vitro analyses sug-
gested that membrane binding in the C-terminal amphipathic
helix facilitates Atgl8 binding to PI3P, and thus targeting of the
Atg2-Atgl8 complex to the PAS. On the other hand, the N-
terminal membrane-binding domain of Atg2 is suggested to as-
sociate with the ER to form the isolation membrane. We also
showed that Atg2 has the ability to tether liposomes. Based on
these results, we propose that Atg2, via the two membrane-
binding domains, tethers the PAS to the ER to mediate mem-
brane expansion during autophagosome formation.

Results

The C-Terminal Region of Atg2 Is Important for Its Localization to the
PAS. Although S. cerevisiae Atg2 consists of 1,592 amino acid
residues, no functional domains can be predicted based on the
primary sequence. Analysis of Atg2 sequences from different
species revealed that conserved amino acid residues are enriched
in both the N- and C-terminal regions (SI Appendix, Fig. S14),
suggesting that these regions play important roles in autopha-
gosome formation. To identify a functional domain in the
C-terminal region of Atg2, we generated a series of deletion mu-
tants (SI Appendix, Fig. S1B) and analyzed their functions by three
different methods. First, we monitored the maturation of the vac-
uolar aminopeptidase Apel. Apel is synthesized in the cytoplasm as
a proform (prApel) that is delivered into the vacuole, where it is
converted to the mature form (mApel). This vacuolar transport of
Apel is mediated by the cytoplasm-to-vacuole targeting pathway in
vegetatively growing cells or by autophagy in cells treated with the
autophagy-inducing reagent rapamycin. Both of these pathways
depend on Atg2 (13). Therefore, the efficiency of Apel maturation
indicates the functionality of Atg2 mutants.

Second, we examined the processing of the Pgkl-GFP fusion
protein (14). Pgk1 is an abundant cytoplasmic protein. When cells
are treated with rapamycin, Pgk1-GFP is transported along with
other cytoplasmic components to the vacuoles via autophagy.
Vacuolar cleavage of the fusion protein yields GFP fragments
(GFP"), which are relatively resistant to vacuolar degradation. The
accumulation of GFP’ correlates with the autophagic activity of
the cell.

Third, we performed an alkaline phosphatase (ALP) assay (15),
in which a mutant form of the vacuolar ALP Pho8 (Pho8A60) is
expressed in the cytoplasm. When Pho8A60 is transported to the
vacuole via autophagy, it is processed into an active form, and its
enzymatic activity can be biochemically quantified. We expressed C-
terminally truncated Atg2 mutants tandemly tagged with the 3xHA
sequence and EGFP (Atg2-HA-GFP; hereinafter, the tag is not
noted, although all the Atg2 variants expressed in yeast cells have
the tag at their C termini) from centromeric plasmids in yeast cells
lacking the genomic ATG2 gene (afg2A cells), and confirmed that
similar levels of the mutant and wild-type proteins were expressed
(Fig. 14).

The results of all three assays led to the same conclusion:
whereas Atg2 lacking residues 1374-1592 (A1374-1592) had
autophagic activity comparable to that of the wild-type protein,
further deletion of the C-terminal region (A1347-1592, A1305-
1592, and A1269-1592) caused severe defects in autophagy (Fig.
14 and SI Appendix, Figs. S1C and S24). Atg2 interacts with
Atgl8 and Atg9 (3, 16). In immunoprecipitation experiments,
levels of Atgl8 and Atg9 coprecipitated with Atg2 were reduced
by A1269-1592 and A1305-1592, but not by A1347-1592 and
A1374-1592 (SI Appendix, Fig. S1D). These results suggest that the
Atg2A 1371592 mutant interacts with Atgl8 and Atg9 but lacks an
unknown function of Atg2 that is important for autophagosome
formation.
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Fig. 1. The C-terminal region of Atg2 is important for its PAS localization.
(A) Yeast cells were grown to midlog phase, treated with rapamycin, and
examined by immunoblotting using anti-HA and anti-Apel1 antibodies.
mApe1, mature Apel; prApel, Apel proform. (B) Cells were treated with
rapamycin for 2 h and then observed under a fluorescence microscope. DIC,
differential interference contrast. (Scale bar: 5 um.) The graph shows the PAS
localization of Atg2-HA-GFP, reflected by the proportion of Atg17-2x
mCherry puncta that were positive for Atg2-HA-GFP. Error bars represent
SD (n = 3).

We examined the PAS localization of Atg221*715%2 by fluo-
rescence microscopy, using ATG8-knockout cells to clearly ob-
serve the PAS localization of Atg2 (Fig. 1B) (3). Atg22!374-152
colocalized with Atgl7, which served as a marker for the PAS,
with a frequency similar to that of the wild-type protein. In
contrast, Atg22134771592 exhibited defective localization to the
PAS. These results suggest that region 1347-1373 of Atg2 is
involved in PAS targeting of the protein.

The C-Terminal Region of Atg2 Contains an Amphipathic Helix Required
for Targeting to the PAS. The PSIPRED method (17) predicted that
amino acid residues 1350-1372 of Atg2 would adopt an a-helical
configuration. A helical wheel representation of these residues
showed that the two opposing surfaces of the helix are separately
composed of polar and hydrophobic residues (Fig. 24). This type of
a-helix, called an amphipathic helix, can bind membranes with its
hydrophobic surface buried in the hydrophobic membrane interior.
To investigate the significance of this amphipathic helix in the C-
terminal region of Atg2, we introduced mutations in the hydro-
phobic face of the helix. Although the replacement of F1352 and
11355 with another hydrophobic residue (tryptophan) did not affect
the function of Atg2, as assessed by Apel maturation and the ALP
assay, their replacement with a charged residue (aspartic acid),
which could affect membrane-binding properties, caused severe
defects in autophagy (Fig. 2B and SI Appendix, Fig. S2B). As with
Atg2A 31592 " A(oIFI3ID g AgoF1352D 135D jnserncted with
Atgl8 and Atg9, but hardly localized to the PAS (Fig. 2C and S/
Appendix, Fig. S3A4).
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Fig. 2. The C-terminal region of Atg2 contains an amphipathic helix re-
quired for PAS targeting of the protein. (A) The amino acid sequence of
residues 1347-1737 of Atg2 and a helical wheel depiction of residues 1350-
1372, generated using Heliquest (heliquest.ipmc.cnrs.fr/). (B) The maturation
of Ape1 in the Atg2 mutants for F1352 and 11355 was examined as described
in Fig. 1A. (C and D) PAS localization of the Atg2-HA-GFP mutants was ex-
amined as described in Fig. 1B. (Scale bar: 5 pm.) Error bars represent SD (n =
3). (E) Ape1 maturation in the Atg2 mutants was examined as described
in Fig. 1A.
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To validate that region 1347-1373 acts as a membrane-binding
amphipathic helix, we investigated whether a well-characterized
amphipathic helix from an unrelated protein could rescue
the autophagic defect in Atg221347-1592 To this end, we fused a
well-characterized amphipathic helix of S. cerevisiae Gcesl
(ScGes1?275 or ScGes1™) or Homo sapiens Nup133
(HsNup133?43-2%7 or HsNup133*H) (18, 19) to the C terminus
of At§2A1347’1592. In contrast to Atg22134771592  poth
Atg2A13471592.6cGes 1AM and Atg22 137152 HsNup133°H local-
ized to the PAS (Fig. 2D and SI Appendix, Fig. S3B). In the
Atg22 P 1992.8cGes 1™ mutant, a significant level of Apel matu-
ration was observed, but Pgk1-GFP processing and ALP activity
were not detected (F/i&l 2E and SI Appendix, Figs. S2C and S3C).
Fusion of HsNup133™" resulted in a stronger effect: Apel matu-
ration proceeded normally, and Pgkl-GFP processing and ALP
activity were markedly recovered (Fig. 2E and SI Appendix, Figs.
S2C and S3C). Mutations in these amphipathic helices that show
decreased affinity to membranes—the triple mutations L246A,
W250A, and F253A in ScGes1M and 1255D in HsNup1334™) (18,
19)—abolished the rescue of PAS localization and autophagic ac-
tivities by these helices (Fig. 2 D and E and SI Appendix, Figs. S2C
and S3 B and C). These results suggest that the amphipathic helix in
the C-terminal region of Atg2 functions in PAS targeting via its
membrane-binding activity.

The N-Terminal Region of Atg2 Is also Responsible for Autophagosome
Formation. As we did for analysis of the C-terminal region, we
constructed a series of N-terminally truncated mutants of Atg2. We
found that deletion of the N-terminal 12 residues (Atg2%*7%)
caused a strong defect in autophagy, which was exacerbated by
further deletion of the N-terminal region (Fig. 34 and SI Appendix,
Figs. S2D and S44). Atg2**"? bound to Atgl8 and Atg9 as well as
the wild-type protein (SI Appendix, Fig. S4B). As more of the N-
terminal region was truncated, the interactions of Atg2 with Atgl8
and Atg9 were gradually diminished and were nearly completely
abolished in the Atg2**™*® mutant. Unlike the C-terminal mutants,
Atg227712 and Atg22%?! localized to the PAS as efficiently as wild-
type Atg2 (Fig. 3B). These results suggest that the N-terminal re-
gion of Atg2 plays a crucial role in autophagosome formation
exerted after its localization to the PAS. We examined the expan-
sion of the isolation membrane in the N-terminal deletion mutants
of Atg2. When Apel is overexpressed, it forms a giant assembly,
and the isolation membrane expanding along the surface of this
assembly can be observed by fluorescence microscopy under
autophagy-inducing conditions as a curved structure decorated with
mCherry-Atg8 (12) (Fig. 3C). We found that cells expressing
Atg2*%712 had a severe defect in the expansion of the isolation
membrane, and that the isolation membrane barely expanded in the
Atg2*?! mutant.

Implications for the Association of the Atg2 N-Terminal Region with
the ER. The N-terminal region of Atg2 contains a number of con-
served residues, including Q10-K11-R12 (SI Appendix, Fig. S4C).
The Atg2'%'*" mutant, in which these residues were replaced
with aspartic acid, was severely defective in autophagy, although it
interacted with Atgl8 and Atg9 and localized normally to the PAS
(SI Appendix, Figs. S2E and S4 D-F). Thus, as in the case of the N-
terminal truncation, the 10-12D mutation is likely to impair the
function of Atg2 performed after its PAS targeting.

Wild-type Atg2 localizes to the PAS and the cytoplasm (S/
Appendix, Fig. S4F). We found that when the N-terminal 46
residues of Atg2 (Atg2'*®) were fused to the N terminus of GFP,
the fusion protein localized to the ER (SI Appendix, Fig. S4G).
The 10-12D mutation, which abolished autophagy when it was
introduced into full-length Atg2, dispersed Atg2'™® into the cy-
toplasm (SI Appendix, Fig. S4G). These results suggest that the
function of the N-terminal region of Atg2 is associated with
the ER.
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Fig. 3. The N-terminal region of Atg2 is also responsible for autophago-
some formation. (A) Ape1 maturation in the N-terminal deletion mutants of
Atg2 were analyzed as described in Fig. 1A. (B) PAS localization of the Atg2-
HA-GFP mutants was examined as described in Fig. 1B. (Scale bar: 5 um.)
Error bars represent SD (n = 3). (C) Cells overexpressing Ape1 were incubated
in nitrogen-starvation medium for 1 h and observed under a fluorescence
microscope. (Scale bar: 5 um.) The graph shows the lengths of isolation mem-
branes, measured as described in Materials and Methods. (D and E) Cells were
treated with rapamycin for 2 h (D) or 4 h (E) and observed under a fluorescence
microscope (D) or examined for Ape1 maturation (E). (Scale bar: 5 um.)

To further investigate the relationship between the N-terminal
region of Atg2 and the ER, we fused the ER-targeting sequence
(transmembrane domain) of Sec71 (Sec71™P) to the N termi-
nus of the N-terminally truncated, autophagy-defective mutant
Atg22%2!, Fluorescence microscopy confirmed that the fusion
protein Sec71™P-Atg24?7! localized to the ER in addition to
the PAS (Fig. 3D). Consistent with this, centrifugation of cell lysates
sedimented almost all Sec71™P-Atg24?72! as well as the ER
membrane protein Dpml (SI Appendix, Fig. S4H). Remarkably,
fusion of Sec71™P partially but significantly recovered autophagic
activity abrogated by deletion of the N-terminal region of Atg2
(Fig. 4E and SI Appendix, Figs. S2F and S41). These results suggest
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that the function of the Atg2 N-terminal region is related to its
association with the ER.

In Vitro Analysis of the Membrane Binding and Tethering Functions of
Atg2 and the Atg2-Atg18 Complex. Our results suggest that both
the N- and C-terminal regions of Atg2 are involved in Atg2
binding to membranes. To directly test this possibility, we per-
formed an in vitro membrane flotation assay using an OptiPrep step
gradient, Atg2 purified from yeast cells (SI Appendix, Fig. S54), and
liposomes of various sizes (Fig. 44). We showed that Atg2 bound to
only the smallest liposomes (~50 nm in diameter), suggesting that
Atg2 has an affinity for membranes with high curvature. We also
showed that the C- and N-terminal deletion mutants Atg221347-15%2
and Atg2**! could bind to liposomes, whereas AtZgZ lacking both
the N- and C-terminal regions (Atg2**2" 413477152) hardly bound
(Fig. 4B). These results suggest that the N- and C-terminal regions
contribute to the membrane binding of Atg2 independent of
each other.

Autophagosome formation requires PI3P, which is produced
by the autophagy-specific PI3K complex. Previous studies reported
that Atgl8 binds to PI3P in vitro, but this conclusion remains
controversial (6-8, 20-22). In our flotation assay, Atgl8 alone did
not bind to PI3P-containing liposomes (Fig. 4C), although Atgl8
did bind to liposomes containing PI3,5P, (SI Appendix, Fig. S5B).
However, Atgl8 interacted with PI3P-containing liposomes in the
presence of Atg2 (Fig. 4C). When a flotation assay was performed
using the Atg2-Atgl8 complex and liposomes without PI3P, Atg2
floated with the liposomes, but Atgl8 remained in the bottom
fraction (SI Appendix, Fig. S5C). This is probably because the in-
teraction between these proteins is insufficiently stable to keep
Atgl8 bound to Atg2 during liposome flotation. The Atgl8FTTC
and Atgl8F7*A R™A mutants, which are unable to interact with
phosphoinositides and Atg2, respectively (SI Appendix, Fig. S5 B
and D), could not bind to PI3P-containing liposomes even in the
presence of Atg2 (Fig. 4D). These results suggest that Atgl8 binds
to membranes depending on its interactions with Atg2 and PI3P.

We next investigated the membrane binding ability of Atgl8 in
complex with the N- or C-terminal mutants of Atg2 in the presence
of PI3P. Atgl8 in complex with the N-terminal deletion mutant
Atg2%%! was able to bind to PI3P liposomes (Fig. 4E). In contrast,
the C-terminal deletion mutant Atg2*"**"~'%2 did not allow Atgl8
to associate with PI3P lisposomes. The C-terminal amphipathic helix
mutant Atg2"'3%?P 139D waq also defective in binding Atgl8 to
PI3P liposomes (Fig. 4E). Given that fusion of the unrelated am-
phipathic helix HsNup133*™ could rescue autophagic defects in
Atg2213471592 (Fig 2 D and E and SI Appendix, Fig. S2C), we in-
vestigated whether this amphipathic helix rescued Atgl8 binding to
PI3P liposomes. Indeed, Atg2*B*152.HsNup133H allowed
Atgl8 to bind PI3P liposomes (Fig. 4F). These results suggest that
the membrane association of the C-terminal region of Atg2 via the
amphipathic helix is important for Atgl8 binding to PI3P-
containing membranes.

Finally, we performed a liposome tethering assay, in which two
different liposomes were used, one containing NBD-labeled PE
and biotinylated PE (NBD liposomes) and the other containing
rhodamine-labeled PE (Rho liposomes). These two liposomes
were mixed with Atg2, and then NBD liposomes were pulled
down using streptavidin-coated beads. Tethering between NBD
and Rho liposomes was evaluated by measuring the fluorescence
of rhodamine in the collected fractions (Fig. 4G). In this assay,
Atg2 substantially increased rhodamine fluorescence, suggesting
that Atg2 has an ability to tether two membranes. Both the N-
and C-terminal regions of Atg2 were important for this liposome-
tethering activity (Fig. 4G). These results are consistent with the
idea that the N- and C-terminal regions of Atg2 bind to different
membranes and thereby tether these membranes together. We also
performed this assay in the presence of Atgl8 and obtained similar
results (SI Appendix, Fig. SS5E).
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Fig. 4. Membrane-binding and tethering functions of Atg2 and the Atg2-Atg18 complex. (A) Flotation assay with purified Atg2-GFP-His and various-sized
liposomes of the indicated lipid composition were performed as described in Materials and Methods. The top (T), middle (M1 and M2), and bottom (B)
fractions were collected and analyzed by immunoblotting using antibodies against Atg2 and Atg18. (B) Flotation assay using the Atg2-GFP-His mutants and
liposomes with PI3P. (C) Flotation assay with Atg18 and PI3P-containing liposomes in the presence or absence of Atg2-GFP-His. (D) Flotation assay with Atg2-
GFP-His, the Atg18 mutants, and PI3P liposomes. (E) Flotation assay with Atg2-GFP-His mutants complexed with Atg18 and PI3P liposomes. (F) Flotation assay
with Atg241347-1592.HsNup 133" complexed with Atg18 and PI3P liposomes. After flotation, the three fractions as depicted (T, M, and B) were collected for
immunoblotting analysis. (G) Liposome tethering assay. NBD liposomes containing biotinylated PE, Rho liposomes, and Atg2-GFP-His were mixed and in-
cubated, and then NBD liposomes were collected using streptavidin beads. The graph shows rhodamine fluorescence in the collected fractions, which have
been corrected with NBD fluorescence in the same fractions. Error bars represent SD (n = 3).

Discussion

Previous studies have shown that formation of the Atg2-Atgl8
complex and production of PI3P at the PAS are prerequisites for
the PAS localization of these proteins (3, 23). In this study, we
identified two membrane-binding domains in Atg2, both of
which are indispensable for autophagosome biogenesis. The
amphipathic helix in the C-terminal region is important not only
for the membrane binding of Atg2 itself, but also for Atgl8
binding to PI3P-containing membranes. Consistent with these
in vitro results, the amphipathic helix was required for PAS
targeting of the Atg2-Atgl8 complex. This finding provides a
clear answer to the long-standing question of why Atgl8 requires
Atg?2 to localize to the PAS even though Atgl8 alone can bind to
PI3P in vitro (3, 6-8, 22). We speculate that membrane associ-
ation with the amphipathic helix of Atg2 brings Atgl8 in close
proximity to the membrane, facilitating its binding to PI3P. The
membrane binding in the Atg2 amphipathic helix, and resultant
increase in PI3P binding by Atgl8, are likely to enable the PAS
localization of the Atg2-Atgl8 complex.

Atg9 vesicles are the membranes most likely to be bound by the
Atg2-Atgl8 complex at the PAS. Our in vitro assay revealed that
Atg?2 preferentially binds to small vesicles ~50 nm in diameter,
consistent with the size of Atg9 vesicles, reported to be 30-60 nm
(4). In addition, during expansion of the isolation membrane, the
Atg2-Atgl18 complex localizes to the highly curved opening edge
of the isolation membrane (11, 12). A previous immunoelectron
microscopy study demonstrated that the isolation membrane
contains PI3P (24). Based on the observation that the Atgl4-
containing PI3K complex is recruited to the PAS after Atg9
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vesicles, PI3P also seems to be produced on these Atg9 vesicles.
Moreover, the Atg2-Atgl8 complex interacts directly with Atg9 (3,
16). These results suggest that the amphipathic helices of Atg2 and
Atgl8 act cooperatively to target the Atg2-Atgl8 complex to Atg9
vesicles at the PAS, and once membrane expansion is initiated,
they subsequently serve to limit localization of the complex to the
opening edge of the isolation membrane. Preferential binding of
Atg2 to highly curved membranes can also explain why the Atg2-
Atgl8 complex does not localize to the vacuolar membrane, which
also contains PI3P but is relatively planar.

During the course of this study, a mammalian homolog of
Atg2 was reported to have an amphipathic helix required for its
localization to the isolation membrane (25). This helix likely
corresponds to the amphipathic helix of yeast Atg2 identified in
this study (SI Appendix, Fig. S6). In addition, mammalian Atg2
can also bind liposomes, although the regions responsible for its
membrane binding remain unknown (26, 27). These observations
suggest that similar mechanisms are responsible for targeting
Atg2 to autophagy-related membranes in yeast and mammals.

We found that the N-terminal region of Atg2 is also important
for autophagosome biogenesis. In contrast to the amphipathic
helix in the C-terminal region, this region is not required for PAS
targeting of the Atg2-Atgl8 complex but is responsible for a
subsequent step: expansion of the isolation membrane. We
found that a GFP fusion of this Atg2 region localized to the ER,
and that the autophagy-impairing mutation abolished this ER
localization. In addition, artificial ER anchoring of the N ter-
minus of Atg2 significantly recovered autophagic defects caused
by deletion of the N-terminal region. These results suggest that
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the N-terminal region of Atg2 associates with the ER during its
function in expansion of the isolation membrane. Previous
studies demonstrated that autophagosome formation occurs in
association with the ER in both mammalian and yeast cells (11,
12, 28, 29). In yeast, the Atg2-Atgl8 complex forms a few puncta
on the opening edge of the isolation membrane, in the vicinity of
ER exit sites where COPII vesicles form (11, 12). In mammalian
cells, autophagosome formation is mediated by ER subdomains,
such as omegasomes and isolation membrane-associated tubules
(29). We speculate that the N-terminal region of Atg2 binds to
these highly curved ER-related membranes.

Based on these observations and the data obtained in this study,
we propose the following model for the initiation of membrane ex-
pansion in autophagosome formation. While the amphipathic heli-
ces in the C-terminal region of Atg2 and Atgl8 cooperate to bind
Atg9 vesicles at the PAS, the N-terminal region of Atg2 associates
with the ER. These interactions result in tethering of the PAS to the
ER, leading to initiation of expansion of the isolation membrane.
The Atg2-Atgl8 complex may also be involved in the association
between the isolation membrane edge and the ER, which continu-
ously mediates membrane expansion. This model is supported by
our in vitro results showing that Atg2 can tether two membranes
(Fig. 4G); in addition, a recent study also reported that the mam-
malian Atg2A-WIPI4 complex has a similar function (27). It is also
noteworthy that both the N- and C-terminal regions of Atg2 are
homologous to Vps13, which is involved in the organization of
different organelle contact sites (30, 31), consistent with the
idea that Atg2 functions as a membrane tether.

The results of this study elucidate the molecular function of
Atg2 and provide significant insights into the mechanism of
autophagosome biogenesis. Nonetheless, some critical issues
remain to be addressed. First, how does the N-terminal region
of Atg2 associate with the ER, and how is this association
regulated? This regulation may involve a conformational
change in Atg2, which is stimulated by binding to the Atg9 vesicle or
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protein phosphorylation at the PAS. Another key question is how
the ER participates in the expansion of the isolation membrane.
One plausible possibility is that COPII vesicles fuse with the iso-
lation membrane to expand it. If this is the case, then tethering
mediated by the Atg2-Atgl8 complex would spatially facilitate tar-
geting and fusion of COPII vesicles to the PAS and isolation
membrane. Further studies will clarify these issues and reveal the
molecular mechanisms underlying membrane expansion during
autophagosome formation.

Materials and Methods

Yeast Strains, Plasmids, and Media. The yeast strains and plasmids used in this
study are constructed as described in S/ Appendix and are listed in S/ Ap-
pendix, Tables S1 and S2, respectively. Media for yeast culture and for
autophagy induction are also described in S/ Appendix.

Immunoblotting and Immunoprecipitation. Methods for immunoblotting and
immunoprecipitation, as well as the antibodies used in these experiments, are
described in S/ Appendix.

Fluorescence Microscopy. Methods for fluorescence microscopy to observe the
PAS localization of Atg2-HA-GFP and the isolation membrane are described in
SI Appendix.

Liposome Flotation Assay and Liposome Tethering Assay. Proteins and lipo-
somes used in these experiments were prepared as described in S/ Appendix.
Methods for liposome flotation assay and liposome tethering assay are also
described in S/ Appendix.
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