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Abstract

The regulation of autophagy initiation is a key step in autophago-
some biogenesis. However, our understanding of the molecular
mechanisms underlying the stepwise assembly of ATG proteins
during this process remains incomplete. The Rab GTPase Yptl/
Rabl is recognized as an essential autophagy regulator. Here, we
identify Atg23 and Atgl7 as binding partners of Yptl, with their
direct interaction proving crucial for the stepwise assembly of
autophagy initiation complexes. Disruption of Yptl-Atg23 binding
results in significantly reduced Atg9 interactions with Atgll,
Atgl3, and Atgl7, thus preventing the recruitment of Atg9 vesicles
to the phagophore assembly site (PAS). Likewise, Ypt1-Atgl7 bind-
ing contributes to the PAS recruitment of Yptl and Atgl. Impor-
tantly, we found that Yptl is phosphorylated by TOR at the Serl74
residue. Converting this residue to alanine blocks Yptl phosphory-
lation by TOR and enhances autophagy. Conversely, the Ypt174?
phosphorylation mimic impairs both PAS recruitment and activa-
tion of Atgl, thus inhibiting subsequent autophagy. Thus, we pro-
pose TOR-mediated Yptl as a multifunctional assembly factor that
controls autophagy initiation via its regulation of the stepwise
assembly of ATG proteins.
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Introduction

Autophagy is a highly conserved metabolic process among eukary-
otes in which superfluous cellular components or damaged organ-
elles are engulfed by the double-membraned phagophore to form
autophagosomes. These are then delivered to vacuoles/lysosomes
for degradation (Ohsumi, 2014). Autophagy was initially character-
ized by its function to protect a cell from stress conditions such as
starvation. In this, it promotes adaption to cellular environmental
changes through the reprogramming of the cellular metabolism
together with the recycling of cellular contents enabling the mainte-
nance of essential protein synthesis or energy production. However,
it is now becoming increasingly understood that autophagy plays a
significant role in the more regular maintenance of cellular homeo-
stasis, even under normal, nonstarvation, conditions (Feng et al,
2014). Autophagosome biogenesis involves a stepwise sequence
involving signal perception, membrane nucleation, growth and
extension, and autophagosome closure, each different stage of
which being regulated by a distinct sets of proteins (Shibutani &
Yoshimori, 2014).

Target of rapamycin (TOR)/Mechanistic target of rapamycin
kinase complex 1 (mTORC1), a master modulator of cell growth and
metabolism in yeast/mammals, has emerged as a key mediator of
multiple steps and stages of autophagy (Noda & Ohsumi, 1998; Kim
& Guan, 2015). For example, Atgl3 is a direct phosphorylation sub-
strate of TOR, and under rapamycin treatment or starvation condi-
tions, decreased TOR activity leads to Atgl3 dephosphorylation,
allowing it to bind and form a scaffold with Atgl and Atgl?
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(Kamada et al, 2000; Kabeya et al, 2005). In mammals, mTORC1
suppresses ULK1 activation via phosphorylation of its Ser757 resi-
due (Kim et al, 2011); and inhibits PtdIns 3-kinase activity by phos-
phorylating ATG14L (Yuan et al, 2013); and phosphorylates Pacer
residue Ser157 to block autophagosome maturation by impairing
the interaction between Pacer and Stx17 (Cheng et al, 2019). In
addition, mTORC1 phosphorylates WIPI2 at Ser395, leading to
WIPI2 association with the E3 ubiquitin ligase HUWEI and subse-
quent proteasomal degradation (Wan et al, 2018). The histone acet-
yltransferase p300 is a negative regulator of autophagy. Its activity
can be induced by mTORCI1 phosphorylation where activated p300
then inhibits autophagy by acetylating ATG5, ATG7, and LC3 (Wan
et al, 2017). Moreover, the nuclear localization and activity of tran-
scription factor EB (TFEB), a master regulator of autophagy and
lysosome biogenesis, is also regulated by mTORC1 phosphorylation
(Napolitano et al, 2018).

In Saccharomyces cerevisiae, autophagy-related (Atg) proteins
are hierarchically recruited to the PAS (Ohsumi, 2014). The PAS is
a specific perivacuolar location that serves as an organizing center
for the recruitment of various Atg proteins (Ohsumi, 2014). The
Atgl7-Atg31-Atg29 complex forms a core component of the PAS
and Atgl7 is widely used as a PAS marker (Ohsumi, 2014). Upon
rapamycin treatment or nitrogen starvation conditions, Atgl3 is
rapidly dephosphorylated, enhancing its the association with Atgl
to form an Atgl complex (Atgl-Atgl3-Atgl7-Atg31-Atg29; Kamada
et al, 2010). Subsequently, Atg9 vesicles are recruited to the PAS
via the direct binding of Atg9 with Atgl3 and Atgl7 (Sekito
et al, 2009; Suzuki et al, 2015). However, Atgll is responsible for
the PAS recruitment of Atg9 vesicles through its direct association
with Atg9 under nutrient-rich conditions (He et al, 2006). Next,
PI3K complex I is recruited to the PAS in an Atg9-dependent man-
ner (Shibutani & Yoshimori, 2014), followed by mobilization of
the Atg2-Atgl8 complex and Atg5-Atgl2-Atgl6 ternary complex to
the PAS in a PI3P-dependent manner (Sekito et al, 2009;
Ohsumi, 2014). Ultimately, the Atg5-Atgl2-Atgl6 ternary complex
facilitates Atg8 lipidation at the PAS, resulting in the elongation of
the phagophore (Romanov et al, 2012). Thus, the recruitment of
Atg9 vesicles to the PAS is a key step in autophagosomal biogene-
sis. Atg23 is a peripheral membrane protein that forms a complex
with Atg9 and Atg27 (Tucker et al, 2003). In nutrient-rich condi-
tions, Atg23 is crucial for Atg9 vesicle recruitment to the PAS
(Backues et al, 2015). Recently, dimerization-dependent membrane
tethering by Atg23 has been found to be crucial for the binding of
Atg9 to Atg23 and for autophagy under nitrogen starvation condi-
tions (Hawkins et al, 2022). However, far less is known about the
mechanisms through which Atg23 regulates the PAS recruitment
of Atg9 vesicles.

Rab GTPases are molecular switches that participate in mem-
brane trafficking and circulate between active GTP-bound and an
inactive GDP-bound forms (Davis & Ferro-Novick, 2015). The
GTPase Yptl (Rabl in mammals) regulates membrane tethering
events through three different pathways, namely ER-Golgi, intra-
Golgi traffic, and autophagy (Wang et al, 2015a). In yeast, Yptl
is required for Cvt pathway activity and autophagy. Atgl7 has
been shown to recruit the autophagy-specific GEF TRAPPIII com-
plex to the PAS via its Trs85 subunit, after which TRAPPIII
recruits Yptl to the PAS and activates it (Lynch-Day et al, 2010).
Under nutrient-rich medium, activated Yptl participates in PAS
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assembly by interacting with Atgll (Lipatova et al, 2012). Atgl is
then recruited to the PAS via binding with Yptl (Wang
et al, 2013). Similarly, Hrr25 has been found to be recruited to
the COPII vesicles that had migrated to the PAS via their direct
binding to Yptl (Wang et al, 2015b) with Yptl also having been
reported to be involved in the PAS recruitment of Atg9 vesicles
(Lipatova et al, 2012). Nevertheless, the understanding of how
Yptl regulates the PAS recruitment of Atg9 vesicles has remained
elusive.

In this study, we show that Atg23 and Atgl7 are previously
unrecognized binding partners of Yptl and that Yptl is a direct
phosphorylation substrate of TOR. The results described here reveal
a strong link between Yptl and the stepwise assembly of autophagy
initiation complexes, demonstrating that Yptl is a multifunctional
assembly factor required for the initiation of autophagy.

Results
Atg23 is a binding partner of Yptl

As it is known that Yptl regulates the PAS recruitment of Atg9 ves-
icles (Lynch-Day et al, 2010; Lipatova et al, 2012), we examined
whether Yptl could directly bind to Atg9 vesicle components. To
this end, we purified nitrogen starvation-treated FLAG-Yptl protein
using anti-FLAG nanobody agarose beads. Analysis of the copuri-
fied proteins by mass spectrometry identified candidate interaction
partners of Yptl, including Atgl, Atg9, Atgll, Atgl7, Atg23, Hrr25,
Ykt6, and some other selective autophagy receptors (Fig 1A and
Dataset EV1). Yptl has been previously found to participate in the
Cvt pathway and autophagy via its binding with Atgll, Atgl, or
Hrr25 (Lipatova et al, 2012; Wang et al, 2013, 2015b). Consistent
with previous results, Ni-NTA pulldown assays indicated that Atgl,
Atgll, and Hrr25 could all directly bind to Yptl (Fig EV1IA-C). We
found that Atgl7 could also directly associate with Yptl
(Fig EV1D).

One previous study has highlighted potential binding between
Atg23 and Yptl (Graef et al, 2013). Given that Yptl is known to be
recruited to the PAS and can directly interact with Atgll (Lipatova
et al, 2012), plus with our finding of its interaction with Atg23 and
Atg9 led us to hypothesis that Yptl may participates in the PAS
recruitment of Atg9 vesicles via the direct binding of Yptl with
Atg23 or Atg9. To assess this possibility, GST pulldown assays were
performed and were able to verify that Yptl could indeed directly
bind to Atg23 (Fig 1B). Using the same approach, we then tested
whether Atg9 could bind to Yptl and found that, the N-terminal
(2-318aa), M (395-534aa), and C-terminal (747-997aa) regions of
Atg9 did not bind to Yptl (Fig 1C). To rule out whether this result is
due to the loss of biological activity of the TF (trigger factor)-fused
Atg9-N, M, or C proteins, we conducted GST pulldown assays using
these proteins with GST-Atg23 and found that TF-Atg9-N and TF-
Atg9-C have a direct interaction with Atg23 (Appendix Fig S1A).
This result is also consistent with the yeast two-hybrid experiment
results between them (Appendix Fig S1B), indicating that these
fused proteins with TF tag have the normal biological activity of
Atg9. Concurrently, the deletion of ATG23 significantly decrease the
binding of Yptl to Atg9 (Fig 1D). Collectively, these data suggested
that Atg9 is not likely to directly interact with Yptl and the

© 2023 The Authors
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Figure 1. Atg23 is a new binding partner of Yptl.

Weijing Yao et al

A FLAG-Yptl protein was purified with anti-FLAG nanobody agarose beads under nitrogen starvation medium and separated by SDS-PAGE. Yptl-associated proteins

were then analyzed by LC-MS/MS.

B GST pulldowns were performed using purified Hiss-tagged Atg23 with GST or GST-Yptl from E. coli. Protein samples were separated by SDS-PAGE, and then detected

using Coomassie blue staining.

C GST pulldowns were performed using purified Hisg-tagged TF-Atg9 N (2-318aa), TF-Atg9 M (395-534aa), or TF-Atg9 C (747-997aa) with GST or GST-Yptl from E. coli.
Protein samples were separated by SDS-PAGE, and then detected using Coomassie blue staining. The asterisk represents the target protein.

D Atg9-TAP (Tandem Affinity Purification tag, CBP-TEV-PA) and FLAG-Yptl were co-expressed in wild-type or atg23A yeast strains. Cells were grown to the log-growth
phase. Cell lysates were immunoprecipitated with anti-FLAG agarose beads and then analyzed with anti-Protein A antibody.

E Fluorescence microscopy images of wild-type cells expressing the BiFC constructs Atg23-VN and VC-Yptl cultured in nutrient rich or nitrogen starvation medium for

1 h. Scale bar: 2 um.

F  Atg23-3xHA and FLAG-Yptl were co-expressed in wild-type yeast strains. Cells were grown to the log-growth phase and then subjected to nitrogen starvation for O or
1 h. Cell lysates were immunoprecipitated with anti-FLAG agarose beads and then analyzed with anti-HA antibody.

G GST pulldowns were performed using purified Hisg-tagged Atg23 with GST, GST-Ypt1°2", or GST-Ypt1%”* proteins from E. coli. Protein samples were separated by
SDS-PAGE, and then detected using Coomassie blue staining. The binding strengths of His-Atg23 with GST-Ypt152?" or Ypt1%7* were quantified by calculating the

ratio of His-Atg23/GST-Ypt1°??" or His-Atg23/Ypt1%7" from pulldown assays.

Source data are available online for this figure.

pulldown observed between Yptl and Atg9 in the absence of Atg23
could be the result of an indirect interaction.

To further validate whether Atg23 was a bona fide Yptl binding
protein, bi-molecular fluorescence complementation (BiFC) assays
were conducted to monitor their direct interaction (Feng
et al, 2021). We constructed fusion reporters in which the VN com-
ponent of the Venus yellow fluorescent protein(vYFP) was fused to
the C terminus of Atg23 while the VC component was fused to the N
terminus of Yptl. Co-expression of these fusion reporters in yeast
cells grown under nutrient-rich or nitrogen starvation conditions
resulted in a detectable vYFP signals (Fig 1E), suggesting that Yptl
could indeed interact with Atg23 in vivo. Since Atg23 has been
reported to form many puncta at the PAS and peripheral sites, we
further tested where Atg23 and Yptl interact, by observing the loca-
tion of the Atg23-vYFP-Yptl binding signal relative to the PAS, as
marked by RFP-Apel. As expected, we observed highly colocalized
signaling between Atg23-vYFP-Yptl and RFP-Apel (Appendix
Fig S1C), indicating that this colocalization event had occurred at
the PAS. Furthermore, Yptl and Atg23
immunoprecipitated (Fig 1F). This further supported the suggestion
of their direct interaction in vivo. In addition, we generated Yptl
variants with disrupted ability to bind GTP or GDP to test whether
their binding was depends on Yptl GDP- or GTP-bound forms.
Results showed Atg23 preferential pulldown with GTP-bound form
of Yptl (Ypt19°7%), and not its GDP-bound form (Ypt15%%Y; Fig 1G),
suggesting that the binding of Yptl to Atg23 depends on its GTP-
bound form. Taken together, these results led us to conclude that
Atg23 is a new effector of Yptl (Grosshans et al, 2006).

could be co-

The dimerization of Atg23 is a prerequisite for the Atg23-Yptl
binding

To explore the role and molecular mechanism of Atg23-Yptl binding
during autophagy, we sought to determine the specific regions
required for the Atg23 association with Yptl. Atg23 contains two
coil-coil domains, which locate at 144-213aa and 272-302aa, and
are designated as the CC1 and CC2 domains, respectively (Fig 2A).
To delineate which of the regions of Atg23 were responsible for its
binding with Yptl, we generated a series of Atg23 deletion variants
lacking regions 2-143aa, 144-213aa, 214-271aa, 272-302aa, or 303—
453aa, respectively. Subsequent BiFC assays, using yeast strains co-
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expressing VC-Yptl with each one of the respective Atg23 deletion
variants fused to the VN reporter, showed that no vYFP signal was
detectable in cells co-expressing VC-Yptl with Atg23 144-213aaA-
VN, the region which harbored the CC1 domain (Fig EV2A).

We then generated three deletion variants individually lacking
portions of the Atg23 CC1 domain (144-160aa, 161-190aa, and 191-
213aa), and fused each of these mutants to VN for further BIFC
assays. Results showed that the vYFP signal was only detectable in
cells co-expressing Atg23 144-160aaA-VN and VC-Yptl, suggesting
that the sites on Atg23 necessary for binding with Yptl were
contained in the 161-213aa region of the CC1 domain (Fig EV2B).
To identify the specific residues required for the association of
Atg23 with Yptl, we created a series of random amino acid conver-
sions in this region for BiFC screening, the results revealed that
the vYFP signal was absent in the Atg23-l7ONLIZINLIZN
Atg23L188N—L189N, AtgzsLZOON—LZOlN—LZOZN’ or Atg23L182N—L183N mutants
fused with VN, suggesting that the interaction with Yptl was depen-
dent on these residues in Atg23 (Figs 2B and EV2C). Two of these
variants, Atg23-l7ONLIZINLIZN and Atga3lISSNLISN wware subse-
quently selected to test their Yptl binding using Co-IP assays. To
this end, atg23A yeast strain expressing FLAG-Yptl was transformed
with either Atg23-3xHA WT, Atg23-3xHALI7ONLIZINLIZIN  Atg)3.3x
HAFISSNLISN o1 an empty vector control. Consistent with results of
BiFC assays, neither of the Atg23 mutants were observed to be
coprecipitated with FLAG-Yptl, indicating some or all the
L170-L171-L173 and L188-L189 residues to be essential for interac-
tions with Yptl (Fig 2C). These results were further supported by
GST pulldown, which showed that Atg23-Yptl binding was
almost completely abolished in the Atg23tl7ONLIZINLIZSN ap4
Atg23L188NLI8IN hackerounds (Fig 2D). Taken together, these data
indicated that the Atg23 CCl domain is required for the direct
Atg23-Yptl interaction.

To investigate the role of Atg23-Yptl binding in autophagy,
Atg2 3L 7ONLIZINLIZN anq Atg23LI88NLISIN mytants were used for
testing their autophagic activity by transforming atg23A yeast cells
co-expressing GFP-Atg8 and Vphl-mCherry with either Atg23
mutants, Atg23 WT, or empty vector controls, respectively. Results
of the GFP-Atg8 cleavage indicated that the Atg23-l7ONLI7INLIZSN
and Atg23L88NEI8N mytants had significantly lower levels of free
GFP under autophagic induction by nitrogen starvation conditions,
thus showing comparable autophagic inhibition to that observed in

© 2023 The Authors
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Figure 2. Dimerization of Atg23 is a prerequisite for the binding of Atg23 to Yptl.

3Ll70N-Ll7lN>Ll73N, or Atg23L188N-L189N plasmids were

plasmids were grown to the early log phase. The

A The scheme of the Atg23 domains.

B Fluorescence microscopy images of wild-type cells expressing the BiFC constructs VC-Yptl and Atg23-VN or the indicated Atg23-VN variants cultured in SD-N medium
for 1 h. Scale bar: 2 pm.

C atg23A cells co-expressing Flag-Yptl and the indicated mutants with Atg23-3xHA were subjected to nitrogen starvation for 1 h. Cell lysates were immunoprecipitated
with anti-FLAG agarose beads and then analyzed by western blot using an anti-HA antibody.

D GST pulldowns were performed by using purified Hiss-tagged TF-Ypt1 with GST, GST-Atg23, GST-Atg23-7ONLI7INLIZIN o GST- Atg23-E8NLIEN from E. coli. Protein
samples were separated by SDS-PAGE, and then detected using Coomassie blue staining.

E atg23A yeast strains co-expressing GFP-Atg8, Vph1-mCherry and empty vector, wild-type Atg23(Atg23 WT), Atg2.
cultured in SD-N for 0 and 4 h. The autophagic activity of cells were analyzed by western blot for GFP-Atg8 cleavage. Pgkl served as a loading control.

F The cleavage of GFP-Atg8 from (E) were quantified and presented as mean + SD (n = 3). ***P < 0.001; NS, no significance; two-tailed Student’s t-tests were used.

G atg23A yeast strains expressing empty vector, wild-type Atg23 (Atg23 WT), Atg23-7ONLI7INLIZIN o Apo)3LIBEN-LIEIN
activity of Cvt pathway were analyzed by western blot for the maturation of precursor Apel. Pgkl served as a loading control.

H atg23A yeast strains co-expressing Atg23-3xHA and empty vector, wild-type Atg23(Atg23 WT)-3xFLAG, Atg23-27ONH7INLIZ3N 35 £ AG, or Atg23-188NLIEIN_3XFIAG plas-

mids were grown to the early log phase. Cell lysates were immunoprecipitated with anti-FLAG agarose beads and then analyzed by western blot using an anti-HA
antibody.

Ni-NTA pulldowns were performed by using purified GST-tagged Atg23 with His-Atg23, His-Atg23-17ONH7INLLZ3N o s Arg3HEEN-LIEIN from E coli. Protein samples
were separated by SDS-PAGE, and then detected using Coomassie blue staining.

Source data are available online for this figure.

ATG23 knockout (Fig 2E and F). We then examined the activity of
the Cvt pathway in two mutant cells under nutrient-rich medium
using Apel precursor cleavage assays. Results showed that mature
Apel was almost absent in cells expressing either Atg23
L170N-L17IN-L173N or Atg23L188N-L189N mutant (Flgs 2G and EVZD),
suggesting that Atg23 L170-L171-L173 residues or L188-L189 resi-
dues are required for the activity of the Cvt pathway.

Since Atg23 has been reported to be able to form dimers with
Atg23, and that its dimerization is important for the binding of Atg23
to Atg9 (Hawkins et al, 2022), we then examined whether
Atg23LI7ONLIZINLIZSN o At 3LISSNLISIN myants affect the dimer-
ization of Atg23 and its association with Atg9. Y2H analysis
showed that AH109 strains co-expressing Atg23-BD with
Atg23LI7ONLIZINLIZSN ATy or Atg23L188NLISN AD could not grow on
SD-His-Leu-Trp + 3-AT plate (Fig EV2E). Both Co-IP and in vitro
pulldown assays showed that Atg23tl7ONLIZINLIZN - oy
Atg23-188NLISN mytants blocked the dimerization of Atg23 and the
subsequent association of Atg23 with Atg9 (Figs 2H and I, and EV2F
and G). We next wanted to identify which of the amino acid residues
on Atg23 impair the binding of Atg23-Yptl but do not affect the
dimerization of Atg23. BiFC assays indicated that the Atg23 CCl1
domain is required for the dimerization of Atg23 (Fig EV2H). We
then conducted the Ni-NTA pulldown experiments on a series of the
indicated five amino acid residue deletion mutants in the Atg23 CC1
domain and found mutants on the CCl domain that not only
impaired the binding of Atg23 to Yptl, but also blocked the forma-
tion of Atg23 dimerization (Appendix Fig S2). As disruption of Atg23
dimerization has been shown to cause mislocalization of the protein
(Hawkins et al, 2022), these data indicated that the failure of mono-
meric Atg23 to bind Yptl could be an indirect effect of Atg23 failing
to colocalize with Yptl. Taken together, these data led to the conclu-
sion that the dimerization of Atg23 is a prerequisite for the binding
of Atg23 to Yptl.

Yptl-Atg23 binding is required for autophagy

We next sought to identify the specific regions required for on Yptl
to associate with Atg23. Using same approach, we identified the
Yptl W62 residue as required for the binding of Yptl to Atg23, both
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in vivo and in vitro (Fig 3A-D and Appendix Fig S3A). To test
whether thlWéZA affects the binding of Yptl to Atgl7, Atgl, Hrr25,
or Atgll, as well as its dimerization, GST or Ni-NTA pulldown
assays were performed. Ypt1"%?4 displayed no impaired their asso-
ciations or any negative effects upon its dimerization (Appendix
Fig S3B-G). These data indicated that Yptl W62 residue specifically
regulates its binding to Atg23.

We then set out to investigate whether Yptl W62 is required for
autophagy and the Cvt pathway. Since Yptl is an essential gene for
cell viability, the biological function of Yptl has formerly been stud-
ied primarily by using a temperature-sensitive strain (Lynch-Day
et al, 2010; Lipatova et al, 2012; Wang et al, 2013, 2015b). However,
as growth at 37°C will induce a heat-shock stress responses in tem-
perature sensitive strains, phenotypic analysis may therefore not
accurately or entirely reflect its essential biological functions. To cir-
cumvent such a heat-shock response, we used an auxin-inducible
degron system to degrade Yptl (Nishimura et al, 2009). As shown
in Appendix Fig S4A, Yptl protein degraded rapidly after the addi-
tion of indoleacetic acid (IAA). However, a spotting assay indicated
that cells expressing AID-3xHA-Yptl exhibited severely impaired
growth irrespective of IAA treatment, suggesting that the addition of
the AID-3xHA tag to the N terminus of Yptl had affected its normal
function (Appendix Fig S4B). We next examined whether Yptl pro-
tein degradation blocked autophagy. We found that in response to
nitrogen starvation, autophagy was completely abolished in yeast
cells co-expressing AID-3xHA-Yptl with GFP-Atg8 and Vphl-
mCherry, with or without IAA treatment. These results were consis-
tent with the previous finding that Yptl is necessary for autophagy
(Appendix Fig S4C). Furthermore, Cvt pathway activity also
appeared to be completely blocked in AID-3xHA-Yptl yeast cells,
regardless of IAA treatment (Appendix Fig S4D). We then used this
yeast strain to study whether Yptl-Atg23 binding regulates autop-
hagy. As shown in Fig 3E and F, and Appendix Fig S4E and F, Yptl
W62 is required for autophagy and the Cvt pathway. To rule out the
possibility that Ypt1"%%4 affects autophagy via other means beyond
its interaction with Atg23, GFP-Yptl or GFP-Ypt1"®*4 plasmid were
transformed into WT or atg23A yeast strains co-expressing AID-
3xHA-Yptl and Atgl7-2xmCherry. Fluorescence microscopy and
image analysis showed that there was no significant difference in

© 2023 The Authors
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Figure 3. Yptl-Atg23 binding is required for autophagy.

Weijing Yao et al

A, B Fluorescence microscopy images of wild-type cells expressing the BiFC constructs in Atg23-VN and VC-Yptl or the indicated VC-Yptl variants cultured in nitrogen

starvation medium for 1 h. Scale bar: 2 um.

C  Yeast cells co-expressing Atg23-GFP and FLAG-Yptl were subjected to SD-N for 1 h. Cell lysates were immunoprecipitated with anti-FLAG agarose beads and then

analyzed with anti-GFP antibody.

D  GST pulldowns were performed by using purified Hiss-tagged Atg23 with GST, GST-Ypt1, GST-Yptl 61-63aaA, or GST-Ypt1"6?* from E. coli.

E Wild-type or atglA yeast cells co-expressing GFP-Atg8 and Vph1l-mCherry, or AID-3xHA-Yptl yeast strains co-expressing GFP-Atg8 and Vph1l-mCherry transformed
with empty vector, FLAG-Ypt1, or FLAG-Ypt1"** plasmids were treated with IAA for 2 h to degrade endogenous AID-3xHA-Yptl, and then subjected to nitrogen
starvation for O or 4 h. Autophagic activity was analyzed by western blot for GFP-Atg8 cleavage. Pgkl served as a loading control.

F BY4741(WT) or atglA cells, or AID-3xHA-Yptl yeast cells transformed with empty vector, FLAG-Ypt1, or FLAG-Ypt1"¢? plasmids were grown to early log phase, and
then subjected to IAA for 2 h to degrade endogenous AID-3xHA-Yptl. The activity of the Cvt pathway were analyzed by western blot for the maturation of PrApel.

Pgkl served as a loading control.

Source data are available online for this figure.

the number of cells colocated with Atgl7 and Yptl between WT
cells co-expressing GFP-Ypt1"%?4 and Atgl7-2xmCherry and atg23A
cells co-expressing GFP-Yptl and Atgl7-2xmCherry, although their
colocalization was moderately decreased compared with WT cells
co-expressing GFP-Yptl and Atgl7-2xmCherry (Appendix Fig S4G—
I). Collectively, these results indicated that the PAS recruitment of
Yptl does not rely on the binding of Yptl-Atg23 to any great extent
and strong evidence is provided that Yptl-Atg23 binding is required
for autophagy.

Yptl-Atg23 binding is required for the PAS recruitment of
Atg9 vesicles

In light of the above findings, we next investigated how Ypt1-Atg23
interactions may regulate autophagy. Given that both Yptl and
Atg23 are required for the PAS recruitment of Atg9 vesicles, we next
examined whether Yptl-Atg23 interaction was required for Atg9
vesicle recruitment to the PAS. To test this hypothesis, we trans-
formed the AID-3xHA-Yptl yeast strain co-expressing Atg9-2xGFP
and Atgl7-2xmCherry or RFP-Apel with Yptl WT, Ypt1"®*4, or
empty vector control plasmids. Imaging and statistical analysis con-
sistently indicated that the Yptl1"®** variant blocked the PAS
recruitment of Atg9 vesicles under either nutrient-rich or nitrogen
starvation conditions (Fig 4A and B, and Appendix Fig SSA-D). Fur-
thermore, to examine whether Ypt1"¥%?4 variant affects the biogene-
sis of peripheral Atg9 vesicles, we quantified the number of Atg9
puncta and the formation of mobile Atg9 vesicles in the presence of
Ypt1"6?4 variant. Results indicated that the number of Atg9 puncta
and the formation of mobile Atg9 vesicles was not altered in the
Ypt1"¢?4 mutant (Fig 4C and Appendix Fig S5E, and Movies EV1—
EV8). Collectively, these data suggested that the Yptl-Atg23 interac-
tion is involved in the PAS recruitment of Atg9 vesicles, but not in
its biosynthesis.

Previous reports have shown that the recruitment of Atg9 vesi-
cles to the PAS requires the direct binding of Atg9-Atgl3, Atg9-
Atgl7, and Atg9-Atgll (He et al, 2006; Sekito et al, 2009; Suzuki
et al, 2015). We therefore tested whether deficiency in Yptl-Atg23
binding was required for Atg9 association with Atgll, Atgl3, or
Atgl7 by transforming Yptl WT-3xFLAG, Ypt1"®*-3xFLAG, or the
empty vector plasmids into an AID-3xHA-Yptl yeast strain co-
expressing Atg9-TAP and Atgll-2xGFP, Atgl3-2xGFP, or Atgl7-
2xGFP. Subsequent Co-IP assays revealed a dramatic decrease in
Atg9 binding with Atgll, Atgl3, and Atgl7 in the absence of Yptl-
Atg23 interaction under nitrogen starvation conditions (Fig 4D-F).
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Taken together, these results led us to conclude that Yptl-Atg23
required for the recruitment of Atg9 vesicles to the PAS through the
modulation of the Atg9 association with Atgll, Atgl3, and Atgl7.

Yptl-Atgl7 binding is required for the PAS recruitment of Yptl
and Atgl

Atgl7 is widely used as a PAS marker because it forms a stable ter-
nary complex with Atg29 and Atg31 that serves as a scaffold for the
initiation of autophagy (Ohsumi, 2014). This property of Atgl7 dur-
ing the initiation of autophagy led us to focus on the potential func-
tion of Yptl-Atgl7 binding. To further validate the binding of Yptl1-
Atgl7 in vivo, we performed Co-IP and BIFC assays, which respec-
tively showed that Atgl7-3xFLAG could associate with HA-Yptl and
that the vYFP signal was only observable in cells co-expressing VC-
Yptl and Atgl7-VN (Fig EV3A and B). Additionally, we found that
the binding of Yptl to Atgl7 depends on its GTP-bound form
(Fig EV3C). Collectively, these data showed that Yptl can directly
bind to Atgl7 and that such binding is GTP-bound form dependent.
To better understand the effects of Yptl-Atgl7 binding on auto-
phagy, we first sought to identify which Atgl7 regions that were
responsible for binding with Yptl. Since Atgl7 contains four
o helixes and a B strand located at various positions 2—-110aa (a1),
111-185aa (o2), 186-235aa (o3), 236-388aa (04), and 389-417aa
(B1) (Fig 5A; Ragusa et al, 2012), we introduced a series of individ-
ual deletions at 2-110 aa, 111-185aa, 186-235aa, 236-388aa, and
389-417aa and used these deletion variants for BiFC assays. Trans-
formation of these Atgl7 variants fused to VN and VC-Yptl in yeast
cells, resulted in vYFP signal in all cultures except for those with
cells harboring 236-388aaA, which indicated that the Atgl7 helix a4
was required for Atgl7-Yptl binding (Fig 5B). A series of nine dele-
tions were then individually introduced into the helix o4 domain.
Expression of these deletion mutants in BiFC assays indicated that
the vYFP signal was abolished in the cells expressing Atgl7 286—
300aaA or 351-370aaA (Fig EV3D). Because the Atgl7 351-370aa
region had been previously reported to be required for the dimeriza-
tion of Atgl7 (Ragusa et al, 2012), we selected the Atgl7 286-300aa
region to further identify the binding region of Yptl-Atgl7. To this
end, we further introduced a series of three deletions in this region,
which revealed that vYFP signal was lost in cells expressing either
Atgl7-VN 286-290aaA or 291-295aaA with VC-Yptl in BiFC assays
(Fig EV3E), thus indicating some or all these residues to be required
for the Yptl-Atgl7 interaction. Subsequently, we generated a series
of random amino acid conversions in this region for BiFC screening.

© 2023 The Authors
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Figure 4. Yptl-Atg23 binding is required for the PAS localization of Atg9 vesicles.

A Wild-type yeast strains co-expressing Atgl7-2xmCherry and Atg9-2xGFP or AID-3xHA-Yptl yeast strains co-expressing Atgl7-2xmCherry and Atg9-2xGFP trans-

formed with empty vector, FLAG-Yptd, or FLAG-Ypt1"/6*

plasmids were treated with 1AA for 2 h to degrade endogenous AID-3xHA-Yptl, and then subjected to

SD-N for 0 or 1 h. Images of cells were obtained using fluorescence microscopy. Scale bar, 2 pm.

B Cells from (A) were quantified for the number of cells in which Atg9-2 x GFP colocalized with Atgl7-2 x mCherry puncta. n = 300 cells were pooled from three
independent experiments. Data are shown as mean £ SD. ***P < 0.001; ns, no significance; two-tailed Student’s t-tests were used.

C Cells from (A) were quantified for the number of Atg9-2 x GFP. n = 300 cells were pooled from three independent experiments. Data are shown as mean + SD. ns,

no significance; two-tailed Student’s t-tests were used.

D-F AID-3xHA-Ypt1 cells co-expressing Atg9-TAP and Atgl1-2xGFP, Atg13-2xGFP, or Atgl7-2xGFP transformed with empty vector, FLAG-Yptd, or FLAG-Ypt1"6? plas-
mids were grown to log phase, and then subjected to SD-N for 1 h. Cell lysates were immunoprecipitated with anti-GFP agarose beads and then analyzed by west-

ern blot using the indicated antibody.

Source data are available online for this figure.

The results showed that the vYFP signal was absent in the Atgl7
L286N-V2Z90N or Agl7I293E-1294E mqyitants fused with VN, indicating that
their binding was dependent on these residues in Atgl7 (Fig 5C).
Atgl 788N V20N and  Atg177%3E12%E mutants were subsequently
tested for their Yptl binding using Ni-NTA pulldown assays. These
results further confirmed that Atgl7-Yptl binding was almost
entirely lost in the Atgl7-28NVI90N or Atg17293E29E mytants
(Fig SD). These data indicated that Atgl7 L286-V290 or 1293-1294
residues are required for the binding of Ypt1-Atgl?7.

We then used these mutants in a GFP-Atg8 cleavage assay
to investigate whether Atgl7-Yptl binding was required for auto-
phagic activity. Empty vector, Atgl7 WT, Atg17L286N'V290N, or
Atg17"?93E1294E phlasmids were separately transformed into an atgl7A
yeast strain co-expressing GFP-Atg8 and Vphl-mCherry. As shown
in Fig SE, the cleavage of the GFP-Atg8 processing assay showed
that Atgl7-28NV290N op Atg17/293E1299E mytants all led to free GFP
levels under nitrogen starvation conditions becoming decreased to
similar levels to those observed in atgl7A yeast cells, suggesting
that Yptl-Atgl7 binding is required for autophagy. Since Atgl7
forms a complex with Atg29 and Atg31, we next wanted to examine
whether deficiency in the binding of Yptl-Atgl?7 impairs the forma-
tion of the Atgl7-Atg29-Atg31 complex by transforming Atgl7 WT-
2xGFP, Atgl7L280NVION 5 GFP,  Atgl772%3F29%E )« GFP, or the
empty vector plasmids into an atgl7A yeast strain co-expressing
Atg29-TAP and Atg31-GFP. Subsequent Co-IP assays revealed no
significant changes in the association of Atgl7 with Atg29 and
Atg31 in the absence of Yptl-Atgl7 binding (Fig EV3F). Next, we
tested whether deficiency in the binding of Yptl-Atgl7 affects PAS
formation by transforming Atgl7 WT-2xGFP, Atgl7L286NV290N,
2xGFP, Atgl7"9351294E 5 xGFP, or the empty vector plasmids into an
atgl7A yeast strain expressing RFP-Apel. As shown in Fig EV3G,
Atgl7-2xGFP, as the puncta form, was well co-localized with RFP-
Apel in cells expressing the Atgl7-286NV29N or Atg]7/293E1294E
mutants under nutrient-rich medium. Taken together, these data
suggested that the Atgl7-28NV290N or Atg]17/293F12%9E mutants do
not display any affects upon the formation of the Atgl7-Atg29-Atg31
complex or the PAS recruitment of Atgl7.

Based on this evidence, we then examined whether disruption
of Yptl-Atgl7 interaction impaired the PAS recruitment of Yptl.
Transformation of 3xFLAG-tagged WT Atgl7, Atgl7L286NV29N op
Atgl?m SEI299E into an atgl7A yeast strain co-expressing RFP-Apel
(PAS marker) and GFP-Yptl, under nitrogen starvation conditions
showed that recruitment of Yptl to the PAS was significantly
decreased in cells expressing Atgl7i286NVZ9ON o Atg]71293E1294E
mutants (Fig SF and G, and Appendix Fig S6A). These findings
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suggested that the binding of Ypt1-Atgl7 provided a substantial con-
tribution to the PAS recruitment of Yptl in response to nitrogen star-
vation. Given that Yptl is required for Atgl puncta formation and
that the absence of Yptl-Atgl7 binding adversely affects PAS
recruitment of Yptl, we next examined whether the Yptl-Atgl?
interaction was required for Atgl puncta formation. To test
this hypothesis, 3xFLAG-tagged plasmids carrying WT Atgl7, Atgl7
L286N-V290N. or Atgl7I293E-1299E plasmids were transformed into an
atgl7A yeast cells expressing Atgl-GFP. As shown in Fig 5H and I,
and Appendix Fig S6B, the formation of Atgl puncta was
significantly impaired in cells expressing Atgl7-286NV290N  op
Atg17293F1294E mytants under nitrogen starvation conditions. Col-
lectively, these data demonstrated Yptl-Atgl7 interaction is required
for autophagy by regulating the PAS recruitment of Yptl and Atgl.

Since Yptl is a newly identified interactor of Atgl7, we exam-
ined whether the PAS recruitment of ATG proteins is regulated
by Yptl. We constructed yeast strains that co-expressing Atgl7-
2xmCherry and the indicated ATG proteins with GFP tag in wild-
type or AID-3xHA-Yptl cells. IAA was added to induce the degra-
dation of endogenous AID-3xHA-Yptl protein. Image data analysis
found that IAA-mediated Yptl degradation severely affects both
the PAS recruitment of Atg9 vesicles, and the puncta formation of
Atgl, Atg2, Atg5, Atg8, or Atgl4. However, Yptl degradation
does not impair PAS recruitment of Atgll and Atgl3 (Appendix
Fig S6C). These results indicated that Yptl regulates the PAS
recruitment of Atg9 vesicles, PI3K complex I, the Atg2-Atgl8 com-
plex, and the two ubiquitin-like systems under nitrogen starvation
conditions.

Yptl is directly phosphorylated by TOR

Given that phosphorylation is already known as the most common
post-translational modification involved in the regulation of autop-
hagy (Kim & Guan, 2015), coupled with our evidence that Yptl is a
key regulator of autophagy, we next tested whether Yptl function in
autophagy is affected by phosphorylation. To this end, we purified
FLAG-Yptl from cells grown in nutrient-rich conditions using anti-
FLAG nanobody agarose beads (Appendix Fig S7A). Protein samples
separated by SDS-PAGE were then analyzed by LC-MS, which iden-
tified phosphorylation at the S174 residue of Yptl (Fig 6A and
Appendix Fig S7B).

We next sought to identify the specific protein kinase respon-
sible for Yptl phosphorylation. In yeast and mammalian cells,
TOR/mTOR, Snfl/AMPK and Atgl/ULK1 are three major protein
kinases regulating autophagy (Kim et al, 2011; Ohsumi, 2014).

© 2023 The Authors



Weijing Yao et al

A

The EMBO Journal

C
Atg17 DIC
r ) VC-Ypti/ % VN-Atg17+VC
1I 11|0 1£|§5 21::5 38|8 4117 VN-Atg17. .i 9
Helixal a2 a3 a4 g1 VN-Aig17 2-110aaA o ) VN+VC-Ypt1
: VC-Ypt1/ = :
D input VN-Atg17111—185aaA. ( .. Atg17
TF-Atgl7 - + - - -
L286N-V290N - - + - VC-Ypti/
1293E-I294F - - — + VN-Atg17 186-235aa4 _ & AtgL7Lzsen-vason
1307 VC-Ypt1/ N Y
954 VN-Atg17 236-388aaA { Atg17/293 294
aQ
: VN-Atg17 389-417aaA| @
43 GST-Yptl R <
34 S B o
: & & V&
26 GST SD-N(h): 0 4 0 4 0 4 0 4
43| - GFP-Atg8
Ni-NTA Pulldown 344
= ww == ==|GFP
TF-Atgl7 - - + + - - - -
TF-Atgl7i286NV290N — - - -+ + - - 551 ———— | Atq17-3 X FLAG
TF-Atgl7i2361294 _ _  _ _ _ _ 4 4 sa L —— S | Pk
GST + - + - + - + -
GST-Yptl - + - + - + - + F Ypt1 Apel Merge DIC
1304 TF-Atgl7 ... e 019178
- GST-Yptl PR /1817 WT
43+ </
N [286N-V290N
26
BERE -
G % H DIC SD-N 1h
(0]
& ¢ 50 I g
g ) SD-N 1h atg17A 21007 SD-N1h
8 & 40 3
o= 2 80
c =307 O Atg17WT 2 60
9 B %%k
-ES; >CI_L20‘ = T = % 407 *okk = =
‘S & 101 : 2 o0l
80 L286N-V290N  © ﬂ
g 0- v O\o 0 T T T T
= \ \é\ Q$Q’b$’/ \'l%’\ N
PR UMY \ O 200
O e 1293E-1294E SRR
\7’5%@$ ‘Lg'b ?;\0) ‘b« g‘b?’
Vil N
Figure 5.

© 2023 The Authors

The EMBO journal e112814|2023 11 of 24



The EMBO Journal

Figure 5. Yptl-Atg17 binding is required for autophagy.
A The scheme for the Atgl7 domains.

Weijing Yao et al

B, C Fluorescence microscopy images of wild-type cells expressing the BiFC constructs VC-Yptl and Atgl7-VN or the indicated Atgl7-VN variants cultured in nutrient-

rich medium. Scale bar: 2 um.

D Ni-NTA pulldowns were performed by using purified Hise-tagged TF-Atgl7 variants with GST, or GST-Ypt1 from E. coli. Protein samples were separated by SDS-

PAGE, and then detected using Coomassie blue staining.

E atgl7A yeast strains co-expressing GFP-Atg8, Vph1l-mCherry and empty vector, wild-type Atgl7(Atgl7 WT), or the indicated Atgl7 mutant plasmids were cultured
in SD-N medium for O or 4 h. The autophagic activity of cells were analyzed by western blot for GFP-Atg8 cleavage. Pgkl served as a loading control.

F, G atgl7A yeast strains co-expressing GFP-Yptl, RFP-Apel and empty vector, wild-type Atgl7(Atgl7 WT), or the indicated Atgl7 mutant plasmids were cultured in SD-
N medium for 1 h. Images of cells were obtained using inverted fluorescence microscopy. Scale bar, 2 um. Cells were quantified for the number of cells in which
GFP-Yptl colocalized with RFP-Apel puncta. n = 300 cells were pooled from three independent experiments. Data are shown as mean + SD. ***P < 0.001; two-

tailed Student’s t-tests were used.

H, | atgl7A yeast strains co-expressing Atgl-GFP and empty vector, wild-type Atgl7(Atgl7 WT), or Atgl7 mutant plasmids were cultured in SD-N medium for 1 h.
Images of cells were obtained using the inverted fluorescence microscopy. Scale bar, 2 um. Cells were quantified for the number of cells in which Atg1-GFP puncta
appeared. n = 300 cells were pooled from three independent experiments. Data are shown as mean + SD. ***P < 0.001; two-tailed Student’s t-tests were used.

Source data are available online for this figure.

However, activation conditions differ for each. TOR is active in
nutrient-rich medium, Snfl/AMPK is activated under glucose star-
vation, while Atgl/ULK1 is activated under autophagy induction
conditions (Kim et al, 2011). Therefore, given that the S174 resi-
due of Yptl is phosphorylated in nutrient-rich medium, we spec-
ulated that Yptl would be likely to be phosphorylated by TOR.
Co-IP assays to detect whether Yptl could bind to TOR showed
that Yptl indeed interacted with Torl (Fig 6B). Subsequent
in vitro kinase assays using WT or KD (kinase dead) HA-Torl
purified by immunoprecipitation as kinase, and with Yptl as a
substrate, showed that Yptl was phosphorylated by Torl in the
WT but not in the KD samples (Fig 6C), thus revealing Yptl as a
direct phosphorylation substrate of TOR. To verify that the Yptl
S174 residue was the phosphorylation site of TOR, we generated
an Ypt1®?7** conversion mutant and found that phosphorylation
thereby decreased to similar levels as those of the negative con-
trol in in vitro kinase assays (Fig 6D). A specific phosphor-
antibody recognizing phosphorylated S174 of yeast Yptl (p-Yptl
S174) was then generated to detect the phosphorylation level of
Yptl S174 residue under nutrient-rich conditions. The result
showed that mutating S174 to alanine (S174A) completely abol-
ished the phosphorylation signal (Fig 6E). Due to the decreased
kinase activity of TOR during nitrogen starvation, we subse-
quently used this antibody to test whether the phosphorylation
level of Yptl S174 residue dramatically reduced under nitrogen
starvation conditions. Compared with nutrient-rich conditions, the
phosphorylation level of Yptl S174 residue in cells was indeed
significantly decreased in response to nitrogen starvation
(Fig 6F). These results provided direct evidence that Yptl is
directly phosphorylated by TOR.

Yptl is an autophagy determinant controlled by TOR

Given that Yptl is known to be essential for autophagy, we next
tested whether its phosphorylation by TOR regulates its function in
autophagy. To examine this, we constructed an HA-Ypt13'"** plas-
mid, which could not be phosphorylated by TOR, as well as an HA-
Ypt15174P plasmid, which mimics Yptl phosphorylation by TOR. As
TOR negatively regulates autophagic activity, we speculated that the
Ypt157744 mutant would show enhanced, and the Ypt15/7#P show
inhibited, autophagy. To test this hypothesis, HA-Yptl, HA-
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Ypt1517%0 HA-Ypt1517#4, or empty vector plasmids were separately
transformed into AID-3xHA-Yptl yeast cells co-expressing GFP-Atg8
and Vphl-mCherry. As shown in Fig 7A and B, around 30% cells
showed vacuole-localized GFP-Atg8 in HA-Ypt15/7#* yeast cells,
while approximately 13% HA-Yptl WT cells displayed vacuole-
localized GFP-Atg8 at 1 h after nitrogen starvation. We then tested
the cleavage efficiency of GFP-Atg8 in these yeast strains. Consistent
with imaging data, HA-Ypt1%'7** markedly enhanced free GFP levels
compared with cells carrying WT HA-Yptl (Fig 7C and D), indicat-
ing that the dephosphorylation of Yptl at the S174 residue promotes
autophagy. Concurrently, we examined whether a mimic of Yptl
phosphorylation by TOR could inhibit autophagy. Imaging data and
the cleavage of GFP-Atg8 assays showed that HA-Ypt15/7%P
prevented the localization of GFP-Atg8 to the vacuole and accord-
ingly reduced the generation of free GFP at 1 and 4 h after nitrogen
starvation (Fig 7E-H), indicating the phosphorylation of Yptl at
S$174 by TOR inhibits autophagy. Similarly, under rapamycin treat-
ment conditions, HA-Ypt1517#4 and HA-Ypt1%!7P variants showed
the same phenotypes under nitrogen starvation (Fig EV4A-D). To
better assess the overall effect of Ypt1517#4 or Ypt1577P on autop-
hagy, we performed an ALP assay to examine the autophagic activ-
ity of Ypt1577#*4 and Ypt157*P mutants at multiple starvation time
points. As shown in Fig EV4E, compared with the wild-type Yptl,
the Ypt1¥'7*P mutant showed significantly decreased autophagic
activity, while the Ypt1577%4 mutant showed accelerated autophagy
in response to nitrogen starvation. Taken together, we therefore
concluded that TOR-mediated Yptl phosphorylation is an autophagy
determinant.

TOR-mediated Yptl phosphorylation regulates PAS recruitment
and the activation of Atgl

To extend our findings of the regulatory role for TOR-mediated
Yptl phosphorylation in autophagy, we next examined whether
and how phosphorylation of Yptl by TOR affects Yptl association
with its known autophagy-related binding partners, Atgl, Atgll,
Atgl7, Atg23, or Hrr25, as well as its dimerization. In vitro Ni-
NTA pulldown assays illustrated that Yptl binding with Atgl,
Atgl7, and Hrr25 were significantly decreased in the Ypt15/7#P
phosphorylation mimic (Fig 8A-C), while association with Atg23,

Atgll, and its dimerization remained unaffected (Appendix

© 2023 The Authors
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Fig S8). Subsequently, we measured the binding affinities of Yptl
WT or Ypt13'7*" with purified TF-Atgl, Atgl7, or Hrr25 using SPR
assay (Biacore). K; values showed Ypt1°’7P to have significantly
decreased binding to Atgl, Atgl7, or Hrr25 (Appendix Fig S9).
These results suggested that Yptl phosphorylation by TOR could

The EMBO Journal

regulate autophagy by modulating the Yptl interaction with Atgl,
Atgl?7, and Hrr25.

Since autophagy initiation requires hierarchical recruitment of
autophagy-related proteins to the PAS (Ohsumi, 2014), and that
in vitro Yptl interactions with Atgl, Atgl7, and Hrr25 are
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Figure 6. Yptl is directly phosphorylated by TOR.
A MS identified that Yptl S174 residue was phosphorylated.

Weijing Yao et al

B Cells co-expressing HA-Torl and Flag-Yptl were grown to log phase. Cell lysates were immunoprecipitated with anti-FLAG agarose beads and then analyzed by west-

ern blot using an anti-HA antibody.

C In vitro kinase assays were performed with purified GST or GST-Ypt1 from E. coli as substrates and purified nutrient-rich medium-treated HA-Torl or HA-Torl KD
(kinase dead) from yeast cells as protein kinase. The phosphorylation level of GST-Yptl was detected using an anti-thioP antibody.

D In vitro kinase assays were performed with purified GST-Yptl WT or S174A from E. coli as substrates and purified nutrient-rich medium-treated HA-Torl from yeast
cells as protein kinase. The phosphorylation level of GST-Yptl was detected using anti-thioP antibody.

E Yeast cells expressing empty vector, FLAG-Ypt1, or FLAG-Ypt1°/#

and then analyzed with anti-p-Yptl S174 antibody.

were grown to early log phase. Cell lysates were immunoprecipitated with anti-FLAG agarose beads

F  Yeast cells expressing FLAG-Yptl were subjected to nitrogen starvation for 0, 0.5, or 1 h. Cell lysates were immunoprecipitated with anti-FLAG agarose beads and then

analyzed with anti-p-Yptl S174 antibody.

Source data are available online for this figure.

disrupted in the Ypt1%!74P phosphorylation mimic, we then tested

the PAS recruitment of Yptl in the Ypt1577#P or Ypt1577%*4 mutants
under nitrogen starvation. Imaging data and statistical analysis
revealed that compared with wild-type GFP-Yptl, the number of
cells colocalizing with Atgl7-2xmCherry and GFP-Ypt15/7*P was
significantly decreased, but that this was increased in the GFP-
Ypt15'7#* mutant (Figs 8D and E, and EV5A), suggesting that
TOR-mediated phosphorylation of Yptl negatively regulates its
recruitment to the PAS. Consistent with that scenario, immunopre-
cipitation experiments also showed that association with Atgl?7
was significantly impaired in the Ypt1%'7P phosphorylation mimic,
while the binding to Atgl7 in the Ypt1*’”** mutant was increased
under nitrogen starvation conditions (Fig 8F). We then examined
Atgl recruitment to the PAS in the phosphorylation mimic or
mutant by transforming AID-3xHA-Yptl yeast cells co-expressing
Atgl-GFP and Atgl7-2xmCherry with HA-Yptl, HA-Ypt15'7P, HA-
Ypt1517#4 or the empty vector. Fluorescence microscopy and statis-
tical analysis indicated that Atgl was well-dispersed in the
Ypt1¥17#P mutant under nitrogen starvation, while the expression
of HA-Ypt15/7%4 enhanced the PAS recruitment of Atgl(Figs 8G
and H, and EV5B). Similarly, compared with WT HA-Yptl, the
association between Yptl and Atgl under nitrogen starvation was
increased in the th1517 44 while their binding was almost blocked
in the Ypt15/7*P phosphorylation mimic (Fig 8I). These results fur-
ther supported the understanding that Yptl phosphorylation
impairs the PAS recruitment of Atgl.

Previous studies have shown that Atgl recruitment to the PAS is
closely related with Atgl activation (Kijanska et al, 2010). We then
examined Atgl activation in the Ypt15'7P or Ypt15?7*4 mutants. As
Atgl T226 is phosphorylated in the activated state (Yeh et al, 2010),
we generated an anti-phos-T226 antibody to detect Atgl activation
(Fig EV5C). Western blot results and quantitative analysis indicated
that, compared with wild-type Yptl, the phosphorylation of Atgl
T226 in the Ypt1®’’*" mutant was significantly reduced, but
increased in the thlSI 744 mutant, under nitrogen starvation. This
implies that the dephosphorylation of Ypt1 is required for the activa-
tion of Atgl under nitrogen starvation conditions (Figs 8J and
EVSD). Since Hrr25 has been reportedly to colocalize with the PAS
and regulate autophagy via its binding with Yptl, we also tested
whether Hrr25 was recruited to the PAS in the Ypt1S¥7%P or
Ypt1517#* mutant. Imaging data and statistical analysis showed that
Atgl7 colocalization with Hrr25 was impaired in the Ypt15/74P
mutant while increased in the Ypt15/7#4 mutant under nitrogen star-
vation (Fig EVSE-G). Co-IP assays further showed that the
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association of Yptl with Hrr25 was significantly decreased in the
Ypt1577#P phosphorylation mimic while enhanced in the Ypt157744
mutant (Fig EV5H). Based on these results, we concluded that Yptl
phosphorylation is a determinant of autophagy, as controlled by
TOR via regulation of Yptl, Atgl and Hrr25 recruitment to the PAS,
with consequent Atgl activation then facilitated for the initiation of
autophagy.

TOR-mediated Yptl phosphorylation regulating autophagy is
conserved in mammals

It has been reported that the mammalian Yptl homolog, Rabl is
also required for autophagy and ULK1(mammalian Atgl homolog)
can also bind to Rabl in mammals (Yeh et al, 2010; Wang
et al, 2013). We therefore sought to investigate whether Rabl also
shares a conservative mechanism in TOR-mediated Yptl phosphory-
lation in regulating autophagy in mammals. To this end, in vitro
kinase assays were conducted to test whether mTOR could phos-
phorylate Rabl, and the results showed that mTOR can indeed
phosphorylate Rabl (Fig 9A). To explore which specific sites on
Rabl were phosphorylated by mTOR, anti-GFP agarose beads were
then used to purify GFP-Rabl from MEFs under nutrient-rich
medium conditions. Subsequent analysis by LC-MS/MS identified
the Rabl Thr75 residue as the phosphorylation site (Appendix
Fig S10A). We then generated T—A conversion mutants for this site
to block Rabl phosphorylation. In vitro mTORC1 kinase assays
showed that Rabl phosphorylation was blocked by the T75A muta-
tion (Fig 9B), suggesting that T75 residue is Rab1l phosphorylation
site by mTORC1.

We then tested whether Rab1 phosphorylation by mTORCI regu-
lates autophagy. To this end, we stably knocked down RablA and
Rab1B in HEK293T cells. We found significant accumulation of p62
in Rabl KD cells, indicating that Rabl positively regulates autop-
hagy in mammals (Fig 9C). We then transfected Rabl KD cells with
FLAG-RablA, FLAG-Rabl1A”™”*P (mimicking Rabl phosphorylation
by mTORC1), or with an empty vector. As a result, western blot
analysis indicated that the generation of LC3II was significantly
decreased and p62 was again markedly accumulated in the FLAG-
Rab1A"7P mutant in contrast to that in FLAG-Rab1A after 2-h treat-
ment with the mTOR inhibitor Torin (Fig 9D and E). Furthermore,
FLAG-Rab1AT7°P mutant showed still decreased LC3 lipidation in
Rab1 KD cells cotreated with bafilomycin Al (Fig 9F and G), indicat-
ing that an inhibition role for the phosphorylation of the Rabl T75
residue on autophagosome formation. To tested whether the

© 2023 The Authors
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Figure 7. Yptl is an autophagy determinant controlled by TOR.

Weijing Yao et al

A-H (A, E) AID-3xHA-Ypt1 yeast strains co-expressing GFP-Atg8 and Vph1-mCherry were transformed into empty vector, FLAG-Ypt1, FLAG-Ypt1°¥# or FLAG-Ypt1°¥74?
plasmids. These yeast strains were treated with 0.5 mM IAA for 2 h to degrade endogenous AID-3xHA-Yptl for 2 h, and then were subject to nitrogen starvation
for 1 or 4 h. Images of cells were obtained using an inverted fluorescence microscope. Scale bar, 2 um. (B, F) Cells from (A, E) were assessed for the translocation of
GFP-Atg8 into vacuoles. n = 300 cells were pooled from three independent experiments. Data are presented as mean =+ SD. ***P < 0.001; **P < 0.01; ns, no signifi-
cance; two-tailed Student’s t-tests were used. (C, G) The autophagic activity of cells from (A, E) were analyzed by western blot for the cleavage of GFP-Atg8. Pgkl
served as a loading control. (D, H) The cleavage of GFP-Atg8 from (C, G) were quantified and presented as mean + SD (n = 3). ***P < 0.001; **P < 0.01; NS, no sig-

nificance; two-tailed Student’s t-tests were used.

Source data are available online for this figure.

reduction in autophagic activity was caused by impaired association
of Fip200 with ULK1, we then transfected Rabl KD cells with HA-
Fip200, FLAG-ULK1 and FLAG-RablA, FLAG-RablA”P, or the
empty vector. Co-IP assays demonstrated that the association of
FIP200 with FLAG-RablAT”°” and FLAG-ULK1 was significantly
decreased compared with Rabl KD cells carrying WT FLAG-RablA
under mTOR inhibitor Torin treatment conditions (Fig 9H),
suggesting that dephosphorylation of Rabl is required for the
increase of FIP200-ULK1 binding. Furthermore, we tested
whether Rab1AT7P affects the association of Rabl with ULK1. As
shown in Fig 91, compare with WT FLAG-Rab1A, FLAG-Rab1A”"*P
significantly impaired the increase of the interaction between
Rabl and ULK1 under autophagy induction condition. This suggests
that the association of Rabl with ULK1 is regulated by
its phosphorylation. Taken together, we concluded that TOR-
mediated Yptl phosphorylation is conserved in its autophagy
regulation.

Discussion

In this study, we identify Atg23 and Atgl7 as two previously unrec-
ognized effectors of Yptl and confirmed that their interaction with
Yptl is required for autophagy. Our data showed that disruption of
Yptl-Atg23 binding blocks the recruitment of Atg9 vesicles to the
PAS, while Yptl-Atgl?7 binding is required for the PAS recruitment
of Yptl and Atgl. Our results also demonstrate that Yptl serves as a
direct phosphorylation substrate of TOR. Under nutrient-rich growth

conditions, TOR inhibits Atgl recruitment to the PAS by phosphory-
lating Yptl and Atgl3, thereby preventing Yptl and Atgl3 binding
with Atgl, and by doing so ultimately blocking the initiation of
autophagy. Conversely, in response to nitrogen starvation, TOR
inactivation leads to the dephosphorylation of Yptl and Atgl3, lead-
ing to the subsequent recruitment of Atgl to the PAS, where it is
then activated via the promotion of the association of Yptl and
Atgl3 with Atgl. Activated Atgl then phosphorylates Atg9 and
other autophagy proteins, thus initiating autophagy. We also
performed competitive GST pulldown assays using purified TF-Atgl,
TF-Atgl7, and His-Atg23 with GST-Yptl under different treatment
conditions. These confirmed the binding of Yptl with Atgl, Atgl7,
and Atg23 to be competitive, with the priority order of their
binding with Yptl in vitro being: Atg23 > Atgl7 > Atgl (Appendix
Fig S10B-D). Based on these data, we propose that the
TOR-mediated Yptl serves as a multifunctional assembly factor con-
trolling the initiation of autophagy its regulation of the stepwise
assembly of ATG proteins. (Fig 10).

Atg9 is a multiple transmembrane domain protein that is deliv-
ered to the PAS via its association with vesicles that also serve as
a resource for autophagosomal membrane formation (Yamamoto
et al, 2012). Atg9 vesicle recruitment to the PAS is therefore
revealed as a key stage in the formation of autophagosomes. Pre-
vious work has shown that Atg9 vesicles are recruited to the PAS
through their direct association with Atgll, Atgl3, or Atgl?7 under
different cultured conditions. However, so far, the understanding
of the molecular mechanism by which Atg9 vesicles are recruited
to the PAS has remained incomplete. Particularly unclear is why

Figure 8. The phosphorylation of Yptl by TOR regulates the PAS recruitment and activation of Atgl.
A-C Ni-NTA pulldowns were performed by using purified Hiss-tagged TF-Atgl7, TF-Atgl, or TF-Hrr25 with GST-Ypt1 or GST-Ypt1°¥#? from E. coli. Protein samples were

separated by SDS-PAGE, and then detected using Coomassie blue staining.F.

D Fluorescence microscopy images of AID-3xHA-Ypt1 yeast cells co-expressing Atg17-2xmCherry and GFP-Yptl WT, S174A, or S174D were subjected to SD-N for 1 h.

Scale bar: 2 pm.

E Cells from (D) were quantified for the number of cells with puncta that were double positive for Yptl and Atgl7. n = 300 cells were pooled from three independent
experiments. Data are presented as mean + SD. ***P < 0.001; *P < 0.05; ns, no significance; two-tailed Student’s t-tests were used.

F AID-3xHA-Yptl yeast cells co-expressing HA-Yptl, HA-Ypt1*/#4 or HA-Ypt1°¥“" and Atg17-3xFLAG were grown to log phase and then subjected to SD-N for 1 h.
Cell lysates were immunoprecipitated with anti-FLAG agarose beads and then analyzed by western blot using an anti-HA antibody.

G AID-3xHA-Yptl yeast cells co-expressing Atgl7-2xmCherry and Atgl-2xGFP were transformed into empty vector, HA-Yptl WT, S174A, or S174D plasmids. These
yeast strains were grown to log phase and then subjected to nitrogen starvation for 1 h. Images were obtained using fluorescence microscopy. Scale bar: 2 um.

H Cells from (G) were quantified for the number of cells with Atgl puncta. n = 300 cells were pooled from three independent experiments. Data are presented as
mean =+ SD. ***P < 0.001; *P < 0.05; ns, no significance; two-tailed Student’s t-tests were used.

| AID-3xHA-Ypt1 yeast cells co-expressing HA-Ypt1, HA-Ypt1°¥#A or HA-Ypt1°¥#” and Atgl1-3xFLAG were grown to log phase and then subjected to nitrogen starva-
tion for 0 or 1 h. Cell lysates were immunoprecipitated with anti-FLAG agarose beads and then analyzed by western blot using an anti-HA antibody.

J AID-3xHA-Ypt1 cells co-expressing HA-Ypt1, HA-Ypt1*¥# or HA-Ypt1*/*" and Atgl-3xFLAG were grown to log phase and then subjected to nitrogen starvation for

0 or 1 h, the activity of Atgl were detected by anti-phos-T226-Atgl antibody.

Source data are available online for this figure.
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Figure 9. TOR-mediated Ypt1 phosphorylation regulating autophagy is conserved in mammals.

A In vitro kinase assays were performed using purified GST-Rab1l from E. coli as substrates, with purified FLAG-Raptor from nutrient rich-cultured HEK293T cells as
protein kinase. The phosphorylation level of GST-Rab1A was detected using an anti-thioP antibody.

B In vitro kinase assays were performed using purified GST-Rab1 or Rab1A’** from E. coli as substrates, with purified FLAG-Raptor from nutrient rich-cultured
HEK293T cells as protein kinase. The phosphorylation level of GST-RablA WT and T75A variants were detected using an anti-thioP antibody.

@ The expression levels of Rabl in NC (non-specific control) and Rabl stable knockdown HEK293T cells were analyzed using western-blot with an anti-Rab1A or anti-
Rab1B antibodies, respectively. The expression levels of p62 were detected using anti-p62 antibody. B-actin served as a loading control.

D-G (D, F) Rabl KD stable HEK293T cell lines were transfected with the retroviral vectors encoding FLAG-Rab1A WT, FLAG-Rab1A™”*®, or with the corresponding empty
retrovirus (mock). These cells were cultured in complete medium with 500 nM Torin treatment (D), or 250 nM Torin and 100 nM bafilomycin Al treatment (F) for
120 min. Cell lysates were then analyzed by western-blot with anti-p62 and LC3 antibodies. B-actin served as a loading control. (E, G) Autophagy activity from
(D, F) were quantified by the ratio of LC3II/Actin and p62/Actin, and presented as mean + SD (n = 3). ***P < 0.001; **P < 0.01; *P < 0.05; NS, no significance; two-

tailed Student’s t-tests were used.

H  Rabl KD stable HEK293T cell lines were co-transfected with HA-FIP200, FLAG-ULK1, and the retroviral vectors encoding FLAG-Rab1A WT, FLAG-Rab1A™*®, or with
the corresponding empty retrovirus (mock). These cells were cultured in complete medium with 0.25 mM Torin treatment for O or 2 h. Cell lyissates were immuno-
precipitated with anti-HA agarose beads and then analyzed by western blot using an anti-FLAG antibody.

| Rabl KD stable HEK293T cell lines were co-transfected with HA-ULK1, and the retroviral vectors encoding FLAG-Rab1A WT, FLAG-Rab1A™>? or with the corre-
sponding empty retrovirus (mock). These cells were cultured in nutrient-rich medium with mTOR inhibitor Torin treatment for O or 2 h. Cell lysates were immuno-
precipitated with anti-FLAG agarose beads and then analyzed by western blot using an anti-HA antibody.

Source data are available online for this figure.

the Yptl temperature sensitive strain affects the PAS recruitment
of Atg9 vesicles (Lipatova et al, 2012), and how Atg23 participates
in the PAS recruitment of Atg9 vesicles. The data in this study
helps answer such questions and indicates that Atg9 vesicle
recruitment to the PAS requires not only the interactions of Atg9
with Atgll, Atgl7Z, and Atgl3. Our data shows that Atg23 is a
new effector of Yptl, and that their binding is required for autop-
hagy. In the absence of Atg23-Yptl interaction, Atg9 binding to
Atgll, Atgl3 and Atgl7 is impaired, which results in blockading
of Atg9 vesicle mobilization to the PAS. Therefore, during the ini-
tiation process of autophagy, Yptl first recruits Atg9 vesicles to
the PAS via interactions with Atg23, after which Atg9 can bind to
Atgll, Atgl3 and Atgl7. In this way, our results provide fresh
insight into the mode by which Atg9 vesicles are recruited to the
PAS. However, it is worth noting that the formation of Atg9 vesi-
cles is severely impaired in atg23A cells (Zoppino et al, 2010),
while its formation was not affected in the absence of the binding
of Atg23-Yptl, suggesting that Atg23 plays another crucial, Yptl-
independent role in the formation of Atg9 vesicles at the periph-
eral site.

In this study, Yptl not only binds to Atgl, Atgll, Atgl7, Atg23,
and Hrr25, but also binds to selective autophagic receptors Atgl9,
Atg34, and Atg40, indicating that Yptl may recruit autophagic cargo
into autophagosome by enhancing the association of these selective
autophagy receptors with Atgll. In addition, we also found that
Yptl binds to Ykt6. As an autophagy specific t-SNARE protein, Ykt6
participates in autophagosome and lysosome/vacuole fusion in
yeast, Drosophila, and mammalian cells (Kriegenburg et al, 2019).
Therefore, the binding of Ykt6-Yptl implies that Yptl may also play
an important role during the process of autophagosome and lyso-
some/vacuole fusion through promoting the recruitment of Ykt6 to
autophagosomes. The study of these molecular mechanisms will be
highlighted in our next work. It has been previously reported that
the PAS localization of Atgl7-GFP is not disrupted in the ypti-2
mutant (Wang et al, 2013). This is consistent with our finding that
Atgl7 could direct bind with Yptl and that Yptl degradation does
not affect the formation of Atgl7 puncta. One study has reported
that Yptl is localized to the preautophagosomal structure in an
Atg9-dependent manner (Kakuta et al, 2012). However, another

© 2023 The Authors

study found that the deletion of ATG9 simply decreases the PAS
recruitment of Yptl(Lynch-Day et al, 2010). Our research findings
are more biased toward the latter study, since the direct binding of
Yptl with Atgl7 and Atgll provides direct evidence for the PAS
recruitment of Yptl. Linked to this, how the deletion of ATG9 or
ATG23 decreases the PAS recruitment of Yptl may be a suitable
focus for future work.

mTOR is widely understood to serve as a master regulator of
autophagy at multiple levels (Kim & Guan, 2015). Our data reveal
a new regulatory element, of equal importance to Atgl3 and
Atgl7, that regulates Atgl kinase activity in response to cellular
stress. We also observed that the phosphorylation sites of Yptl
and Rabl by mTOR are not conservative in yeast and mammals.
We think that the reason for this discrepancy may be caused by
the different three-dimensional structure of mTORC1 complex in
mammalian and yeast cells, or the different microenvironment
where Yptl and Rabl binds with the mTORC1 complex. In fact,
some studies have found that TOR/mTOR phosphorylate the same
substrates, despite the sites for such substrates being different in
yeast and mammals (Kamada et al, 2010; Kijanska et al, 2010;
Yeh et al, 2010; Kim et al, 2011; Puente et al, 2016). For example,
Atgl3 is reported to be phosphorylated by TOR in both yeast and
mammals. However, Atgl3 is phosphorylated by mTOR at Ser 258
in mammals (Puente et al, 2016), while in yeast cells, Atgl3 S348,
S437, S438, S496, S535, S541, S646, and S649 residues were found
to be phosphorylated by TOR (Kamada et al, 2010). Regardless of
the phosphorylation sites of Atgl3 by TOR from yeast and mam-
mals being different, the phosphorylation of Atgl3 caused by TOR
has a similar function, that of the blocking of autophagy. Dephos-
phorylation of these sites on Atgl3 enhances the formation of
Atgl puncta and the activation of Atgl. Similarly, in this study,
although the phosphorylation sites of Yptl and Rabl by TOR are
different, the phosphorylation of Yptl and Rabl by mTOR inhibits
the binding of Yptl/Rabl to Ulkl thus also inhibiting subsequent
autophagy.

In this study, the identification of Atg23 and Atgl7 as two
new Yptl effectors, and of Yptl as a substrate of TOR, together
helps to elucidate the molecular mechanism of Atg9 and Atgl
recruitment to the PAS, and further expand the functions of TOR
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Figure 10. Model for TOR-mediated Ypt1 serves as an autophagy initiation determinant regulating the stepwise assembly of ATG proteins.
Atgl7 recruits Yptl and Atgl to the PAS via the binding of Atgl7-Yptl, and Atg9 vesicles are recruited to the PAS via the binding of Ypt1-Atg23. In nutrient-rich condi-
tions, TOR inhibits the binding of Ypt1 to Atgl by phosphorylating Yptl, thereby blocking autophagy. In response to nitrogen starvation, TOR inactivation leads to the

dephosphorylation of Atgl3 and Yptl, and then recruits Atgl to the PAS to activate Atgl. Activated Atgl phosphorylates Atg9 and other autophagy proteins to initiate
the stepwise assembly of ATG proteins and subsequent autophagy. P, phosphorylated.

in regulating autophagy. Despite these advances, it remains whether Yptl is a substrate of other protein kinases. Our ongoing
unknown whether there are further undiscovered important effec- studies will continue to investigate Yptl functions in the initiation
tors of Yptl that could contribute to autophagy regulation, or of autophagy.
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Materials and Methods

Yeast strains, constructs, and growth conditions

All yeast strains used in this study are listed in Dataset EV2.
The wild-type (BY4741) and gene deletion library were pur-
chased from Invitrogen (95401.H2). The related strains were
constructed as described previously (Janke et al, 2004), and veri-
fied by western blot analysis using the corresponding antibody
or by polymerase chain reaction (PCR; Vazyme, P505-d1, Nan-
jing). All mutant plasmids and related strains in this study were
sequenced by Tsingke Biotechnology, Beijing. Yeast cells were
cultured at 30°C in synthetic medium (SD; 0.17% yeast nitrogen
base without amino acids and ammonium sulfate, 0.5% ammo-
nium sulfate, 2% glucose, and corresponding auxotrophic amino
acids and vitamins). For autophagy induction, cells were grown
to early-log phase, and then were treated with nitrogen starva-
tion (SD-N; 0.17% vyeast nitrogen base without amino acids and
ammonium sulfate, 2% glucose), or glucose starvation (SD-G;
0.17% vyeast nitrogen base without amino acids and ammonium
sulfate, 0.5% ammonium sulfate, 0.5% casamino acid), or
0.2 pg/ml rapamycin (Selleck, AY-22989) treatment for the corre-
sponding timepoint.

Antibodies

Antibodies used in this study were as follows: anti-Pgkl (Nordic
Immunology, NE130/7S; 1:10,000), anti-FLAG (Sigma, F1804;
1:2,500), anti-HA (Abmart, M20003L; 1:3,000), anti-thiophosphate
ester (Abcam, ab133473; 1:10,000), anti-GFP (Roche,
11814460001; 1:2,500), anti-Apel antibody was obtained from
Dr. Zhiping Xie Lab (Shanghai Jiaotong University, China), anti-
phos-T226-Atgl antibody (Youke, Shanghai), anti-p62/SQSTM1

(Proteintech, 18420-1-AP, 1:5,000), anti-LC3 (MBL, PMO036,
1:1,000), anti-RablA (Proteintech, 11671-1-AP, 1:1,000), anti-
Rab1B (Proteintech, 17824-1-AP, 1:1,000), B-Actin (Abmart,

T40104, 1:5,000); anti-p-Yptl-S174 (homemade, 1:4,000); goat
anti-mouse I1gGl, human ads-HRP (SouthernBiotech, 1070-05;
1:10,000); and goat anti-rabbit, human ads-HRP (SouthernBio-
tech, 4010-05; 1:10,000).

Mammalian cell culture and construction of stable Rablb
knockdown cell lines

HEK293T cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum,
2 mM L-glutamine, and 100 U/ml penicillin-streptomycin in a
humidified incubator at 37°C with 5% CO,. Torinl (S2827) was
purchased from Selleck Chemicals. A pGPU6/hygromycin vector
was used for the expression of the Rablb shRNA1 and shRNA2
sequences are “UGCCAGCGAGAACGUCAAUAA” and “CACGUA-
CACAGAGAGCUACAU” in HEK293T cells, respectively. The con-
struction of stable Rablb knockdown cell lines was performed
according to the manufacturer’s protocol (Shanghai Gene-
Pharma). The efficiency of RablA and RablB knockdown was
tested using western blotting with anti-RablA or anti-Rab1B
antibody.

© 2023 The Authors
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Imaging, western blots, and immunoprecipitation

Imaging, yeast protein extraction, western blot, and immunoprecipi-
tation experiments were performed as described previously (Yi
et al, 2017). Yptl-related assays and Rabl-related immunoprecipita-
tion assays were carried out as detailed previously (Zoppino
et al, 2010; Wang et al, 2013).

Auxin treatment

Yeast strains expressing 3xHA-AID-Yptl were grown to the early
logarithmic phase, and then subjected to 0.5 mM IAA (indole-3-
acetic acid; Sigma, 12886) treatment for 2 h. The degradation of
Yptl was detected by anti-HA antibody.

Protein purification from Escherichia coli

Escherichia coli BL21 cells (Tsingke, TSV-A09) with His/GST-tag
prokaryotic expression plasmid were grown in 500 ml of LB
medium containing 50 pg/ul ampicillin (Sangon Biotech, A600064-
0025) to ODgpp = 0.5 ~ 0.6 at 37°C, then shaken at 18°C for 24 h in
the presence of 0.1 mM IPTG (Sangon Biotech, A600168-0025),
After harvesting by centrifugation and the pellets were suspended in
25 ml of lysis buffer (50 mM Tris.HCI, pH 7.5, 500 mM NaCl, 0.1%
Triton X-100 [Sangon Biotech, A600198-0500], 0.1 mM PMSF
[Sangon Biotech, A610425-0025], 1 mM DTT, and 20 mM iminazole
if the plasmid has His tag) and disrupted by sonication. Subse-
quently, the lysates were centrifuged at 13,000 g for 30 min. The
supernatants were mixed with 1 ml (bed volume) of a GST (GE
Healthcare, 17-0756-01)/Ni-NTA agarose resin (GE Healthcare, 17-
5318-06) and rotated at 4°C for 2 h. The resins were washed with
20 ml of washing buffer (20 mM Tris.HCI, pH 7.5, 500 mM NacCl,
0.1 mM PMSF, 30 mM Imidazole [Sangon Biotech, A600277-0100]
if the protein has His tag) for three successive times. The samples
were eluted with 1.5 ml of elution buffer (20 mM Tris.HCI, pH 7.5,
500 mM NaCl, 250 mM Imidazole, 0.1 mM PMSF, 50 mM GSH, pH
7.4 if the protein has GST tag or 250 mM iminazole if the protein
has His tag). According to protein purity results, proteins with low
purity were then further purified through molecular sieve or anion
exchange chromatography. 50% glycerol was added to a final con-
centration of 10% at —80°C for storage.

In vitro pulldown assay

For in vitro protein pulldown assays, a certain amount of purified
protein (3-5 nM, considering the protein purity, a range of protein
concentration values is given) was incubated with 10 pl GST beads/
Ni-NTA in 500 pl binding buffer A (50 mM Tris.Hcl pH7.5, 0.5 M
NaCl, 1 mM DTT, 1% Triton X-100, 1% PMSF, and 20 mM imina-
zole if using Ni-NTA) on a rotor at 4°C for 1 h. Beads were then
washed once with binding buffer A following by washing twice with
binding buffer B (100 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1%
Tween-20 in 1xPBS). The beads bound to the purified protein were
incubated on a rotor with an equal amount of purified target protein
from E. coli with binding buffer B (100/200/300/400 mM NacCl,
1 mM EDTA, 1 mM EGTA, 1% Tween-20 in 1xPBS) at 4°C for 3 h.
After washing with binding buffer B three times, 50 pl 2xSDS
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loading buffer was added and boiled at 95°C for 5 min. The protein
samples were then separated by SDS-PAGE and stained with
Coomassie brilliant blue dye G250.

ALP assay

AID-3 x HA-Yptl ALP yeast strain transformed with FLAG-Yptl,
FLAG-Ypt15'7P, FLAG-Ypt13'7*4, or empty vector was grown to
ODggp = 0.6 ~ 0.8. After treatment with 0.5 mM IAA for 2 h, the
cells were subjected to nitrogen starvation. Yeast cells of 4 ODggo
were harvested at 0, 1, 2, 4, 8, 12, or 24 h after starvation, and
washed with 1 ml of cold 0.85% NaCl. Add 200 ul lysis buffer
(20 mM PIPES pH 7.0, 0.5% Triton X-100, 50 mM KCl, 100 mM
potassium acetate, 10 mM MgSO,4, 10 uM ZnSO,4, 1 mM PMSF) and
100 ul glass beads to disrupt cells at 4°C. After centrifugation at
13,523 g for 10 min at 4°C, the supernatant was determined for pro-
tein concentration using the BCA method. After that, the reaction
buffer (250 mM Tris-HCl, pH 8.5, 0.4% Triton X-100, 10 mM
MgSO,, 10 uM ZnSO,4) was added to the supernatant sample and
cultured in a 30°C incubator. After 30 min, a stop buffer (1 M Glyci-
ne.KOH, pH 11) was added to stop the reaction. Finally, the absor-
bance of the sample was measured at OD4ps and the ALP activity
was calculated.

TIRF microscopy

Yeast strains expressed Atg9-2 x GFP were grown to logarithmic
phase (ODggg = 0.8 ~1.2) in nutrient-rich medium and then
subjected to nitrogen starvation for 1 h. Cells were observed at a
room temperature using a total internal reflection fluorescent micro-
scope (N-STORM/AIR, Nikon) equipped with an electron high-
sensitivity camera (DU897E EMCCD, Andor) and 100 x total inter-
nal reflection fluorescence objective (100 x TIRF lens, NA 1.49,
Nikon). The Imaris software was used to calculate the mean square
displacement (MSD) of Atg9 puncta to observe puncta formation
and movement. All the images were processed using the Fiji ImageJ
software and its plugins.

In vitro phosphorylation assay and alkylation protocol

torlA yeast strains expressing HA-Torl or HA-Torl KD plasmids
were grown to the log phase. 500Dgq, yeast cells were lysed and
the supernatant was immunoprecipitated with anti-HA agarose
beads (Sigma, A2220). Purified HA-Torl or HA-Torl KD were
incubated with 5 pg purified GST-Yptl from E. coli and 1.5 wl
10 mM ATP-y-S (Sigma, A1388) in Torl kinase buffer (50 mM
HEPES.KOH, pH 7.4, 5 mM NaF, 50 mM NaCl, 5 mM MgCl,,
1 mM DTT) at 30°C for 30 min, and then 2 pl 50 mM p-
nitrobenzyl mesylate/PNBM (Abcam, ab138910) was added and
left to react for another hour at 30°C. The samples were halted by
boiling in protein loading buffer for 5 min. The phosphorylation
level of GST-Yptl was then tested using the anti-thiophosphate
ester antibody (Abcam, ab92570).

SPR assay

The purified GST-Ypt1WT/S174D protein from E. coli was immobi-
lized on the CM5 SPR sensor chip by an amine-coupling procedure.
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SPR (Surface plasmon resonance) experiments were conducted on
the Biacore X100 instrument (GE Healthcare). The resulting data
were fit to a 1:1 binding model using the Biacore Evaluation Soft-
ware (GE Healthcare). The target proteins-TF/TF-Atgl/TF-Atgl7/
TF-Hrr25 were perfused as analytes. Serial dilutions of purified
proteins-TF/TF-Atgl/TF-Atgl7/TF-Hrr25 were injected ranging in
concentration from 400 to 12.5 nM. The kinetics/affinity in SPR
responses were measured and used to determine the KD values. In
all experiments, the analysis was performed at 25°C, with an associ-
ation time of 180 s at a flow rate of 20 pl/min. The resulting data
were fit to a 1:1 binding model using the Biacore Evaluation Soft-
ware. According to the experimental results, there was no specific
affinity between protein-TF and GST-Ypt1WT or S174D.

Mass spectrometric analysis

The SDS-PAGE was used to separate the protein, and stained with
Coomassie Blue G-250. The gel bands of interest were cut into
pieces. Samples were digested by trypsin with prior reduction and
alkylation in 50 mM ammonium bicarbonate at 37°C overnight.
The digested products were extracted twice with 1% formic acid
in 50% acetonitrile aqueous solution and dried to reduce volume
by speedvac. For LC-MS/MS analysis, the peptides were separated
using 65 min gradient elution at a flow rate 0.300 ul/min with in
a Thermo EASY-nLC1200 integrated nano-HPLC system directly
interfaced to a Thermo Q Exactive HF-X mass spectrometer. The
analytical column was a home-made fused silica capillary column
(75 pm ID, 150 mm length; Upchurch, Oak Harbor, WA) packed
with C-18 resin (300 A, 3 um, Varian, Lexington, MA). The mobile
phase A consisted of 0.1% formic acid, and the mobile phase B
consisted of 100% acetonitrile and 0.1% formic acid. The mass
spectrometer was operated in the data-dependent acquisition mode
using the Xcalibur 4.1 software with a single full-scan mass spec-
trum in the Orbitrap (400-1,800 m/z, 60,000 resolution) followed
by 20 data-dependent MS/MS scans at 30% normalized collision
energy. Each mass spectrometry result was analyzed using a
Thermo Xcalibur Qual Browser and Proteome Discovery for the
database searching.

Quantitative and statistical analysis

Western blot images from three independent experiments were
quantified using ImageJ software. Maturation of Apel was quanti-
fied by the ratio of band intensities of Apel to that of total Apel
(Apel + prApel). GFP intensities were divided by the sum of GFP
and the GFP-Atg8 to calculate the degradation rate of the fused pro-
tein. Statistical analyses were presented as mean 4+ SD (n = 3).
***P < 0.001; **P < 0.01; *P < 0.05; ns, no significance; two-tailed
Student’s t-tests were used.

Data availability
This study includes no data deposited in external repositories. The
related strains and plasmids will be made available upon reasonable

request.

Expanded View for this article is available online.
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Appendix Figure S1. Atg23 binds directly to Atg9-N and Atg9-C.

(A) GST pulldowns were performed using purified Hiss-tagged TF-Atg9 N (2-318aa),
TF-Atg9 M (395-534aa), or TF-Atg9 C (747-997aa) with GST or GST-Atg23 from E.
coli. Protein samples were separated by SDS-PAGE, and then detected using
Coomassie blue staining. The asterisk represents the target protein.

(B) The AH109 strain was transformed with plasmids expressing AD-fused with Atg23
and plasmids expressing BD-fused with Atg9-N (2-318aa), Atg9-M (395-534aa), or
Atg9-C (747-997aa). These strains were grown on SD-Leu-Trp or SD-His-Leu-Trp (3-

AT) agar plates at 30°C for 3 d.

(C) Representative fluorescence microscopy images of WT cells expressing the BiFC
constructs Atg23-VN, VC-Yptl, and RFP-Apel cultured in SD and shifted to SD-N for

1 h. Scale bar: 2 pm.
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Appendix Figure S2. The dimerization of Atg23 is a prerequisite for its binding to
Yptl.
(A-D) Ni-NTA pulldowns were performed using purified GST-Yptl(A, D) or GST-
Atg23(B, C) with His-Atg23 or the indicated His-Atg23 variants from E. coli.

Protein samples were separated by SDS-PAGE, and then detected using Coomassie

blue staining.
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Appendix Figure S3. Y¥pt1"%?4 does not impair its association with Atgl, Atgl7,
Atgll, Hrr25, as well as its dimerization.

(A) The scheme for identifying key amino acid residues binding to Atg23 on Yptl by
BiFC assays. Since Yptl S22 residue is GDP-bound form of Yptl and Yptl 52*N mutant
blocked the binding of Yptl to Atg23, we did not test this mutant.

(B, C) GST pulldowns were performed using purified GST-Ypt1 or GST-Ypt1 V62A with
TF-Yptl(B) or TF-Atgl7(C) from E. coli. Protein samples were separated by SDS-



PAGE, and then detected using Coomassie blue staining.

(D, E) Ni-NTA pulldowns were performed using purified TF-Ypt1 or TF-Ypt1W62Awith
Atgll CC2(D) or CC3 domain(E) from E. coli. Protein samples were separated by
SDS-PAGE, and then detected using Coomassie blue staining.

(F, G) Ni-NTA pulldowns were performed using purified GST-Yptl or GST-Ypt1 W64
with TF-Atgl(F) or TF-Hrr25(G) domain from E. coli. Protein samples were

separated by SDS-PAGE, and then detected using Coomassie blue staining.
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Appendix Figure S4. Yptl W62 residue is required for autophagy and the Cvt
pathway, and the PAS recruitment of Yptl does not rely on the binding of Yptl-
Atg23 to any great extent.

(A) Cells expressing AID-3 X HA-Yptl were grown to log phase, and then subjected to



0.5 mM TAA treatment for O h or 2 h, the expression of AID-3 XHA-Yptl was detected
by anti-HA antibody. Pgk1 served as a loading control.

(B) Wild-type cells (BY4741), cells expressing 9XMYC-TIR1 or co-expressing
9XMYC-TIRI and AID-3 XHA-Yptl were grown on YPD or YPD+0.5 mM IAA agar
plate for 2 days at 30°C.

(C) Cells co-expressing GFP-Atg8 and Vphl-mCherry in wild-type, atg/A, or AID-
3 XHA-Yptl yeast strains were treated with DMSO or IAA for 2h, and then subjected
to SD-N in the presence or absence of [AA for 4h. Autophagic activity was analyzed by
western blot for GFP-Atg8 cleavage. Pgkl served as a loading control.

(D) Wild-type, atglA, or AID-3 XHA-Yptl yeast strains were treated with DMSO or
0.5mM IAA for 2h under nutrient-rich conditions. The activity of the Cvt pathway was
analyzed by western blot for the maturation of PrApel. Pgkl served as a loading control.
(E) The cleavage of GFP-Atg8 from Figure 3E were quantified and presented as mean
+ SD (n=3). ***p <0.001; NS, no significance; two-tailed Student’s t tests were used.
(F) The maturation of PrApel from Figure 3F were quantified by the ratio of
Apel/PrApel+Apel and presented as mean £ SD (n=3). ***p < 0.001; NS, no
significance; two-tailed Student’s t tests were used.

(G) AID-3XHA-Yptl yeast cells co-expressing GFP-Yptl or GFP-Yptl1V%** with
Atgl7-2XmCherry or AID-3XHA-Yptl atg23A yeast cells co-expressing Atgl7-
2 XmCherry with GFP-Yptl were grown to log phase, and then subjected to 0.5 mM
IAA treatment for 2 h. The expression of GFP-Yptl or GFP-Ypt1"®2A were detected
using anti-GFP antibody. Pgk1 served as a loading control.

(H) The yeast strains from (G) were treated with DMSO or IAA for 2h, and then
subjected to SD-N in the presence or absence of IAA for Oh or 1h. Images of cells were
obtained using an inverted fluorescence microscope. Scale bar, 2 um.

(I) Cells from (H) were quantified for the number of cells in which GFP-Yptl or GFP-
Ypt1W62A colocalized with Atgl7-2XmCherry. n=300 cells were pooled from three
independent experiments. Data are shown as mean + SD. *p < 0.05; two-tailed

Student’s t tests were used.
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Appendix Figure S5. Ypt1Wé2A impaired the PAS recruitment of Atg9 vesicles, but
did not affect the biogenesis of Atg9 vesicles

(A) Wild type yeast strains co-expressing RFP-Apel and Atg9-2 X GFP or AID-3 XHA-
Yptl yeast strains co-expressing RFP-Apel and Atg9-2 X GFP transformed with empty
vector, FLAG-Yptl, or FLAG-Ypt1V%** plasmids were grown to log phase, 0.5mM
IAA was added to degrade endogenous AID-3 X HA-Yptl for 2h, and then subjected to
SD-N for Oh or 1h. Images of cells were obtained using the inverted fluorescence
Microscope. Scale bar, 2 um.

(B) Cells from (A) were quantified for the number of cells in which Atg9-2xGFP
colocalized with RFP-Apel. n=300 cells were pooled from three independent

experiments. Data are shown as mean = SD. ***p < 0.001; ns, no significance; two-



tailed Student’s t tests were used.

(C-D) The protein samples from Fig 4A(C) and EV2A(D) were analysis by western-
blot using the corresponding antibody. Pgk1 served as a loading control.

(E) Formation of mobile Atg9 vesicles was not affected by Ypt1 624, Cells from Figure
4A were subjected to IAA for 2h to degrade endogenous Yptl, then subjected to
nitrogen starvation for 0 h and 1 h. Images were analyzed by time-lapse microscopy at
30 ms/frame using an inverted microscope (Nikon-STORM/A1R). Scale Bar: 2 um.
The number of mobile Atg9 puncta and immobile Atg9 puncta per cell section (n > 300)
was counted with Imaris 9.3.1. and presented as mean + SD (n=3). NS, no significance;

two-tailed Student’s t tests were used.
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Appendix Figure S6. The image data of the PAS recruitment of ATG proteins

under the degradation of Yptl.

(A, B) The protein samples from Figure 5F or SH were analysis by western-blot using
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the corresponding antibody. Pgk1 served as a loading control.

(C) WT or AID-3XHA-Yptl yeast strains co-expressing Atgl7-2XmCherry and the
indicated GFP-tagged ATG proteins were grown to early log phase, IAA was then added
to induce the degradation of AID-3XHA-Yptl for 2h. These yeast cells were then

subjected to nitrogen starvation with [AA treatment for 1h. Images were obtained by

the inverted fluorescence microscopy. Scale bar: 2 pm.
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Appendix Figure S7. MS identified that Yptl W62 residue was phosphorylated.
(A) FLAG-Yptl is purified by using anti-FLAG nanobody beads under nutrient-rich
medium.
(B) FLAG-Yptl was separated by SDS-PAGE. The phosphorylation site was then
identified using LC-MS/MS.
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Appendix Figure S8. YptI577*? does not impair Yptl association with Atgll, Atg23,
or its dimerization.

(A) Ni-NTA pulldowns were performed using purified TF-Yptl or TF-Ypt13!74P with
Atgll CC2 or CC3 from E. coli. Protein samples were separated by SDS-PAGE, and
then detected using Coomassie blue staining.

(B) GST pulldowns were performed using purified TF-Ypt1 or TF-Ypt13174P with GST-
Atg23 from E. coli. Protein samples were separated by SDS-PAGE, and then detected
using Coomassie blue staining.

(C) GST pulldowns were performed using purified GST-Ypt1l or GST-Ypt1 51740 with
TF-Yptl from E. coli. Protein samples were separated by SDS-PAGE, and then

detected using Coomassie blue staining.
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Appendix Figure S9. ¥Ypt1577#P significantly impair its association with Atgl, Atgl7,
or Hrr25 in vitro. Purified recombinant proteins GST-Yptl WT or GST-Ypt15/7P were
covalently immobilized on the sensor chip via their amine groups and purified
recombinant proteins TF, TF-Atgl, TF-Atgl7, or TF-Hrr25 flowed over the GST-Yptl
WT or S174D. TF, TF-Atgl, TF-Atgl7, or TF-Hrr25 proteins were diluted to the
indicated concentrations (from 12.5nM to 400nM) before injected. The results were fit

to a 1:1 binding model. Each time, five different protein concentrations were used for

calculating the Kp values.
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Appendix Figure S10. MS identified that Rab1 T7S is phosphorylated, and the

binding of Atgl, Atgl7, and Atg23 with Yptl are competitive.

(A) Identification of Rabl T75 phosphorylation by means of liquid chromatography—

mass spectrometry (LC-MS)/MS analysis.

(B) GST pulldowns were performed using GST or GST-Yptl with TF-Atgl, TF-Atgl7,
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and Hise-Atg23 from E. coli in the washing buffer containing 100mM NaCl.
Protein samples were separated by SDS-PAGE, and then detected using Coomassie
blue staining.

(C) GST pulldowns were performed using GST or GST-Ypt1 with TF-Atgl, TF-Atgl7,
and Hise-Atg23 from E. coli in the washing buffer containing the indicated
concentrations of NaCl. Protein samples were separated by SDS-PAGE, and then
detected using Coomassie blue staining.

(D) GST pulldowns were performed using TF-Atgl, TF-Atgl7, andHiss-Atg23 with
the indicated concentrations of GST or GST-Yptl with from E. coli in the washing
buffer containing 100mM NaCl. Protein samples were separated by SDS-PAGE, and

then detected using Coomassie blue staining.
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