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Autophagy is a key process in eukaryotes to maintain cellular
homeostasis by delivering cellular components to lysosomes/
vacuoles for degradation and reuse of the resulting metabolites.
Membrane rearrangements and trafficking events are mediated
by the core machinery of autophagy-related (Atg) proteins,
which carry out a variety of functions. How Atg9, a lipid
scramblase and the only conserved transmembrane protein
within this core Atg machinery, is trafficked during autophagy
remained largely unclear. Here, we addressed this question in
yeast Saccharomyces cerevisiae and found that retromer com-
plex and dynamin Vpsl mutants alter Atg9 subcellular distri-
bution and severely impair the autophagic flux by affecting two
separate autophagy steps. We provide evidence that Vpsl in-
teracts with Atg9 at Atg9 reservoirs. In the absence of Vpsl,
Atg9 fails to reach the sites of autophagosome formation, and
this results in an autophagy defect. The function of Vpsl in
autophagy requires its GTPase activity. Moreover, Vpsl point
mutants associated with human diseases such as microcytic
anemia and Charcot-Marie-Tooth are unable to sustain auto-
phagy and affect Atg9 trafficking. Together, our data provide
novel insights on the role of dynamins in Atg9 trafficking and
suggest that a defect in this autophagy step could contribute to
severe human pathologies.

Macroautophagy (hereafter autophagy) is a transport
pathway highly conserved in eukaryotes involved in the recy-
cling of cellular components upon stress or starvation condi-
tions but also in the elimination of specific unwanted
structures to maintain cell homeostasis. During autophagy,
targeted intracellular material is sequestered into newly
formed double-membrane vesicles called autophagosomes,
which eventually fuse with the vacuole in yeast and plants, or
lysosomes in mammals, to degrade their contents (1). This
process is mediated by the core Atg machinery, which is
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composed of approximately 20 proteins that are subdivided in
six functional groups (1). Most of the core Atg proteins are
peripheral membrane-associated proteins that are recruited
from the cytosol to autophagosomal intermediate structures to
carry out specific functions (1). An exception is the multi-
spanning transmembrane protein Atg9, which is a key orga-
nizing component of the core Atg machinery and implicated in
the initial membrane delivery to the forming autophagosomes
(2—6). Moreover, it has recently been shown that Atg9 and
ATGOYA form trimers with a lipid scramblase activity (7, 8),
which is important for the supply of lipids to the nascent
autophagosomes by Atg2 lipid transfer proteins (9). In yeast,
Atg9 is delivered after synthesis in the endoplasmic reticulum
to a post-Golgi compartment designed as the Atg9 reservoirs
or Atg9 vesicles (2, 3). From there, Atg9-containing vesicles
reach the phagophore assembly site or pre-autophagosomal
structure (PAS) through an Atgll- or Atgl7-dependent
mechanism, differing on the cues triggering the induction of
autophagosome formation (10, 11) (Fig. 1A). The PAS is a
perivacuolar site also proximal to the ER, where the Atg ma-
chinery assembles to generate an autophagosome (12-15).
After autophagosome completion, Atg9 is recycled during or
after autophagosome-vacuole fusion, since it is detected on
complete autophagosomes but not on the vacuole membrane
@, 3, 6, 16, 17).

Many trafficking events in the endomembrane system
require a conserved set of machineries including proteins of
the dynamin and sorting nexin protein families. Sorting nexins
(SNX) are recruited to membranes via their Phox-homology
(PX) domains, which bind to phosphoinositides. Some of the
members of this protein family are able to deform or sense
membrane curvature through a BAR domain (18). SNX can act
in concert with larger protein complexes, for example, the
SNX Vps5 and Vpsl7 interact with the retromer complex, to
facilitate the retrieval of transmembrane proteins from endo-
somes to the Golgi (18). Dynamins, on the other hand, are
GTPases that oligomerize and are implicated in membrane
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Figure 1. Cells lacking subunits of the retromer or Vps1 have an autophagy defect. A, schematic model of yeast autophagy. Major Atg proteins and
cargo molecules examined in this study are indicated. B-F, the indicated strains (see Table 3) were transformed with the pCuGFPAUT7(416) plasmid, which
expresses the GFP-Atg8 chimera, before grown in SMD medium lacking uracil and subsequently starved for nitrogen in SD-N medium for 3 h. Aliquots of
cells were collected 0, 1.5, and 3 h after the medium change, and proteins were analyzed by western blots using anti-GFP antibodies (B, D, and E). Three
independent experiments were quantified, and graphs indicate mean values + SD (C and F). G, the Pho8A60 assay was performed in a WT (YTS159) and the
same strain background lacking ATG9 (FRY244), VPS1 (HAY164), VPS5 (HAY161), VPS17 (HAY162), VPS26 (HAY245), VPS29 (HAY205), and VPS35 (HAY163).
Pho8A60 activity was measured before and after the addition of rapamycin for 3 h to cells grown in YPD medium. Data represent the average of four
independent experiments expressed relatively to the WT treated with rapamycin for 3 h. The graphs indicate mean values + SD, and significant differences

of the rapamycin-treated samples with the WT are indicated. ***p < 0.0001.

remodeling, in membrane fission events necessary to generate
vesicles or separate organelles (19). Importantly, mutation in
these proteins leads to severe diseases. For example, mutations
in DYNAMIN1 (DNM1) cause epileptic encephalopathy,
whereas DYNAMIN2 (DNM2) is found mutated in microcytic
anemia, centronuclear myopathy, and Charcot-Marie-Tooth
disease (20, 21).

A largely unresolved key question in autophagy is how Atg9
is transported to the site of autophagosome biogenesis. As
yeast Atg9 and mammalian ATG9A traffics through multiple
compartments, including the Golgi, endosomes, and the
plasma membrane, multiple membrane transport components
regulate their trafficking. These include the adapter protein
complexes AP2 and AP4, the TBC1 domain family members
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TBC1D5 and TBC1D14, the retromer, and the TRAPPIII
complex (e.g., (22-30)). Most of these factors are important in
sorting and maintaining Atg9 and ATG9A in post-Golgi res-
ervoirs. Recycling endosomes appear to be key in sorting
membranes necessary for the phagophore nucleation and/or
expansion (30, 31). In this context, initial release of mamma-
lian ATG9A-positive membranes from recycling endosomes
during autophagy requires SNX18 and the BAR domain—
containing BIF1, in concert with DNM2 (32, 33). However,
the mechanisms of downstream trafficking events after vesicle
release remain unclear.

Here, we address this question using yeast Saccharomyces
cerevisiae. We show that the SNX Vps5 and Vpsl7, the ret-
romer complex, and the dynamin Vpsl are involved in

SASBMB



autophagy, however, in two different pathways. Moreover, we
provide evidence for a direct link between the yeast dynamin
Vpsl and Atg9 transport to the PAS. In the absence of Vpsl,
Atg9 trafficking to the PAS is impaired, causing a severe defect
in autophagic flux. This phenotype can be rescued by rein-
troducing WT VPSI, but not GTPase defective mutants.
Moreover, a few Vpsl variants associated with microcytic
anemia and Charcot-Marie-Tooth also impair Atg9 transport
to the PAS and autophagy progression. This result infers that
an impairment of autophagy could be a contributing etiolog-
ical factor of these diseases.

Results
Retromer and Vps1 are essential for autophagy

To acquire new information about the membrane rear-
rangement processes underlying autophagosome formation,
we decided to explore whether proteins known to reshape lipid
bilayers are involved in autophagy. One class of factors that
deform membranes during transmembrane protein sorting
events are the SNX proteins (18). Although two members of
this protein family, Atg20 and Atg24, are required for the
cytoplasm-to-vacuole targeting (Cvt) pathway (34), none of
them have been shown to be involved in autophagy in yeast.

To determine whether one or more SNX proteins are
involved in yeast autophagy, we analyzed the progression of
bulk autophagy in the corresponding KO mutants using the
GFP-Atg8 processing assay (35). In WT cells, the GFP-Atg8
chimera is delivered via autophagy to the vacuole where
Atg8 is degraded but GFP moiety persists since it is resistant to
vacuolar proteases. As a result, accumulation of free GFP over
time can be followed by Western blot, allowing to assess
autophagy progression upon its induction, for example, by
nitrogen starvation in SD-N medium (Fig. 1B). In contrast to
WT cells in which GFP-Atg8 is almost completely degraded
into free GFP after 3 h of nitrogen deprivation, mutants with a
complete block in autophagy like atg9A show no accumulation
of free GFP (Fig. 1, B and C). Using this method, we found that
among all the tested SNX deletion mutants (atg204, atg244,
mvplA, snx34, snx41A, vpsSA, vpsl7A, ykrO78wA, yprO97wA,
and ypt35A), only vps5A and vps17A mutants showed a clear
reduction in the accumulation of free GFP after 3 h of nitrogen
starvation (Fig. 1, B and C). Pairwise combination of the
examined SNX deletions displayed no further GFP-Atg8 pro-
cessing defect (not shown), indicating no functional redun-
dancy between SNX proteins in yeast autophagy.

Vps5 and Vpsl7 form a heterodimer and interact with the
retromer. Therefore, we wondered if KO strains lacking ret-
romer subunits show similar defects. In agreement with a
previous study (36), all KO mutants lacking a subunit of the
retromer, Vps26, Vps29, or Vps35, displayed a severe impair-
ment in GFP-Atg8 processing indicating a defect in autophagy
(Fig. 1, D and F). Retromer functionally cooperates with the
dynamin Vpsl (37, 38). Therefore, we asked whether dynamins
might also be involved in autophagy and tested both yeast
dynamin-like proteins, that is, Vpsl and Dnml, for their role
in autophagy using the GFP-Atg8 processing assay as well.
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Interestingly, the vpsIA mutant showed a clear defect in GFP-
Atg8 turnover, while dnmlIA cells were indistinguishable from
the WT (Fig. 1, E and F). To validate our results, we tested the
relevance of retromer and Vpsl in autophagy using a different
method, that is, the Pho8A60 assay (35). Briefly, upon induc-
tion of autophagy, the Pho8A60 construct is delivered by
autophagosomes into the vacuole lumen where it is processed
into an activated form by resident proteases (Fig. 14). Thus,
after 3 h of treatment with rapamycin, a molecule inducing
autophagy through the inhibition of the target of rapamycin
(TOR) kinase (39), colorimetric enzymatic measurement of
Pho8A60 activity in WT cells, but not in strains lacking key
components of the autophagy machinery such as Atg9, allows
to measure bulk autophagy induction (Fig. 1G). In agreement
with the results obtained with the GFP-Atg8 processing assay,
all analyzed mutants (vpsIA, vpsSA, vpsl7A, vps26A, vps29A,
and vps354), except for the vps17A knockout, showed a defect
in autophagy (Fig. 1G). However, only vps35A and vpslA
mutants displayed a reduction in Pho8A60 activity comparable
to a strain with a complete block in autophagy, that is, the
atg9A knockout (Fig. 1G). To show the direct involvement of
these proteins in autophagy, in particular of Vpsl, we trans-
formed a plasmid carrying the thermosensitive allele vpsI-100
(40) into the Pho8A60 strain lacking VPSI and measured
autophagy progression at both permissive and nonpermissive
temperature. While cells starved for nitrogen at 24 °C showed
autophagic activity, those transferred in the SD-N medium at
37 °C displayed a severe autophagy block (Fig. S1A4). We
concluded that the retromer and Vpsl1 are required in normal
progression of bulk autophagy. For the rest of the study, we
decided to focus on Vpsl and just one of the retromer sub-
units, Vps35.

Retromer and vps1 mutants affect different steps of
autophagy

To gain insights into which step of autophagy the retromer
and Vpsl1 are involved, we analyzed the localization of various
protein markers for autophagosomal membranes in the
absence of these factors over the course of a 3 h nitrogen
starvation.

We first examined the distribution of Atg8, a protein that is
recruited to the PAS through conjugation to phosphatidyl-
ethanolamine and in part delivered into the vacuole lumen
(41). Indeed, mCherry-Atg8 was mainly in puncta in WT cells
after 1 h of autophagy induction and mostly localized in the
vacuole lumen after prolonged nitrogen starvation (Fig. 2, A
and B). In contrast, the vps354 mutant showed more
mCherry-Atg8 puncta per cell after 1 h and 3 h of nitrogen
starvation. In agreement with the GFP-Atg8 processing and
Pho8A60 assays, the mCherry-Atg8 signal in the vacuole
interior was strongly reduced, confirming a severe autophagy
defect of the vps35A knockout (Fig. 24). Compared to vps354
cells, the vpsIA mutant displayed an even more severe accu-
mulation of mCherry-Atg8 puncta at early and late time points
of nitrogen starvation (Fig. 2, A and B). Accordingly, Atg8 was
found to be more lipidated in vpsIA cells than in the WT or
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Figure 2. Retromer and Vps1 mutants affect different autophagy steps. A, WT (HAY211), vps35A (HAY253), and vps1A (HAY296) cells expressing
mCherry-V5-Atg8 were grown in YPD medium and then starved in SD-N medium. Cells were imaged by fluorescence microscopy and brightfield at the
indicated times. Representative single z-focal planes are shown. B, quantification of the experiment shown in panel (A) by determining the average number
of mCherry-V5-Atg8 puncta per cell from three independent experiments. Significant differences with the WT at each time point are indicated. **p < 0.0015;
***p < 0.0001. C, WT (SEY6210), vps35A (HAY254), and vps1A (HAY294) cells were grown as in panel (A), harvested, and lysed with TCA, before Western blot
analysis using an anti-Atg8 or anti-Pgk1 antibodies. Pgk1 served as a loading control. D, WT (RSGY044), vps35A (RSGY046), and vps1A (RSGY047) expressing
endogenous ATG1-GFP were treated as in (A) and imaged by fluorescence microscopy. E, quantification of the experiment shown in panel (D) by deter-
mining the number of Atg1-positive puncta per cell from three independent experiments. Significant differences with the WT at each time point are
indicated. F, WT (HAY228), vps35A (HAY230), vpsiA (HAY304), atg1A (HAY266), vps35A atglA (HAY267), and vpsiA atglA (HAY314) strains carrying
endogenous ATG9-GFP were grown in YPD and imaged as in panel (A). G, quantification of the experiment depicted in panel (F) by determining the number
of Atg9-positive puncta per cell from three independent experiments. Significant differences with the WT (i.e., vps35A and vps1A) or atgiA (i.e., vps35A
atg1A and vps1A atg1A4) are indicated. All graphs present mean values + SD. BL, brightfield; DIC, differential interference contrast; mChe, mCherry; n.s., not
significant. ***p < 0.0001. Size bars represent 3 um.

vps35A strains reinforcing the notion of an accumulation of The use of Atg8, however, does not allow to distinguish
autophagosomal structures in this mutant background between PAS/autophagosomal intermediates and complete
(Fig. 20). autophagosomes since this protein is present on both
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structures (41). Therefore, we examined the distribution of the
PAS marker proteins Atgl-GFP and Atgl6-GFP in vps35A and
vps1A cells but saw no difference in the number of puncta per
cell compared to the WT (Figs. 2, D and E and S1, B and C),
indicating no defect in the recruitment of these Atg proteins to
the PAS.

Next, we turned to Atg9, a transmembrane protein involved
in delivering the initial membranes of the PAS from the Atg9
reservoirs/Atg9 vesicles (3, 42). In agreement with the litera-
ture, Atg9-GFP—expressing WT cells displayed an average of
7 to 9 puncta per cell, one very likely representing the PAS and
the other the Atg9 reservoirs (Fig. 2, F and G; (3, 42)). The
number of Atg9-GFP puncta was unaltered in the vps354
mutant. In the vpsIA knockout, in contrast, their number
increased. This specific change in the Atg9 subcellular distri-
bution upon VPSI deletion led us to conclude that Vpsl and
the retromer are likely involved in two different steps of
autophagy.

To test Atg9 trafficking directly, we used the transport of
Atg9 after knocking out ATGI (TAKA) assay, an epistasis
experiment to determine whether a protein acts upstream of
the Atgl kinase complex (43). In an atglA strain, recycling of
Atg9 from the PAS is blocked, which results in an accumu-
lation of this protein at this structure (44). In contrast, mutants
with defects in Atg9 delivery to the PAS do not show this
accumulation upon deletion of ATGI. The number of Atg9
puncta per cell was strongly reduced in an atglA background
compared with the WT, reflecting as expected the Atg9
accumulation at the PAS (Fig. 2, F and G). The number of Atg9
puncta in the vps35A atglA double deletion mutant was
comparable to the one measured in atgIA cells, which in-
dicates that Vps35 acts together or downstream of Atgl.
Similar to the vpsIA mutant, the vpsIA atglA mutant showed
a high number of Atg9 puncta compared to atglA cells (Fig. 2,
F and G). This indicates that Vpsl participates in Atg9
transport to the PAS, upstream of Atgl, and confirms that
Vpsl and Vps35 act at separate steps of autophagy. We
therefore focused on the interplay between Vpsl and Atg9 in
more detail, also because while preparing this manuscript, a
recent manuscript showed that Vps35, together with Vps26
and Vps29, is part of a novel retromer complex involved in
Atg9 trafficking (45).

Vps1 interacts with Atg9 at the Atg9 reservoirs

Dynamins are involved in many cellular processes, including
different trafficking pathways like endocytosis and exocytosis.
Consequently, the observed accumulation of Atg9 in
numerous puncta in the vpsIA mutant could also be indirectly
caused by impairment in other transport routes. To test for a
direct functional connection between Vpsl and Atg9, we first
examined whether Vpsl localizes to autophagosomal and/or
Atg9-positive membranes by fluorescence microscopy.

Direct fusion of endogenous Vpsl with a tag renders this
protein unfunctional and this problem can be solved by
inserting an amino acid linker in between (46). We introduced
different amino acid linkers, two flexible (i.e., (GGGGS); and
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GSAGSAAGSGEF) and two rigid (ie, A(EAAAK)sA and
(AP)33) (47), and tested the functionality of the resulting fusion
proteins by Pho8A60 assay (Fig. S2A and not shown). The best
functional fusion protein per each tag were Vpsl-FL1-GFP,
Vpsl-RL2-mCherry, Vpsl-RL2-3xHA, and Vpsl-RL2-Vc
(Fig. S2A).

In fluorescence microscopy, Vpsl-FL1-GFP exhibits two
distribution patterns. In the one hand, this fusion protein
localized to small, rapidly moving vesicles that appear as a blur
in images with exposure times higher than 100 ms. On the
other hand, it was present in numerous vesicular structures
that appear as bright puncta and were less motile. When Vpsl1-
FL1-GFP was coexpressed with mCherry-Atg8, we could detect
few puncta that showed overlap between the two fluorescent
signals (Fig. 34). We also detected minimal colocalization be-
tween endogenous Vpsl-RL2-mCherry and Atg9-GFP, indi-
cating that Vpsl is present on either Atg9 reservoirs or PAS/
autophagosomal membranes (Fig. 3B, arrows).

Based on our observations, we hypothesized that Atg9 could
interact with Vpsl to recruit this dynamin onto the Atg9
reservoirs. To test whether these two proteins are adjacent, we
first used the split-Venus assay in which two putative inter-
actors are fused with the N-terminal (Vn) and the C-terminal
(Vc) fragments, respectively, and a reformation of the Venus
signal indicate proximity between the two tagged proteins (48).
In control cells expressing either Atg9 or Vpsl with C-ter-
minal tagged Vn or RL2-Vc, no fluorescence signal was
detected (Fig. S2B). Importantly, Venus-positive puncta were
detected in a strain simultaneously expressing Atg9-Vn and
Vps1-RL12-Vc in both growth and starvation conditions
(Fig. 3, C and D). We concluded that Vpsl is in close proximity
of Atg9. Importantly, this signal was also detected in the
atgl1A and atgl7A knockouts, which block formation of the
PAS in nutrient-rich and starvation conditions, respectively
(11), indicating that Atg9 and Vpsl associate at the Atg9
reservoirs (Fig. 3, C and D). We also analyzed the Atg9-Vpsl-
Venus signal in cells expressing marker proteins for endo-
somes (Vps8-mChe; (49)) or late Golgi (Sec7-mChe; (50)).
However, we detected almost no overlap between the Venus
signal and the two marker proteins (Fig. 3E). This result infers
that the Vpsl-Atg9 interactions indeed occurs at the Atg9
reservoirs, which are known to not colocalize with various
endosomal and Golgi marker proteins (2). To reinforce this
notion, we carried out a membrane subcellular fractionation
on a sucrose gradient that allows to separate Atg9-positive
membranes from the rest of the organelles (2). As shown in
Fig. S3, Vps1-RL2-3xHA was also detected in the low-density
fractions containing Atg9-13xMYC, reinforcing the notion
that Vpsl is present in the Atg9 reservoirs. However, it cannot
be excluded that these two proteins could be together in other
compartments as well.

Next, we determined whether Vpsl and Atg9 are in close
physical proximity by performing an APEX2-based proximity-
dependent biotin labeling experiment (51). We also opted for
this approach since their interaction could be transient due to
the dynamic trafficking of Atg9. Thus, a strain expressing
Atg9-APEX2 was either grown in SMD medium lacking biotin
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upon APEX2-based Atg9 and Atg8 proximity labeling under rich (SMD without biotin) and starvation (SD-N) conditions. Log2 values of protein intensities
are represented. Each protein intensity was normalized to its respective negative control, i.e., the sample without biotinylation reaction. n = 3 biological

replicates. *: q < 0.05; **: q < 0.01. Size bars represent 3 um.

or nitrogen starved in SD-N medium for 1 h, before per-
forming the biotinylation reactions as described in Experi-
mental procedures. The APEX2-Atg8—expressing strain
(Fig. 3F) or the Atg9-APEX2 strain without biotinylation re-
action (Fig. S4) were used as negative controls. Cells were
subsequently lysed and biotinylated proteins isolated with
streptavidin-conjugated beads. Isolated proteins were finally
identified by protein mass spectrometry (Figs. 3F and S4). Vpsl
was identified among known Atg9 binding partners such as
Atg9 itself, Atgll, and Atg27 (10, 52, 53).

Altogether, these experiments reveal that Vpsl transiently
associates directly or indirectly with Atg9 at the Atg9 reser-
voirs, and it is involved in the transport of this transmembrane
protein to the PAS.

6 . Biol. Chem. (2023) 299(5) 104712

Vps1 is required for autophagosome formation

To determine more precisely the step of autophagy
involving Vpsl, we first examined whether deletion of this
protein impacts the Cvt pathway, a biosynthetic type of se-
lective autophagy, which also relies on the core Atg machinery
(54). The major cargo molecule of the Cvt pathway is the
vacuolar peptidase Apel, which is synthesized as a 61 kDa
prApel precursor and upon delivery into the vacuole, is pro-
cessed into its 50 kDa Apel mature form (54). This change in
Apel size allows assessing the functionality of the Cvt pathway
by Western blot. Thus, we analyzed Apel transport to the
vacuole in the vpsIA mutant. As a control, we used atglA and
vam3A cells, in which prApel maturation is blocked because
of a defect in autophagosome formation and autophagosome

SASBMB



fusion with the vacuole, respectively (16, 55-57). As expected,
prApel processing was almost complete in WT cells and
blocked in the atglA and vam3A strains in both rich medium
and nitrogen starvation conditions (Fig. 44). Interestingly, the
vpslA knockout showed an impairment in prApel processing
in both conditions, albeit more exacerbated in the presence of
nutrients. This shows that Vpsl also plays an important role in
the Cvt pathway, suggesting a function of this protein in se-
lective types of autophagy as well.

Next, we asked whether the prApel that accumulated in the
vpslA mutant is cytoplasmic, that is, autophagosomes cannot
form properly or whether it is in the interior of complete
autophagosomes, that is, these vesicles can form but they are
unable to fuse with the vacuole. For this, we performed a
protease protection assay, which determines whether prApel
is enwrapped into an autophagosome and therefore is not
accessible to exogenous proteases (58). To distinguish these
two situations, we once again took advantage of the atgIA and
vam3A mutants. WT cells mostly accumulated the mApel,
with little prApel even in the absence of exogenous Proteinase
K, which proves that prApel is normally targeted via Cvt
pathway to the vacuole where it is processed. All the prApel
was accessible to protease treatment event without detergent
(Fig. 4B). When the cell extract from vam3A cells was incu-
bated with proteinase K, approximately 50% of prApel was
protected and processed only upon addition of detergent,
showing, as expected, that part of the prApel is protected
inside autophagosomes (Fig. 4B). In contrast, prApel was
almost completely processed in cell extracts from the atglA
knockout in the presence of Proteinase K, in which accumu-
lated prApel is not sequestered and therefore protected inside
an autophagosome (Fig. 4B). Importantly, prApel was acces-
sible to proteinase K in cell extracts from vpsiA cells to a
similar extent as observed for those obtained from the atgiA
knockout (Fig. 4B). This result indicates that cells lacking Vps1
are unable to generate complete autophagosomes.

To substantiate this finding, we inspected the ultrastructure
of the vpsIA mutant in logarithmic growth and upon nitrogen
starvation by electron microscopy, to look for accumulation of
phagophores or aberrant autophagosomal intermediates, but
also to exclude that VPSI deletion affects autophagy by
impairing autophagosome fusion with the vacuole. The pro-
files of the vpsIA mutant displayed no difference with those of
the WT cells (Fig. 4C). In particular, no accumulation of
autophagosomes or eventually expanded phagophores was
observed (Fig. 4C).

Altogether, these data show that Vpsl function is required
for the early steps of autophagosome formation, which agrees
with the notion that Vpsl1 is required for Atg9 transport to the
PAS.

Vps1 function- and disease-associated point mutants severely
impair autophagy

Vpsl, and more generally dynamins, have a N-terminal
GTPase domain, three helix bundle (BSE) domains, and a
middle, stalk domain formed by helix bundles and GTPase
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effector domain (Fig. 5A4) (59). To gain further insight into how
Vpsl functionally participates in autophagy, we expressed
several previously characterized Vpsl point mutants that affect
both yeast Vpsl and higher eukaryotic dynamins (Table 1 and
Figs. 54 and S5; (60)). We also included two point mutants,
that is, S599V, S599D, known to cause an endocytosis defect in
yeast without affecting other trafficking pathways (61). We
expressed the different Vpsl mutants from a plasmid in vpsiA
cells and assessed autophagic flux using the Pho8A60 assay.
Single point mutations in the GTPase domain (S43N, T63A,
R64G, T183Q, G188S, and G315D) were not able to rescue the
Pho8A60 defect observed in knockout cells, while mutations in
the middle stalk domain (R457E, R458E, and E461K) had no
effect on autophagy (Fig. 5B). We also tested several mutants
in the GTPase effector domain that are known to affect self-
assembly (1649K, K653A, R684N, K689A) (62, 63). Interest-
ingly, only the 1649K, which causes the strongest defect in
higher eukaryotes (62), was unable to rescue the autophagy
defect of the vpsiA mutant (Fig. 5B).

We asked whether the autophagy defect of the GTPase- and
oligomerization-deficient variants was due to an impairment of
the Atg9 transport to the PAS. To test this, we expressed the
GTPase-defective T63A and oligomerization-deficient 1649K
mutants in a vpsIA atglA strain and performed the TAKA
assay. While the 1649K mutant displayed a mild, albeit sig-
nificant increase in Atg9-positive structures, that is, a partial
block in Atg9 delivery to the PAS, the T63A GTPase mutant
showed a strong increase comparable to the empty vector
control (Fig. 5, C and D). We observed similar defects of these
mutants when the same experiment was performed under
nitrogen starvation conditions (Fig. S5). Therefore, we
concluded that Vpsl GTPase activity and oligomerization are
required for Atg9 transport to the PAS and autophagy.

Mammalian cells have three dynamin isoforms, DNMI,
DNM2, and DYNAMIN3 (DNM3), with a variety of expres-
sion patterns and proposed functions (19). Mutations identi-
fied in these proteins are known to cause specific neurological
disorders and other pathologies in humans ((20, 64), Table 2).
While defects in endocytosis and endomembrane trafficking
have been implicated in the etiology of these diseases, we
wondered if some of these mutations might cause a defect in
autophagy as well. Due to the high conservation between hu-
man dynamins and yeast Vps1, with approximately 32% amino
acid sequence identity, we identified all the corresponding
mutations reported to cause the Charcot-Marie-Tooth disor-
der, epileptic encephalopathy, microcytic anemia, cen-
tronuclear myopathy, hereditary spastic paraplegia, and lethal
congenital contracture syndrome, but also exercise-induced
collapse in Labradors and epilepsy in the fitful mouse model
in Vpsl (Fig. S6 and Table 2). We then expressed Vpsl vari-
ants for several of these pathologies, including microcytic
anemia (I277G), Charcot-Marie-Tooth disorder (G397R),
centronuclear myopathy (E407K, 1422G, and K506W), hered-
itary spastic paraplegia (R684W), exercise-induced collapse in
Labradors (R298L), and a candidate mutation for epilepsy in
humans (A447T) in vpsIA cells to examine autophagic flux
using again the Pho8A60 assay (Fig. 6A and Table 2).

J. Biol. Chem. (2023) 299(5) 104712 7
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Figure 4. Vps1 function is required for autophagosome formation. A, the WT (SEY6210), atg1A (WHY1), vam3A (CWY10), and vps1A (HAY294) strains
were grown in YPD before transfer to SD-N for 3 h to induce autophagy by nitrogen starvation. Cells were collected before and after nitrogen starvation,
and proteins were analyzed by Western blot using anti-Ape1 and anti-Pgk1 antibodies. Pgk1 served as the loading control. B, the Ape1 protease protection
assay was carried out with the WT (SEY6210), atg1A (WHY1), vam3A (CWY10), and vps1A (HAY294) strains starved for nitrogen as described in Experimental
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Figure 5. Vps1 GTPase and oligomerization mutants block autophagy. A, overview of the structural organization of Vps1. Functional mutations
examined in this study are indicated. B, the Pho8A60 assay was carried in the vpsTA mutant (HAY164) transfected with either an empty vector (vps1A) or
plasmids carrying VPS1 mutants (Table 1), as in Figure 1G, although cells were grown in SMD medium lacking uracil. Data represent the average of three
independent experiments expressed relatively to the WT treated with rapamycin for 3 h. The graphs indicate mean values * SD, and significant differences
of the rapamycin-treated samples with the WT are indicated. ***p < 0.0001. C, the vps1A atg1A (HAY314) strain expressing endogenous ATG9-GFP was
transformed with an empty vector (vps14) or plasmids expressing Vps1, Vps1(T63A), and Vps1(1649K) was grown in SMD medium lacking uracil and imaged
as in Figure 2F. Representative single plains of GFP-fluorescence z-stacks are shown. Size bar represents 3 um. D, quantification of the Atg9-GFP puncta per
cell in the experiment shown in panel (C) from three independent experiments. Significant differences with the WT are indicated. All graphs present mean

values + SD. DIC, differential interference contrast. ***p < 0.0001.

Interestingly, three Vpsl mutants, 1277G, G397R, and 1442G,
corresponding to DNM1 V235G, DNM2 G358R, and DNM2
V375G mutations found in microcytic anemia, Charcot-Marie-
Tooth, and centronuclear myopathy, respectively, showed a
defect in autophagic flux (Fig. 6B).

Finally, we tested whether the disease-associated variants
impair Atg9 transport to the PAS. For this, we turned once
more to the TAKA assay and expressed all these variants in the
vpslA atglA cells carrying endogenous Atg9-GFP. All Vpsl
point mutants without a Pho8A60 processing defect displayed
normal Atg9-GFP delivery to the PAS (Fig. 6, C and D). In
contrast, the 1277G and G397R Vpsl variants showed an
accumulation of Atg9-positive puncta, indicative of an Atg9
transport defect to the PAS (Fig. 6, C and D). This result

confirms that Vpsl-mediated Atg9 trafficking to the PAS is
crucial for autophagy progression. Interestingly, like the 1649K
mutant that displays a severe autophagic flux defect (Fig. 5,
B-D), the 1442G Vps1 variant did not impair Atg9 transport to
the PAS (Fig. 6, C and D), suggesting that Vpsl may also
participate to other steps of autophagy.

Next, we examined whether the 1277G and G397R muta-
tions that impair Atg9 transport affect other cellular functions
of Vpsl. While G397R and 1277G variants complemented the
vacuole fission defect of vpsIA cells (65), they could not bypass
their vacuolar protease sorting impairment (66) (Fig. S7, A and
B). In addition, the G397R Vpsl variant was able to restore
normal GFP-Sncl cycling in the vps1A mutant (63), while the
1277G mutant could not Fig. S7C). These results show that the

procedures. Quantification of the relative amount of prApe1 and mApe1 in three independent experiments + SD is shown below the representative blot. C,
WT (SEY6210) and vps1A (HAY294) cells grown in YPD or starved in SD-N medium for 3 h were examined at the ultrastructural level by electron microscopy.
Asterisks indicate lipid droplets. Size bar represents 1 um. TX-100, Triton X-100; ProtK, proteinase K; ER, endoplasmic reticulum; M, mitochondria; N, nucleus;
V, vacuole.

J. Biol. Chem. (2023) 299(5) 104712 9
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Table 1

Overview of function-associated Vps1 mutations examined in this study

Yeast mutation Domain Human mutation Information Reference
S43N GTPase DNM1(S45N) GTPase activity (63, 95)
T63A GTPase DNMI1(T65A) Low GTP affinity mutation in DNM1 (95, 96)
R64G GTPase DNM1(R66A) GTPase activity (63, 95)
T183Q GTPase DNM1(T141Q) Partial GTPase defect (63, 95)
G188S GTPase DNMI1 (G146S) GTP-binding; shibire ts2 (63, 97)
G315D GTPase DNM1 (G273D) shibire tsl (63, 98)
R457,458E middle Endocytic vesicle scission defect (46)
E461K middle Reduced endocytosis (84)
S599V - Endocytosis defect (61)

S599D - Endocytosis defect (61)

1649K GED DNM1(I690K) Self-assembly defect, endocytosis defect in yeast (62, 63, 85)
K653A GED DNMI1(K694A) Impaired self-assembly (63)
R684N BSE DNM1(R725A) (20, 99)
K689A BSE DNM1(K730A) (20, 99)

G397R and 1277G mutations do not exclusively alter the Vpsl
function in autophagy.

Altogether, our data infers that an autophagy defect may
contribute to the pathophysiology of specific human diseases
caused by mutation in dynamins.

Discussion

In this study, we unraveled a novel link between Atg9 and
Vpsl in autophagy. By screening all SNX mutants in yeast
for autophagic flux, we identify defects in several retromer
mutants and subsequently Vpsl (Fig. 1). This could be
explained by the fact that Vpsl cooperates with the retromer
complex in specific recycling transport steps within the
endocytic pathway (37, 38). However, our phenotypic anal-
ysis indicates that Vpsl and retromer act along different
pathways in autophagy. In particular, our data revealed that
vpslA mutant affects transport of Atg9 vesicles, leading
defects in autophagosome biogenesis (Figs. 2 and 4). We
demonstrate that Vpsl colocalizes and is in close proximity
of Atg9 (Fig. 3) and that Vpsl GTPase activity is required to
rescue the autophagy defect of wpsiA cells (Fig. 5).
Furthermore, we provide indication that specific DNM1 and
DNM2 mutations, known to cause human diseases, may be
connected with an autophagy defect, since VPSI variants
carrying homolog mutations severely impair autophagic flux

and lead to a defect in Atg9 transport to the PAS and
autophagic flux impairment (Fig. 6).

Vpsl is known to catalyze membrane fission reactions (19),
but it has also been implicated in the regulation of fusion by
binding to the SNARE Vam3 (65, 67). In mammalian cells,
ATGIA trafficking from recycling endosomes during auto-
phagy requires SNX18 and DNM2, but also the BAR domain—
containing BIF1 (31-33, 68). Both SNX18 and BIF1 recruit
DNM?2 onto recycling endosome membranes (32, 33), but it
remains unclear if they are working cooperatively. Another
SNX complex, consisting of SNX4-SNX7, was also shown to
release ATG9A from endosomes (69). Interestingly, we also
observe an autophagy defect in the SNX mutants vps5A and
vpsl7A (Fig. 1). However, these cells display a different auto-
phagy defect than the vpsIA mutant (Figs. 1 and 2). Thus, it is
unlikely that Vpsl cooperates with the retromer in the trans-
port of Atg9 from its reservoirs to the PAS, but we cannot
exclude that these two components could act together at
another step of autophagy. In this regard, it has recently been
revealed that Vps26, Vps29, and Vps35, together with Atgl8
but not Vps5 and Vpsl7, are part of a novel retromer complex
(45, 70). Thus, one could imagine that Vpsl cooperate with
this complex as it does with the well-established retromer
(37, 38).

Our screen did not identify other yeast SNX involved in
autophagy, and redundancy does not appear to play a role,

Table 2
Overview of the disease-associated Vps1 mutations examined in this study
Yeast mutation Domain Human mutation Information Reference
n.c. GTPase DNM1(A117P) Epileptic encephalopathy -
n.c. GTPase DNM1(K206N) Epileptic encephalopathy -
1277G GTPase DNM2(V235QG) Microcytic anemia This study
R298L GTPase DNM1(R256L) Exercise-induced collapse in Labradors (60)
G397R middle DNM2(G358R) Charcot-Marie-Tooth disorder (60)
A447T middle DNM1(A408T) Epilepsy in fitful mouse model (60)
nc. middle DNM2(F379V) Lethal congenital contracture syndrome -
n.c. middle DNMI1(G359A/R) Epileptic encephalopathy -
n.c. middle DNM2(G359D) Charcot-Marie-Tooth disorder -
E407K middle DNM2(E368K/Q) Centronuclear myopathy This study
n.c. middle DNM2(R369Q/W) Centronuclear myopathy -
1422G middle DNM2(V375QG) Centronuclear myopathy This study
K506W middle DNM2(R465W) Centronuclear myopathy This study (20),
n.c. GED DNM2(P647R) Centronuclear myopathy -
n.c. GED DNM2(E650K) Centronuclear myopathy -
R684W GED DNM2(R719W) Hereditary spastic paraplegia This study

n.c., not conserved.
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since double mutants, combining SNX deletions, did not show
an autophagy defect. Other studies in yeast have concluded
that SNX, and in particular the retromer, are not involved in
autophagy unless they are codepleted with other redundant
endosomal recycling pathways (25, 71). The retromer is
required to retrieve Atg9 from endosomes to the Golgi (25, 45,
71), consistent with what has been also reported for
mammalian ATG9A (23). This apparent discrepancy with our
data is very likely because the two previous studies have
assessed the autophagic flux only by looking at prApel
maturation instead of bulk autophagy (35). prApel is a cargo
specifically targeted to autophagosomes and hence, it is also
delivered into the vacuole in mutants that display a severe

SASBMB

autophagy impairment but not a complete block (54). Exam-
ples of this type of mutants include vac8A cells (72). One of the
two recent studies on the novel retromer complex, however,
found that deletion of each one of the subunits of the retromer
severely affects bulk autophagy (45), in complete agreement
with our data. As Atg9 levels and possibly its trafficking
directly correlates with the frequency of autophagosome for-
mation (73), we favor the hypothesis that the severe impair-
ment of Atg9 transport to the PAS in vpsiA cells strongly
reduces the frequency of autophagosome formation. Never-
theless, additional studies are needed to determine which
sorting factors, other than SNX, are involved in the Vpsl-
mediated Atg9 trafficking step.

J. Biol. Chem. (2023) 299(5) 104712 11
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How does Vpsl act during autophagy? The phenotypes of
the VPSI mutants cannot be simply explained by an impair-
ment in autophagosome-vacuole fusion (Fig. 4) nor by a defect
in fission during Atg9 vesicle biogenesis (Fig. 2). Vps1 acts in
several different cellular processes, which makes it difficult to
delineate the phenotype of the corresponding knockout to a
specific pathway. Consistently with what is found in
mammalian cells (32, 33, 74), our data support the notion that
Vpsl acts directly in autophagy since we observed both a
specific defect in Atg9 reservoir transport to the PAS in the
absence of this dynamin (Fig. 2, F and G) and Vpsl1 localization
to the Atg9 reservoirs (Fig. 3, B—D). Moreover, we show here
that Vpsl interacts directly or indirectly with Atg9 (Fig. 3, C, D
and F). In mammalian cells, DNM2 is recruited to ATG9A-
containing membranes via binding to SNX18, BIF1, and/or
the autophagic adapter LC3 (32, 33, 74). Future investigations
need to address how the Vpsl-Atg9 association in yeast is
regulated and coupled to Vpsl function in autophagy. For this,
it will be important to identify the domain in Vpsl and/or
Atg9 involved in their interaction and generate specific bind-
ing point mutants. Since the Vpsl-Atg9 interaction may be
not direct, identification of the possible bridging protein(s) will
provide insights into the role of Vpsl function in autophagy.

Several mutations causing neurobiological diseases have
been directly or indirectly associated with a defect in auto-
phagy, which leads to an accumulation of unwanted cyto-
plasmic structures, including cell-toxic aggregates and
damaged organelles (75-77). While this manuscript was in
preparation, a new study revealed that the R465W mutation in
DNM2, which causes centronuclear myopathy, has been
associated to an autophagy defect characterized by an
impairment in autophagosome formation (74). The homolo-
gous mutation in yeast, that is, K506W (Fig. S6 and Table 2),
leads only to a weak defect in Atg9 trafficking. However, one of
the three variants that we identified as defective in autophagy,
that is, G397R, which corresponds to the DNM2(G358R)
mutation causing Charcot-Marie-Tooth disorder (60, 78)
(Fig. S6 and Table 2), is also localized in the stalk region of
Vpsl and DNM2. Consistently, we also found that the G397R
change in Vps1 leads to a defect in autophagosome formation.
The second Vpsl variant that we found to affect autophagy
progression is 1277G, which mimics the DNM2(V235G) mu-
tation causing microcytic anemia (21) (Fig. S6 and Table 2).
The 1277G lies in the GTPase domain of Vpsl and conse-
quently, like the V235G change (21), it probably impairs the
GTPase activity of this protein. This agrees with our finding
that the GTPase domain of Vpsl is essential for its role in
autophagy (Fig. 5B) but also the fact that the 1277G affect the
endosomal functions of Vpsl (Fig. S7). Most of the mutations
affecting dynamin oligomerization appear to not interfere with
autophagy flux (Fig. 5B), and this observation is somewhat
surprising since dynamin oligomerization is essential for most
of the functions of this protein family, including endocytosis
(63). However, the mutation known to affect dynamin oligo-
merization the most (62, 63), that is, 1649K, severely inhibits
autophagy without having a major impact on Atg9 trafficking
(Fig. 5, B-D). This result suggests that Vpsl could also
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participate in a step of autophagy epistatic to the Atg9 trans-
port to the PAS. This notion is also sustained by our identi-
fication of a mutation in Vpsl stalk region, 1442G,
corresponding to the human variant DNM2(V375@G) causing
centronuclear myopathy (Table 2), which displays a severe
defect in autophagic flux but normal Atg9 transport to the
PAS (Fig. 6, B, C and D).

Overall, our data complement and extent those obtained in
mammalian cells in which Vpsl, as DNM2, is required for
Atg9 trafficking (32, 33). We additionally show that it is
essential for Atg9 to be delivered to the site of autophagosome
formation. In this context, it is interesting to note that the
disease-associated mutants that we found to be defective in
Atg9 transport have been reported to be in DNM2 (21, 60, 78).
Thus, our study supports the recent finding that a defect of
autophagy probably plays a role in the pathophysiology of
diseases caused by mutations in DNM2 and suggest that those
could include microcytic anemia and Charcot-Marie-Tooth
diseases, in addition to centronuclear myopathy.

Experimental procedures
Yeast strains, media, and plasmids

Genetic manipulation in yeast S. cerevisiae was performed
by homologous integration of PCR-amplified DNA cassettes
(48, 79, 80). Gene knockouts or taggings were verified by
Western blot using specific antibodies and/or PCR analysis of
the modified gene locus. Yeast strains used in this study are
listed in Table 3. Yeast cells were grown in rich (YPD; 1% yeast
extract, 2% peptone, and 2% glucose) or synthetic minimal
(SMD; 0.67% yeast nitrogen base, 2% glucose, and amino acids
and vitamins as needed) medium. Autophagy was induced by
transferring cells into a nitrogen starvation medium (SD-N;
0.17% yeast nitrogen base without amino acids and ammo-
nium sulfate and 2% glucose) or by addition of 0.2 pg/ml
rapamycin (Sigma).

The different tags with a linker to generate endogenous C-
terminally Vps1 fusion proteins were created as follows. GFP,
3xHA, mCherryV5, and Vc tags were generated by PCR using
5" primers that inserted the amino acid linker (GGGGS),
(flexible linker 1, FL1), GSAGSAAGSGEF (flexible linker 2,
FL2), A(EAAAK)GA (rigid linker 1, RL1), or (AP)33 (rigid linker
2, RL2) (47), before to be cloned as Pacl/Ascl fragments into
the pFA6A plasmid series that is used as a template for
endogenous tagging by PCR-based recombination (80). The
FLAG-APEX2-NES tag was cloned into the pFA6A plasmids
using the same strategy upon PCR amplification from the
pDP287 vector, and the resulting plasmid were then used as a
template to generate the strain expressing Atg9-FLAG-
APEX2-NES by homologous recombination (80).

Chromosomal tagging of ATGS at its 5’ end with the FLAG-
APEX2 tag was realized by replacing the iphNT1 cassette used
to knock out the ATG8 gene with the KanMX6-ATG8pr-
FLAG-APEX2-NES-FL1-ATG8 by homologous recombination
through 1000 bases of identity upstream the ATG8 promoter
and downstream the ATG8 gene. This module was generated
by PCR from the pYFMLP034 plasmid, which was generated
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Table 3
Yeast Saccharomyces cerevisiae strains used in this study
Strain Genotype Source
BRY239 WLY176 VPSI-FLI1-GFP:HIS3 This study
BRY260 SEY6210 VPSI-FLI-GFP::HIS3 pmCheV5ATG8406::URA3 This study
BRY273 YTS159 VPSI-RL2-mCherryV5:LEU2 This study
BRY277 YTS159 VPSI-RL2-3xHA:LEU2 This study
BRY279 SEY6210 ATG9-GEP::TRP1 VPSI-RL2-mCherryV5:LEU2 This study
BRY283 SEY6210 ATG9-13xMYC::HIS3 VPS1-RL2-3xHA::LEU2 This study
BRY284 SEY6210 ATG9-VN:HIS3 VPSI-RL2-VC::LEU2 SEC7-mCherryV5: TRP1 This study
BRY291 SEY6210 ATG9-VN:HIS3 VPS1-RL2-VC:LEU2 atgl7A:hphMX6 This study
BRY293 SEY6210 ATG9-VN:HIS3 VPS1-RL2-VC::LEU2 atgl1A:hphMX6 This study
BRY299 YTS159 VPSI-RL2-VC:LEU2 This study
BRY304 SEY6210 ATG9-VN::TRP1 VPS1-RL2-VC::LEU2 This study
BRY305 SEY6210 ATG9-VN:HIS3 VPSI-RL2-VC::LEU2 VPS8-mCherryV5: TRP1 This study
BRY306 SEY6210 VPSI1-RL2-VC:LEU2 This study
BY4741 MATa his3A1 leu2A0 met15A0 ura340 Euroscarf
BY4742 MATa his3A1 leu2A0 lys2A0 ura3A0 Euroscarf
BY4727 MATa his3A200 leu2A0 lys2A0 met15A0 trplA63 ura3A0 Euroscarf
CWY40 SEY6210 vam3A::TRPI1 (100)
FRY244 MATa his3A1 leu2A0 lys2A0 ura3A0 phol3A:kanMX pho8:PHO8A60 (2)
atg9A::URA3S.p.LoxP
HAY8 BY4742 vpslA:kanMX6 Euroscarf
HAY9 BY4742 dnmlA:kanMX6 Euroscarf
HAY11 BY4742 atg24A:kanMX6 Euroscarf
HAY12 BY4742 atg20A::kanMX6 Euroscarf
HAY26 BY4741 vpsSA:kanMX6 Euroscarf
HAY29 BY4741 atg24A:kanMX6 Euroscarf
HAY31 BY4741 mvplA:kanMX6 Euroscarf
HAY32 BY4741 ykr078wA::kanMX6 Euroscarf
HAY33 BY4741 snx3A:kanMX6 Euroscarf
HAY34 BY4741 vps17A:kanMX6 Euroscarf
HAY35 BY4741 vps26A:kanMX6 Euroscarf
HAY36 BY4741 vps35A:kanMX6 Euroscarf
HAY38 BY4741 snx41A:kanMX6 Euroscarf
HAY39 BY4741 vpsSA:kanMX6 Euroscarf
HAY43 BY4741 vps29A::kanMX6 Euroscarf
HAY48 BY4741 ypr097wA:kanMX6 Euroscarf
HAY51 BY4741 ypt35A:kanMX6 Euroscarf
HAY161 YTS159 vpsSA:hphNT1 This study
HAY162 YTS159 vps17A:hphNT1 This study
HAY163 YTS159 vps35A:hphNT1I1 This study
HAY164 YTS159 vpslA:hphNT1 This study
HAY196 SEY6210 ATG9-VN::HIS3 This study
HAY205 YTS159 vps29A:hphNT1 This study
HAY211 SEY6210 pmCheV5ATG8406::LIRA3 This study
HAY230 SEY6210 ATG9-GFEP::TRP1 pmCheV5ATG8406::URA3 vps35A:hphNT1 This study
HAY245 YTS159 vps26A:hphNT1I1 This study
HAY253 SEY6210 pmCheV5SATG8406::URA3 vps35A:hphNT1 This study
HAY254 SEY6210 vps35A:hphNTI This study
HAY266 SEY6210 ATG9-GEP:: pmCheV5SATG8406:URA3 atglA::HIS3 This study
HAY267 SEY6210 ATG9:GEP-TRPI vps35A:hphNTI1 pHA128::URA3 atglA:HIS3 This study
HAY294 SEY6210 vps1A:hphNTI This study
HAY296 SEY6210 pmCheV5ATG8406::UURA3 vpslA:hphNT1 This study
HAY299 SEY6210 pmCheV5ATG8406::UURA3 VPSI1-mGFP:kanMX6 This study
HAY303 SEY6210 ATG9:GFP-TRPI vpsIA:hphNT1 This study
HAY304 SEY6210 ATG9::GFP-TRPI vpsiA:hphNTI1 pmCheV5ATG8406::URA3 This study
HAY314 SEY6210 ATG9::GFP-TRPI vpslA:hphNTI atglA:HIS3 This study
RSGY044 SEY6210 ATG1-GFP:TRPI This study
RSGY045 SEY6210 ATG16-GFP::-TRPI This study
RSGY046 SEY6210 ATG1-GEP::TRPI vps35A:natNT2 This study
RSGY047 SEY6210 ATGI-GFP:TRPI vpsiA:hphNTI This study
RSGY0438 SEY6210 ATG16-GFP:TRPI vps35A:natNT2 This study
RSGY049 SEY6210 ATG16-GFP::TRPI vpsl1A:hphNTI This study
SEY6210 MATa ura3-52 leu2-3112 his3-A200 trp1-A901 lys2-801 suc2-A9 mel GAL (101)
YFMLY141 YSBN5 hphNT1:KanMX6-FLAG-APEX2-NES-FL1-ATG8 atg8A::hphNT1 This study
YFMLY170 YSBN5 ATG9-FLAG-APEX2-NES::NatMX6 This study
YSBN5 MATa ho:loxP-TEFIp-ble-TEFIt-loxP ura3-52::URA3 Euroscarf
YTS159 MATa his3A1 leu2A0 lys2A0 ura3A0 phol3A:kanMX pho8:PHO8A60 (102)
YTS161 YTS159 atglA:HISS S.p. (102)
WHY1 SEY6210 atglA:HISS S.p. (103)
WLY176 SEY6210 phol3A pho8:PHO8A60 (104)

by sequentially cloning 1000 bp of the homology region up-
stream the ATG8 promoter, the drug resistance gene NatMX6,
the ATG8 promoter, the FLAG-APEX2-NES tag, ATGS8 gene,
and 1000 bp of the homology region downstream the ATGS8
gene into the pRS404 vector.

SASBMB

Plasmids pRS404, pRS416, pCuGFPAUT7(416), pmChe-
V5ATG8406, and pGS416 have been described elsewhere (2,
81-83), as well as those expressing WT Vpsl (pKA677) and
the following Vpsl point mutants: S43N (pKA692), R684N
(pKA693), G188S (pKA697), G315D (pKA698), T63A
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(pKApKA699), T183Q (pKA700), 1649K (pKA701), K653A
(pKA702), K689A (pKA703), R64G (pKA707), S599V
(pKA781), S599D (pKA782), A447T (pKA796), G397R
(pKA797), R298L (pKA798), RR457,458EE (pKA943), and
E461K (pKA945) (46, 61, 63, 84, 85), (Tables 1 and 2). The
plasmids expressing the 1277G (pVPS1(I1277G)), E407K
(pVPS1(E407K)), 1422G (pVPS1(1422G)), K506 W
(pVPS1(I506W)), and R684W (pVPS1(R684W)) were created
by site-directed mutagenesis of the pKA677 vector using
appropriate primers.

The centromeric plasmid pVPS1(ts)416 carrying vpsI-100
was created by excising this thermosensitive VPSI allele from
the pCAV40 vector (40) and insert it into pRS416 using Notl
and Clal.

Biochemical assays

GFP-Atg8 processing and Pho8A60 activity measurements
were carried out as previously described (35). Monoclonal
anti-GFP antibodies were from Roche. Atg8 lipidation and
Apel, Prcl, and Pep4 maturation and processing were assessed
by separating trichloroacetic acid (TCA)-precipitated proteins
by SDS-PAGE and after Western blot, probing the membranes
with anti-Atg8, anti-Pgkl, anti-Apel, anti-Prcl, and anti-Pep4
polyclonal antibodies (2, 17, 86, 87). Cells were grown in a
medium buffered with 100 mM sodium citrate (pH 4.0) for the
examination of Prcl and Pep4 (88).

The prApel protease protection was performed as previ-
ously described (58). Briefly, 50 ml cultures were grown to
late-log phase (Aggo 0,7—1,0) in YPD and subsequently starved
for 45 min in SD-N. Cells were harvested, treated in 100 mM
Pipes, pH 9.6, 10 mM DTT for 10 min at 30 °C, and finally
converted into spheroplasts via treatment in 1.2 M sorbitol in
SD-N with 5 mg lytic enzyme for 30 min at 30 °C. The
spheroplasts were carefully pelleted and then subjected to
osmotic lysis in 1 ml PS200 lysis buffer (20 mm Pipes, pH 6.8,
200 mm sorbitol, 5 mm MgCl,) containing 1 mM PMSF and
1x cOmplete protease inhibitor mix (Roche). After preclear-
ing at 500g for 5 min at 4 °C, the lysed spheroplasts were
centrifuged at 13,000g for 15 min at 4 °C. The supernatant
was discarded and the pellet resuspended in PS200 buffer
without any protease inhibitors and incubated in the presence
or absence of proteinase K (100 pg/ml) and 0.4% Triton X-
100, for 20 min on ice, followed by TCA precipitation,
acetone wash, and immunoblot with an anti-Apel polyclonal
antibody (2).

APEX2-based proximity-dependent biotin labeling

One hundred Aggo equivalents of cells were harvested by
centrifugation at 3200g for 2 min at 4 °C. Cells were then
prepared and processed for APEX2 proximity-dependent
biotin labeling using a modified version of a protocol previ-
ously described (51). Briefly, cells were resuspended in 1 ml of
freezing buffer (15% glycerol, 150 mM potassium acetate,
2 mM magnesium acetate, 20 mM Hepes/NaOH pH 7.2, 1%
glucose), flash frozen in liquid nitrogen to semipermeabilize
them, and stored at —80 °C for at least 1 day. Cells were next
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thawed on ice, centrifuged at 16'200g for 1 min at 4 °C, and
upon discarding the supernatant, resuspended in 1 ml of
freezing buffer at room temperature to which 0.5 mM biotin
phenol was added. After gentle mixing, 1 mM HyO, was
added, and cells were gently mixed again. After 1 min incu-
bation at room temperature, cells were mixed with 1 ml of ice-
cold quenching buffer (PBS, 10 mM sodium ascorbate, 10 mM
NaN3, 5 mM Trolox) to stop the reaction. To remove the
excess BP and phenoxyl radicals, cells were washed five times
with 1 ml of ice-cold quenching buffer by centrifugation at
16’200 rpm for 1 min at 4 °C. Cell pellets were finally flash
frozen in liquid nitrogen and stored at —-80 °C for subsequent
proteomics analysis.

Biotinylated proteins enrichment

Cell pellets were resuspended in lysis buffer (5% SDS,
50 mM Tris—HCl, pH 9, 100 mM DTT, 10 mM sodium
ascorbate, 10 mM NaN3, 5 mM Trolox, 1 mM PMSF, and 1x
cOmplete EDTA-free protease inhibitor mix) before to add
glass beads, heating at 55 °C for 10 min under agitation
(700 rpm) using a thermo-shaker (VWR Thermal Shake
Touch), and vortexing 1 min at room temperature. The
heating and vortexing was repeated two more times. Lysates
were diluted in RIPA buffer (50 mM Tris—-HCI, pH 7.5,
150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1%
Triton X-100, 10 mM sodium ascorbate, 10 mM NaNj3, 5 mM
Trolox, 1 mM PMSF, and 1x cOmplete EDTA-free protease
inhibitor mix).

Cleared lysates were loaded onto 100 pl streptavidin beads
(High Capacity Streptavidin agarose, Thermo Fisher Scientific)
prewashed with the lysis buffer and incubated overnight at
4 °C. Beads were successively washed with a solution of 1 M
KCl, 0.1 M NayCOs, 2 M urea, 50 mM Tris—HCI, pH 7.5.
Proteins on beads were reduced with 1 mM DTT at room
temperature for 15 min and alkylated with 5 mM iodoaceta-
mide in the dark for 15 min. Then, 2 pg of trypsin (Promega)
were added to each sample for overnight digestion at 37 °C.
Supernatants were collected, acidified with 50% TFA, and
desalted on 200 ul tips self-packed with a C18 disc (Thermo
Fisher Scientific). Eluates were dried in a SpeedVac before
being resuspend in 20 pl of 0.1% formic acid in water.

Proteomic analysis

Liquid Chromatography with tandem mass spectrometry
measurements were performed on a nano EasyLC (Thermo
Fisher Scientific) coupled to a Q Exactive HF-X mass spec-
trometer (Thermo Fisher Scientific). Peptides were separated
on a fused silica column (I.D. 75 pm, New Objective, self-
packed with ReproSil-Pur 120 C18-AQ, 1.9 um (Dr Maisch)
to a length of 20 cm) using a gradient of A (0.1% formic acid in
water) and B (0.1% formic acid in 80% acetonitrile in water)
from 5% B to 30 over 85 min at a 250 nl/min flow rate.

The mass spectrometer was operated in data-independent
acquisition mode with MS scans acquired at a resolution of
120k covering a m/z range from 370 to 1200, followed by 35
consecutive MS/MS scan windows of 24 m/z acquired at a 30k
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resolution with 1 m/z overlap. Raw data were analyzed using
Spectronaut version 16.2.220903.53000 (89), searched against
S. cerevisiae proteome and common contaminants (Uniprot,
March 2016). Pulsar search was performed allowing for a
maximum of three missed cleavages. Cysteine carbamidome-
thylation was set as fixed modification. Protein N-terminal
acetylation and methionine oxidation were set as variable
modifications. DIA analysis crossrun normalization was turned
off. When not mentioned otherwise, all other settings were left
to default BGS factory settings.

Proteomic data analysis

Protein quantity values were log2 transformed, and samples
were median normalized. Missing values in the control sam-
ples were imputed with random values drawn from a normal
distribution of a mean 1.8 lower than the sample distribution
and an SD of 0.3. Student’s t tests were performed in Perseus,
and correction for multiple testing was done using random
permutations (90).

Subcellular fractionation

Separation of membranes present in low-speed supernatant
fractions on sucrose gradients were performed as follows. One
hundred Agoo equivalents of spheroplasts were resuspended in
750 pl of ice-cold hypo-osmotic buffer (50 mM Tris—HCI, pH
7.5, 200 mM sorbitol, and 1 mM EDTA) containing freshly
added cOmplete Protease Inhibitor Cocktail (Roche) and
1 mM PMSE, before to be lysed by Dounce homogenization.
Cell lysates were centrifuged twice at 500 g for 5 min to
remove cell debris. Then, 700 pl of the supernatant fractions
(T) were subjected to centrifugation at 13,000 g for 15 min to
be separated into supernatant (S13) and pellet (P13) fractions.
Subsequently, 400 pl of S13 fraction were subsequently loaded
on the top of sucrose step gradient (100 pl 22%, 100 pl
27%,150 pl 34%, 150 pl 37%, 150 pl 40%, 150 ul 45%, 150 pl
50%, and 100 ul 60% sucrose) in the gradient buffer (50 mM
Tris—HCI, pH 7.5, 200 mM sorbitol, and 1 mM EDTA) and
centrifuged at 190,000g for 8 h (TLS-55 rotor, Optima TLX
Preparative Ultracentrifuge, Beckman Coulter). The top 400 pl
were collected for the first fraction, and 13 fractions of 75 pl
were then collected. While 20 pl were mixed with 6.7 pl of
4 x sample buffer and heated at 37 °C for 10 min, the rest was
precipitated with 10% TCA and after washing with ice-cold
acetone, resuspended in 55 yl of sample buffer and boiled at
95 °C for 10 min. Samples were finally resolved by SDS-PAGE
followed by Western blot using antibodies or serum against
MYC (Santa Cruz), HA (Cell Signaling Technology), Pmal
(EnCor Biotech), Tlg2 (91), and Pgkl. The samples heated at
37 °C were used for the detection of Atg9, whereas the ones
boiled at 95 °C for the analysis of the other proteins.

Fluorescence microscopy and image analysis

Cells were imaged in an Olympus IX-71 inverted micro-
scope equipped with 100x NA 1,49 or 60x NA 1,40 objec-
tives, sSCMOS camera (PCO), InsightSSI illumination system,
DAPI-, FITC-, mCherry-, YFP-, and Cy5-filters (Applied
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Precision). Z-stacks of 3 pm depth with 350 nm step size
were recorded for each channel followed by subsequent
deconvolution using the SoftWoRx software (Applied Pre-
cision). Vacuoles were labeled by incubating cells with
50 uM 7-amino-4-chloromethylcoumarin for 10 min before
imaging.

The number of fluorescent Atgl, Atg8, Atg9, and Atglé
puncta per cell was quantified by segmentation of yeast cell
boundaries in brightfield or digital image contrast images us-
ing YeastSpotter (92) and detection of fluorescent puncta per
cell on sum projections of deconvolved image stacks as pre-
viously described (37) or using a Cellprofiler workflow
adjusted for each fluorescently tagged construct (93). BiFC
experiments were quantified by manual counting in Image]J
(National Institutes of Health).

Electron microscopy

Electron microscopy examinations were performed and
quantified as previously described (94).

Statistical analysis

Statistical significance of Pho8A60 measurements was
calculated using one-way ANOVA followed by Dunnett’s
multiple comparisons test, and comparison of fluorescence
imaging data was calculated using one-way ANOVA test and
Dunn’s multiple comparisons test in Prism 8.4.2 (GraphPad
Software). p values below *<0.015, **<0.0015 and ***<0.0001
were considered significant.

Data availability

All the data described are contained within the manuscript.

Supporting article  contains

information.
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