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Summary

Background—The biogenesis of autophagosomes, the hallmark of autophagy, depends on the
function of the autophagy-related (Atg) proteins and the generation of phosphatidylinositol-3-
phosphate (PtdIns3P) at the phagophore assembly site (PAS), the location where autophagosomes
arise. The current model is that PtdIns3P is involved primarily in the recruitment of Atg proteins
to the PAS and that once an autophagosome is complete, the Atg machinery is released from its
surface back into the cytoplasm and reused for the formation of new vesicles.

Results—We have identified a PtdIns3P phosphatase, Ymrl, that is essential for the normal
progression of both bulk and selective types of autophagy. This protein is recruited to the PAS at
an early stage of formation of this structure through a process that requires both its GRAM domain
and its catalytic activity. In the absence of Ymrl, Atg proteins fail to dissociate from the limiting
membrane of autophagosomes, and these vesicles accumulate in the cytoplasm.

Conclusions—Our data thus reveal a key role for PtdIns3P turnover in the regulation of the late
steps of autophagosome biogenesis and indicate that the disassembly of the Atg machinery from
the surface of autophagosomes is a requisite for their fusion with the vacuole.

Introduction

Macroautophagy (hereafter called autophagy) is a transport pathway conserved among
eukaryotes that ensures cellular homeostasis during stress conditions like nutrient
deprivation. It is essential in a growing number of physiological processes [1, 2] and is
associated with the pathophysiology of numerous diseases including cancer and
neurodegeneration [3]. Via autophagy, cytoplasmic structures are sequestered into large
double-membrane vesicles termed autophagosomes before being released into the lumen of
mammalian lysosomes, or plant and yeast vacuoles, to be degraded by hydrolases, allowing
the resulting metabolites to be used as either a source of energy or building blocks [4]. This
transport function is also exploited to deliver a subset of vacuolar hydrolases to the vacuole
in yeast [5] and to secrete specific proteins into the extracellular space in mammalian cells

[6].
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Upon autophagy induction, autophagy-related (Atg) proteins are recruited in a precise
hierarchical order to a perivacuolar structure called the phagophore assembly site (PAS) [7].
According to the current model, the concerted action of the Atg proteins at the PAS first
leads to the formation of a membranous cistern known as the phagophore and then mediates
its expansion and closure to form an autophagosome. The current view that still remains to
be experimentally demonstrated is that autophagosomes are ready to fuse with the lysosome/
vacuole once the Atg machinery is released from the surface of the sealed vesicles into the
cytoplasm [8, 9]. Autophagosome formation also relies on the generation of
phosphatidylinositol-3-phosphate (PtdIns3P) on the autophagosomal membranes by a
protein complex containing the Ptdins 3 kinase Vps34 [10]. Although the function of
PtdIns3P in autophagy is still poorly understood, this lipid is essential for recruitment of
effector proteins such as the Atg18/WIPI protein family members [11-15]. The amount and
spatial localization of PtdIns3P in intracellular membranes is tightly regulated by the
concerted action of phosphoinositide kinases and phosphatases. Various PtdIns3P
phosphatases of the myotubularin (MTMR) protein family, e.g., Jumpy (MTMR14),
MTMR3, MTMR6, and MTMRY7, act as negative regulators of autophagy in higher
eukaryotes [16-18]. Although the PtdIns3P phosphatase Ymrl is the unique MTMR protein
existing in yeast [19], the phosphoinositide phosphatases Sacl and the synaptojanin-like
phosphatases SjlI2/Inp52 and Sjl3/Inp53 are also able to dephosphorylate PtdIns3P in this
organism [19]. In this study, we have explored the role of PtdIns3P turnover in autophagy
and determined that the clearance of this lipid from the surface of autophagosomes by Ymrl
is required for the release of Atg proteins and completion of these vesicles.

Ymrl Is Essential for Selective and Nonselective Types of Autophagy

Because MTMR proteins are required for autophagy in mammals, we wondered whether
Ymrl is also involved in autophagy. The functionality of this pathway was tested in a strain
lacking YMR1 by using the GFP-Atg8 processing assay [20]. As expected, in wild-type
(WT) cells subjected to autophagy conditions, the amounts of free GFP increased over time,
whereas no free GFP was detected in the atgA strain, which displays a defect in
autophagosome formation (Figure 1A). A significant delay in autophagy flux was observed
in ymriA compared to WT cells. In the absence of either SJL2or SJL3, in contrast, the
GFP-Atg8 processing kinetics was essentially the same as the WT (Figure 1A). Because
yeast PtdIns3P phosphatases are functionally redundant [21], we wondered whether these
proteins could complement each other during autophagy. When either SJL2and SJL3 or
YMR1 and SJL2were simultaneously deleted, the GFP-Atg8 processing was not
significantly different from the WT. The knockout of both YMRZ and SJL3, however,
caused an almost complete block in autophagy (Figure 1A). Autophagy was additionally
tested with the quantitative Pho8 A60 assay [22]. This enzymatic assay confirmed the GFP-
Atg8 processing assay data and also revealed that autophagy was not reduced, but
upregulated, when SJL2was deleted (Figure 1B). We decided to continue our investigations
with the ymriA strain, which displays similar cellular PtdIns3P levels as WT cells and thus,
unlike the ymriA sj/3A double mutant, does not exhibit general defects in membrane
trafficking and signaling [21, 23]. By using standard protocols [24, 25], we determined that
Ymrl is also required in selective types of autophagy such as mitophagy and pexophagy,
where excess mitochondria and peroxisomes, respectively, are degraded (Figure S1
available online). Together, these results reveal that Ymr1l is necessary for the normal
progression of both bulk and selective types of autophagy.
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Ymrl Phosphatase Activity Is Required during Autophagy

To test the importance of Ymrl enzymatic activity during autophagy, we generated the
phosphatase-dead mutant Ymr1397S [26]. The Pho8A60 and GFP-Atg8 processing assays
showed that the ymri1A strain carrying the YMRI¢3975 allele had a severe impairment in
autophagy flux, whereas the control cells expressing YMR1 displayed no defect (Figure 1C
and data not shown). This result demonstrates that the PtdIns3P phosphatase activity of
Ymrl is crucial for autophagy.

Although the SJL3 deletion exacerbated the autophagy defect of the ymriA strain (Figures
1A and 1B), SJL3overexpression was unable to rescue the phenotype of ymriA cells
(Figure 1C). This result appears to indicate that SjI3 cannot substitute for Ymrl during
autophagy, but it cannot be excluded that excessively high SjlI3 levels could have a negative
effect on this pathway.

Ymrl Localizes to the PAS

Next, we explored the subcellular distribution of genomically GFP-tagged Ymrl. Under
autophagy conditions, this fusion protein was distributed to cytoplasmic puncta, and one of
them, prominent and perivacuolar, occasionally colocalized with the PAS marker proteins
RFP-Apel and mChe-Atg8 (Figures 2A and 2C and data not shown) [7]. In agreement with
the fact that the additional deletion of SJL3exacerbates the autophagy defect of the ymria
strain, we also found that SjI3 associated with the PAS under the same conditions (Figure
2B). These data show that Ymrl (and SjlI3) is recruited to the PAS, where it presumably
executes a direct role in autophagy.

We next analyzed which protein domains are necessary for the recruitment of Ymrl to
autophagosomal membranes. A truncated form of Ymrl lacking the N-terminal PH-GRAM
domain [21], i.e., NAYmr1-GFP, was mainly dispersed in the cytoplasm and showed no
colocalization with RFP-Apel (Figures 2C and 2D). Similar results were obtained with the
phosphatase-dead version of Ymr1, indicating that the PH-GRAM domain and a functional
catalytic site are required for Ymrl to associate with the PAS.

The deletion of Atg proteins also had a negative effect on the recruitment of Ymrl-GFP to
the PAS (Figure S2), which was especially evident for cells lacking A7G13, a key
organizational factor of the PAS [7]. This result suggests that Ymrl associates with the PAS
at an early formation stage through a process that is favored by an intact Atg machinery and/
or progression of autophagosome biogenesis. Finally, Ymrl was absent from complete
autophagosomes accumulated by deleting VAM3[27], showing that Ymr1 dissociates from
these vesicles upon completion (Figure S2).

Autophagosomes Accumulate in the Cytoplasm of ymr1A Cells

Electron microscopy (EM) analysis of nitrogen-starved ymriA cells lacking Pep4, the main
vacuolar protease [28], also revealed a severe autophagy defect, because only a few
autophagic bodies accumulated in the vacuole of this strain in comparison to the pep44
control strain (Figures 3A and 3B). This examination also revealed that ymriA pep4A cells
accumulated large vesicles in the cytoplasm that resembled autophagosomes (Figures 3A
and S3A, arrowhead) [29]. These structures were completely absent in the pep4A and atglA
pep4A control strains, and also in the ymriA atglA pep4A mutant indicating a probable
autophagosomal origin (Figures 3A and 3C). The autophagic nature of these vesicles was
additionally confirmed by fluorescence microscopy with the autophagosomal marker protein
mChe-Atg8. Whereas WT and afglA strains exposed to rapamycin occasionally displayed a
single fluorescent punctum representing the PAS (Figures S3B-S3D), the autophagosomes
accumulated in the vam3A4 knockout were visualized as multiple Atg8-positive puncta [27],
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which dramatically decreased in number when vesicle biogenesis was blocked by the
additional deletion of A7G1 (Figures S3B-S3D). A similar situation was observed in the
ymrlA strain; the incubation with rapamycin led to an increase in the number of mChe-Atg8
puncta, but to a lesser extent than the vam3A4 knockout, while the ymriA atg1A strain
displayed no or one mChe-Atg8 puncta per cell (Figures S3B-S3D). Together, these
analyses indicate that the vesicles accumulated when the PtdIns3P turnover is blocked are
autophagosomes.

To distinguish whether these structures are sealed autophagosomes or elongated, but still
unsealed, late phagophores, we performed a protease protection assay (Figure 4) [30]. The
prApel oligomer, an autophagosome cargo, from starved WT and afgZA cells was entirely
processed by proteinase K independently from the presence of the detergent TX-100 (Figure
4B; note that in the WT, most of the Apel has reached the vacuole and is already processed,
so that only the small cytoplasmic population can be analyzed). In the vam3A strain, in
contrast, the part of prApel resistant to proteinase K represents the pool enclosed in the
autophagosome interior, which was completely processed after membrane solubilization
with TX-100 (Figure 4B). Similarly, a subpopulation of prApel from the ymriA strain was
also resistant to proteinase K treatment, revealing that the autophagosomes accumulated in
the absence of Ymrl are closed.

In sum, the ultrastructural analyses and the protease protection assay show that the large
vesicles accumulated in the cytoplasm in the absence of YMRZ are autophagosomes.

Atg Proteins Remain Associated with the Autophagosomes Accumulated in the ymrl1A

Strain

Several Atg proteins are abundantly present on phagophores but absent or in lower amounts
on autophagosomes, indicating that they release from the autophagosome surface into the
cytosol when these vesicles are completed [9, 31, 32]. We therefore wondered whether the
accumulation of autophagosomes in ymriA cells could be caused by a dissociation defect of
Atg proteins from these vesicles, which could potentially lead to an inhibition of their fusion
with the vacuole.

For analysis of their distribution, endogenously GFP-tagged versions of Atg2, Atg9, Atgl4,
Atg16, Atgl7, and Atgl8 were colocalized with mChe-Atg8 under autophagy-inducing
conditions (Figures 5 and S4). The number of GFP-tagged Atg puncta associated with
mChe-Atg8 (Figure 5B) and the percentage of colocalization of mChe-Atg8 with each
fluorescent fusion protein (Figure S4B) were determined in the ymriA strain and compared
to those obtained with WT and vam3A cells, where mChe-Atg8 labels the PAS and
autophagosomes, respectively. The autophagosomes accumulated in the ymriA mutant were
positive for all the Atg proteins tested, and the colocalization percentages of mChe-Atg8
were almost identical to those obtained with WT cells, but higher compared to vam3A cells
(Figures 5B and S4B). Additionally, the number of Atg protein-positive puncta associated
with mChe-Atg8 per cell was also higher in the absence of YAMR1than in WT and vam3A4
cells (Figure 5B). These results show that Atg proteins are abundantly present on the PAS
and autophagosomes accumulated in ymriA cells but not on “ready-to-fuse” mature
autophagosomes.

During autophagosome formation, Atg8 is present onto both sides of the expanding
phagophores, and upon double-membrane vesicle completion, the Atg8 pool on the surface
of these structures is released in the cytoplasm while the internal Atg8 pool remains trapped
[31]. Thus, Atg8 protein levels periodically change at the PAS, probably reflecting the
process of elongation/completion during autophagosome biogenesis [33]. Because the
absence of Ymrl affects the dissociation of Atg proteins from completed autophagosomes
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(Figure 5), we explored whether the dynamic association of Atg8 with the PAS was also
altered in this background. As previously reported, the fluorescence intensity of GFP-Atg8
at the PAS initially increases, then gradually decreases and finally disappears [33]. While
GFP-Atg8 dots exhibited a periodic change of PAS intensity with duration ranging from 6 to
7 min in WT cells, the GFP-Atg8 cycle in the absence of Ymrl often displayed a longer
duration pattern, i.e., from 6 to 12 min (Figure 6A). We additionally determined the intensity
of GFP-Atg8 puncta in the WT and ymr1A strains. Since the average GFP-Atg8 cycle time
is 7.3 min for WT and 8.3 min for ymriA, we focused on a pool displaying a 7 min cycle
from WT and 8 min from ymrIA. The relative peak intensity in ymriA was about two times
of that seen in the WT, i.e., 5.1 versus 2.7 (Figure 6B). These results indicate that Ymr1 is
required for efficient Atg8 dissociation from the PAS, and in its absence this event is
delayed leading to increased levels of Atg8 at this location.

Together, these data show that Atg proteins are released from the surface of
autophagosomes when they are completed and that the PtsIns3P turnover is required for this
event.

Discussion

The generation of PtdIns3P by the Vps34 lipid kinase is a key event required during, at least,
the initial steps of autophagosome formation [7]. Here, we reveal that dephosphorylation of
PtdIns3P by the PtdIns3P phosphatase Ymrl is also crucial for the normal progression of
autophagy. Ymr1 has a direct role in autophagy because this protein localizes to the PAS.
Importantly, ymriA cells do not display additional trafficking impairments that could
indirectly affect autophagy [21]. While the ymriA mutant exhibits a partial but important
defect in autophagy, this pathway is completely inhibited when YMR1 and SJL3are
simultaneously deleted. This indicates a certain degree of redundancy among these
phosphatases in autophagy, which has been already reported for other cellular processes
[19]. This notion is also supported by the fact that Sjl3 can also localize to the PAS and that
the cellular levels of PtdIns3P in the ymriA sjl34 double knockout are exacerbated while
those in the ymri1A strain are indistinguishable from those in the WT [21].

Ymrl association with the PAS is favored by an intact Atg machinery and requires the Ymrl
N-terminal PH-GRAM motif. Because this domain can mediate membrane association by
binding either phosphoinositides [34, 35] or proteins [36], additional investigations are
necessary to unveil the type of interactions used for Ymr1 recruitment to the PAS. While the
phosphatase-dead version of Ymr1 is still detected as punctate structures, probably
endosomes [21], the localization of this protein to the PAS requires its phosphatase activity
(Figure 2C). Jumpy association with autophagosomal membranes, in contrast, does not
depend on its catalytic activity [16]. While the cause of this phenotype is unclear, one
speculative idea is that Ymrl modulation of PtdIns3P levels at the PAS also provides a
regulatory loop for its recruitment to this location.

The ymr1A cells accumulate autophagosomes onto which the Atg proteins are still present.
Because the Atg proteins (except Atg8) cannot be detected on the “ready-to-fuse”
autophagosomes seen in the vam3A strain, our data suggest that the Atg machinery has to be
released from complete autophagosomes to allow their fusion with vacuoles. The PtdIns3P
turnover mediated by Ymrl would have a key role in this regulation (Figure 6C) by
preventing the premature and potentially harmful fusion of phagophores with the vacuole. A
plausible hypothesis is that the clearance of PtdIns3P triggers the dissociation of those Atg
proteins that bind to this lipid, which in turn leads to the disassembly of all the Atg
machinery including Ymrl. This could appear to not be an essential step in autophagy
because ymriA cells display only a partial defect in autophagosome fusion with vacuoles,
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but we think that the presence of SjI3 prevents a complete block. Interestingly, a role for
PtdIns3P turnover in the regulation of organelle maturation is not unprecedented and is
required for the formation of multivesicular bodies (MVBs) [19, 37].

Although previous studies show mammalian MTMR phosphatases such as Jumpy and
MTMR3 acting as negative regulators in autophagy [16, 17], our data point to Ymr1 being a
positive regulator of yeast autophagy. The functional overlap between phosphoinositide
phosphatases could explain the apparent discrepancy between our data and those in
mammals. It is possible that the implication of some PtdIns3P phosphatases as positive
autophagy regulators has been overlooked in higher eukaryotes because phenotypes have
only been scrutinized in cells where MTMR proteins were individually knocked down [16].
Nonetheless, MTMR phosphatases seem to have a conserved molecular role in yeast and
mammalian autophagy by promoting the dissociation of Atg proteins from autophagosomal
membranes (Figure 6C) [16, 17]. Accordingly, PtdIns3P phosphatases could have opposite
effects on autophagy progression depending on when they act during autophagosome
biogenesis. By functioning at early steps like the mammalian Jumpy and MTMR3 [16, 17],
they would have a negative effect on autophagy through the inhibition of Atg machinery
recruitment to the PAS/phagophore. According to our data, the deletion of SJLZhas a
positive effect on autophagy, suggesting that this enzyme could be the yeast paralog of
Jumpy and MTMR3, but this needs further investigation. In contrast, by acting in the release
of Atg proteins from the surface of autophagosomes, the PtdIns3P phosphatases could have
a positive role on autophagy progression promoting the fusion of these vesicles with
vacuoles/lysosomes. This is the function in autophagy that we propose for Ymr1, and
MTMR3 could also have a similar role in mammalian cells because its overexpression
reduces autophagosome size, suggesting a possible premature release of the Atg machinery
[17].

Because Ymrl associates with the PAS we cannot exclude that this phosphatase regulates
other steps of autophagosome biogenesis prior to vesicle completion. Hence,
autophagosomes appear to be formed less efficiently in the ymriA strain than in WT cells;
i.e., the total number of autophagosomes and autophagic bodies in the mutant is lower than
the number of autophagic bodies detected in the WT, indicating a partial defect of autophagy
progression. While this could be caused by the impaired recycling of Atg proteins from
complete autophagosomes for reuse, a defect in the PAS or phagophore formation and
expansion could also explain this phenotype. Electron microscopy of ymriA cells, however,
has failed to detect an accumulation of expanded phagophores and, consequently, if there is
a defect, this is probably at an early stage of PAS and phagophore assembly, where Jumpy
and MTMR3 also appear to act [16, 17].

Ymrl is one of the few proteins involved in autophagosome biogenesis that is required for a
step beyond the initial nucleation that leads to PAS organization. Because Ymrl is present at
the PAS, its activity is probably spatially and temporally highly regulated. Future studies are
required to identify the factors involved in the control of Ymrl function during autophagy
and how PtdIns3P turnover mediates the release of the Atg machinery from
autophagosomes.

Experimental Procedures

Experimental procedures are described in the Supplemental Experimental Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. PtdIns3P Phosphatases Are Essential for Autophagy

(A) WT (SEY6210), atg14 (WHY1), ymriA (YMR1A), sjl2A (JGY130), sj/34 (JGY131),
§jI2A 134 (JGY132), ymriA sfl2A (BPY06), and ymriA sji3A (BPYO01) strains carrying

the pCuGFPALtg8(416) plasmid were incubated with rapamycin (Rap) to induce autophagy

and culture aliquots were collected at intervals of 1 hr. GFP-Atg8 cleavage was determined
by western blot with anti-GFP antibodies, and the percentages of GFP-Atg8 and GFP were

plotted.

(B) WT (YTS159), atg94 (FRY300), ymriA (ECY190), sj/2A (ECY194), sj/134 (ECY189),
§jI2A sfI3A (ECY192), ymriA sfl2A (ECY200), and ymrlA sjl3A (ECY193) cells
expressing Pho8D60 were grown and treated as in (A) before measuring Pho8A60 activity.
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(C) The WT (YTS159) or the ymriA (ECY190) strain harboring pRS426 (empty),
pYMR1(416) [ YMRI(CEN)], pYMR1IMUT(416) [ YMR15975(CEN)], or pRSSJL3(426)
[SJL3(241)] plasmids were processed as in (B).

The graphs represent the average of three experiments + SEM. The asterisks indicate a
significant difference with the WT, while the number sign shows a significant difference
with the ymriA strain harboring pRS426 (p values < 0.05). See also Figure S1.
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Figure 2. The PH-GRAM Domain and Phosphatase Activity Are Required for Ymr1
Localization tothe PAS

(A) WT cells expressing RFP-Apel and Ymr1-GFP (ECY202) were incubated with
rapamycin for 3 hr before collecting images.

(B) Cells expressing RFP-Apel and Sjl3-GFP (AVY070) were treated and imaged as in (A).
(C) The ymriA RFP-Apel (ECY207) strain carrying integrated pY MR1GFP(406) (Ymrl-
GFP), pPNAYMR1GFP(406) (NAYmr1-GFP), or pYMR1C397SGFP(406) (Ymr1C3975.
GFP) were starved for 3 hr in SD-N medium before imaging. Arrows highlight
colocalization. DIC, differential interference contrast.

(D) Quantification of the degree of RFP-Apel colocalization with the GFP-tagged proteins
in the samples imaged in (C). The graphs represent the average of two experiments + SEM.
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Scale bars represent 5 um. See also Figure S2.
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Figure 3. Electron Microscopy Analysis of theymr1A4 Strain

WT pep4A (TVY1L), atglA pep4A (YTS113), ymrlA pep4A (AVY059), and ymrlA atgiA
pep4A (ECY191) cells were grown in rich medium to early log phase and then transferred
into SD-N medium for 3 hr before processing the samples for EM as described in the
Experimental Procedures.

(A) Micrographs of starved cells. Autophagic bodies are marked with an asterisk, while an
autophagosome is highlighted with an arrowhead. N, nucleus; V, vacuole. Scale bars
represent 500 nm.

(B) Quantification of the autophagic bodies.

(C) Quantification of autophagosome accumulation.

Curr Biol. Author manuscript; available in PMC 2013 September 11.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cebollero et al.

Page 15

In (B) and (C), the results are expressed as the average number of autophagic bodies per
vacuole and autophagosomes per cell section, respectively. Error bars represent the SD in
the counting of two different grids.

See also Figure S3.
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Figure 4. Closed Autophagosomes Accumulate in the Absence of Ymr1
(A) Schematic explaining the principle of the prApel protease protection assay.
(B) The WT (SEY6210), vam3A4 (CWY40), atg1A (WHY1), and ymriA (YMR1A) cells
were converted to spheroplasts and starved for 3 hr in SD-N. Total cell extracts from lysed
spheroplasts were centrifuged and the pellet fraction was either not treated, or mixed with
proteinase K (PK) and/or TX-100 detergent before being incubated on ice for 30 min. After
protein precipitation, samples were analyzed by immunaoblots with anti-prApel antibodies
[38]. The experiment was repeated four times with identical results.
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Figure5. Atg Proteins Remain Associated with Autophagosomesin theymrlA Strain

WT, ymriA, and vam3A strains expressing endogenous Atg2-GFP (PSY102, ECY155, and
ECY183), Atg9-GFP (FRY162, ECY153, and AVY078) Atgl4-GFP (PSY142, ECY162,
and ECY184), Atg16-GFP (KTY148, ECY157, and ECY185), Atgl7-GFP (ECY 167,
ECY169, and ECY172), or Atgl8-GFP (PSY62, ECY137, and ECY147) and the
pCumCheAtg8(415) plasmid were treated with rapamycin for 3 hr and imaged.

(A) Fluorescence microscopy images of the various strains. Arrows highlight
colocalizations. DIC, differential interference contrast. Scale bars represent 5 um.
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(B) Quantification of the experiments presented in (A) and Figure S4A by determining the
average number of GFP chimera positive for mCheAtg8 per cell. Error bars represent the
SEM.

See also Figure S4.

Curr Biol. Author manuscript; available in PMC 2013 September 11.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Page 19

A B
451 0w 6
40 W ymr1A .
£ 54
S
=
>
£ 5 4
> 5
g 5 3.
c 2
[0} [0 -
o E 2
X
0_
6 7 8 9 10 11 12 WT ymriA
GFP-Atg8 cycle duration time [min]
C
Atg proteins
Recruitment - Ymr1
Recycling
Expansion Closure Releasing * ° . Fusion
D Ymri
.O: e
PtdIns3P
Ptdlns
phagophore immature autophagosome

autophagosome
vacuole

Figure 6. Atg8 Dynamic Association with the PAS IsImpaired in the Absence of YMR1

(A) Ptdins3P turnover is important for Atg8 dissociation from the PAS. WT and ymriA
cells expressing endogenous GFP-Atg8 (MZY089 and MZY090) were exposed for 3 hr to
rapamycin before being analyzed by microscopy. The cycle of GFP-Atg8 at the PAS was
determined by quantification of the time elapsed from the appearance of a GFP-Atg8
punctum until it disappears. All data points came from four independent experiments; error
bars indicate the SEM, and asterisks show significant differences.

(B) Atg8 accumulates at the PAS in the absence of YMRI. The fluorescence intensity was
calculated as described in the Experimental Procedures. Data points came from three
independent experiments and error bars indicate the SEM.

(C) Proposed model describing the role of Ymrl during autophagosome biogenesis. This
phosphatase is recruited at the early stage of PAS formation, when all the Atg proteins start
to assemble following a hierarchical order at this site [7]. The Atg machinery first mediates
the formation of the phagophore and then expands it into an immature autophagosome. The
release of the Atg proteins and Ymrl, a step that is at least in part regulated through the
hydrolysis of PtdIns3P into PtdIns by Ymrl and probably required for the recycling of the
Atg machinery, leads to the completion of the autophagosome, which is then ready to fuse
with the vacuole. Our data cannot exclude a function of Ymr1 during the initial phases of the
Atg machinery assembly at the PAS (question mark).
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