








groups by direct time-lapse imaging: Atg1, a key kinase involved
in autophagy initiation; Atg17, known as part of the PAS scaffold,
also thought to be in complex with Atg1; Atg38, a subunit of the
autophagy-specific PtdIns-3-K complex; Atg2, acting downstream
of PtdIns-3-P in complex with Atg18, a WD-repeat protein

interacting with phosphoinositides (WIPI)/β-propellers that bind
polyphosphoinositides (PROPPIN) protein. For Atg8, we used a
construct with two tandem copies of Katushka2S (a red
fluorescent protein) at its N-terminus, integrated in the genome
as a single copy with expression driven by its own promoter. For
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simplicity, we refer to this construct as “2K-Atg8” hereafter. When
2K-Atg8 and GFP-Atg8 were co-expressed, their dynamics closely
mirrored each other (Fig. 4a–c), with typical recruitment-release
cycles lasting about 5–10min. We then examined strains
expressing 2K-Atg8 together with one of the aforementioned
GFP labeled Atg constructs, focusing on their emergence, peak,
and disappearance timings (Fig. 4a, b). For comparison, we aligned
the moments of 2K-Atg8’s emergence at time 0, and normalized
the time scales across different strains using the medians of Atg8
cycle durations (Fig. 4c). Using this unit scale, we can describe the
trafficking cycle of red-Atg8 as emerging at 0, peaking at
0.33 ± 0.11, and disappearing at 1 ± 0.36. In comparison, Atg17
emerged earlier at −0.18 ± 0.11, peaked at 0.10 ± 0.09, and
disappeared at 0.30 ± 0.14. The temporal dynamics of Atg1 were
clearly different from that of Atg17. It emerged at −0.06 ± 0.09,
peaked at 0.34 ± 0.11, and disappeared at 0.94 ± 0.24, essentially
mirroring that of Atg8. The kinetics of Atg38 and Atg2 were
analogous to that of Atg17 but with a lag. Both Atg38 and Atg2
emerged at around the same time as Atg8 (−0.06 ± 0.08 and
−0.01 ± 0.10, respectively). They peaked at 0.22 ± 0.12 and
0.33 ± 0.13 and disappeared at 0.45 ± 0.22 and 0.49 ± 0.22,
respectively. Collectively, these data revealed an ordered proces-
sion of protein trafficking events that accompany the autophago-
some formation process (Fig. 4d).

Mapping of the actions of Atg4 and ESCRT using the reference
timeline
To understand how Atg4 and ESCRT participate in the temporal
progression of autophagosome formation, we first surveyed their
impacts on the colocalization of Atg proteins. Our rationale was
that aided by the availability of a reference timeline, colocalization
ratios essentially reflect the degree of overlap between the
presence of two proteins at the PAS over time (Fig. 5a).
Furthermore, a change in the rate of colocalization provides
indication that at least one of a pair’s temporal dynamics is
altered. Indeed, we found that in wild-type cells, Atg1 displayed
the highest rate of colocalization with Atg8, reaching approxi-
mately 90% (Fig. 5b–e). The colocalization rates for most other Atg
proteins fell in the range between 20-40%. These numbers are
consistent with the parallelism between the trafficking cycles of
Atg1 and Atg8, and the relatively early departure of other Atg
proteins (Fig. 4a–c).
In vac-atg4 cells, the high colocalization rate between Atg1 and

Atg8 was maintained, whereas those for other Atg proteins
experienced reductions (Fig. 5b–e). Numerically, the alterations in
colocalization rates in vac-atg4 cells were mainly the result of a
matching increase in the numbers of Atg1 and Atg8 puncta,

implying that compromised Atg8 shedding from the phagophore
prolonged Atg8’s trafficking cycle without substantially altering
the other trafficking events in the first half. We sought to directly
verify this conclusion by time-lapse imaging but encountered a
technical issue of tracing the Atg8 puncta in starved vac-atg4 cells.
The presence of multiple puncta (Fig. 1b), the phenomena of
coalescence (Fig. 1j), and the constant emergence of new puncta
made the tracing impractical. Nevertheless, we were able to trace
GFP-tagged Atg17 and Atg2, and found that their life spans in vac-
atg4 cells were comparable to those in wild-type (Fig. 4g). We also
found that the rates of generating new Atg17, Atg38, and Atg2
puncta were normal (Fig. 4h–j, Movies 2–4). For Atg8, we indirectly
assessed the life spans of Atg8 puncta using a pulse-chase
imaging assay that shut off production of new phagophore by
nutrient replenishment. The absence of new puncta formation
made tracing doable for a portion of the existing Atg8 puncta, and
their life spans were much longer than those in wild-type (Figs. 4k,
S1J, K). Collectively, the colocalization data and time-lapse data
support the hypothesis that from the temporal perspective, the
functional significance of Atg8 shedding by Atg4 is primarily the
control of Atg8’s trafficking cycle duration, with the dynamics of
the PAS scaffold and the PtdIns-3-P system being essentially
unaffected.
Supprisingly, the most notable changes in snf7Δ cells were the

reductions in the group consisting of PtdIns-3-K complex and its
effector (Atg38, Atg2) (Fig. 5b–e). There was a subtle decrease in
the colocalization between Atg1 and Atg8, although this value
remained high above the rest. Numerically, the driving force for
snf7Δ’s colocalization signature was the reductions in Atg38 and
Atg2 puncta, reflecting a potential defect in PtdIns-3-K recruit-
ment. This is consistent with the reduced PAS recruitment of
2xFYVE, a PtdIns-3-P probe (Fig. 5f, g). Reduced formation of Atg38
and Atg2 puncta was also observed in mutants of ESCRT-I and
ESCRT-II complexes (Fig. 5h–j). It was also observed when ESCRT
proteins were depleted acutely by the auxin inducible degron
(AID) system (Fig. 5i–o).

A novel role of ESCRT in regulating the incidence of PtdIns-3-K
assembly
Effectors of PtdIns-3-P play important roles in promoting
phagophore expansion [1, 2]. If a general reduction of PtdIns-3-P
was responsible of the observed autophagy defects in snf7Δ, one
would expect (1) smaller and/or fewer autophagosomes would
form, and (2) the observed defects would be alleviated by
boosting PtdIns-3-P level. When we examined the morphology of
autophagic bodies in pep4Δ background strains, we found that in
snf7Δ cells, the sizes of autophagic bodies were comparable to

Fig. 3 Atg4 and ESCRT act in parallel to promote phagophore sealing. a A pulse-chase protease protection assay assessing phagophore
sealing. Synthesis of Flag-Ape1 requires galactose-induced mRNA expression and the presence of unnatural amino acid, Ome-Tyr. Shift to
starvation medium with tetracyclin induces autophagy and inhibits Flag-Ape1 translation. Samples are then analyzed. b Ape1 protease-
protection assay. In the absence of detergent, protease K (PK) added into cell lysate can digest Ape1 in open phagophores, but not those in
sealed autophagosomes. In combination with detergent, Triton X-100(TX), PK can digest Ape1 regardless of membrane sealing status.
c–i Atg4 and ESCRT promoted phagophore sealing in parallel. c, d pulse-chase protease protection assay examining status of Flag-Ape1 at 1 h
after synthesis inhibition and starvation as in (c). e, f protease protection assay examining status of endogenous Ape1 at 1 h after starvation.
c, e representative immunoblots. Arrowheads mark the positions of precursor Ape1. d protection ratios (PK group/mock treatment group).
f protection ratios (full-length protein/total in the PK group). g Imaging-based assays examining phagophore sealing. Membrane fractions
from GFP-Ape1 or GFP-Atg8 expressing cells are attached to cover glass. After PK treatment, GFP signal in autophagosomes remains visible,
whereas that in open phaogphores disappears because of digestion. h, i an imaging-based assay examining membrane sequestration status
of GFP-Ape1 in cell lysates. h representative images; i ratios of GFP-Ape1 puncta remained visible after PK treatment. j, k Phagophore sealing
was compromised in vac-atg4 cells. Status of Atg8 was examined by an imaging-based assay as in (g), using lysates of cells expressing GFP-
Atg8K46A. j representative images, (k) ratios of GFP puncta remained visible after PK treatment. l Reconstitution of phagophore sealing.
Purified Atg4 is added to cell lysate containing open phagophores, followed by 10min incubation to promote sealing. m–r. Atg4 promoted
phagophore sealing in a cell-free system. Reconstitution assay illustrated in (l) was performed using lysates from vac-atg4 vam3Δ cells (m–o) or
from vac-atg4 vam3Δ snf7Δ cells (p–r). m, p progress of delipidation, representative immunoblots. n, o, q, r progress of phagophore sealing,
examined by protease protection assay as in (d). n, q representative immunoblots; o, r ratios of protected Ape1, normalized against the
untreated control sample in each run. Scale bars and statistics presented as in Fig. 1.
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those in wild-type, but the number was reduced to about 1/3 of
wild-type level (Fig. 6a, b). Autophagic bodies in snf7Δ cells were
clustered along one side of the vacuole, some of which are
difficult to distinguish from autophagosome-like structures on the
cytosolic side of the vacuole. We only counted autophagic bodies

that we could confidently discern as within the boundaries of
vacuole. Thus the number of autophagic bodies in snf7Δ cells is
potentially underestimated. For the second prediction, we
introduced a hyper-activated allele of the catalytic subunit of
PtdIns-3-K, VPS34EDC [34]. VPS34EDC alone increased both the
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observed number of Atg2 puncta and the ratio of Atg8 puncta
colocalizing with Atg2 (Fig. 6c–e). In snf7Δ VPS34EDC cells, both of
these two metrics reached wild-type levels. However, results from
the Ape1 protease protection assay indicate that introduction of
VPS34EDC did not improve the rate of phagophore sealing in snf7Δ
cells (Fig. 6f, g). The resulting autophagic flux, as revealed by the
pho8Δ60 assay (Fig. 6h), and TEM analysis of autophagic body
accumulation (Fig. 6a, b), did not improve over snf7Δ either.
Similarly, fusion of Atg2 to Atg8 interacting motifs (AIM) increased
the ratio of Atg8 puncta colocalizing with Atg2 (Fig. S3D–F), but
could not improve autophagic flux (Fig. S3G).
To better understand the relationship between PtdIns-3-K and

ESCRT, we turned to time-lapse imaging to examine that
temporal progression of Atg protein trafficking (Fig. S3C). In
snf7Δ cells, (1) there were substantial reductions in the frequency
of Atg38 and Atg2 puncta formation (Fig. 4h–j, Movies 2–4); (2)
the lifespans of Atg8 puncta were substantially extended,
matched by that of Atg1 (Fig. 4c); (3) the traffic timings of other
Atg proteins were essentially normal (Fig. 4c). In time-lapse
imaging, the reason behind the inability of VPS34EDC to improve
autophagic flux in snf7Δ cells also became apparent. VPS34EDC

increased the lifespans of Atg2 puncta (Fig. 6i, j), resulting in
longer periods of co-existence between Atg2 and Atg8 in
individual cycles and a higher colocalization ratio in snapshots
(Fig. 6c–e). However, VPS34EDC could not alleviate the two
temporal defects of snf7Δ: the reduced incidence of Atg2 puncta
formation and the extended Atg8 lifespan (Fig. 6j, k, Movie 5),
which explains why the final autophagic flux did not recover. In
addition, we also found that snf7Δ did not reduce the per-
punctum amount of Atg2, and introduction of VPS34EDC brought
no further enhancement in this aspect (Fig. 6l). Overall, these data
support a dual-stage model for ESCRT’s involvements in
autophagosome formation. At the first stage, ESCRT dictates
whether an autophagosome formation cycle can proceed
through the PtdIns-3-K assembly step. For those cycles that
managed to initiate PtdIns-3-K assembly, the first half of the cycle
concerning most Atg proteins can progress as good as in wild-
type cells. Here, ESCRT is not regulating the per-cycle level of
PtdIns-3-P, but instead serving as a yes-or-no switch. At the
second stage, it regulates the duration of Atg8 and Atg1’s stay
with the phagophore, and it shares this role with Atg4.

ESCRT controls anterograde trafficking of Atg9 to promote
PtdIns-3-K recruitment
Finally, we investigated how ESCRT controls the incidence of
PtdIns-3-K complex recruitment. Because the defects in Atg38 and
Atg2 puncta formation were not accompanied by that of Atg17
(Figs. 5c, 4h–j), the early involvement of ESCRT likely lies in a step

between the assembly of PAS scaffold and that of PthIns-3-K.
Based on previous genetic dissections [35, 36], one promising
candidate is Atg9. Atg9 exists in multiple vesicles that shuttle
between the PAS and non-PAS locations [37]. We found that the
signal intensities of Atg9 puncta were substantially reduced in
snf7Δ cells, with puncta number being normal (Fig. 7a–c). The
formation of Atg9 puncta depends on Atg23 and Atg27 [38]. In
ESCRT knockout cells, the subcellular localization of Atg27
changed from being on multiple cytosolic puncta to being on
the vacuolar surface (Fig. 7d), which might contribute to the
observed defect in Atg9 vesicle formation. Furthermore, we
observed reduced Atg9 puncta brightness and mis-localization of
Atg27 when ESCRT proteins were acutely depleted by the AID
system (Fig. 7e–g). Using a temperature-sensitive allele of ATG1
[39], we examined the kinetics of Atg9 shuttling [40]. In the
otherwise wild-type cells, inactivation of atg1-ts caused the
accumulation of Atg9 at the PAS, manifesting as the formation
of a very bright cytosolic punctum (Fig. 7h, i). In comparison, the
rate of bright puncta formation was substantially reduced in snf7Δ
cells, suggesting that the anterograde transport of Atg9 to the PAS
was compromised.
If reduced anterograde trafficking of Atg9 is the cause of

reduced PtdIns-3-K complex formation in snf7Δ cells, then other
manipulations that reduce anterograde Atg9 trafficking should
replicate this part of the phenotype. We therefore examined the
status of Atg17, Atg9, Atg38 and Atg2 in atg23Δ and atg27Δ cells.
In these two mutants, the number of Atg17 puncta appeared
normal (Fig. 7j–m). However, the numbers of Atg38 and Atg2
puncta were substantially reduced. Interestingly, in atg23Δ and
atg27Δ cells, the rate of Atg2 colocalization with Atg8 did not
undergo reductions as in snf7Δ cells (Fig. 7k). Numerically, the
reason behind the difference was that the numbers of Atg8
puncta in snapshots were reduced in atg23Δ and atg27Δ, but not
snf7Δ cells (Fig. 7m), reflecting the fact that Atg8 puncta in snf7Δ
cells had longer lifespans. Consistent with the hypothesis that
anterograde Atg9 trafficking dictates whether an autophago-
some formation cycle can proceed beyond the PAS scaffold
assembly stage, we found that the frequency of Atg8 puncta
formation was reduced to 1/4 of wild-type level in atg27Δ cells
(Fig. 7n, Movie 6). This is even lower than that in snf7Δ cells.
However, the lifespans of Atg8 puncta in atg27Δ cells were
comparable to those in wild-type (Fig. 7o). The amount of
protease-protected Ape1 in atg27Δ cells was close to normal
(Fig. 7p–q). These data suggest that a partial defect in an early
stage of autophagosome formation does not by itself lead to a
partial defect at a later stage and that the participation of ESCRT
in two stages of autophagosome formation are functionally
distinct.

Fig. 4 Mapping the temporal impact of Atg4 and ESCRT in autophagosome formation. a–d Establishing a reference timeline of Atg protein
trafficking during autophagosome formation. a representative time-lapse series of Atg proteins in wild-type cells. Cells co-expressing 2K-Atg8
and a GFP-tagged protein were starved for 45min, then imaged at 45 s intervals for 30min. Slices with puncta in focus are shown. Arrows
mark the puncta being followed. See Supplementary Fig. 3C for snf7Δ time-lapse images. b Atg protein trafficking timings in wild-type cells.
Timing data aligned by the start of 2K-Atg8 cycles without normalization. Scatter plot with smooth line fitting demonstrates the frequencies
of three events: puncta emergence, peaking, and disappearance. c normalized Atg protein trafficking timings in wild-type and snf7Δ cells.
Traffic cycles aligned by the start of 2K-Atg8 cycle and normalized by median 2K-Atg8 cycle durations within wild-type or snf7Δ strains. The
median 2K-Atg8 cycle duration in wild-type cells is set to 1 unit. d reference timelines of protein trafficking in autophagosome formation. Each
horizontal line depicts the dynamics of the designated protein, from punctum emergence to disappearance, with the moment of peak
brightness marked by a triangle. Top, timeline in yeast cells, based on normalized data in (b). Bottom, timeline in mammalian cells,
summarized from several studies. e, f Comparison of Atg protein trafficking timings between wild-type and snf7Δ cells. Data on scatter plots
are arranged by the pair of proteins being tagged. e total lifespan (disappearance—emergence); f recruitment stage (peaking—emergence).
g Traffic timings of Atg17 and Atg2 were normal in vac-atg4 cells. Cells imaged as in (a). Trafficking cycles were aligned by their emergence
time points. h–j Incidences of Atg17, Atg38, and Atg2 puncta formation were normal in vac-atg4 cells. Cells imaged as in (a). The number of
puncta that emerged during the 30min observation were quantified for Atg17-2GFP (h), Atg38-2GFP (i), and Atg2-2GFP (j). See
Supplementary Movies 1–3 for representative time-lapse series. k Lifespan of Atg8 puncta was extended in vac-atg4 cells. Lifespan of GFP-
Atg8 puncta was examined by a pulse-chase assay. The distribution of Atg8 puncta life span was summarized. See Supplementary Fig. 1K, L for
procedure and representative time-lapse images. Scale bars and statistics presented as in Fig. 1.
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DISCUSSION
In this study, we dissected the functional, genetic, and temporal
relationship between Atg4 and ESCRT in the context of
autophagosome formation cycles (Fig. 8a). Our data demonstrate
that both Atg4 and ESCRT contributed to phagophore sealing. In
particular, Atg4-mediated delipidation of Atg8 from the phago-
phore can promote phagophore sealing in the absence of ESCRT.
The sealing process could be reconstituted in a cell-free system
with purified Atg4 protein. Genetically, ATG4 and ESCRT do not

follow strict epistatic relationships. Deficiencies in each produced
unique consequences. The temporal impact of Atg8 delipidation
was mainly confined to the Atg8 shedding stage. In contrast,
impacts of ESCRT were mapped to two separate stages, one in the
Atg8 shedding stage, and an earlier one in controlling PtdIns-3-K
complex assembly after PAS scaffold assembly. When Atg8
delipidation from the phagophore was compromised, the duration
of Atg8 shedding stage became longer, accompanied by delayed
phagophore sealing. Trafficking events occurring in the Atg8

Fig. 5 Inferring the temporal impact of Atg4 and ESCRT from colocalization analysis. a Temporal alterations in protein trafficking are
reflected in population statistics in snapshots. It is possible to infer temporal dynamics from statistics of puncta number and colocalization
ratios. This principle is illustrated by the following hypothetical cases. Protein X is present at the PAS during the initiation/expansion stage, and
protein Y is associated with the phagophore/autophagosome till the end of the cycle. Case (1): The interval of autophagosome formation
roughly equals the duration of each cycle. On average, it is expected to see 0.5 X and 1 Y puncta per cell; the ratio of Y in association with X is
0.5. Case (2), phagophore formation/expansion proceeds with normal interval and duration, but phagophore maturation takes longer,
doubling the lifespan of phagophore. On average, 0.5 X and 2 Y puncta per cell, ratio of Y in association with X is 0.25. Case (3), interval of
phagophore formation doubled, expansion duration normal, life span of phagophore doubled. On average, 0.25 X and 1 Y puncta per cell,
ratio of Y in association with X is 0.25. b–e Atg4 and ESCRT deficiency had distinct impacts on colocalization of Atg proteins. Cells were starved
for 1 h. b representative images. c ratios of Atg8 puncta colocalizing with GFP-tagged proteins (double positive/total Atg8 puncta). d number
of GFP puncta per cell. e number of 2K-Atg8 puncta per cell. f, g ESCRT deficiency reduced PtdIns-3-P signal. Cells in vps38Δ background
expressing 2GFP-2FYVE and 2K-Atg8 were starved for 1 h. f representative images. g ratios of Atg8 puncta colocalizing with FVYE.
h–j deficiencies in multiple ESCRT complexes produced similar defects in the PtdIns-3-K/ PtdIns-3-P axis. Cells were starved for 1 h. Data
presented as in (b–d). k–m acute depletion of multiple ESCRT proteins compromised the PtdIns-3-K/ PtdIns-3-P axis. Designated ESCRT
proteins were tagged with AID via genomic knock-in. Auxin was added to liquid culture 2 h before starvation. Cells were then starved for 1 h
in the presence of auxin. Data presented as in (b–d). Scale bars and statistics presented as in Fig. 1.
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recruitment stage were not affected. In the absence of ESCRT, not
only was the Atg8 shedding stage prolonged, but also the
incidence of PtdIns-3-K complex assembly reduced, leading to
fewer autophagosomes being formed. Mechanistically, ESCRT
regulates the trafficking of Atg27, and in turn the formation of

Atg9 vesicles, which then dictates whether PtdIns-3-K complex
recruitment can happen.
Atg4 is among the initial batch of Atg proteins discovered in the

90s. The first concrete function assigned to Atg4 is the proteolytic
processing of the C-terminus of newly synthesized Atg8. However,

Fig. 6 ESCRT regulates the incidence of PtdIns-3-K assembly. a, b ESCRT deficiency resulted in the formation of fewer autophagosomes,
which could not be rescued by boosting PtdIns-3-K activity. TEM performed and data presented as in Fig. 1h, i. c–e ESCRT deficiency resulted
in the presence of fewer Atg2 puncta; and boosting PtdIns-3-K activity increased apparent Atg2 puncta number. Cells were starved for 1 h.
c representative images. d numbers Atg2 puncta per cell. e ratios of Atg8 puncta colocalizing with Atg2. f, g Boosting PtdIns-3-K activity could
not improve phagophore sealing in ESCRT-deficient cells. Protease protection status of endogenous Ape1 examined and data presented as
Fig. 3e, f. h Boosting PtdIns-3-K activity could not improve autophagic flux in ESCRT deficient cells. Autophagic flux assessed by the pho8Δ60
assay. i, j Boosting PtdIns-3-K activity in ESCRT deficient cells extended the stay of Atg2 at the PAS during each cycle of autophagosome
formation. Cells imaged as in Fig. 4a. i representative time-lapse series. Arrows mark the puncta being followed. j Lifespans of Atg2-2GFP and
2K-Atg8 puncta. k. ESCRT deficiency reduced the incidence of Atg2 puncta formation, which could not be rescued by boosting PtdIns-3-K
activity. Cells imaged as in Fig. 4a. The incidences of Atg2 puncta emergence in each cell during the 30min observation window were
counted. See Supplementary Movie 4 for representative time-lapse series. l. ESCRT deficiency did not reduce the per-punctum amount of
Atg2. Cells were starved for 1 h. The brightness of each Atg2 punctum was quantified. Scale bars and statistics presented as in Fig. 1.
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this is clearly not the whole story, because autophagy remained
deficient when this step was bypassed via a genetic manipulation
(atg4Δ ATG8ΔR) [32]. Subsequent investigations revealed that the
autophagy deficiency in atg4Δ ATG8ΔR cells was complicated
[14, 15, 41]. There appeared to be inefficient phagophore/
autophagosome formation, accompanied by altered subcellular
distribution of Atg5, Atg9, and Atg14 [15, 41]. These defects may
result from insufficient Atg8 supply [41] or the inappropriate
conjugation of Atg8 to other proteins [42, 43]. The excessive
accumulation of Atg8 on vacuolar membrane may also be

important, because the vacuole is important for organizing the
PAS [6, 44, 45], and Atg8 associated with the vacuolar surface has
a role in regulating the vacuole [23, 24, 46, 47]. To avoid the
pleiotropic complexity in the atg4Δ ATG8ΔR system, organelle-
tethered Atg4 was invented [14, 15]. As a further development,
here we provide the cleanest evidence to date demonstrating a
direct role of Atg4 in the sealing of expanded phagophores. This is
a novel function assigned to Atg4. The reason why phagophore
scission is facilitated by shedding of Atg8 may stem from Atg8’s
ability to bridge other regulatory factors to the phagophore [11],
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or its ability to directly regulate the lipid bilayer [48–50]. Our work
also reconciles the recently demonstrated role of ESCRT in
phagophore sealing [19–21] with the historical understanding
that ESCRT is not essential for autophagy [25, 51, 52]. The
existence of parallel machineries affords robustness to the critical
step of phagophore sealing and open up opportunities of
complex regulation and adaptation.
Our data further demonstrate that ESCRT is more than

phagophore sealing. ESCRT positively regulates PtdIns-3-K com-
plex recruitment, yet does not strongly affect the size of
autophagosomes. The underlying reason was revealed by our
live cell imaging, in that ESCRT limits the incidence of PtdIns-3-K
complex recruitment, but not the relative timing and magnitude.
In other words, ESCRT acts as a yes-or-no switch, leaving the
control of timing and magnitude to other mechanisms. An
important executioner of the yes-or-no switch is Atg9, which acts
upstream of PtdIns-3-K. This is a novel role assigned to ESCRT, and
it is functionally and temporally distinct from the role in
promoting phagophore sealing. Interestingly, in Drosophila, ESCRT
appeared to be important for autophagosome biogenesis in the
intestine and autophagosome sealing in fat bodies, respectively
[53]. We suspect that the dual-stage mode of ESCRT action in yeast
may represent a prototype with possibilities of specialization
during the course of evolution.
In comparison with observations made in mammalian cells, the

overall timelines of events in non-selective autophagy are remarkably
similar across species (Fig. 4d). In mammals, the transition of an
autophagosome into an autolysosome can be marked by the

appearance of lysosomal markers or the start of acidification.
Combining data from several studies [7–9, 54], we estimate that a
typical routine from the moment that early factors like ATG13 appear
till the moment of acidification takes about 12min in cells like
HEK293 and MEF. Notably, there is a common stage that is marked
by the presence of PthIns-3-P. In both kingdoms, the presence of
PtdIns-3-P overall lags slightly behind but overlaps extensively with
the presence of ATG13 or Atg17. It is understood that PtdIns-3-P
marks a specialized domain of the ER, also known as the
“omegasome”, from where the LC3-positive phagophore emerges
[7]. In yeast, such a structure has not been explicitly proposed, in part
because the Atg2 positive puncta are too small to visualize any
internal organizations. However, in deconvolved images and in a
system with a blown-up Ape1 complex, the location of Atg2 has
been mapped to the edge of phagophore [4, 5]. We therefore
propose that temporally and spatially, PtdIns-3-P marks the same
type of structure in both yeast and mammals.
From the temporal perspective, differences also exist between

our observation and existing models. In existing literature, Atg1 is
often discussed in the context of “Atg1 kinase complex”, together
with Atg11, Atg13, Atg17, Atg29, and Atg31, which are sometimes
considered its regulatory subunits. Our live cell imaging suggests
that in vivo, Atg1 is not stably associated with them in
stoichiometric ratio. Our observation differs from the conventional
narration but instead echoes a recent finding that reports a spatial,
temporal, and functional distinction between Atg1 and Atg13 [55].
Our observation is also consistent with the fact that Atg1
physically interacts with Atg8s [56, 57]. Therefore, the multimeric

Fig. 7 ESCRT regulates PtdIns-3-K via controlling Atg9 trafficking. a–c ESCRT deficiency reduced per vesicle Atg9 amount. Cells were
starved for 1 h. a representative images. b Atg9 puncta number. c Atg9 puncta fluorescent intensity. d ESCRT deficiency altered
Atg27 subcellular distribution. Cells were starved for 1 h. Representative images are shown. e, f acute depletion of ESCRT protein reduced per
vesicle Atg9 amount. Cells were treated as in Fig. 5k. e representative images. f Atg9 puncta fluorescent intensity. g acute depletion of ESCRT
proteins altered Atg27 subcellular distribution. Cells were treated as in Fig. 5k. Representative images are shown. h, i ESCRT deficiency
compromised anterograde transport of Atg9 to the PAS. Kinetics of Atg9 trafficking were evaluated in cells expressing atg1-ts. Temperature
elevation inactivated Atg1-ts and led to Atg9 accumulation on PAS. Temperature drop restored Atg1-ts activity and allowed Atg9 dispersal to
peripheral sites. h Representative images at each stage of the assay. i average numbers of bright Atg9 puncta per cell at each stages of the
assay. j–m Intervention of Atg9 anterograde trafficking by atg27Δ compromised PtdIns-3-K assembly and effector recruitment. Cells starved for
1 h. Data presented as in Fig. 5b-e. n, o atg27Δ reduced frequency of autophagosome formation without altering its duration. Cells examined
by time-lapse imaging as in Fig. 4a. n the incidence of GFP-Atg8 emergence within the observation time window. o the peaking and
disappearance timing of GFP-Atg8 puncta. Timing data are aligned by the start of each cycle. See Supplementary Movie 5 for representative
time-lapse series. p, q Phagophore sealing was close to normal in atg27Δ cells. Protease protection assay examining endogenous Ape1
performed and data presented as in Fig. 3e, f. Scale bars and statistics presented as in Fig. 1.

Fig. 8 Roles of Atg4 and ESCRT in different stages of autophagosome formation. a Schematic depiction. The formation and disassembly of
PAS scaffold and PtdIns-3-K occur in the first half of the formation cycle. For simplicity, PtdIns-3-P and downstream effectors such as Atg2 are
not shown. The delipidation of Atg8-PE and phagophore sealing occur in the second half. ESCRT controls the formation of Atg9 vesicles,
which in turn dictates whether the process can proceed through the PtdIns-3-K assembly step. Both Atg4 (via delipidating Atg8) and ESCRT
promote the sealing of the phagophore.

H. Li et al.

12

Cell Death & Differentiation



“Atg1 complex” likely only represents one of the many possible
states of Atg1’s existence. The presence of Atg1 in the second half
of autophagosome formation cycle may provide opportunities for
the tuning of Atg8-PE deconjugation and autophagosome-
vacuole fusion [58–60]. In mammals, ULK1 shares the role in
regulating ATG4 [61], as well as physical interactions with Atg8s
[56, 62–64]. ULK1 possesses the ability to interact with and recruit
STX17 [65], leaving open the possibility that some amount of ULK1
remains with Atg8s till this stage.
In summary, our work illustrated a protein trafficking-based

timeline of autophagosome biogenesis in yeast and revealed the
complex relationship among the actions of Atg4 and ESCRT.
Making use of our approach, one can in principle map the action
of any other player in autophagy to a certain period. We also
demonstrated a novel role of Atg4-mediated Atg8 delipidation in
phagophore sealing that is independent of ESCRT, and a novel
role of ESCRT in controlling the incidence of autophagosome
formation. These data will help us resolve longstanding puzzles on
the multi-faceted roles of Atg8, Atg4 and ESCRT, and contribute to
the formulation of a biochemically, spatially, and temporally
cohesive model of autophagosome biogenesis.

MATERIALS AND METHODS
Please see Supplementary Text 1 for details in strains, plasmids, culturing
of yeast cells, live cell imaging and analysis, electron microscopy, protease
protection assay, non-radioactive pulse-chase labeling, reconstitution of
Atg8-PE delipidation and phagophore sealing, and other procedures.
Original western blots are presented in Supplementary File 1.

DATA AVAILABILITY
All data supporting the findings of this study are available within the paper and its
supplementary files.
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