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Atg45 is an autophagy receptor
for glycogen, a non-preferred
cargo of bulk autophagy in yeast

Takahiro Isoda,’?3 Eigo Takeda,’ Sachiko Hosokawa," Shukun Hotta-Ren," and Yoshinori Ohsumi’#*

SUMMARY

The mechanisms governing autophagy of proteins and organelles have been well studied, but how other
cytoplasmic components such as RNA and polysaccharides are degraded remains largely unknown. In this
study, we examine autophagy of glycogen, a storage form of glucose. We find that cells accumulate
glycogen in the cytoplasm during nitrogen starvation and that this carbohydrate is rarely observed within
autophagosomes and autophagic bodies. However, sequestration of glycogen by autophagy is observed
following prolonged nitrogen starvation. We identify a yet-uncharacterized open reading frame, Yil024c
(herein Atg45), as encoding a cytosolic receptor protein that mediates autophagy of glycogen (glyco-
phagy). Furthermore, we show that, during sporulation, Atg45 is highly expressed and is associated
with an increase in glycophagy. Our results suggest that cells regulate glycophagic activity by controlling
the expression level of Atg45.

INTRODUCTION

The vacuole (lysosome in mammals) is an organelle responsible for degradation of cellular components, as well as the storage of ions and
molecules such as amino acids. Macroautophagy (hereafter autophagy) is a major degradation system that delivers cytoplasmic constituents
to the vacuole. In autophagy, various cargoes are engulfed by an expanding membrane sac called the isolation membrane, which eventually
becomes a double-membrane vesicle called an autophagosome. The outer membrane of the autophagosome fuses with the vacuole, which
results in the release of the inner membrane-bound structure, the autophagic body, into the vacuolar lumen, allowing degradation by the
vacuolar lipase Atg15 and a range of proteases.'® Degradation products arising from autophagy, such as amino acids, are subsequently
transported back to the cytoplasm for reuse.”””

Autophagosomes are generally thought to sequester cytoplasmic components in a random manner (termed bulk autophagy). In some
cases, autophagosomes selectively enclose specific cargoes such as protein aggregates or organelles in a regulated process called selective
autophagy.'? In selective autophagy, a specific cargo is engulfed by isolation membranes via cargo-specific receptors.'® Receptors generally
bind to Atg8-family proteins on the isolation membrane, and the scaffold protein Atg11 (in yeast) or FIP200 (in mammals)."'™"® These scaffold
proteins recruit autophagic machinery proteins, allowing the formation of autophagosomal membranes that surround the cargo.'''*

Although much is known about autophagy of proteins and organelles, the mechanisms of autophagy for other cellular components such as
RNAs and polysaccharides are still largely unclear. Glycogen, which is a highly branched polysaccharide, is reported to be delivered to lyso-
somes by autophagy (glycophagy) in mammalian and insect cells.>”'” When the lysosomal acid a-glucosidase, which hydrolyzes glycogen to
glucose, is defective in mammalian cells, glycogen accumulates in the lysosome, causing Pompe disease.'® Thus, control of the delivery of
glycogen to the lysosome is physiologically important. Although the mechanism of glycophagy is not fully understood, a putative trans-mem-
brane protein Stbd1 is reported to be a glycophagy receptor in mammals.'”'® This protein contains a glycogen-binding domain (GBD) called
CBM20, as well as an Atg8 family-interacting motif (AIM, also called the LC3-interacting region [LIR]).™>"e

In the budding yeast Saccharomyces cerevisiae, which is an excellent model organism for studies of autophagy, glycogen is synthesized in
the cytosol by glycogenins (Glg1, Glg2), glycogen synthases (Gsy1, Gsy2), and glycogen branching enzyme (Glc3) in a concerted manner.'”
Synthesis is induced under stress conditions, such as nitrogen starvation.”” Accumulated glycogen is subsequently broken down into glucose-
1-phosphate via glycogenolysis by glycogen phosphorylases (Gph1) and glycogen debranching enzyme (Gdb1) in the cytosol according to
cellular needs.'” Glycogen is also degraded by the glucoamylase SgaT which localizes in the vacuole or to prospore membranes during spor-
ulation.”?? It has been suggested that autophagy may be involved in the delivery of glycogen to vacuoles,”** but the molecular details of
this process remain uncharacterized.”>*°
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Figure 1. Glycogen and glycogen metabolism-related enzymes are non-preferred cargoes of nitrogen starvation-induced autophagy
(A) GFP-cleavage assay of Pgk1, Gsy2, Glc2, Gph1, and Trp4 in SD-N medium (upper). Quantified band intensities are indicated (lower). Error bars represent SD

(n=23).
(B) Schematic illustration of roles of Gsy2, Gph1, and Glc3 in glycogen metabolism.

2 iScience 27, 109810, June 21, 2024



iScience ¢? CellPress
OPEN ACCESS

Figure 1. Continued

(C) Assessment of Gsy2-GFP binding to glycogen by sedimentation assay. T: Total lysate, S: Supernatant, P: Pellet. Pgk1 was used as a representative cytosolic
protein.

(D) GFP-cleavage assay of Pgk1, Gsy2, Glc2, Gph1, and Trp4 in WT cells and glgTAglg2A cells (upper). Quantified band intensities are indicated (lower). Error bars
represent SD (n = 3).

(E) Electron micrographs of PATAg-stained atg15A cells and glg1Aglg2Aatg15A cells after 6 h of nitrogen starvation. The diameters of each PATAg-stained
structure were roughly estimated as follows: 1: 200 nm, 2: 70 nm, and 3: 40 nm. Bar: 2 um.

See also Figure S1.

We recently conducted a comprehensive proteomic analysis of autophagic bodies and reported that glycogen metabolism-related en-
zymes are excluded from autophagic bodies.” In this study, we find that glycogen is a non-preferred cargo of bulk autophagy. We further
determine that glycogen metabolism-related enzymes escape from autophagy, most likely due to their binding to glycogen. However, we
find that glycogen becomes a target of autophagy during prolonged nitrogen starvation and identify Atg45 as the receptor that regulates
this glycophagy process. Finally, we uncover that glycophagy is strongly induced in an Atg45-dependent manner during sporulation, with
this induction required for intracellular glycogen storage. Thus, glycogen is a non-preferred cargo of bulk autophagy and the degradation
is positively regulated by the receptor-dependent process.

RESULTS
Glycogen and glycogen metabolism-related enzymes are non-preferred cargoes of conventional nitrogen starvation-
induced autophagy

In our comprehensive proteomic analysis of autophagic bodies, we found that some glycogen metabolism-related enzymes (e.g., Gsy2, Glc3,
Gph?1) are non-preferred cargoes of bulk autophagy. °° To validate this result, we assessed autophagic degradation of Gsy2, Glc3, and Gph1 by
the GFP-cleavage assay, whereby a protein of interest is expressed in fusion with GFP. Upon delivery to the vacuole, vacuolar protease-resistant
GFP moieties (free GFP) are generated and can be detected using antibodies, allowing the assessment of the degree of autophagic degra-
dation of the GFP-tagged protein by measuring the amounts of free GFP and intact GFP-tagged proteins. We constructed GFP-tagged Gsy?2,
Glc3, and Gph1, as well as Pgk1 and Trp4 (cytosolic proteins), expressing each of these from their native promoter in wild-type (WT) cells.
Consistent with our comprehensive proteomic analyses, western blotting with anti-GFP antibodies revealed that Gsy2, Glc3, and Gph1
were only marginally degraded up to 8 h of nitrogen starvation (Figure 1A). Previous works have suggested that some glycogen meta-
bolism-related enzymes bind to glycogen® ** (Figure 1B). For example, glycogen synthetase tightly binds to glycogen, which is observed
as co-localization by microscopy.”’”®** Upon nitrogen starvation, we observed the synthesis and accumulation of glycogen in the cytoplasm
of WT cells, as previously reported;* this was completely absent in glg1Aglg2A cells (Figure S1A). Thus, we assumed that glycogen meta-
bolism-related enzymes would escape from autophagy by binding to glycogen. We investigated the localization of the glycogen synthetase
Gsy?2 using fluorescence microscopy to observe cells subjected to nitrogen starvation. 2 h after shifting to nitrogen starvation medium (SD-N
medium), Pgk1 in the cytoplasm was uniformly distributed, whereas Gsy2 was unevenly distributed (Figure S1B). In addition, Gsy2 co-localized
with other glycogen metabolism-related proteins such as Glc3 and Gph1, but not with membrane-bound organelles such as the endoplasmic
reticulum (ER) (Secé3), nucleus (Ndc1), or mitochondria (Om45) (Figures S1C and S1D). In addition, in glg1Aglg2A cells, Gsy2 showed a cyto-
plasmically diffused pattern under nitrogen starvation (Figure S1E). These observations suggest that glycogen metabolism-related enzymes
bind to glycogen granules. Furthermore, the majority of Gsy2 was recovered in the pellet fraction after centrifugation of cellular lysates at
100,000 g in the presence of endogenous glycogen (WT cell lysate) or exogenously added glycogen (glg1Aglg2A cells lysate with added
glycogen) (Figure 1C, see also Figure 5A), confirming that Gsy2 binds glycogen in this condition.

Next, we assessed autophagic degradation of glycogen metabolism-related enzymes in glg1Aglg2A cells and found that autophagic degra-
dation of Gsy2, Glc3, and Gph1 was largely enhanced, while Pgk1 and Trp4 remained constant (Figure 1D). As expected, a similar increase was
observed in an alternative glycogen-deficient strain, gsyTAgsy2A (Figure STF). These results indicate that glycogen suppresses autophagic
degradation of these enzymes. To investigate whether glycogen is also a non-preferred cargo of autophagy under these conditions, we
examined the localization of glycogen by transmission electron microscopy (TEM). To this end, we used atg15A cells, which accumulate auto-
phagic bodies in the vacuole (Figures 1E and S1G)."** Periodic acid-thiocarbohydrazide-silver proteinate (PATAg) was used to stain polysac-
charides including glycogen.”>® Under nitrogen starvation, atg15A cells accumulated PATAg-stained structures that were not seen in
glg1Aglg2Aatg15A cells (Figure 1E). The size of these glycogen structures in the cytoplasm varied from about 40 nm to 200 nm (Figure 1E), sug-
gesting the formation of higher-order glycogen assemblies such as a-granules, as observed in the mammalian liver.*” Autophagic bodies rarely
contained glycogen, though glycogen was widely distributed in the cytoplasm (Figure 1E), indicating that glycogen is a non-preferred cargo of
nitrogen starvation-induced autophagy. These results support the conclusion that glycogen is a non-preferred cargo of nitrogen starvation-
induced autophagy and that proteins bound to glycogen (such as Gsy2) thereby escape autophagic degradation upon nitrogen starvation.

Glycophagy occurs after prolonged nitrogen starvation

While glycogen and glycogen metabolism-related enzymes are non-preferred cargoes of nitrogen starvation-induced autophagy, we noticed
that Gsy2 was gradually degraded after 8 h (Figure 2A), suggesting that autophagy of glycogen (glycophagy) does occur upon prolonged
nitrogen starvation. TEM analysis of PATAg-stained cells subjected to prolonged nitrogen starvation showed that the percentage of
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Figure 2. Gsy2 is degraded by autophagy after prolonged nitrogen starvation

(A) GFP-cleavage assay of Gsy2 and Pgk1 in WT cells cultured in SD-N medium.

(B) Electron micrographs of PATAg-stained atg15A cells after 6, 24, or 48 h of nitrogen starvation. Yellow arrowheads, autophagic bodies containing glycogen.
Green arrows, autophagosomes containing glycogen. Scale bar: 2 um.

(C) Percentages of individual autophagic bodies containing glycogen per cell (related to Figure 2B) are indicated as boxplots (n = 20, 32, or 52). Significance is
calculated by the Steel test.

(D) GFP-cleavage assay of Gsy2 in WT, atg2A, atg11A, atg17A, or atg24A cells after 48 h of nitrogen starvation (upper). In quantification results (lower), the values
of WT cells were set to 1.0. Error bars represent SD (n = 3).

(E) GFP-cleavage assay of Pgk1 in WT, atg2A, atg11A, atg17A, or atg24A cells after 48 h of nitrogen starvation (upper). For quantification (lower), all values are
shown relative to WT as 1.0. Error bars represent SD (n = 3).
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individual autophagic bodies that contained glycogen was increased relative to samples subjected to a shorter (6 h) period of nitrogen
starvation (Figures 2B and 2C), and most autophagosomes contained glycogen at 48 h (Figure 2B). Glycophagy was in fact enhanced
upon prolonged nitrogen starvation. We also concluded that Gsy2 can be used as a reliable reporter of glycophagy.

To characterize glycophagy during prolonged nitrogen starvation, we examined whether ATG genes (ATG2, ATG11, ATG17, and ATG24)
are required for the degradation of Gsy2 using the GFP-cleavage assay. While Atg2 is essential for all types of autophagy, the scaffold protein
Atg11is required for most forms of selective autophagy "%’
selective autophagy, including mitophagy and pexophagy.”*® In atg2A and atg17A cells, the degradation of Gsy2 was significantly
decreased (Figures 2D and 2E). In atg11A cells, the degradation of Gsy2 was slightly reduced to a similar extent to that of a representative
bulk autophagy cargo protein, Pgk1 (Figures 2D and 2E), indicating that Atg11 is not specifically involved in the degradation of Gsy2. Atg24
(also termed Snx4) is required for autophagy of large cargoes such as organelles, ribosomes, and proteasomes.”™ In atg24A cells, the
degradation of Gsy2 was clearly impaired, while that of Pgk1 was only slightly decreased (Figures 2D and 2E). Together, these results
show that prolonged starvation-induced glycophagy does not require Atg11 but does require Atg24.

and Atg17 is known to be important for bulk autophagy as well as some types of

Atg45 is a positive regulator of glycophagy
A possible explanation for the late-onset delivery of glycogen to the vacuole is that glycogen may become more accessible to autophago-
somes after prolonged nitrogen starvation. We considered that a protein may facilitate this, thereby regulating glycophagy. To search for
such a protein, we focused on proteins containing the GBD. Mammalian AMP-activated protein kinase (AMPK) B subunits have a GBD called
the carbohydrate-binding module 48 (CBM48). We focused on six genes in yeast that encode candidate GBD domains that have sequence
similarity with CBM48 (Figure 3A, Pfam: PF16561). Among these, Sip1, Sip2, and Gal83 are 8 subunits of yeast AMPK (Snf1), which has been
reported to regulate glycogen synthesis.”®*? On the other hand, the function of Crp1, Mdg1, and Yil024c has not been defined. Fluorescence
microscopy showed that Crp1 and Yil024c co-localize with Gsy2 in the cell periphery and in the cytosol, respectively, under nitrogen starvation
conditions but that Sip1, Sip2, and Gal83 do not (Figures 3B and S2A-S2E). Hence, we focused on Yil024c, Crp1, and its paralog Mdg1.
We investigated the effect of the disruption of these genes on the autophagic degradation of Gsy2. Degradation was slightly lower in
crp1A or crpTAmdg1A cells and was nearly the same in mdgTA cells as in WT cells (Figure 3C). On the other hand, it was clearly lower in
yil024cA cells as compared with WT cells (Figure 3C), indicating that glycophagy is strongly dependent on Yil024c. We then tested the contri-
bution of Yil024c to the degradation of Gsy2 in the absence of glycogen. In glg1Aglg2A cells, Gsy2 degradation was not affected by Yil024¢
deletion (Figure 3D), suggesting that Yil024c targets glycogen, not Gsy2. Taken together, we conclude that Yil024c is a positive regulator of
glycophagy and therefore name this protein Atg45.

Increased expression of Atg45 enhances glycophagy

Previous comprehensive microarray analyses have suggested that the amount of ATG45 mRNA increases 1-2 days after shifting to starvation
medium.*® This suggests that glycophagy induction by prolonged starvation may be due to the upregulation of Atg45 expression. We as-
sessed the expression of Atg45 by western blotting in a nitrogen starvation time course experiment. We observed that the expression of
Atgd5 is induced during nitrogen starvation, especially at 24 and 48 h after shifting to SD-N medium (Figure 4A). The amount of ATG45
mRNA also gradually increased during nitrogen starvation (Figure S3A), confirming that transcription of Atg45 is upregulated in this condition.
We next generated cells overexpressing Atg45 under the control of the ACT1 promoter. In these cells, Gsy2 was more rapidly degraded than
in WT cells (Figure 4B). Moreover, the degradation of Gsy2 under these conditions was dependent on Atg2, Atg17, and Atg24, but only slightly
reduced on Atg11 (Figure 4C), which was consistent with cells expressing Atg45 under the control of its own promoter (Figure 2B). We observed
that bulk-autophagic activity was slightly reduced in atg11A cells even at 2 h of nitrogen starvation (Figure S3B), as previously reported,”' ™ sug-
gesting that the effect of Atg11 is not specific to the degradation of Gsy2 even during early-term nitrogen starvation. TEM analysis of PATAg-
stained samples showed that, in cells overexpressing Atg45, about 40% of autophagic bodies contained glycogen, while in WT cells less than
10% of autophagic bodies did (Figure 4D), providing further evidence that Atg45 facilitates glycophagy. Notably, the amounts of glycogen in
individual autophagic bodies exhibited heterogeneity; given that the amount of glycogen is rapidly increased during nitrogen starvation (Fig-
ure S1A), variation in the amounts of glycogen in autophagic bodies may reflect the timing of autophagosome formation. Indeed, at 6 h (i.e.,
when cells had accumulated glycogen), most autophagosomes contained high levels of glycogen in cells overexpressing Atg45 (Figure 4D).
In contrast to cells overexpressing Atg45, autophagosomes contained little glycogen in cells expressing Atg45 at WT levels, despite the pres-
ence of glycogenin the cytoplasm. Furthermore, in cells overexpressing Atg45, we observed that glycogen was enriched on the inner membrane
of autophagosomes, which was also observed in WT cells after prolonged nitrogen starvation (48 h, Figures 2B and 4E). This suggests that Atg45
facilitates the sequestration of glycogen into autophagosomes by enhancing the binding of glycogen to autophagosomal membranes.

Atg45 functions as a glycogen receptor

To elucidate the mechanistic bases of Atgd5-mediated glycophagy, we first examined whether the N-terminal half (1-96) of Atg45, which con-
tains a putative GBD, binds to glycogen. We compared the amount of Atg45 recovered in the pellet fraction of cell lysates in the presence or
absence of glycogen by sedimentation assay. In this assay, lysates from glgTAglg2A cells were mixed with exogenous glycogen and subjected
to centrifugation. Full-length Atg45 and the N-terminal region of Atg45 (Atg45' %) were recovered in the pellet when sedimented in the pres-
ence of glycogen (Figure 5A), while the C-terminal half of Atg45 (Atg45”~"®%) was not (Figure 5A), suggesting that Atg45 binds to glycogen

through the GBD identified within Atg45'~7%.
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Figure 3. Glycophagy occurs in an Atg45-dependent manner upon prolonged nitrogen starvation

(A) An overview of proteins containing a putative glycogen-binding domain (GBD) (Pfam: PF16561).

(B) Localization of Crp1, Yil024c (Atgd5), or Mdg1-GFP with Gsy2-mScarlet in cells after 2 h of nitrogen starvation. Arrowheads indicate Crp1 or Atg45
co-localization with Gsy2. Scale bar, 2 um. The localizations of Sip1, Sip2, or Gal83-GFP with Gsy2-mScarlet are shown in Figure S2A.

(C) GFP-cleavage assay of Gsy2 in WT, atg45A, crp1A, mdg1A, or crp1Amdg 1A cells after 48 h of nitrogen starvation (upper) and quantification of band intensities
(lower). Ponceau S staining was used to determine total protein loading in each lane. For quantification, the value for WT was set to 1.0. Error bars represent SD
(n = 3). One-way ANOVA with Dunnett’s test was used to assess statistically significant differences. p values indicated in the figure.

(D) GFP-cleavage assay of Gsy2 in WT, atg45A, glg1Aglg2A, or glg1Aglg2Aatg45A cells subjected to 48 h nitrogen starvation (upper). Ponceau S staining was
used to determine total protein loading in each lane. For quantification (lower), the values for WT or glg1Aglg2A were set to 1.0. Error bars represent SD (n = 3).
Welch's t test was used to assess statistically significant differences.

See also Figure S2.

To determine whether both regions of Atg45 are required for glycophagy, we assessed the cleavage of Gsy2-GFP in cells overexpressing
Atgd5-, Atgd5' =7, or Atgd5”’~"8-mScarlet chimeric proteins. We found that neither Atg45' =% nor Atg45”’ " facilitated glycophagy (Fig-
ure 5B), confirming that both regions of Atg45 are necessary for glycophagy.

We next assessed the autophagic degradation of GFP-tagged Atg45, Atg45' ~%¢, and Atg45°’~ "8 under nitrogen starvation. The degradation
of Atg45”"~ "8 was comparable to that of Atg45, but Atg45' =7 was less degraded than Atg45 (Figure S4A). In addition, Atg45 and Atgd5”’~'®
tagged with mScarlet co-localized with GFP-Atg8, an autophagosomal marker, but Atg45'~?>-mScarlet did not (Figure S54B). Taken together,
these results indicate that the C-terminal half of Atg45 is required for sequestration into autophagosomes, not binding to glycogen.

6 iScience 27, 109810, June 21, 2024



iScience ¢? CellPress
OPEN ACCESS

A N(h) 0 4 8 24 48 B WT atg45A  ATG450.e.
- - | q Atga5-GFP -N(h) 0 4 824 0 48 2404 824
B e pe——— |aGsy2-cFP
a-GFP J— ,
Long exposure —]<GFP
a-GFP o-FLAG] - e o o | MAtg45-Flag
| aGFP
C
a-beta actin [ s 0 s ATG450.e.
£ 30 WT atg2A  atg11A atg17A  atg24A
8 7] -N(h) 082408240824 08240 824
& 20. o 4-GFP |===—=m— Smenenan| 4 Gsy2-GFP
Q o Long [ o3 == | 4GFP’
o - exposure
® 1.01
O
> H
z 00

atg15A ATG450.e. P<0.0001

c

@ .

S 60

o

>

o —————

2 40 .

T N

c

5 i

o 20

i}

<

<]

= 01 .
atg15A atg15A ATG450.e
(n=30) (n=30)

E

atg15A atg15A ATG450.e.

Figure 4. Increased expression of Atg45 facilitates glycophagy

(A) Assessment of Atg45-GFP protein levels in WT cells cultured in SD-N medium by western blotting. B-actin was used as a loading control. For band intensity
quantifications (lower panel), data were normalized to 1.0 using O h samples.

(B) GFP-cleavage assay of Gsy2 in cells overexpressing Atg45 (ACTTpr), atg45A, or WT cells. Cells cultured in SD-N medium.

(C) GFP-cleavage assay of Gsy2 in WT, atg2A, atg11A, atg17A, or atg24A cells, all overexpressing Atg45 (ACT1pr). Cells cultured in SD-N medium.

(D) Electron micrographs of PATAg-stained atg15A and Atg45-overexpressing (ACT1pr) atg15A cells after 6 h of nitrogen starvation (left). Yellow arrowheads,
autophagic bodies containing glycogen. Green arrows, autophagosomes containing glycogen. Scale bar: 2 pm. Percentages of individual autophagic bodies
containing glycogen per cell are indicated as boxplots at right (n = 30). The Wilcoxon rank-sum test was used to assess statistically significant differences.

(E) Autophagosomes in cells under same conditions as D. Bars: 0.2 pm.

See also Figure S3.

These results suggest that an AIM is present within the C-terminal half of Atg45. We identified '?YVNL' as the sole candidate for an AIM
within the region. To investigate whether this site functions as AIM, we carried out co-immunoprecipitation of GFP-Atg8 and Atg45-FLAG
using the GFP-Trap magnetic agarose system. While WT Atg45 exhibited binding to Atg8, the alanine-substituted mutant of the putative
AIM (Y127A and L130A, herein Atg45*™™) had a low binding ability (Figure 5C). In cells expressing Atgd5*™™ glycophagic activity was lower
than that in cells expressing WT Atg45, even when it was overexpressed (Figures 5D and S5A), confirming that "?’YVNL'® functions as the
AIM. We also noticed that cells harboring a single-copy plasmid encoding ATG45 under the control of its own promoter showed higher levels
of Atg45 expression, and consequently, glycophagic activity was increased compared to WT cells (Figure S5B).
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Figure 5. Atg45 is a glycophagy receptor

(A) Assessment of the binding ability of Gsy2, Atg45, Atgd5” "%, and Atgd5'~7°-GFP to glycogen by sedimentation assay (left). Atg45 and its variants were
expressed under the control of the ACT1 promoter. An overview of Atg45 and assessed deletion mutants is shown at right. T: Total lysate, S: Supernatant, P:
Pellet. Pgk1 was used as a representative cytosolic protein.

(B) GFP-cleavage assay of Gsy2 in SD-N cultured cells expressing Atg45, Atgd5' %, or Atgd5”’~"87-mScarlet under the control of the ATG45 or ACT1 promoters.
Expression levels of mScarlet-tagged proteins were also assessed by western blotting (bottom panel).

(C) Overview of the candidate AIM amino acid sequence within Atg45 (left). The interaction of GFP-Atg8 with Atg45 or Atgd5"™™-FLAG was assessed by co-
immunoprecipitation of GFP-Atg8 (right). Atg45 and Atg45“™™ were expressed under the control of the ACT1 promoter.

(D) GFP-cleavage assay of Gsy2 in atg45A cells harboring an empty vector or vector-borne Atgd5-FLAG and Atgd5"™™-FLAG under the control of the ACT1
promoter. Cells were cultured in SD-N medium for indicated time periods. The expression levels of FLAG-tagged proteins were also assessed by western
blotting. Quantification results are shown at right. Error bars represent SD (n = 3).

See also Figures S4 and S5.

Taken togerther, we concluded that Atg45 is a glycophagy receptor protein. Even in cells expressing Atgd5"™™, glycophagic activity was
not completely abolished, possibly due to residual Atg8 binding of Atg45*™™ through the mutant AIM or another region of the protein that
allows limited localization to the isolation membrane.
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Figure 6. The C-terminal membrane-binding region of Atg45 is important for glycophagy

(A) Schematic of Atg45 and assessed truncation mutants (left). Gsy2-GFP-cleavage in cells cultured in SD-N medium (right). Atg45 and its variants were expressed
under the control of the ACTT promoter. The expression levels of mScarlet-tagged proteins were also determined by western blotting.

(B) Overview of the predicted sequence of the C-terminal putative helix of Atg45 (JPred 4) (upper). The helical wheel of the putative helix predicted by HeliQuest
(lower).

(C) Localization of Atg45'¢>~"#-GFP and Atg45'>~"87“" _GFP expressed under the control of the ACT1 promoter in cells after 2 h of nitrogen starvation. Scale
bar, 2 pm.

(D) GFP-cleavage assay of Gsy2 performed in indicated strains cultured in SD-N media. The expression levels of FLAG-tagged proteins were also assessed by
western blotting.

See also Figure S6.

The C-terminal region of Atg45 is important for glycophagy

We next examined glycophagic activity in cells expressing the C-terminal-truncated Atg45 mutants Atg45'~'®* and Atg45' 2%, As expected,
the expression of Atgd5'~'?3 resulted in severely impaired glycophagy as the mutant lacks an AIM (Figure 6A). We also found that the
Atg45'"®* mutant was partially defective in glycophagy (Figure 6A), suggesting that the Atg45'®>~"® residues at the C-terminus of Atg45
play a role in glycophagy.

We found that these terminal 172-187 residues likely constitute an amphipathic helix using JPred4 and HeliQuest (Figure 6B). It is known
that some amphipathic helices bind to membranes via their hydrophobic surface.” We found that Atg45'*>~"®-GFP localized to various
membranes, including the vacuolar membrane (Figure 46C). When six hydrophobic residues within Atg45'>~18? were substituted with alanine
(6A; Figure 6B), membrane localization was abolished (Figure 6C). To examine whether this finding is relevant to glycophagy, we examined
cells expressing Atgd5“Y-FLAG, showing clearly lower glycophagic activity than cells expressing WT Atgd5-FLAG (Figure 6D). This suggests
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that the membrane-binding ability of the Atgd region is important for glycophagy. When Atg4 was overexpressed using the ACT1
promoter, glycophagic activity was recovered to the level of cells overexpressing WT Atg4d5 (Figure S6A). However, cells harboring both 6A
and AIMm mutations showed more severe defects than AIMm mutant cells (Figure S6A), indicating that the C-terminal region and the AIM
function synergistically. We further tested the effect of the 6A and AIMm mutation on the co-localization of Atg45 with Atg8 in cells expressing
Atg45 under its own promotor. Both mutants of Atg45 exhibited a defect in co-localization with Atg8 (Figure S6B).

Taken together, our findings suggest that both the C-terminal region and the AIM of Atg45 collaborate in facilitating glycophagy through
their involvement in binding to isolation membranes.

Glycophagy is strongly induced during sporulation

We next sought to identify physiological conditions under which glycophagy is strongly induced. While glycogen is observed to accumulate
during the early stages of sporulation, it has been reported that the amount of glycogen decreases later during this process, ™ leading us to
consider whether glycophagy is activated during sporulation. Because the X2180 background strain exhibits a low sporulation rate, we used
the SEY6210/SEY6211 background strain to study sporulation.

We induced sporulation in diploid (MATa/a) cells and conducted TEM analyses of PATAg-stained samples. In WT cells, glycogen accu-
mulated in some vacuoles 12 h after induction of sporulation (Figure 7A). Most glycogen was observed in the vacuolar sap, while a fraction
was also detected in unruptured autophagic bodies (Figure 7A). This suggests that glycogen is delivered to vacuoles by autophagy, but that it
is not efficiently degraded even after autophagic bodies are ruptured. (Figure 7A). In atg45A cells, the amount of glycogen in vacuoles was
clearly lower than that in WT cells (Figure 7A). These results indicate that glycophagy is strongly induced during sporulation and that spor-
ulation-induced glycophagy is dependent on Atg45.

The expression of sporulation-related genes is controlled by the MAT locus. Thus, MATa/a cells are capable of sporulation, whereas
MAT-homozygous diploid cells (MATa/a cells) and haploid cells (MATa and MATa cells) are not. To investigate whether the induction of gly-
cophagy is also regulated by the MAT locus, we compared the glycophagic activity of MATa/a, MATa/a, and MATa. cells. Fluorescence
microscopy showed that Gsy2-GFP was delivered to the vacuoles in MATa/a cells but not in MATa/a or MATa. cells 12 h after induction of
sporulation (Figure S7A). The accumulation of GFP signal in vacuoles was not observed in atg45A (MATa/a) cells (Figure S7B), and GFP-cleav-
age analyses of Gsy2-GFP validated microscopic analyses (Figures 7B and S7C). These results indicate that sporulation-induced glycophagy
also depends on the expression of genes controlled by the MAT locus.

We next examined the expression of Atg45-GFP in MATa/a, MATa/a, and MATa. cells by western blotting. The amount of Atg45-GFP was
higher in MATa/a. cells compared to other cells (Figure 7C). Transcription of ATG45 mRNA was induced in MATa/a. cells (Figure 7D), which is
consistent with a previous study showing that the expression of ATG45 is regulated by Umeé, the transcriptional regulator of early meiotic
genes.”’ Therefore, the expression of Atg45 is controlled by the MAT locus, and this increased expression of Atg45 is important for the
high activity of glycophagy during sporulation.

Finally, we examined the amount of intracellular glycogen during sporulation. The amount of glycogen increased up to 12 h in both WT and
atg45A cells after shifting to sporulation medium, following which a decrease was observed over time (Figure 7E). This suggests that glycogen
is utilized by cells from ~12 h following exposure to sporulation conditions. We found that glycogen was consumed faster in atg45A cells than
in WT cells (Figure 7E). Given that glycogen was sequestered into vacuoles in WT cells but not in atg45A cells (Figure 7A), glycophagy may play
a role in the suppression of glycogen consumption, rather than enhancing degradation.

DISCUSSION

The molecular mechanism of glycophagy in yeast has remained largely unexplored.”” In this study, we find for the first time that glycogen is a
non-preferred cargo of bulk autophagy under nitrogen starvation conditions. On the other hand, glycogen gradually becomes a target of
autophagy following prolonged nitrogen starvation. We found that Atg45 is important for glycophagy and that this protein binds to both
glycogen and Atg8. We therefore conclude that Atg45 functions as a glycophagy receptor. Furthermore, we showed that, during sporulation,
the expression of Atg45 is increased and that glycophagic activity is enhanced in an Atg45-dependent manner under these conditions.

How glycogen escapes sequestration by isolation membranes during canonical nitrogen starvation is an interesting question. We
observed that glycogen is plentiful in regions adjacent to forming autophagosomes (Figure 4E). This observation suggests that the autopha-
gosome formation site (pre-autophagosomal structure, or PAS) is not physically separated from glycogen in the cytoplasm. For this reason, we
speculate that the physicochemical features of glycogen disfavor its sequestration by isolation membranes. While glycogen granules have
been reported to be approximately 10-40 nm in diameter,>” we observed that a large portion of glycogen in cells appears to form large as-
semblies, the size of which can be up to ~200 nm (Figure 1E). This is possibly too large for efficient sequestration by autophagosomes forming
during bulk autophagy. Autophagy of large protein complexes such as ribosomes and proteasomes is dependent on Atg24*>*’; the large size
of glycogen assemblies might also be the reason that glycophagy requires Atg24. Given that Atg45 is a glycophagy receptor, Atgd5 may
enhance the affinity of glycogen for isolation membranes, which may, in turn, facilitate the enclosure of glycogen granules into autophago-
somes by releasing them from assemblies of glycogen or altering the membrane morphology and/or direction of membrane expansion.
Further studies are needed to uncover molecular details of how glycogen escapes engulfment by the isolation membrane, as well as how
Atg45 mediates engulfment. Our findings provide a novel insight into the nature of disfavored cargo engulfment by autophagosomes
that has previously been overlooked.
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Figure 7. Glycophagy is strongly induced during sporulation

(A) Electron micrographs of PATAg-stained WT (MATa/a) and atg45A (MATa/«a) cells cultured for 12 h in sporulation medium. Yellow arrowhead, autophagic
body containing glycogen. Green arrow, autophagosome containing glycogen. Scale bar: 2 um.

(B) GFP-cleavage assay of Gsy2 in WT (MAT«a), WT (MATa/a), WT (MATa/a), and atg45A (MATa/a) cells cultured in sporulation medium. See also Figure S7C.
(C) Assessment of Atg45-GFP protein levels in MATa, MATa/a, or MATa/a cells cultured for 12 h in sporulation medium by western blotting (left). Ponceau S
staining was used to determine total protein loading in each lane. For quantification (right), the values of MATa were set to 1.0. Error bars represent SD
(n = 3). One-way ANOVA with Tukey's multiple comparisons test was used to assess statistically significant differences. p values indicated in the figure.

(D) Expression of ATG45 mRNA in MATa, MATa/«, or MATa/a cells cultured for 12 h in sporulation medium. Error bars represent SD (n = 3). One-way ANOVA with
Tukey's multiple comparisons test was used to assess statistically significant differences. p values indicated in the figure.

(E) Quantification of glycogen in lysates of WT (MATa/a) and atg45A (MATa/a) cells, cultured in sporulation medium. The amounts of glycogen (ug) per 1 ODgao
unit are shown (n = 2).

See also Figure S7.
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Interestingly, we observed that Atg45 requires not only an AIM but also a C-terminal region for efficient glycophagy. When the C-terminal
region alone is expressed, it associates with various membranes (Figure 6C), indicating that the C-terminal region of Atg45 may enhance as-
sociation with isolation membranes by direct binding to these membranes. We also observed the dense localization of glycogen on the inner
membrane of autophagosomes in cells overexpressing Atg45 (Figures 4E and 7A). The tight binding of Atg45 to isolation membranes via its
AIM and the C-terminal region may enhance the affinity of glycogen for isolation membranes, resulting in efficient glycophagy.

Selective forms of autophagy, such as mitophagy and pexophagy, generally require receptor proteins that recruit Atg11 to the cargo for
isolation membrane formation site."' However, we observed that the deletion of ATG 11 did not result in a strong effect on the degradation of
Gsy2, with the defect similar in extent to that of Pgk1. The reduction of Gsy2 degradation in atg?1A cells is likely explained by a general
decrease in autophagy activity, and we thus conclude that glycophagy does not require Atg11. As mentioned earlier, Atg45 possibly en-
hances the affinity of glycogen for the isolation membrane through its AIM and the C-terminal region. Our data indicate that autophagic
sequestration of glycogen, which is widely distributed in the cytoplasm including around the PAS, is achieved through enhanced affinity
of glycogen with the isolation membrane rather than Atg11-dependent recruitment of the autophagy machinery. Examination of other
Atg11-independent receptor proteins including Cue5 may shed light on common mechanisms that govern such forms of degradation.*®

While in silico Protein Basic Local Alignment Search Tool (Protein BLAST) analyses indicate that Atg45 is conserved among the Saccha-
romycetaceae family and that Candida albicans orthologs of Atg45 also exist (such as C1_01930W), direct homologs of Atg45 were not iden-
tified in other yeasts. We were also unable to detect any sequence homology between the mammalian glycophagy receptor Stbd1 and Atg45.
Stbd1 contains a predicted transmembrane domain sequence in its N-terminal region and localizes to some organelles, such as the ER and
lysosomes. 7Y However, it has been reported that glycogen is transported to lysosomes in a Stbd1-independent manner in skeletal mus-
cle.??Itis possible that soluble receptors like Atg45 exist in mammalian cells in addition to Stbd1. In Drosophila melanogaster, the glycogen
synthase GlyS contains an LIR motif, which is also conserved in mammals, and is important for glycophagy.’” Since glycogen synthase works by
binding to glycogen, it is also a candidate for a soluble type of glycophagy receptor in these organisms.

Further, a previous report has suggested that glycogen is stored in the vacuole and prevented from degradation by cytosolic enzymes
during stationary phase,”* but this has not been clearly proven. We clearly show that glycogen is accumulated in vacuoles in an Atg45-depen-
dent manner during sporulation. It has been reported that Sga1 is induced and relocated to the prospore membrane from vacuoles®'#%¢?
during spore maturation, which is required for the efficient degradation of glycogen. Therefore, the degradation of glycogen possibly occurs
in the cytosol, especially around the prospore membrane, whereas vacuoles are not substantially involved in the degradation of glycogen
during sporulation. This implies that glycophagy delivers glycogen to the vacuole, where it is protected from degradation in the cytosol,
as Wang et al. previously proposed.?* Indeed, the amount of glycogen was decreased in atg45A cells compared with WT cells during spor-
ulation. The accumulated glycogen preserved in the vacuole may subsequently be used as an energy source at a later phase, or during the
metabolically demanding process of spore germination.

Limitations of the study
Our study indicates that, under nitrogen starvation, glycogen is a non-preferred cargo for autophagy and that Atg45 enhances the affinity of
glycogen for isolation membranes, facilitating glycophagy. However, we cannot rule out the possibility that the physicochemical properties of
glycogen, such as low fluidity or physical size, as well as changes between nitrogen starvation and sporulation conditions, affect glycophagic
activity differently under each condition. The development of tools that specifically describe the state of glycogen will contribute to uncover-
ing more insights into the mechanisms of glycophagy.

While we found that the Gsy2-GFP-cleavage assay is a suitable assay for glycophagy, the assay is potentially unreliable if a portion of Gsy2-
GFP does not bind glycogen. Therefore, it is necessary to confirm the binding of Gsy2 with glycogen under the conditions used and to validate
results using other methods, such as electron microscopy.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Monoclonal ANTI-FLAG® M5 antibody Sigma-Aldrich Cat# F-4042; RRID: AB_439686

PGK1 Monoclonal Antibody (22C5D8)
Anti B-Actin, Monoclonal Antibody
Anti-GFP

Anti-mCherry antibody

Anti-mouse IgG, HRP-linked antibody

Thermo Fisher Scientific

Fujifilm Wako Pure Chemical Corporation
Roche

Abcam

Jackson Immuno Research

Cat# 459250; RRID: AB_2532235
Cat# 011-24554

Cat# 11814460001; RRID: AB_390913
Cat# ab125096; RRID: AB_11133266
Cat# 315-035-003; RRID: AB_2340061

Chemicals, peptides, and recombinant proteins

PrimeScript™ RT reagent Kit with gDNA Eraser
PrimeSTAR Mutagenesis Basal Kit

Quetol-651

Ponceau S

cOmplete protease inhibitor cocktail
PhosSTOP phosphatase inhibitor cocktail

TB Green Premix Ex Taq Il (Tli RNase H Plus)
amyloglucosidase from Aspergillus niger
Glycogen from Oyster

Femtoglow HRP Substrat

TaKaRa
TaKaRa
Nisshin EM Co.
nacalai tesque
Roche

Roche

TaKaRa
Sigma-Aldrich
Sigma-Aldrich

Michigan Diagnostics,

Cat# RR047

Cat# RO46A

Cat# 371

Cat# 283-22-25G
Cat# 11836170001
Cat# 4906845001
Cat# RR820

Cat# 10115-1G-F
Cat# G8751-5G
Cat# 21008

Critical commercial assays

Glucose (GO) Assay Kit Sigma-Aldrich Cat# GAGO20-1KT
Experimental models: Organisms/strains

S. cerevisiae strains, see Table S1 This study N/A
Oligonucleotides

Primers, see Table S2 This study N/A

Recombinant DNA

Plasmids, see Table S3 This study N/A

Software and algorithms

imageJ/Fiji National Institutes of Health https://imagej.net/Fiji
CellSens Olympus https://www.olympus-lifescience.com/
en/software/cellsens/
Vision-Capt Vilber-Lourmat N/A
JMP 16 JMP Statistical Discovery, https://www.jmp.com/en_us/home.html
North Carolina, United States
Other

GFP-Trap_M beads

PrimeScript™ RT reagent Kit with gDNA Eraser
PrimeSTAR Mutagenesis Basal Kit

0.5 mm zirconia beads

0.45 pm PVDF membranes

ChromoTek
TaKaRa
TaKaRa
Yasui Kikai
Millipore

Cat# gtma-20
Cat# RR047
Cat# RO46A
Cat# YZB05
Cat# IPVH00010
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RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources should be directed to the lead contact, Yoshinori Ohsumi (ochsumi.y.aa@m.titech.ac.jp).

Materials availability

This study did not generate new unique reagents. Plasmids and cell lines generated in this paper are available from the lead contact upon
request.

Data and code availability
e All data reported in this paper will be shared by the lead contact upon request.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Yeast strains and media

Strains used in this study are listed in Table S1. Gene disruption and tagging were performed using a standard PCR-based method with spe-
cific primers, as listed in Table $2.%%° Cells were grown in rich medium (YPD medium: 1% yeast extract, 2% peptone, and 2% glucose), syn-
thetic defined medium (SD medium: 0.17% Difco yeast nitrogen base without amino acids and ammonium sulfate, 0.5% ammonium sulfate,
and 2% glucose) or SDCA medium which is SD medium containing 0.5% BactoTM casamino acid (Difco). To induce autophagy, yeast cells
were grown in liquid medium at 30°C to a density of around ODggo = 1.0, were washed twice with sterile water and then shifted to SD-N me-
dium (0.17% Difco yeast nitrogen base without amino acids and ammonium sulfate, and 2% glucose). To induce sporulation, cells were grown
in YPD medium at 30°C for 24 h and shifted to YPA medium (1% CH3COOK, 1% yeast extract, 2% Peptone) at ODggg = 0.2, then cultured for
12 h before being transferred to sporulation medium (1% CH3COOK) at ODggo = 1.0 after washing twice with sterile water.

Plasmids

Plasmids used in this study are listed in Table S3. For the construction of pTA1, the full length of ATG45, including the 500 bp upstream
and 500 bp downstream regions, was cloned into the pRS416 vector. A 3xFLAG-tag sequence was then inserted downstream of ATG45
by inverse PCR. For the construction of pTA2, the Tyr127 and Leu130 residues of Atg45 were replaced with Ala, using the PrimeSTAR Muta-
genesis Basal Kit (Takara) and pTA1 as the template. For the construction of pTA5 and pTA6, the ACTT promoter and ATG45- or
ATG45 AMM_3xFLAG were amplified from pET103 and pTAT or pTA2, respectively, with the resulting DNA fragments then assembled
by the SLICE method.®® For the construction of pTA7, the Leul173, Leu176, lle179, Val183, Tyr186, and Trp187 residues of Atg45 were re-
placed with Ala, using pTA5 as the template. For the construction of pTA8, the Tyr127 and Leu130 residues of Atg45 were replaced with
Ala, using pTA7 as the template. For the construction of pTA3 and pTA4, the full length of ATG45, including the 500 bp upstream region,
and ATG45%- or ATGA5AMMEA_3XFIAG were amplified from pTA1 and pTA7 or pTAS8, respectively, and assembled by the SLICE
method. For the construction of pTA9, GFP was amplified from pFA6a-GFP-natNT2 and a DNA fragment from pRS416-ACT 1pr-ATG45-
3xFLAG (pTAS) without the 3xFLAG region was amplified from pTA5. pRS416-ACT 1pr-ATG45-GFP was constructed by the SLICE method
using these DNA fragments. pTA9 was amplified by a standard PCR mutagenesis technique using plasmid pRS416-ACT 1pr-ATG45-GFP as
the template DNA. For the construction of pTA10, GFP was amplified from pFA6a-mGFPhy-natNT2, and the DNA fragment containing
PRS416-ACT1pr-ATG45N-3xFLAG (pTA7) without the 3xFLAG sequence was amplified from pTA7. pRS416-ACT 1pr-ATG45V-GFP was
constructed by the SLICE method using these DNA fragments. For the construction of pTA11, mScarlet was amplified from pFAéa-mScar-
let-hphNT1 and a DNA fragment from pRS416-ATG45pr-ATG45-3xFLAG without the 3xFLAG region was amplified from pTA1. pRS416-
ATG45pr-ATG45-mScarlet was constructed by the SLICE method using these DNA fragments. For the construction of pTA12, mScarlet
was amplified from pFA6a-mScarlet-hphNT1 and a DNA fragment from pRS416-ATG45pr-ATG45MM™_3xFLAG (pTA2) without the 3xFLAG
region was amplified from pTA2. pRS416-ATG45or-ATG45"M™-mScarlet was constructed by the SLICE method using these DNA frag-
ments. For the construction of pTA13, mScarlet was amplified from pFA6a-mScarlet-hphNT1 and a DNA fragment from pRS416-
ATG450r-ATG45M-3xFLAG (pTA3) without the 3xFLAG region was amplified from pTA3. pRS416-ATG45pr-ATG45%"-mScarlet was con-
structed by the SLICE method using these DNA fragments.

METHOD DETAILS

Protein extraction

1 ODgoo unit of cells was treated with 10% trichloroacetic acid (TCA) for at least 30 min on ice. Samples were centrifuged at 20,000 g at 4°C for
15 min. The supernatant was removed, and the pellet was washed with ice-cold acetone and resuspended in HU sample buffer (0.5 M
NaH,;PO,4-NaHPO, pH 6.8, 50 mM EDTA, 8 M urea, 10% SDS, 10% glycerol, 25 mM dithiothreitol [DTT], 0.2 mg/mL bromophenol blue). Sam-
ples were homogenized using 0.5 mm zirconia beads (Yasui Kikai, YZB05) and a FastPrep-24 (MP Biomedicals, 6004-500) with a setting of 60's
at 6.0 m/s, before incubation at 65°C for 15 min.

iScience 27, 109810, June 21, 2024 17



mailto:ohsumi.y.aa@m.titech.ac.jp

¢? CellPress iScience
OPEN ACCESS

Western blotting

10% polyacrylamide gels (375 mM Tris-HCI pH 8.8, 10% acrylamide/bis mixed solution [nacalai tesque], 0.1% SDS, 0.16% APS, and 0.09%
TEMED) were overlayed with a stacking gel (125 mM Tris-HCI pH 6.8, 5% acrylamide/bis mixed solution, 0.1% SDS, 0.16% APS, and 0.09%
TEMED). Samples (except for those used for the detection of Pgk1-GFP) were loaded into wells directly following the preparation described
above; Pgk1-GFP samples were diluted 1:25 before loading into wells. In Figure 4A, the protein concentrations were measured and samples
loaded at equivalent concentrations. Samples were run at 40 mA (per gel) for 70 min using a myPower Il 300 power supply (ATTO, AE-8135).
Separated proteins were then transferred onto 0.45 um PVDF membranes (Millipore, IPVYH00010) using a Trans-Blot Turbo transfer system
(Bio-Rad). Membranes were stained with 1% Ponceau S (nacalai tesque, 283-22-25G) dissolved in 5% CH3COOH and digitized using a scanner
(EPSON, GT-X970). Membranes were washed with TBS-T three times and blocked in 1% skim milk in TBS-T for 30 min. Membranes were then
incubated with the relevant primary antibody at 4°C overnight, or at room temperature for 1 h, were washed three times with TBS-T before
incubation with a relevant secondary antibody at room temperature for 30 min. After washing with TBS-T three times, Femtoglow HRP Sub-
strate (Michigan Diagnostics, 21008) was used to initiate chemiluminescence and blots were visualized using a FUSION-FX7 (Vilber-Lourmat)
imaging system.

GFP-cleavage assay

Cells expressing proteins tagged with GFP were incubated in SD-N medium or sporulation medium. The amounts of GFP-tagged proteins
and free GFP were assessed by western blotting using anti-GFP antibodies. The density of blots was quantified by using Vision-Capt (Vilber-
Lourmat), and the ratio of free GFP to the sum of full-length fusion protein and GFP were calculated.

Antibodies

Anti-FLAG (Sigma-Aldrich, F-4042, 1:1000), anti-Pgk1 (Thermo Fisher Scientific, 459250, 1:2000), anti-B-actin (Fujifilm Wako Pure Chemical Cor-
poration, 011-24554, 1:500), anti-GFP (Roche, 11814460001, 1:1000), and anti-mCherry (Abcam, ab125096, 1:1000) antibodies were used as pri-
mary antibodies. Anti-mouse IgG, HRP-linked antibody (Jackson Immuno Research, 315-035-003, 1:5000) was used as the secondary antibody.

Electron microscopy

Electron microscopy was performed by Tokai-EMT Inc. Cells were sandwiched between copper disks and quickly frozen in liquid propane at
—175°C. The frozen samples were substituted with 2% glutaraldehyde, and 1% tannic acid in ethanol at —80°C for 2 days and then kept at
—20°C for 2 h, followed by a warm-up to 4°C for 2 h. These samples were dehydrated through ethanol three times for 30 min each, and
then dehydrated with ethanol at room temperature overnight. The samples were infiltrated with propylene oxide (PO) twice for 30 min
each and were put into a 50:50 mixture of PO and resin (Quetol-651; Nisshin EM Co.) for 3 h. Samples were then transferred to 100% resin
and incubated overnight. These samples were polymerized at 60°C for 48 h. After polymerization, the blocks were ultra-thin sectioned at
80 nm with a diamond knife using an ultramicrotome (ULTRACUT, UCT, Leica). These sections were placed on nickel grids, and incubated
with 1% periodic acid for 20 min, followed by washing with distilled water. These grids were incubated with 0.5% thiocarbohydrazide in
20% acetic acid for 60 min, and were then washed with 10% acetic acid and distilled water. Finally, grids were incubated in 1% silver proteinate
for 60 min and then washed with distilled water. The grids were observed by a transmission electron microscope (JEM-1400Plus; JEOL Ltd.) at
an acceleration voltage of 100 kV. Digital images were taken with a CCD camera (EM-14830RUBY2; JEOL Ltd.).

Fluorescence microscopy
Cells were cultured in SD, SD-N, or sporulation medium for the indicated times. Fluorescence microscopy was carried out using a confocal
microscope (IXplore SpinSR10) equipped with an sCMOS camera (ORCA-Flash4.0, Hamamatsu), a 100x objective lens (UPLAPO 100xOHR,
NA/1.50; Olympus) and appropriate lasers and filters. Images were acquired and processed using CellSens (Olympus) software and Fiji dis-
tribution of ImageJ.*’

In Figures S2B-S2E, fluorescence intensities were obtained using the Plot Profile function in Fiji. The average of the value of 2 pixels was
calculated, and the minimum and maximum values from individual fluorescent channels were normalized to 0 and 100, respectively.

Co-immunoprecipitation

Cells were cultured in SD-N medium at 30°C for 1 h and 50 OD¢gg units of cells were harvested. The cells were disrupted in lysis buffer (10 mM
Tris-HCl pH 7.5, 30 mM NaCl, 1 mM EDTA, 2% glycerol, 50 mM NaF, 1 mM DTT, 2 mM phenylmethylsulfonyl fluoride [PMSF], 2x cOmplete
protease inhibitor cocktail [Roche], and 0.1 % PhosSTOP phosphatase inhibitor cocktail [Roche]), using a Multi-beads Shocker (Yasui Kikai) and
0.5-mm zirconia beads. The lysates were solubilized by rotation at 4°C for 15 min with 0.5% Triton X-100, and were then centrifuged twice at
500 g for 5 min each. The supernatants were incubated with GFP-Trap_M beads (ChromoTek) at 4°C for 2 h. The beads were washed with lysis
buffer containing 0.3% Triton X-100 three times, and then incubated in SDS sample buffer at 95°C for 5 min to elute bound proteins.

Glycogen pellet assay

WT or glgTAglg2A cells expressing each GFP-tagged protein were grown in SD medium at 30°C to a density of around ODgoo = 1.0, and 50
ODyggo units of cells were harvested for sample preparation. In Figure 1C, cells were shifted to SD-N medium and incubated for é h before
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sample preparation. Samples were disrupted in lysis buffer, as described for co-immunoprecipitation, using a Multi-beads Shocker and 0.5-
mm zirconia beads. In Figure 5A, the lysates were centrifuged twice at 20,000 g for 5 min at 4°C. The supernatants were mixed with the same
volume of the lysis buffer or the lysis buffer containing 20 mg/mL glycogen by rotation at 4°C for 1 h. In Figure 1C, the lysates were centrifuged
twice at 2,000 g for 5 min at4°C. In both figures, a portion of lysates was collected as total lysate, and the remaining samples were centrifuged
at 100,000 g and 4°C for 1 h. the supernatants were collected, and the pellets were resuspended in an equal volume of lysis buffer to the
supernatants. Each sample was mixed with the same volume of 2x SDS sample buffer and incubated at 95°C for 5 min.

RNA extraction

Total cellular RNA was extracted by a hot phenol method, as described previously.®” 10 ODggg units of cells were harvested and frozen. 400 pL
of AE buffer (50 mM CH3COONa and 10 mM EDTA pH 5.0) with 1% SDS were added to cell pellets on ice, and 0.5-mm zirconia beads and
500 plL of AE buffer-saturated hot phenol, pre-warmed at 65°C, were added. The samples were homogenized using a FastPrep-24 for 30 sec at
5.5 m/s in four cycles. The homogenized samples were incubated on ice for 1 min and centrifuged. The supernatants were mixed with ANE
buffer (10 MM sodium acetate, 100 mM NaCl, and 2 mM EDTA)-saturated phenol: chloroform and vortexed for 1 min and then centrifuged for
5 min. The superatants were mixed with chloroform: isoamyl alcohol and vortexed for 1 min. Samples were centrifuged for 5 min, and the
supernatants were mixed with 2.5 times the volume of ethanol with 300 mM CH3COONa (pH 5.3), and then stored overnight at —20°C. The
samples were centrifuged at 4°C and supernatants were removed. 500 pL of 70% ethanol was added to pellets and samples were centrifuged
at 4°C. After removing the supernatant, pellets were resuspended in RNase-free water.

qPCR

Complementary DNAs (cDNAs) were synthesized from 1 mg of RNA using the PrimeScript RT reagent kit with gDNA eraser (TAKARA, RR047).
A random hexamer was used for cDNA synthesis. gPCR was performed using TB Green Premix Ex Taq Il (Tli RNase H Plus) (TAKARA, RR820)
with the target mRNA-specific primers listed in Table S2.

Serial dilutions of cDNA were used for the gPCR standard. Melting-curve analyses confirmed the amplification of a single product for each
mRNA. The relative amount of ATG45 mRNA and TAF10 mRNA®® or ACT1 mRNA (internal control) was calculated from CT value, using the
gPCR standard. The expression level of ATG45 was normalized by calculating the relative amount of ATG45 mRNA to that of TAF10in Fig-
ure 7D. In Figure S3A, transcripts of ACT1 and TAF10 mRNA were markedly reduced after nitrogen starvation induction compared to 0 hours.
Therefore, the relative amount of ATG45 and these internal controls was shown together rather than the normalized expression level of
ATG45 mRNA .

Quantification of intracellular glycogen

The amount of glycogen was measured by a method previously reported.”” 5 ODggg units of cells were harvested. The cells were lysed by
incubation in 125 pL of 0.25 M NayCO3 at 95°C for 4 h. 75 pL of 1 M CH3COOH and 300 pL of CH;COONa were added to each sample,
and the samples were vortexed for 10 's. 250 pL of each sample was mixed with 10 uL of 20 mg/mL amyloglucosidase from Aspergillus niger
(Sigma-Aldrich, 10115-1G-F), dissolved in 0.2 M CH3COONa (pH 5.2) and was then incubated at 58°C for 17 h. These samples were centri-
fuged and supernatants were collected. The amount of glucose of the supernatants was measured using a Glucose (GO) Assay Kit
(Sigma-Aldrich, GAGO20-1KT). Note that the removal of intracellular glucose is unnecessary because most intracellular glucose is converted
to a phosphorylated form (e. g. glucose-6-phosphate) that is not detected in this assay.

QUANTIFICATION AND STATISTICAL ANALYSES

Error bars represent SD as indicated in the figure legends. Data were processed in Excel 2016, R, or JMP 16. Statistical analysis of differences
between two groups was performed using Wilcoxon rank sum test or Welch's t-test, and three or more groups were One-way ANOVA with
Dunnett’s test, One-way ANOVA with Tukey's multiple comparisons test, or Steel test as indicated in figure legends.
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