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ABSTRACT Autophagy is a cellular degradation system widely conserved among eukary-
otes. During autophagy, cytoplasmic materials fated for degradation are compartmentalized
in double membrane-bound organelles called autophagosomes. After fusing with the vacu-
ole, their inner membrane-bound structures are released into the vacuolar lumen to become
autophagic bodies and eventually degraded by vacuolar hydrolases. Atg15 is a lipase that is
essential for disintegration of autophagic body membranes and has a transmembrane do-
main at the N-terminus and a lipase domain at the C-terminus. However, the roles of the two
domains in vivo are not well understood. In this study, we found that the N-terminal domain
alone can travel to the vacuole via the multivesicular body pathway, and that targeting of the
C-terminal lipase domain to the vacuole is required for degradation of autophagic bodies.
Moreover, we found that the C-terminal domain could disintegrate autophagic bodies when
it was transported to the vacuole via the Pho8 pathway instead of the multivesicular body
pathway. Finally, we identified H435 as one of the residues composing the putative catalytic
triad and W466 as an important residue for degradation of autophagic bodies. This study
may provide a clue to how the C-terminal lipase domain recognizes autophagic bodies to
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degrade them.

INTRODUCTION

Macroautophagy (hereafter called “autophagy”) is a bulk degrada-
tion system widely conserved among eukaryotes from yeast to
mammals (Mizushima et al., 2011). Autophagy enables cells to
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survive severe environmental conditions, such as nutrient limitation,
by recycling cellular building blocks including amino acids and nu-
cleic acids (Kuma et al., 2004; Onodera and Ohsumi, 2005; Huang
et al., 2015).

In Saccharomyces cerevisiae, upon induction of autophagy by
starvation or rapamycin treatment, the scaffold for autophagosome
formation is organized on the vacuolar membrane (Kawamata et al.,
2008; Fujioka et al., 2020). Subsequently, downstream Atg proteins,
including Atg8, are recruited to the scaffold, where they generate an
isolation membrane. Following expansion of the isolation mem-
brane, a double membrane—bound organelle called an autophago-
some is formed by closure of the open region of the isolation mem-
brane. After the outer membrane of the autophagosome fuses with
the vacuolar membrane, a single membrane-bound structure de-
rived from the inner membrane of an autophagosome, called an
autophagic body, is released into the vacuolar lumen and disinte-
grated. Membranes of autophagic bodies must be disintegrated to
allow vacuolar hydrolases to access their cargoes for degradation.

On the other hand, a specific type of autophagic pathway is
active under growing conditions in the yeast Saccharomyces
cerevisiae. This pathway, the cytoplasm-to-vacuole targeting (Cvt)
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pathway, selectively encloses the vacuolar hydrolase aminopepti-
dase | (Apel). Apel is synthesized in precursor form (prApe1) and
assembles into the Apel complex in the cytoplasm (Shintani et al.,
2002; Yamasaki et al., 2020). The Apel complex is transported to
the vacuole by the Cvt pathway under nutrient-rich conditions, but
by autophagy under starvation conditions (Baba et al., 1997). The
Cvt vesicle, a double-membrane compartment, is responsible for
Ape transport via the Cvt pathway (Baba et al., 1997). The outer
membranes of Cvt vesicles fuse with the vacuolar membrane, and
then Cvt bodies are released into the vacuole. After disintegration
of the limiting membranes of Cvt bodies, the propeptide in prApe1
is cleaved by vacuolar proteinases; consequently, prApel is con-
verted to mature Ape1 (mApe1; Klionsky et al., 1992). The decrease
in the molecular weight of prApe1, detected by immunoblot analy-
sis, can be used as an indicator of degradation of Cvt bodies and
autophagic bodies.

Pep4 and Prb1, two vacuolar proteinases of Saccharomyces
cerevisiae (Ammerer et al., 1986; Woolford et al., 1986; Moehle
et al., 1987), are required for disintegration of Cvt bodies/autopha-
gic bodies (Takeshige et al., 1992). The function of Pep4 in the vacu-
ole is to activate other vacuolar hydrolases, such as Pho8, Prb1, and
Prc1, and degrade cellular components (Ammerer et al., 1986). Al-
though Pep4 and Prb1 are unlikely to have lipase activity, Cvt bod-
ies/autophagic bodies remain intact in pep4A and prb1A cells. A
longstanding question in the field is how Pep4 and Prb1 contribute
to disintegration of the membranes of Cvt bodies/autophagic
bodies.

Atg15/Aut5/Cvt17, a glycosylated integral membrane protein
that is essential for disintegration of Cvt bodies/autophagic bodies,
is the only vacuolar lipase in Saccharomyces cerevisiae (Epple et al.,
2001; Teter et al., 2001). Although the molecular machinery of au-
tophagosome formation is conserved across eukaryotes, ortho-
logues of Atg15 are only found in fungi (Epple et al., 2001; Teter
et al., 2001). Atg15 has a transmembrane domain (TMD) at its N-
terminus and a lipase domain at the C-terminus (Epple et al., 2001).
The S332 residue in the C-terminal domain is thought to be the ac-
tive center for Atg15 lipase activity (Epple et al., 2001; Teter et al.,
2001; Ramya and Rajasekharan, 2016). Localization analysis using
fixed cells suggests that Atg15 is localized to the endoplasmic re-
ticulum (ER) and transported to the vacuole via the multivesicular
body (MVB) pathway (Epple et al., 2001), but its extreme N-terminal
cytoplasmic region (residues 2-12) is not required for the localiza-
tion (Epple et al., 2003). However, it remains unknown whether the
N-terminal TMD plays a role in the Atg15 activity and whether the
C-terminal lipase domain actually functions in the vacuolar lumen. In
this study, we sought to answer these questions by analyzing the
N- and C-terminal domains of Atg15 separately.

RESULTS

Expansion of autophagic membranes in atg15A cells is
normal during autophagy

The primary role of Atg15 is to degrade autophagic bodies by its
lipase activity (Epple et al., 2001; Teter et al., 2001). An electron mi-
croscopic analysis shows that autophagic bodies accumulate in the
vacuoles of atg15A cells (Epple et al., 2001), indicating that au-
tophagosomes are formed. However, we still do not know whether
the size of autophagosomes is normal in atg15A cells, due to lack of
quantitative analysis. Thus, we first examined whether the defect in
degradation of autophagic bodies in atg15A cells directly or indi-
rectly affected the size of autophagosomes by quantitative analysis.
Because conventional assays of autophagic activity, that is, the Ape
maturation assay, alkaline phosphatase assay, and GFP-Atg8
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cleavage assay, require degradation of autophagic bodies (Klionsky
et al., 1992; Noda et al., 1995; Shintani and Klionsky, 2004), previ-
ously there was no suitable method for measuring the activity of
expansion of autophagic membranes (AM) in mutants defective in
degradation of autophagic bodies.

Recently, we developed a system for measuring the activity of
AM expansion by measuring AM length: the quantitative autoph-
agy-related structure analysis system (Qautas; Kawaoka et al., 2017).
Qautas is a high-throughput and comprehensive system for mor-
phological analysis of AMs labeled with Atg8. In Qautas, morpho-
logical parameters of Atg8-labeled structures are extracted from
fluorescence microscopic images, and then the structures are classi-
fied into dot-shaped or elongated structures by machine learning
based on their morphological parameters. By focusing on the elon-
gated structures, the AM expansion activity of each strain, which
correlates with the activity of autophagosome formation, can be
estimated. In this study, we used mNeonGreen-Atg8 in cells overex-
pressing prApe1 to visualize AMs (Suzuki et al., 2013; Hirata et al.,
2017). We used the value “perimeter/2,” one of the parameters in-
dicating the size of a structure, to estimate AM expansion activity
(Kawaoka et al., 2017). Hereafter, we refer to this quantity as “AM
length.”

Atg?2 is essential for autophagosome formation (Shintani et al.,
2001; Wang et al., 2001). In prApe1-overexpressing atg2A cells,
Atg8 remains a dot close to the vacuole during autophagy, indicat-
ing that Atg8 can be targeted to the scaffold, but AM expansion is
abrogated (Suzuki et al., 2013; Hirata et al., 2017).

During autophagy, we visualized AMs as cup-shaped structures
in wild-type cells, but as dots in atg2A cells (Figure 1A). In atg15A
cells, cup-shaped AMs were also detected (Figure 1A). Quantitative
analysis revealed that the AM length of atg2A cells (median 0.64 ym)
was significantly less than that of wild-type cells (median 0.82 pm;
Figure 1B). In contrast, the AM length of atg15A cells (median
0.82 pm) was comparable to that in wild-type cells (Figure 1B).
These results indicated that AM expansion is normal in atg15A cells.
Moreover, we detected no significant differences in AM length be-
tween atg15A cells and wild-type cells cultured under nitrogen star-
vation conditions for 6 h (Supplemental Figure S1). This result sug-
gests that a shortage of degradative products due to a defect in
degradation of autophagic bodies in atg15A cells does not have a
large impact on AM expansion activity.

Atg15 is delivered to the vacuole via the multivesicular
body pathway

Atg15 is a glycosylated transmembrane protein required for disinte-
gration of autophagic bodies (Epple et al., 2001; Teter et al., 2001).
Immunofluorescence microscopy has shown that Atg15 is trans-
ported to the vacuole via the MVB pathway (Epple et al., 2001,
2003). To visualize the dynamics of Atg15 in living cells, we con-
structed a strain that expressed C-terminally 2 x GFP-tagged Atg15
(hereafter Atg15-GFP) instead of endogenous Atg15, and found
that Atg15-GFP labeled the vacuolar lumen efficiently with a weak
ER staining in wild-type cells (Figure 2). To analyze the transport
pathway of Atg15-GFP, we disrupted the VPS4 gene, which is re-
quired for the MVB pathway. Vps4 is an AAA-ATPase required for
the MVB pathway, and in the absence of Vps4, an aberrant MVB
termed the class E compartment accumulates (Babst et al., 1997).
The lipophilic dye FM 4-64 labels vacuolar membranes and class E
compartments in living cells (Vida and Emr, 1995). We stained
Atg15-GFP cells with FM 4-64, which exclusively labeled vacuolar
membranes in wild-type cells (Figure 2). In vps4A cells, Atg15-GFP
accumulated in the class E compartment, which was also labeled
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FIGURE 1: Expansion of autophagic membranes in atg15A cells is
normal during autophagy. Cells carrying the pRS314[mNeonGreen-
Atg8] and pYEX-BX[prApe1] plasmids were grown in SDCA medium
containing CuSO,4 and were treated with rapamycin for 1.5 h before
observation. (A) Fluorescence microscopic images. Arrowhead
indicates autophagic bodies inside the vacuole. Scale bar represents
2 pym. (B) Length of autophagic membranes (AM length) calculated
with Qautas. N.S. indicates not significant. **P < 0.01 (Mann-Whitney
U test with Bonferroni correction). Wild-type (SEY6210), atg2A
(STY757), and atg15A (GYS1298) cells were used as host strains.
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with FM 4-64 (Figure 2). This result strongly supports the idea that
Atg15 is transported to the vacuole via the MVB pathway. Pep4 is an
aspartyl protease that plays a central role in maturation of vacuolar
hydrolases (Ammerer et al., 1986; Woolford et al., 1986; Epple
etal., 2001). In pep4A cells, Atg15-GFP was visualized as small dots
moving around inside the vacuole (Supplemental Video S1). This
result is well consistent with a previous report that Atg15-localizing
vesicles derived from the MVB pathway accumulate in the vacuolar
lumen in pep4A cells (Epple et al., 2001).

We next examined the expression of Atg15-GFP in these strains
by immunoblot analysis. Full-length Atg15-GFP was detected at al-
most the same level in all strains (Figure 3A). In contrast, the amount
of GFP moiety derived from Atg15-GFP differed among the strains
(Figure 3A). In wild-type cells, free GFP was detected during nutrient
growth and its level increased during autophagy (Figure 3A). The
level of GFP in vps4A cells was reduced, but exhibited a pattern
similar to that in wild-type cells (Figure 3A). Little free GFP was de-
tected in pep4A cells (Figure 3A), suggesting that cleavage of
Atg15-GFP occurred inside the vacuole dependent on Pep4. Ypt7 is
a Rab GTPase required for homotypic fusion of vacuoles and het-
erotypic fusion of vesicles with the vacuole (Wada et al., 1992; Wich-
mann et al., 1992). Thus, protein sorting to the vacuole, including
autophagic pathways, is retarded in ypt7A cells (Wichmann et al.,
1992; Kirisako et al., 1999). The fact that free GFP decreased in
ypt7A cells (Figure 3A) also supports the assumption that free GFP
is cleaved off of Atg15-GFP by vacuolar hydrolases.

Next, we examined autophagic activity of Atg15-GFP cells by
monitoring maturation of Apel. We found that prApel was effi-
ciently converted to mApel in wild-type cells during vegetative
growth and autophagy (Figure 3B), indicating that Atg15-GFP was
capable of disintegrating autophagic bodies efficiently. In ypt7A
and pep4A cells, mApeT was barely detectable, as previously re-
ported (Klionsky et al., 1992; Kirisako et al., 1999; Figure 3B). Ape1
maturation in vps4A cells was normal during vegetative growth but
partially defective during autophagy (Figure 3B), probably because
a small amount of Atg15-GFP was still transported to the vacuolar
lumen even in the absence of Vps4 (Figure 3A). These results sug-
gest that Atg15 functions in degradation of autophagic bodies in-
side the vacuole after it is transported into the organelle, not out-
side the vacuole during transport.

The N-terminal transmembrane domain of Atg15 is a signal
sequence for the multivascular body pathway

A previous analysis showed that deletion of most of the N-terminal
cytosolic domain of Atg15 affects neither Atg15 transport to the
vacuole nor Atg15 activity (Epple et al., 2003). This result suggests
that the N-terminal cytosolic domain plays a minor role, if any, in the
activity of Atg15. Thus, we decided to examine the role of the N-
terminal domain, including the transmembrane domain of Atg15
(hereafter Atg15TMD), in the activity of Atg15. For this purpose, we
fused GFP to the Atg15TMD, 2-36 amino acid residues of Atg15,
and examined its localization (Figure 4A). GFP-Atg15TMD was
transported to the vacuole in wild-type and atg15A cells, but its
transport was blocked in vps4A and vps4Aatg15A cells (Figure 4B).
Quantification of the GFP-labeled vacuolar lumen in these images
revealed that the transport of GFP-Atg15TMD to the vacuolar lu-
men was significantly impaired in the presence of Atg15 (Figure 4C),
suggesting that endogenous Atg15 competes with GFP-Atg15TMD
for transport to the vacuole. FM 4-64 staining of these cells showed
that GFP-Atg15TMD accumulated in the class E compartment in
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FIGURE 2: Atg15 is delivered to the vacuole via the multivesicular body pathway. Cells expressing C-terminally
GFP-fused Atg15 were grown in SDCA medium, labeled with FM 4-64, and subsequently, treated with rapamycin for
2 h. Wild-type (GYS1162), vps4A (GYS1166), and pep4A (GYS1168) cells were used. Scale bar represents 5 pm.

vps4A cells (Figure 4B). These results showed clearly that Atg15TMD
is transported to the vacuole via the MVB pathway as Atg15 is. We
conclude that the N-terminal region (amino acids 2-36) of Atg15 is
sufficient for Atg15 delivery to the vacuole via the MVB pathway.
Next, we investigated whether the Atg15TMD is important for
the activity of Atg15. In addition to GFP-Atg15TMD, mentioned
above, we constructed N-terminally GFP-fused full-length Atg15
(GFP-Atg15FL) and N-terminally GFP-fused Atg15 lacking the TMD
(GFP-Atg15ATMD; Figure 5A). GFP-Atg15FL and GFP-Atg15TMD
were localized to the ER and vacuolar lumen under growing condi-
tions (Figure 5B), and their vacuolar lumen staining became more
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remarkable during autophagy (Figure 5B). By contrast, GFP-
Atg15ATMD exhibited a cytoplasmic pattern with slight staining of
the nucleus (Figure 5B), suggesting that vacuolar localization of
Atg15 was defective in the absence of the Atg15TMD. Emergence
of free GFP by immunoblot analysis is one of the indicators to moni-
tor transport of GFP-fused proteins to the vacuolar lumen. Free GFP
was detected in GFP-Atg15FL and GFP-Atg15TMD cells but not in
GFP-Atg15ATMD cells (Figure 5C), supporting that Atg15TMD is
important for its transport to the vacuolar lumen. Maturation of
Apel was not observed in GFP-Atg15TMD cells, and was severely
defective in GFP-Atg15ATMD cells (Figure 5, C and D). However, a

Molecular Biology of the Cell



a-GFP  Wild-type ypt7A
Rapamycin(h) 0 2 0 2 0 2 0 2

vps4A  pepdA

Atg15-GFP — . — - 190kD
gio-GrE - - 100 kD
- 75 kD
- 50 kD
-37 kD
Free GFP { s 0 -
- 25 kD
g
a 80
G
s 60
(<}
[~
T 40
)
© 20
o
oo
a-Apel  Wild-type ypt7A vps4A pep4A
Rapamycin (h) 0 2 0 2 0 2 0 2
prApe1 -
mApe1 - - 50 kD
9
- 80
[}
Qo
<60
s
2 40
220
£
0

FIGURE 3: Analysis of Atg15-GFP strains by immunoblot. Cells were
grown in SDCA medium and treated with rapamycin. After incubation
for the indicated periods, cells were collected and cell lysates were
prepared by the alkaline lysis method. Cell lysates equivalent to 0.15
ODyggp units were subjected to immunoblot analysis with (A) anti-GFP
antibodies or (B) an anti-Ape1 antiserum. The intensity of the bands
was quantified for each panel. Asterisk indicates nonspecific bands.
Wild-type (GYS1162), ypt7A(GYS1164), vps4A(GYS1166), and
pep4A(GYS1168) cells were used in these experiments. N.S. indicates
not significant. *P < 0.05, **P < 0.01 (N = 4, two-tailed Student’s t
test).

significant amount of mApe1 was still detected in GFP-Atg15ATMD
cells (Figure 5, C and D). This result implies a second MVB targeting
site on Atg15 lacking TMD or alternative pathways of Atg15ATMD
to the vacuolar lumen. These results suggest that the C-terminal
domain of Atg15 is critical for its activity, and that transport of the
C-terminal domain to the vacuolar lumen is important.
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Sorting of Atg15 via the AP-3 pathway maintains its
hydrolytic activity

The C-terminal lipase domain is important for the function of
Atg15 (Epple et al., 2001; Teter et al., 2001), but it is not known
whether this domain is sufficient for Atg15 activity. To investigate
this issue, we elected to alter the transport pathway of Atg15 by
replacing its original N-terminal domain with the N-terminal do-
main of Pho8, which is transported to the vacuole via the Pho8
pathway (Cowles et al., 1997b). Because the 52 N-terminal resi-
dues of Pho8 serve as the sorting signal sequence of the Pho8
pathway (Klionsky and Emr, 1990; Cowles et al., 1997b), we fused
GFP to the N-terminus of Pho8TMD (GFP-Pho8TMD). Further-
more, we fused the C-terminal region of Atg15 (amino acid
residues 37-520, including the lipase domain) to generate
GFP-Pho8TMD-Atg15C (Figure 6A).

As expected, GFP-Pho8TMD-Atg15C expressed in atg15A cells
was transported to the vacuolar membrane (Supplemental Figure
S2A). Next, we investigated whether GFP-Pho8TMD-Atg15C by-
passed the MVB pathway using fabTA, vps4A, vps27A, and vps28A,
which were previously reported to be defective in the MVB pathway.
In vps4A, vps27A, and vps28A cells, Atg15 accumulates to the class
E compartment (Figure 2; Babst et al., 1997; Epple et al., 2001). We
examined the localization of GFP-Pho8TMD-Atg15C in these cells.
Fluorescence of GFP was detected normally at the vacuolar
membrane, whereas the class E compartments were observed
by FM 4-64 staining (Supplemental Figure S2A), suggesting that
GFP-Pho8TMD-Atg15C bypasses the MVB pathway.

Transport of Pho8 requires the AP-3 adaptor complex, and in the
absence of its subunits Apl5, Aplé, Apm3, and Aps3, Pho8 transport
to the vacuole is delayed but still occurs (Cowles et al., 1997a).
Moreover, the vacuolar localization of Pho8 is severely abrogated by
simultaneous deletion of VPS4 in addition to the AP-3 subunits
(Cowles et al., 1997a). Thus, we disrupted the VPS4 gene in AP-3
adaptor complex mutants to generate apl5Avps4A, apléAvpsdA,
apm3Avps4A, and aps3Avps4A cells and then examined the local-
ization of GFP-Pho8TMD-Atg15C. In these mutants, GFP-Pho8TMD-
Atg15C was localized to fragmented vacuolar membranes (Supple-
mental Figure S2B). In homotypic vacuole fusion mutants, vesicles
targeted to the vacuole do not fuse with the vacuole, but instead
disperse throughout the cytoplasm (Conibear and Stevens, 1998). In
ypt7A, vaméA, vam7A, and vps41A cells, GFP-Pho8TMD-Atg15C
was detected as dots (Supplemental Figure S2C).

The C-terminal lipase domain is sufficient for enzymatic
activity of Atg15

After GFP-Pho8TMD-Atg15C is transported to the vacuolar mem-
brane, its Atg15C region should face the vacuolar lumen. Hence, we
investigated whether GFP-Pho8TMD-Atg15C is functional. To this
end, we first examined the activity of the Cvt pathway by monitoring
maturation of Apel. In atg15A cells expressing GFP-Pho8TMD,
Ape transport was completely blocked, indicating that disintegra-
tion of Cvt bodies is blocked (Figure 6, B and C). On the other hand,
atg15A cells expressing GFP-Pho8TMD-Atg15C exhibited normal
Apel maturation (Figure 6, B and C). This result shows that GFP-
Pho8TMD-Atg15C can function instead of Atg15 in the Cvt
pathway.

When GFP-Pho8TMD-Atg15C was expressed in vps4Aatg15A
cells, maturation of Ape’ was detected (Supplemental Figure S3A,
lane 6 and S3B). This observation indicates that GFP-Pho8TMD-
Atg15C can degrade Cvt bodies in cells defective in the MVB
pathway. In apl5Avps4Aatg15A cells, mApel was detected without
expression of Atg15 (Supplemental Figure S3A, lane 7 and S3B).
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FIGURE 4: The N-terminal transmembrane domain of Atg15 is a signal sequence for the MVB
pathway. (A) Schematic diagram of the GFP-Atg15TMD construct. (B) Cells carrying the
pRS316[GFP-Atg15TMD] plasmid were grown in SDCA medium, labeled with FM 4-64, and
observed by fluorescence microscopy. Scale bar represents 5 pm. (C) Quantification of cells with
a GFP-labeled vacuolar lumen using the images described in (B). N.S. indicates not significant.
**P < 0.01 (two-tailed Student’s t test). Wild-type (SEY6210), atg15A (GYS1298), vps4A (MBY3),
and atg15Avps4A (GYS1336) cells were used.
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This suggests that, for unknown reasons,
one or more proteases are accessible to
prApe in these cells. We examined Ape1
transport  in  apl5Avpsd4AatgTA  and
apl5Avps4Aatg2A cells but mApeT was not
detected in these cells (Supplemental
Figure S3C). This result suggests that the
completion of autophagosome formation is
required for Ape1 maturation in ap/5Avps4A
background cells. When GFP-Pho8TMD-
Atg15Cwas expressed in apl5Avps4Aatg 15A
cells, the ratio of mApe1 to total Apel in-
creased (Supplemental Figure S3B), indicat-
ing that GFP-Pho8TMD-Atg15C is func-
tional in these cells.

Next, we examined disintegration of au-
tophagic bodies under a fluorescence mi-
croscope. Monomeric red fluorescent pro-
tein (MRFP) fused with the N-terminus of
prApel (mRFP-prApel) is selectively en-
closed in autophagosomes and then trans-
ported to the vacuole (Suzuki et al., 2011).
Therefore, this chimeric protein can be used
as a marker for autophagic bodies. We as-
sumed that mRFP-prApe1 would be detect-
able as dots inside the vacuole when au-
tophagic bodies were intact, but diffused
throughout the vacuolar lumen when au-
tophagic bodies were disintegrated. As ex-
pected, mRFP-prApel was observed as
dots inside the vacuole in atgl15A cells
expressing GFP-Pho8TMD (Figure 6D). By
contrast, atgT5A cells expressing GFP-
Pho8TMD-Atg15C exhibited diffuse local-
ization inside the vacuole (Figure 6D). It is
worth mentioning that all these GFP-
Pho8TMD proteins were correctly targeted
to the vacuolar membrane (Figure 6D).

Subsequently, we estimated the activity
of non-selective autophagy using the alka-
line phosphatase assay. The activity of non-
selective autophagy of GFP-Pho8TMD-
Atg15C-expressing atg15A cells  was
comparable to that of wild-type cells (Figure
6E). By contrast, the activity of nonselective
autophagy was significantly lower in
apl5AvpsdAatg15A cells expressing GFP-
Pho8TMD-Atg15C than in atg15A cells ex-
pressing GFP-Pho8TMD-Atg15C (Supple-
mental Figure S3D).

These observations show that the C-ter-
minal region of Atg15 transported to the
vacuole via the Pho8 pathway is normally
capable of disintegration of Cvt bodies/au-
tophagic bodies. Moreover, it is unlikely that
the transport of Atg15 via the MVB pathway
is essential. Rather, the C-terminal region
transported to the vacuole is critical for its
activity. It is very plausible that the main role
of the N-terminal Atg15TMD is to transport
its C-terminal domain to the vacuole.

Molecular Biology of the Cell
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Residues S332, D387, and H435 are the putative

catalytic triad

Previous studies have shown that S332 is essential for the activity of
Atg15 (Epple et al., 2001; Teter et al., 2001). Moreover, Teter et al.
suggest that several highly conserved residues constitute the puta-
tive catalytic triad: D387 or D421 and H435 (Supplemental Figure
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S4). We generated the D387A, D421A, and H435A mutants and
examined their autophagic activities (Figure 7A). Degradation of Cvt
bodies/autophagic bodies was normal in cells expressing D421A,
but completely blocked in cells expressing D387A and H435A
(Figure 7, B-E). From these results, we conclude that S332, D387,
and H435 are plausible residues that constitute the catalytic triad of
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A | \\ Pho8 / Atg15C
GFP \TMD, (Atg1537-520)

e IR
| 11

[Atg15C]

GFP-Pho8TMD

ATG15 atg15A
N.S.
B i c |
= = -1 *%k
= == .. 1
e €2 —
EV EV & &%
aGFP w = |-GFP-PhosTMD
100 kD- [Atg15C] 75
75 kD- S
=
[}]
&
< %
50 KD- 8
L
=
[]
37 kD- QI (. GFP-PhosTMD <
g 2 N.S.
1
AP —— [ pripet
— - mApe1
S0 kD 0 Pho8TMD
O
EV EV  PhoS8TMD [ae e
ATG15 atg15A
ATG15 atg15A
D 9 E NS
Pho8TMD f .
*%
EV EV Pho8TMD [Atg15C] —x
e *k
_100
D .
<
> 75
3 N.S.
°
@ 50 4
o
-
< 35
+N -N +N N +N N +N N
(=] Qe
EV  EV g g3
5 bs
g 23
o o —
ATG15 atg15A

L N.S. 1

FIGURE 6: The C-terminal lipase domain is sufficient for enzymatic activity of Atg15. (A) Schematic
diagram of the GFP-Pho8TMD constructs. (B) Wild-type and atg15A cells carrying pRS316 (EV),
pRS316[GFP-Pho8TMD], and pRS316[GFP-Pho8TMD-Atg15C] plasmids were grown in SDCA
medium to mid-log phase and collected. Cell lysates equivalent to 0.15 ODggg units prepared by the
alkaline lysis method were subjected to immunoblot analysis with anti-GFP antibodies and anti-Ape1
antiserum. Wild-type (SEY6210) and atg15A (GYS1298) cells were used. (C) Maturation of Apel was
quantified with immunoblot images shown in B. N.S. indicates not significant. **P < 0.01 (N=3,
two-tailed Student's t test). (D) mRFP-prApe1 expressing wild-type and mRFP-prApe1 expressing
atg15A cells carrying indicated plasmids were grown in SDCA medium and treated with rapamycin
for 2 h before fluorescence microscopy. Percentages of cells possessing autophagic bodies labeled
with mRFP-Ape1 are shown. + represent standard deviations. N.S. indicates not significant. **P <
0.01 (N = 3, two-tailed Student's t test). Wild-type (GYS638) and atg15A (GYS1300) cells were used.
Scale bar represents 2 pm. (E) Activity of nonselective autophagy was quantified by the ALP assay.
Cells carrying the indicated plasmids were grown in SDCA medium (+N), transferred to nitrogen
starvation medium, and incubated for 4 h (-N). Wild-type (KVY55) and atg15A (GYS1349) cells were
used as host strains. N.S. indicates not significant. **P < 0.01 (N = 3, two-tailed Student's t test).

652 | E. Hirata etal.

Atg15. Structural analysis will be necessary
to prove whether these residues truly con-
sist of the catalytic triad.

The C-terminal 467-520 residues are
dispensable for Atg15 activity
The results described above suggest that
the C-terminal region of Atg15 (residues
37-520) is essential for its activity. As shown
above, the GFP moiety is cleaved off from
Atg15-GFP in a manner dependent on Pep4
(Figure 3A). Pep4 is a vacuolar endopepti-
dase that activates Prb1 and Pho8 by cleav-
ing them (Ammerer et al., 1986). If Atg15 is
activated by Pep4, a proper Atg15 trunca-
tion mutant may be active in pep4A cells.
Alignment of Atg15 orthologues in various
fungal species revealed that overall, the re-
gion between W164 and W466 is highly
conserved (Supplemental Figure S4). To
examine the necessity of the extreme
C-terminus, we fused a series of truncated
Atg15C mutants—Atg15AC50 (Atg15%7-479),
Atg15AC54 (Atg15%7-%9¢), and Atg15AC55
(Atg15%7-4%), which lack 50, 54, and 55 resi-
dues at the extreme C-terminus, respec-
tively—with GFP-Pho8TMD, and then com-
pared their activities (Figure 8A).
Immunoblot analysis revealed that these
chimeric proteins were expressed efficiently
(Figure 8B). We examined the degradation
of Cvt bodies by maturation of Ape1. Ape
maturation was normal in Atg15AC50 cells
and slightly defective in Atg15AC54 cells,
whereas maturation of Apel was severely
affected in Atg15AC55 cells (Figure 8, B and
C). Next, we treated the cells with rapamy-
cin to induce autophagy and then moni-
tored disintegration of autophagic bodies
as reflected by diffusion of MRFP-prApe in
the vacuole. All of the GFP-Pho8TMD fusion
proteins were correctly targeted to the vac-
uolar membranes (Figure 8D). Atg15AC50-
expressing atg15A cells possessed uni-
formly mRFP-labeled vacuoles, and a small
population of Atg15AC54 expressing
atg15A cells contained autophagic bodies
labeled with mRFP-prApe1, whereas mRFP-
prApel in most Atg15AC55 cells were visu-
alized as dots inside the vacuole (Figure 8D).
The alkaline phosphatase assay also re-
vealed that degradation of autophagic bod-
ies was slightly defective in Atg15AC54
cells, but severely defective in Atg15AC55
cells (Figure 8E). Based on these observa-
tions, we concluded that the C-terminal
467-520 residues of Atg15 were dispens-
able for disintegration of Cvt bodies/au-
tophagic bodies. We examined whether
these truncation mutants could bypass the
activity of Pep4 with atg15Apep4A cells
expressing them by the Apel maturation

Molecular Biology of the Cell
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assay, showing that no Ape1 maturation was detected in any trunca-
tion mutants (Supplemental Figure S5).

Residue W466 is important for degradation of autophagic
bodies
The observations described above suggest that Atg15 lacking the
55th residue from the extreme C-terminus (W466) is severely defec-
tive in degradation of Cvt bodies/autophagic bodies (Figure 8).
Moreover, W466 is a highly conserved residue at the extreme C-
terminal region among Atg15 orthologs (Supplemental Figure S4).
Hence, to examine the importance of the residue, we generated the
W466A mutant and examined its autophagic activities. Mature
Apel appeared in W466A cells under nutrient-rich conditions, but
maturation was defective during autophagy (Figure 9, A and B). In
addition, degradation of autophagic bodies and nonselective au-
tophagy were severely affected in W466A cells (Figure 9, C and D).
These results indicate that autophagic pathways were affected in
W466A cells, especially under autophagy-inducing conditions.
ATG11 and ATG17 are specifically required for the Cvt pathway
and autophagy, respectively (Kamada et al., 2000; Kim et al., 2001).
Without Atg17, the formation of autophagosomes is inhibited, but
Apel is selectively delivered to the vacuole by Cvt vesicles during
vegetative growth and by small autophagosomes during autophagy
(Cheong et al., 2005; Kabeya et al., 2005). On the other hand, in the
absence of Atg11, the formation of Cvt vesicles is inhibited, but
ApeT is nonselectively delivered to the vacuole by autophagosomes
(Kim et al., 2001). In atg17A cells expressing wild-type Atg15C or
WA466A, mApel was detected during both vegetative growth and
autophagy (Figure 10, A and B), suggesting that the Cvt bodies and
small autophagic bodies are degraded in W466A mutant cells
(Cheong et al., 2005; Kabeya et al., 2005). In atg?1A cells express-
ing Atg15C, maturation of Apel was not detected under nutrient-
rich or autophagy-inducing conditions (Figure 10, A and B). In addi-
tion, we quantified the activity of nonselective autophagy by the
alkaline phosphatase (ALP) assay. Autophagic activity significantly
decreased in W466A-expressing atg11A cells (Figure 10C). These
results suggest that degradation of autophagic bodies is defective
in W466A mutant cells. Taken together, these findings indicate that
WA466 is critical for degradation of autophagic bodies.

Residues 50-466 are the essential region for Atg15 activity
Next, we constructed the N-terminal truncations Atg15AN42
(Atg15%5%), Atg15AN49 (Atg15%0-5%), Atg15ANG3 (Atg15¢-529),
Atg15AN70 (Atg1571-529), and Atg15AN90 (Atg157'-5%0) fused with
GFP-Pho8TMD. Fluorescence microscopy revealed that degradation
of autophagic bodies was normal in Atg15AN42 and Atg15AN49
cells, but not in Atg15AN63, Atg15AN70, or Atg15AN90 cells (Sup-
plemental Figure S6). Moreover, Atg15AN42 and Atg15AN49 were
targeted normally to the vacuolar membrane, whereas Atg15AN63,
Atg15AN70, and Atg15AN90 cells were defective in vacuolar mem-
brane targeting (Supplemental Figure S6). These results show that the
N-terminal residues 37-49 are dispensable for the activity of Atg15.
Above, we showed that Atg15AC54 and Atg15AN49 exhibited
normal localization and autophagic activities, suggesting that resi-

dues 37-49 and 467-520 are dispensable for the activity of Atg15.
To explore this further, we generated the Atg15AN49AC54 mutant
(Figure 11A). GFP-Pho8TMD-Atg15AN49AC54 could be detected
by immunoblot analysis (Figure 11B). In Atg15AC54 cells, mApe1
was detected, but was slightly defective in comparison with wild-
type cells (Figure 11, B and C). Ape1 maturation was comparable
between Atg15AC54 and Atg15AN49ACS54 cells. This result sug-
gests that residues 37-49 and 467-520 are not essential for the ac-
tivity of Atg15. Moreover, disintegration of autophagic bodies ap-
peared normal in Atg15AN49AC54 cells (Figure 11D). Fluorescence
microscopy also showed that GFP-Pho8TMD-Atg15AN49AC54 was
correctly targeted to the vacuolar membrane (Figure 11D). In addi-
tion, the alkaline phosphatase assay showed that nonselective au-
tophagy was active in Atg15AN49AC54 cells, albeit to a lesser ex-
tent than in wild-type cells (Figure 11E). These results show that
Atg15AN49ACS54 can degrade autophagic bodies. Taken together,
these findings indicate that residues 50-466 in Atg15 are essential
for disintegration of Cvt bodies/autophagic bodies inside the vacu-
ole. Finally, we examined whether Atg15AN49AC54 requires activa-
tion by Pep4. mApe1 did not appear in atg15Apep4A cells express-
ing Atg15AN49AC54 (Supplemental Figure S7), showing that this
truncation mutant cannot bypass activation by Pep4.

DISCUSSION

Disintegration of Cvt bodies/autophagic bodies before degradation
of their enclosed cargo in the vacuole is important. However, little is
known about the mechanism. Our findings in this study demon-
strate that the N-terminal and C-terminal regions of Atg15 have dis-
tinct functions for the activity of Atg15; the N-terminal region acts as
a targeting signal for the MVB pathway, and the C-terminal region is
responsible for its enzymatic activity. Furthermore, we showed that
residues 50-466, including the putative catalytic triad, are essential
for Atg15 activity.

The N-terminal region of Atg15 acts as a signal sequence
for the multivascular body pathway

A previous study using fixed cells showed that Atg15 is transported
to the vacuole via the MVB pathway (Epple et al., 2003). We exam-
ined Atg15 transport in living cells by tagging Atg15 with GFP. Our
observation also supports the idea that Atg15 is delivered to the
vacuole via the MVB pathway (Figure 2). Moreover, this targeting
largely relies on its N-terminal domain, including the TMD (residues
2-36), which is necessary and sufficient for transport of Atg15 to the
vacuole (Figures 4 and 5). Even in the absence of the N-terminal
domain, disintegration of Cvt bodies/autophagic bodies could be
accomplished by replacing this N-terminal region with GFP-
Pho8TMD (Figure 6), indicating that the Atg15 N-terminal domain
largely acts as a signal sequence for the MVB pathway. Moreover, it is
unlikely that Atg15 plays a role during transit via the MVB pathway.

Activity of Atg15 in mutants of the multivascular body
pathway

Epple et al. (2003) showed that maturation of Apel and degrada-
tion of autophagic bodies is normal in class E mutants such as

before fluorescence microscopy. Percentages of cells possessing autophagic bodies labeled with mRFP-Ape1 are
shown. + represent standard deviations. N.S. indicates not significant. **P < 0.01 (N = 3, two-tailed Student's t test).
atg15A (GYS1300) cells were used for this experiment. Scale bar represents 2 pm. (E) Activity of nonselective autophagy
was quantified by the ALP assay. atg15A (GYS1349) cells carrying the indicated plasmids were grown in SDCA medium
(+N), transferred to nitrogen starvation medium, and incubated for 4 h (-N). N.S. indicates not significant. *P < 0.05,

**P < 0.01 (N = 3, two-tailed Student'’s t test).
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FIGURE 9: Autophagic pathways were affected in W466A cells, especially under autophagy-
inducing conditions. (A) atg15A cells carrying pRS316[GFP-Pho8TMD-Atg15C], pRS316[GFP-
Pho8TMD], and pRS316[GFP-Pho8TMD(W466A)] plasmids were grown to midlog phase in SDCA
medium and treated with rapamycin for 2 h. atg15A (GYS1298) cell lysates equivalent to 0.15
ODgqp units, prepared by the alkaline lysis method, were subjected to immunoblot analysis with
anti-GFP antibodies and anti-Ape1 antiserum. (B) Maturation of Ape1 was quantified from the
immunoblotting images shown in (A). **P < 0.01 (N = 3, two-tailed Student's t test). (C) mRFP-
prApeT-expressing atg15A (GYS1300) cells carrying the indicated plasmids were grown in SDCA
medium, treated with rapamycin for 2 h, and then subjected to fluorescence microscopy.
Percentages of cells possessing autophagic bodies labeled with mRFP-Ape1 are shown.

+ represent standard deviations. **P < 0.01 (N = 3, two-tailed Student’s t test). Scale bar represents
2 pm. (D) Activity of nonselective autophagy was quantified by the ALP assay. atg15A (GYS1349)
cells carrying the indicated plasmids were grown in SDCA medium (+N), transferred to nitrogen
starvation medium, and incubated for 4 h (-N). **P < 0.01 (N = 4, two-tailed Student’s t test).

vacuolar membranes in these mutants, and
second, that the small amount of Atg15 that
reaches the vacuolar lumen is sufficient for
degradation of autophagic bodies. To de-
termine which possibility is more plausible,
they attempted to decrease the amount of
Atg15 that exited from the ER by fusing
Atg15 to an HDEL sequence, which acts as
an ER retention signal in yeast. The majority
of Atg15-HDEL is found in the ER, and the
only a small amount of Atg15 is detected in
the vacuolar lumen (Epple et al., 2003). In
Atg15-HDEL-expressing cells, the activity of
the Cvt pathway decreased. Moreover, the
maturation of Apel was almost completely
abrogated in cells lacking Vps28. This inhibi-
tion was partially recovered by overexpres-
sion of Atg15-HDEL. These observations
support their idea that the small amount of
Atg15-HDEL that leaves the ER and reaches
the vacuole is sufficient for degradation of
Cvt bodies / autophagic bodies. However,
there was a possibility that Atg15 functions
at the MVB.

We examined the localization of Atg15-
GFP in living vps4A cells and found that
Atg15 was not localized to vacuolar mem-
branes. Instead, a small amount of Atg15-
GFP was delivered to the vacuolar lumen
(Figure 2). Moreover, immunoblot analysis
with anti-GFP antibodies showed that
Atg15-GFP was degraded inside the vacu-
ole in vps4A cells (Figure 3A). These obser-
vations support the possibility that the small
amount of Atg15 delivered to the vacuolar
lumen is sufficient for degradation of au-
tophagic bodies. It is unlikely that Atg15
functions at the MVB, because autophagic
activities were normal in atg15A cells ex-
pressing GFP-Pho8TMD-Atg15C, which by-
passes the MVB pathway (Figure 6). There-
fore, we conclude that Atg15 that reaches
the vacuolar lumen participates in degrada-
tion of Cvt bodies / autophagic bodies in
the vacuolar lumen.

The C-terminal region of Atg15 is
responsible for its enzymatic activity
Atg15 is a short-lived protein, with a half-life
of 45 to 70 min in wild-type cells (Epple
et al., 2001; Teter et al., 2001). Because
Atg15 is transported to the vacuole via the
MVB pathway, it is reasonable that free GFP
is generated dependent on Pep4, a key pro-
teinase in the vacuole (Figure 3A). This ob-
servation also indicates that the C-terminal
region of Atg15 is exposed to the vacuolar
lumen. Thus, the GFP signals localized to
the vacuolar lumen probably reflect the

vps23A and vps28A, although the transport of Atg15 to the vacuolar ~ amounts of free GFP in wild-type and vps4A cells and the amount of
lumen is inhibited in these cells. To explain this phenotype, they  Atg15-GFP in pep4A cells. Free GFP increased upon addition of
mentioned two possibilities: first, that Atg15 is mislocalized to the  rapamycin in wild-type and vps4A cells (Figure 3A). Consistent with
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this, the GFP signals in the vacuolar lumen were markedly elevated
in these cells (Figure 2). In pep4A cells, free GFP does not emerge
(Figure 3A), and GFP signals in the vacuolar lumen were unchanged
by rapamycin treatment (Figure 2). In both cases, the amount of
Atg15-GFP was maintained at constant levels in all cells examined
(Figure 3A). Based on these results, we assume that there is a system
that maintains the level of intact Atg15 by compensating for Atg15
degraded in the vacuole.

Previous studies showed that full-length Atg15 has phospholi-
pase or triacylglycerol lipase activity (van Zutphen et al., 2014; Ra-
mya and Rajasekharan, 2016). However, these studies did not take
the intracellular localization of Atg15 into account. We estimated
the enzymatic activity of Atg15 by monitoring conventional Ape
maturation and newly developed mRFP-prApet diffusion in the
vacuolar lumen (Figures 6-9 and 11). We replaced the N-terminal
domain of Atg15 with Pho8TMD to generate GFP-Pho8TMD-
Atg15C; this chimeric protein can bypass the MVB pathway and is
transported to the vacuole via the Pho8 pathway (Supplemental
Figure S2A). This protein is targeted to the vacuolar membrane by
the Pho8TMD region, and its C-terminal Atg15C domain must be
exposed to the vacuolar lumen. As a result, this chimeric protein can
complement the defect in atg15A cells (Figure é). These results
show that the C-terminal region of Atg15 delivered into the vacuolar
lumen is important for the activity of Atg15.

The mechanisms of Atg15 activation

In this study, we showed that transport of Atg15 through the MVB
pathway is not important for disintegration of autophagic bodies,
whereas the C-terminal domain of Atg15 inside the vacuole is es-
sential. This fact prompted us to hypothesize that Atg15 is inactive
before it reaches the vacuole and is activated once inside. Pep4 is
an aspartyl endopeptidase that cleaves Prb1 and Pho8 to activate
them (Ammerer et al., 1986). Similarly, Atg15 might be activated by
the action of Pep4. If this assumption is true, a proper Atg15 trunca-
tion mutant should be active even in the absence of Pep4. We inves-
tigated whether Atg15 truncation could bypass the activity of Pep4
by expressing truncation mutants in atg15Apep4A cells. However,
even the minimal essential region of Atg15 (residues 50-466), which
we determined in this study, could not disintegrate autophagic bod-
ies in the absence of Pep4 (Supplemental Figure S7).

This result suggested two potential explanations for the cause of
this defect. The first possibility is that the GFP-Pho8TMD moiety and
the Atg15AN49AC54 moiety must be cleaved by Pep4. The GFP-
Pho8TMD moiety derived from GFP-Pho8TMD-Atg15AN49AC54
could be detected by immunoblot analysis (Figure 11B), suggesting
that cleavage of the GFP-Pho8TMD-Atg15AN49AC54 occurred in-
side the vacuole. By contrast, we have never detected the
Atg15AN49AC54 moiety in atg15A cells by immunoblot analysis
(Unpublished observations). A previous study showed that full-
length Atg15 is a short-lived protein with a half-life less than 1 h
(Epple et al., 2001; Teter et al., 2001). This might be one of the rea-
sons that processed Atg15 could not be detected. The second pos-
sibility is that the role of Pep4 is not restricted to the processing of
Atg15, and that Pep4 cooperates with Atg15 in the disintegration of
autophagic bodies. Currently, we cannot exclude this possibility.

atg17Aatg15A (KYS203) cells carrying the indicated plasmids were
grown in SDCA medium (+), transferred to nitrogen starvation
medium, and incubated for 4 h (-). *P < 0.05, **P < 0.01 (N= 3,
two-tailed Student’s t test).
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FIGURE 11: Residues 50-466 are the essential region for Atg15 activity. (A) Schematic diagram of the GFP-Pho8TMD-
Atg15C constructs. (B) atg15A cells carrying pRS316[GFP-Pho8TMD-Atg15C], pRS316[GFP-Pho8TMD], and the
indicated mutant plasmids were grown in SDCA medium to mid-log phase and collected. Cell lysates equivalent to

0.15 ODgqp units prepared by the alkaline lysis method were subjected to immunoblot analysis with anti-GFP antibodies
and anti-Ape1 antiserum. atg15A (GYS1298) cells were used for this analysis. (C) Maturation of Ape1 was quantified
from immunoblot images shown in B. N.S. indicates not significant. *P < 0.05, **P < 0.01 (N = 3, two-tailed
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The substrate specificity of Atg15
Atg15 is responsible for disintegration of intravacuolar vesicles de-
rived from the MVB pathway as well as those from the autophagic
pathway (Epple et al., 2003). One fundamental question remains:
Given that Atg15 must be active inside the vacuole, if it is capable
of nonspecifically degrading biological membranes, why does it not
disintegrate the vacuolar membrane? We can think of two possible
answers to this conundrum. One is that the enzymatic activity of
Atg15 is specific for intravacuolar vesicles rather than the vacuolar
membrane. The substrate of Atg15 might be a specific lipid residing
on the membrane of intravacuolar vesicles, or alternatively, Atg15
might recognize the positive curvature of intravacuolar vesicles. A
second possibility is that the vacuolar membrane is actually de-
graded by Atg15 but is rapidly repaired by unknown mechanisms.
To answer this question, we need to establish an in vitro system to
evaluate the activity of Atg15. Currently, we know that active Atg15 is
present at least inside the vacuole. Accordingly, it should be straight-
forward to purify Atg15 from the vacuole. As a substrate, autophagic
bodies are preferable. Isolation of subvacuolar vesicles, which contain
prApel, has already been achieved (Scott et al., 1997), and this
method should be applicable to isolation of Cvt bodies/autophagic
bodies. In this study, using N-terminally mRFP-fused prApel, we
monitored degradation of autophagic bodies in vivo (Figures 6-9 and
11). For the in vitro assay, mRFP-prApe1 could be used as a sensitive
marker to monitor degradation of Cvt bodies / autophagic bodies.
In summary, we have shown that Atg15 has two distinct func-
tional domains. The N-terminal transmembrane domain is a target-
ing sequence to the vacuole via the MVB pathway, whereas C-termi-
nal lipase domain is responsible for its enzymatic activity.
Establishment of in vitro monitoring system for the activity of Atg15
should help elucidate the mechanisms of disintegration of Cvt bod-
ies/autophagic bodies.

MATERIALS AND METHODS
Strains, media, and growth conditions
The yeast strains used in this study are listed in Table 1. Cells were
cultured in SDCA (0.17% Difco yeast nitrogen base without amino
acids and ammonium sulfate, 0.5% ammonium sulfate, 0.5% Bacto
casamino acids, and 2% glucose) or SD (0.17% Difco yeast nitrogen
base without amino acids and ammonium sulfate, 0.5% ammonium
sulfate, and 2% glucose) medium supplemented with appropriate
nutrients for plasmid selection. Autophagy was induced by addition
of 200-400 ng/ml rapamycin or shifting cells to SD(-N) medium
(0.17% Difco yeast nitrogen base without amino acids and ammo-
nium sulfate, 2% glucose). Amplification of plasmids was carried out
using Escherichia coli cells grown in LB medium (1% Bacto tryptone,
0.5% Bacto yeast extract, 1% NaCl). When relevant, ampicillin was
added to LB medium at a concentration of 60 ug/ml. To drive the
Cu?-inducible CUP1 promoter, cells were cultured for 1 day in me-
dium containing 250 pM CuSOy prior to experiments.

Cells expressing C-terminally 2 x GFP-fused Atg15 were gener-
ated using a PCR-based gene-modification method using pFA6a-2
X YEGFP-kanMX as a template. The ATG15, PEP4, and VPS4 genes

were disrupted by DNA fragments amplified by polymerase chain
reaction (PCR) from plasmid pFAéa-hphNT1 or pFAb6a-natNT2
(Janke et al., 2004). For YPT7 disruption, genomic DNA obtained
from KVY4 was used as a template for amplification of the DNA
fragment (Kihara et al., 2001).

Plasmids

The plasmids used in this study are listed in Table 2. For construction
of pRS316[GFP-Pho8TMD], a PCR overlap-extension strategy was
used to generate the GFP-Pho8TMD cassette. ADH1 promoter—
GFP with a Kpnl site at the 5" end of the ADH1 promoter and a ho-
mologous region of the Pho8TMD at the 3" end of YEGFP (Yeast
Enhanced GFP) was generated by PCR using pYM-N9 as a template
(Janke et al., 2004). The Pho8TMD fragment with a homologous
region of GFP at the 5" end and the ADH1 terminator at the 3’ end
was generated by PCR using YGPM21018, which contains the PHO8
gene as a template (Yeast Genomic Tiling Collection, Dharmacon).
The ADH1 fragment with a homologous region of the Pho8TMD at
the 5" end and a Hindlll site at the 3’ end was generated by PCR
using pYM-N9 as a template. These fragments were fused with
overlap extension PCR. The GFP-Pho8TMD cassette was cloned
into the pRS316 plasmid after digestion with Kpnl and Hindlll to
generate pRS316[GFP-Pho8TMD].

For construction of truncation mutants of Atg15C, each Atg15
fragment amplified by PCR with BamHlI sites on both ends was
cloned into Bglll-digested pRS316[GFP-Pho8TMD]. Point mutants
of Atg15C were generated by site-directed mutagenesis.

pRS316[GFP-Atg15TMD], PRS316[GFP-Atg15FL], and
pRS316|GFP-Atg15ATMD]  were generated by assembling
pPRS316[GFP] fragment amplified from pRS316[GFP-Pho8TMD] and
Atg15 fragments amplified from YPGM23k01, which contains the
ATG15 gene, using the NEBuilder HiFi DNA Assembly Cloning Kit
(New England Biolabs).

Fluorescence microscopy

Cells were cultured in SDCA medium to midlog phase, and au-
tophagy was induced when necessary. Cells were harvested and
subjected to fluorescence microscopy on an [X83 inverted system
microscope (Olympus) equipped with a UPlanSApo100x/1.40 Qil
(Olympus) and a CoolSNAP HQ CCD camera (Nippon Roper). A
U-FGFP and U-FRFP filter sets (Olympus) were used for visualiza-
tion of GFP/mNeonGreen and mRFP/FM 4-64, respectively. Im-
ages were acquired using the MetaVue imaging software (Mole-
cular Devices). For determination of AM length, the fluorescence
images of mNeonGreen-Atg8 were analyzed using Qautas (Kawa-
oka et al., 2017). FM 4-64 staining was performed as previously
described (Suzuki et al., 2002). Data analysis was performed using
R (https://www.r-project.org). Boxplots were drawn using the de-
fault settings of R.

Immunoblotting analysis
Cell lysates were prepared by the alkaline lysis method (Horvath and
Riezman, 1994) and subjected to SDS-PAGE. Proteins were

Student’s t test). (D) mRFP-prApe1 expressing atg15A cells carrying indicated plasmids were grown in SDCA medium
and treated with rapamycin for 2 h before fluorescence microscopy. Percentages of cells possessing autophagic bodies
labeled with mRFP-Ape1 are shown. atg15A (GYS1300) cells were used. + represent standard deviations. N.S. indicates
not significant. **P < 0.01 (N = 3, two-tailed Student’s t test). Scale bar represents 2 pm. (E) Activity of nonselective
autophagy was quantified by the ALP assay. atg15A (GYS1349) cells carrying the indicated plasmids were grown in
SDCA medium (+), transferred to nitrogen starvation medium, and incubated for 4 h (-). **P < 0.01 (N = 3, two-tailed

Student'’s t test).
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Name Genotype Source Figures

SEY6210  MATa leu2-3,112 ura3-52 his3-A200 trp1-A901 suc2-A9 lys2-801  (Robinson et al., 1988) 1, 4B-C, 6B-C, S1

STY757 SEY6210; atg2A::LEUZ2 (Obara et al., 2008) 1, S1

GYS1298  SEY6210; atg15A:hphNT1 This study 1, 4B-C, 5B-D, 6B-C,
7B-C, 8B-C, 9A-B, 10A-B,
11B-C, S1, S5, S7

GYS1162  SEY6210; atg15A::ATG15-2xGFP:kanMXé This study 2,3, SVideo1A

GYS1166  GYS1162; vpsdA::hphNT1 This study 2,3

GYS1168  GYS1162; pepd4A::hphNT1 This study 2, 3, SVideo1B

GYS1164  GYS1162; ypt7A::LEUZ This study 3

MBY3 SEY6210; vps4A:: TRP1 (Babst et al., 1997) 4B-C

GYS1336  SEY6210; vps4A:: TRP1 atg15A::natNT2 This study 4B-C

BY4741 MATahis3A1 met1540 ura3A0 leu2A40 (Brachmann et al., 1998)

Y5789 BY4741; atg15A::kanMX4 EUROSCARF S2A, S3

Y7080 BY4741; fab1A::kanMX4 EUROSCARF S2A

Y5588 BY4741; vps4A::kanMX4 EUROSCARF S2A

Y5381 BY4741; vps27A::kanMX4 EUROSCARF S2A

Y2763 BY4741; vps28A::kanMX4 EUROSCARF S2A

YOC5156 BY4741; apl5A::kanMX4 vps4A::hphNT1 This study S2B

YOC5157  BYA4741; apléA::kanMX4 vps4A::hphNT1 This study S2B

YOC5158 BY4741; apm3A::kanMX4 vps4A::hphNT1 This study S2B

YOC5159  BY4741; aps3A::kanMX4 vpsdA::hphNT1 This study S2B

Y575 BY4741; ypt7A:kanMX4 EUROSCARF s2C

Y3774 BY4741; vaméA::kanMX4 EUROSCARF S2C

Y4578 BY4741; vam7A::kanMX4 EUROSCARF S2C

Y4015 BY4741; vps41A::kanMX4 EUROSCARF S2C

GYS638 SEY6210; leu2A::mRFP-prAPE1:LEU2 (Suzuki et al., 2011) 6D

GYS1300  GYS638; atg15A::hphNT1 This study 6D, 7D, 8D, 9C, 11D

KVY55 SEY6210; pho8A::pho8460 (Ishihara et al., 2001) 6E

GYS1349  KVY55; atg15A::natNT2 This study 6E, 7E, 8E, 9D, 11E

KYS103 SEY6210; atg11A::LEUZ atg17A::spHIS5 atg15A::natNT2 This study 10A-B

KYS101 SEY6210; atg11A::LEU2 atg15A::natNT2 This study 10A-B

KYS102 SEY6210; atg17A::spHIS5 atg15A::natNT2 This study 10A-B

KYS200 SEY6210; pho8A::kanMX4-GPDp-pho8460 atg15A::hphNT1 This study 10C

KYS201 KYS200; atg2A::natNT2 This study 10C

KYS202 KYS200; atg11A::natNT2 This study 10C

KYS203 KYS200; atg17A::natNT2 This study 10C

GYS1348  BY4741; vpsdA::kanMX4 atg15A::natNT2 This study S3

GYS1338  BY4741; apl5A::kanMX4 vps4A::hphNT1 atg15A::natNT2 This study S3

GYS1415  BY4741; apl5A::kanMX4 vps4A::hphNT1 atg1A:LEU2 This study S3

GYS1416  BY4741; apl5A::kanMX4 vps4A::hphNT1 atg2A::LEU2 This study S3

GYS1332  BY4741; apl5A::kanMX4 vps4A::hphNT1 This study S3

GYS1299  SEY6210; atg15A:hphNT1 pepdA::LEUZ This study S5, S7

YOC5121  Y5789; leu2A::mRFP-prAPET:LEU2 This study Sé

TABLE 1: Strains used in this study.
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Name Properties Source Figures
pFAb6a-2 x YEGFP-kanMX  PCR template for generation of C-terminally 2 x GFP-fused Laboratory stock
Atg15
pYM-N9 PCR template for amplification of the ADH1 promoter-YEGFP  (Janke et al., 2004)
fragment
pFAba-hphNT1 PCR template for gene deletion (Janke et al., 2004)
pFAba-natNT2 PCR template for gene deletion (Janke et al., 2004)
YGPM21018 PCR template for amplification of the PHOS8 fragment Dharmacon
YPGM23k01 PCR template for amplification of the ATG15 fragment Dharmacon
PYEX-BX 2p plasmid for expression of a protein from the CUPT pro- Clontech
moter
PYEX-BX[prApe1] 2p plasmid for expression of prApe1 from the CUPT promoter (Suzuki et al., 2013) 1,81
pRS314 Centromeric plasmid (TRP1 marker) (Sikorski and Hieter,
1989)
pRS314[mNeonGreen- Centromeric plasmid for expression of mNeonGreen-Atg8 (Hirata et al., 2017) 1,51
Atg8] from the ATG8 promoter
pRS316 Centromeric plasmid (URA3 marker) (Sikorski and Hieter, 5C-D, 6B-E, S3
1989)
pRS316[GFP-Atg15TMD]  Centromeric plasmid for expression of YEGFP-Atg15(2-36) This study 4B-C, 5B-D
from the ADH1 promoter
PRS316[GFP-Atg15FL] Centromeric plasmid for expression of YEGFP-Atg15(2-520)  This study 5B-D, S3
from the ADH1 promoter
PRS316[GFP-Atg15ATMD]  Centromeric plasmid for expression of YEGFP-Atg15(37-520)  This study 5B-D
from the ADH1 promoter
PRS316[GFP-Pho8TMD-  Centromeric plasmid for expression of YEGFP-Pho8TMD- This study S2, 6B-E, 7B-E,
Atg15C] Atg15(37-520) from the ADH1 promoter 8B-E, 9, 10,
11B-E, S2, S3,
S5, S6, S7
PRS316[GFP-Pho8TMD] Centromeric plasmid for expression of YEGFP-Pho8TMD from  This study 6B-E, 7B-E,
the ADH1 promoter 8B-E, 9, 10,
11B-E, S5, Sé6,
S7
PRS316[GFP-Pho8TMD-  Centromeric plasmid for expression of YEGFP-Pho8TMD- This study 7B-E
Atg15C(S332A)] Atg15(S332A) from the ADHT promoter
PRS316[GFP-Pho8TMD-  Centromeric plasmid for expression of YEGFP-Pho8TMD- This study 7B-E
Atg15C(D387A)] Atg15(D387A) from the ADH1 promoter
PRS316[GFP-Pho8TMD-  Centromeric plasmid for expression of YEGFP-Pho8TMD- This study 7B-E
Atg15C(D421A)] Atg15(D421A) from the ADH1 promoter
PRS316[GFP-Pho8TMD-  Centromeric plasmid for expression of YEGFP-Pho8TMD- This study 7B-E
Atg15C(H435A)] Atg15(H435A) from the ADH1 promoter
PRS316[GFP-Pho8TMD- Centromeric plasmid for expression of YEGFP-Pho8TMD- This study 8B-E, S5
Atg15AC50] Atg15(37-470) from the ADH1 promoter
PRS316[GFP-Pho8TMD-  Centromeric plasmid for expression of YEGFP-Pho8TMD- This study 8B-E, 11B-E,
Atg15AC54] Atg15(37-466) from the ADH1 promoter S5, 57
pRS316[GFP-Pho8TMD-  Centromeric plasmid for expression of YEGFP-Pho8TMD- This study 8B-E, S5
Atg15AC55] Atg15(37-465) from the ADH1 promoter
PRS316[GFP-Pho8TMD-  Centromeric plasmid for expression of YEGFP-Pho8TMD- This study 9,10
Atg15C(W466A)] Atg15(W466A) from the ADH1 promoter
PRS316[GFP-Pho8TMD-  Centromeric plasmid for expression of YEGFP-Pho8TMD- This study 11B-E, S6, 57
Atg15AN49] Atg15(50-520) from the ADH1 promoter
TABLE 2: Plasmids used in this study.
Continues
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Name Properties Source Figures
PRS316[GFP-Pho8TMD-  Centromeric plasmid for expression of YEGFP-Pho8TMD- This study 11B-E, S7
Atg15AN49AC54] Atg15(50-466) from the ADH1 promoter
pRS423 2p plasmid (HIS3 marker) (Sikorski and Hieter,

1989)
pCK3 pRS423 background plasmid for overexpression of pho8A60  This study S3
PRS316[GFP-Pho8TMD-  Centromeric plasmid for expression of YEGFP-Pho8TMD- This study S6
Atg15AN42] Atg15(43-520) from the ADH1 promoter
PRS316[GFP-Pho8TMD-  Centromeric plasmid for expression of YEGFP-Pho8TMD- This study S6
Atg15AN63] Atg15(64-520) from the ADH1 promoter
PRS316[GFP-Pho8TMD-  Centromeric plasmid for expression of YEGFP-Pho8TMD- This study Sé6
Atg15AN70] Atg15(71-520) from the ADH1 promoter
PRS316[GFP-Pho8TMD-  Centromeric plasmid for expression of YEGFP-Pho8TMD- This study Sé6
Atg15AN90] Atg15(91-520) from the ADH1 promoter

TABLE 2: Plasmids used in this study. Continued

transferred to polyvinylidene fluoride membranes (Immobilon-P,
Millipore) utilizing a Trans-Blot Turbo Transfer System (Bio-Rad). Fol-
lowing transfer, membranes were blocked with 2% skim milk in Tris-
buffered saline containing 0.05% Tween 20 (TBST) for 30 min at
room temperature. Membranes were then incubated for 60 min at
room temperature with anti-GFP antibodies (1:10000; JL-8, Clon-
tech) or an anti-Ape1 antiserum (1:10000) (Suzuki et al., 2002). Sub-
sequently, membranes were washed once with TBST and treated
with horseradish peroxidase-labeled anti-rabbit or -mouse second-
ary antibodies (Promega) at a dilution of 1:5000 for 30 min, followed
by three washes in TBST. Chemiluminescent signals generated us-
ing ECL Prime (GE Healthcare) or ImmunoStar LD (Wako) were de-
tected on an IR-LAS 1000 imaging system (FUJIFILM).

Alkaline phosphatase assay

Nonselective autophagic activity was estimated using the ALP assay
(Noda et al, 1995). Briefly, the proform of the phosphatase
(Pho8A60), expressed from the genome or a plasmid (pCK3), is
transported to the vacuole via bulk autophagy and processed to its
active form. After cell lysates were prepared by glass bead disrup-
tion, ALP activity was measured using a-naphtyl phosphate (Sigma)
as a substrate.
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