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ABSTRACT

Macroautophagy/autophagy is an important catabolic process for maintaining cellular homeostasis by
adapting to various stress conditions. Autophagy is mediated by a double-membrane autophagosome,
which sequesters a portion of cytoplasmic components for delivery to the vacuole. Several autophagy-
related (ATG) genes play crucial roles in autophagosome formation. The induction of ATG genes must be
tightly regulated to maintain a proper autophagic activity, but their regulatory mechanisms are still largely
unknown. Here, we report that the trehalose-6-phosphate phosphatase Tps2 functions as a positive reg-
ulator of autophagy in Saccharomyces cerevisiae. Cellular trehalose levels do not affect autophagy regulation
by Tps2. Loss of Tps2 leads to impaired autophagic flux and reduced ATG8 expre/ssion under nitrogen
starvation. In tps2A cells, Umeé6 is predominantly dephosphorylated and represses ATG8 transcription by
binding to its promoter region. Tps2 regulates nuclear translocation and activation of Rim15 kinase,
a negative regulator of Ume6, by causing the dissociation of Rim15 from the 14-3-3 proteins Bmh1/2
under nitrogen starvation, suggesting that Rim15 mediates the function of Tps2 as a positive regulator of
ATG8 induction. Furthermore, Tps2 plays a crucial role in the dephosphorylation of Ser1061 and Thr1075
residues of Rim15, which is important for controlling the dissociation of Rim15 from Bmh1/2 under nitrogen
starvation. Together, our results reveal the role of Tps2 as a positive regulator of autophagy and provide new
insight into the regulatory mechanisms of ATG gene expression.

Abbreviations: ATG: autophagy-related; ChIP: chromatin immunoprecipitation; Co-IP: co-
immunoprecipitation; DAPI: 4',6-diamidino-2-phenylindole; GFP: green fluorescent protein; PKA:
protein kinase A; Ptdins3K: phosphatidylinositol 3-kinase; Rim15KI: kinase-inactive Rim15; Rim15-
2A: Rim15°1061ATI075A. TEM: transmission electron microscopy; TORC1: target of rapamycin com-
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Introduction

Macroautophagy (hereafter referred to as autophagy) is an
evolutionally conserved catabolic process to maintain cellular
homeostasis and adaptation during various stress conditions,
including nutrient deprivation [1,2]. Several autophagy-
related (ATG) proteins are involved in the formation of pha-
gophores that sequester cytoplasmic components, including
damaged organelles and protein aggregates, then mature into
double-membrane autophagosomes that finally fuse with the
lysosome (vacuole) for their degradation [3]. Dysregulated
autophagy is involved in various human pathologies such as
neurodegenerative diseases, cancer, microbial infection, and
metabolic diseases [4]. Because too much or too little auto-
phagy can lead to cell death, the autophagy process needs to
be tightly controlled to maintain an appropriate level [5-7]. In
recent decades, yeast genetic studies have significantly
advanced our knowledge about the molecular mechanisms
of autophagy and identified more than 40 ATG genes involved
in the multiple steps of the autophagy process. Most of these
ATG genes are also conserved in higher eukaryotes [8-10].
The expression of most ATG genes sharply increases under

autophagy-inducing conditions [11]. However, the transcrip-
tional regulatory mechanisms of ATG genes are not well
defined yet [11,12].

Atg8 is a ubiquitin-like protein required for autophagosome
formation involving 18 ATG proteins [13]. The expression levels
of Atg8 are important for controlling the size of autophagosomes
[14]. In Saccharomyces cerevisiae, Ume6, Pho23, and Rphl have
been identified as transcriptional repressors of ATG genes and
Msn2/4 as a transcriptional activator of ATGS8 [11,12,15,16].
Particularly, Ume6, a subunit of the Rpd3 histone deacetylase
complex, plays an essential role in the regulation of ATG8
expression. Rim15 kinase positively regulates the induction of
ATG genes by inhibiting Ume6 and Rph1 through direct phos-
phorylation [12,15]. Rim15 functions as a controller of the
nutrient regulatory signals, involving the GO program (G, cell
cycle arrest, glycogen, and trehalose synthesis, and the induction
of stress-responsive genes) [17]. In response to cellular nutrient
availability, Rim15 activity is regulated by protein kinase
A (PKA), Sch9, target of rapamycin complex 1 (TORC1), and
Pho80-Pho85 pathways. Under nutrient-rich conditions, Rim15
binds to the 14-3-3 proteins Bmh1/2 through TORC1-Sch9-
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mediated phosphorylation, and this interaction causes
cytoplasmic retention and inactivation of Rim15. Under nutrient
starvation conditions, TORCI inactivation causes dephosphor-
ylation of Ser1061 and Thr1075 residues in Rim15, leading to
nuclear translocation and activation of Rim15 [18-20].

Trehalose is a non-reducing disaccharide of a(1,1)-linked
glucose. It is a highly stable molecule and present in many
organisms, including bacteria, archaea, fungi, plants, insects,
and other invertebrates [21]. Trehalose plays a major role in
cellular protection against various stress conditions and func-
tions as a reserve carbohydrate as well [22]. In yeast, trehalose
synthesis is catalyzed by the trehalose-6-phosphate synthase
Tpsl and the trehalose-6-phosphate phosphatase Tps2. When
cells encounter stresses inducing trehalose synthesis, Tpsl
synthesizes trehalose-6-phosphate from UDP-glucose, and
Tps2 dephosphorylates trehalose-6-phosphate to yield trehalose
[23,24]. Trehalose degradation depends on the neutral trehalase
Nth1, which is controlled by PKA-dependent phosphorylation
under nutrient-rich conditions [25]. Over the past decades,
trehalose has been known to be an autophagy enhancer mediat-
ing neuroprotection in animal models of various neurodegen-
erative diseases, such as Alzheimer and Parkinson diseases [26-
28]. However, the mechanism underlying the neuroprotective
effect of trehalose is still unknown. Furthermore, a recent study
suggests that trehalose interferes with autophagic flux from
autophagosome to autolysosome [29]. Given these, the effect of
trehalose on autophagy is a controversial issue.

In this study, we report that the trehalose-6-phosphate
phosphatase Tps2 is a positive regulator of autophagy in
S. cerevisiae. Cellular trehalose levels do not affect autophagy
regulation by Tps2. We find that loss of Tps2 results in the
decrease of ATGS8 expression and the reduction of autophagic
body size under nitrogen starvation. In tps2A cells, Ume6 is
predominantly dephosphorylated and represses ATGS8 tran-
scription by binding to the promoter region of ATG8. We also
demonstrate that Tps2 plays an essential role in nuclear
translocation and activation of Rim15, a negative regulator
of Ume6, by causing the dissociation of Rim15 from the 14-
3-3 proteins Bmh1/2 under nitrogen starvation. These results
suggest that Rim15 mediates the function of Tps2 as a positive
regulator of ATG8 induction. Furthermore, we show that
Tps2 plays a crucial role in the dephosphorylation of
Ser1061 and Thr1075 residues of Rim15, which is important
for controlling the dissociation of Rim15 from Bmh1/2 under
nitrogen starvation. Collectively, our findings reveal that Tps2
positively regulates autophagic activity by controlling ATG8
induction and enhances the cellular adaptation capacity to
nitrogen starvation.

Results

Loss of the catalytic subunits of trehalose synthase, Tps1
and Tps2, impairs autophagic flux under nitrogen
starvation

In S. cerevisiae, trehalose synthase is composed of four sub-
units: the trehalose-6-phosphate synthase Tpsl, the trehalose-
6-phosphate phosphatase Tps2, and two regulatory proteins,
Tps3 and Tsll. To investigate the relevance between the

subunits of trehalose synthase and autophagy, we examined
the autophagic activity of tpsIA, tps2A, tps3A, and tslIA cells
using the Pho8A60 assay, a sensitive method to measure bulk
autophagy [30]. We also measured the autophagic activity of
cells lacking the yeast phosphatidylinositol 3-kinase (PtdIns3 K)
Vps34, which is known to be a crucial regulator of autophago-
some formation [31]. As expected, loss of Vps34 caused
a severe defect in autophagy under nitrogen starvation
(Figure 1A). Interestingly, the deletion of TPSI and TPS2
encoding the catalytic subunits of trehalose synthase also
resulted in a significant defect of autophagy under nitrogen
starvation. To verify this result, we also used the green fluor-
escent protein (GFP)-Atg8 processing assay. When autophagy
occurs, GFP-Atg8 is linked to the inner membrane of the
autophagosome and delivered into the vacuole for degradation.
In the vacuole, the GFP moiety is more resistant to proteolysis
than Atg8. Thus, the measurement of free GFP processed from
GFP-Atg8 reflects the level of autophagic activity [32].
Consistent with the result of the pho8A60 assay, the processing
of GFP-Atg8 was considerably reduced in tpsIA and tps2A cells
compared to wild-type cells (Figure 1B,C).

To further examine the role of Tpsl and Tps2 in selective
autophagy processes, we monitored the processing of GFP-
tagged substrates known to be eliminated by mitophagy
(Om45-GFP) and pexophagy (Pex11-GFP). Om45 and Pex11
are integral membrane proteins in the mitochondrion and the
peroxisome, respectively. The induction of selective autopha-
gy results in the delivery of each organelle into the vacuole
and degradation of GFP-tagged substrates. Because the GFP
moiety is more stable than Om45 or Pex11, the measurement
of free GFP processed from Om45-GFP and Pex11-GFP
reflects the level of mitophagy and pexophagy, respectively
[33,34]. Selective autophagy is mediated by the interaction
between cargo receptors and autophagic receptor proteins.
Atg32 and Atg36 are specific cargo receptors of mitophagy
and pexophagy, respectively [35,36]. As expected, we observed
that atg32A cells were defective in mitophagy under nitrogen
starvation (Figure 1D,E). The processing of Om45-GFP was
also significantly reduced in fpsIA and tps2A cells.
Furthermore, like atg36A cells, tps1A and tps2A cells exhibited
a severe defect in pexophagy under nitrogen starvation
(Figure 1F,G). Together, these results suggest that the catalytic
subunits of trehalose synthase, Tpsl and Tps2, positively
regulate both specific and nonspecific autophagy processes
under nitrogen starvation.

Cellular trehalose levels do not affect autophagic flux
under nitrogen starvation

It has been reported that trehalose has neuroprotective effects
by reducing protein aggregates through autophagy activation
[26-28]. In contrast, a recent study reported that trehalose
interferes with autophagy [29]. The effect of trehalose on
autophagy is still controversial and needs further investiga-
tion. Because Tpsl and Tps2 are the catalytic subunits of
trehalose synthase, tpsIA and tps2A cells exhibited complete
or significant loss of trehalose (Fig. S1). We wondered
whether impaired autophagy in tpsIA and tps2A cells might
be due to the decrease in cellular trehalose levels. To check
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Figure 1. The catalytic subunits of trehalose synthase, Tps1 and Tps2, positively regulate autophagic flux under nitrogen starvation. (A) Wild-type (WT) (YTS159),
vps34A (BKO0O1), tpsTA (BK0002), tps2A (BK0O003), tps3A (BK0004), and ts/7A (BK0005) cells were grown to early log phase in SC medium (SD-N 0 h) and incubated in
SD-N medium for 6 h. Pho8A60 alkaline phosphatase activity of each sample was measured as described in Materials and methods. (B) WT (BK0006), vps34A
(BK0007), tps1A (BK0008), tps2A (BK0009), tps3A (BK0010), and ts/TA (BKOO11) cells expressing GFP-Atg8 were grown to early log phase in SC medium (SD-N 0 h) and
incubated in SD-N medium for 6 h. GFP-Atg8 processing was analyzed by immunoblotting using an anti-GFP antibody. Hxk2 was used as a loading control. Data are
representative of at least three independent experiments. (C) Quantification of autophagic activity at 6 h of nitrogen starvation is represented as a percentage of the
ratio of GFP to GFP-Atg8 and normalized against that of WT cells, which was set to 100%. (D) WT (BK0012), atg32A (BK0013), tps1A (BK0014), tps2A (BK0015), tps3A
(BK0016), and ts/TA (BK0017) cells expressing Om45-GFP were grown to early log phase in SC medium (SD-N 0 h) and incubated in SD-N medium for 12 h. Om45-GFP
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this possibility, we first monitored the effect of the neutral
trehalase Nthl on intracellular trehalose levels. We observed
that loss of Nth1 significantly increased intracellular trehalose
levels under both normal and nitrogen starvation conditions
(Figure 2A). We examined whether increased intracellular
trehalose levels could enhance the autophagic activity of
nthlA cells using the Pho8A60 assay. nthlA cells exhibited
a slight increase in autophagic activity during early nitrogen
starvation but did not show any difference in autophagic
activity under prolonged nitrogen starvation compared to
wild-type cells (Figure 2B). The GFP-Atg8 processing assay
also showed that the autophagic flux of nthiA cells was
similar to that of wild-type cells under both conditions
(Figure 2C,D). Next, we examined whether the supplementa-
tion of trehalose could affect autophagic flux under nitrogen
starvation using the CEN.PK strain, which is known to con-
stitutively express the disaccharide transporter Malll/Agtl
[37]. As shown in Fig. S2, the supplementation of trehalose
further increased intracellular trehalose levels in both wild-
type and tps2A cells under nitrogen starvation condition.
However, elevated trehalose levels did not increase the autop-
hagic activity of wild-type and tps2A cells (Figure 2E,F).
Together, these results suggest that trehalose is not directly
involved in the regulation of autophagy in yeast, and thus
trehalose synthesis function of Tpsl and Tps2 is not related to
their roles in autophagy.

Recently, it has been reported that, in tpsIA cells, hyper-
activation of hexokinase induces an uncontrolled influx of glu-
cose during glycolysis, which leads to hyper-activation of RAS
signaling and causes apoptosis in glucose-containing medium
[38]. Because we used glucose as a carbon source in the nitrogen
starvation medium, we wondered whether the autophagy defect
in tpsIA and tps2A cells might be related to hyper-activation of
hexokinase. To check this possibility, we measured the autopha-
gic activity of tpsIA and tps2A cells when galactose was used as
a carbon source in the nitrogen starvation medium. Because
galactose is metabolized by galactokinase rather than hexokinase
for production of glucose-6-phosphate, which is an entry point
of carbohydrates in glycolysis, tps1A cells show normal glycolysis
in galactose-containing medium [38]. Interestingly, tpsIA cells
showed autophagic flux comparable to that of wild-type cells,
while fps2A cells still exhibited impaired autophagic flux in
nitrogen starvation medium containing galactose (Figure 2G,
H). This result suggests that the autophagy defect in tpsIA
cells, but not ps2A cells, in glucose-containing nitrogen starva-
tion medium is closely related to hyper-activation of hexokinase.
Given that tpsIA cells exhibited complete loss of trehalose (Fig.
S1), this result also supports our notion that trehalose is not
a direct autophagy inducer in yeast.

Tps2 is a positive regulator of ATG8 induction

Recently, Klionsky and colleagues have studied transcriptional
regulation of ATG genes and demonstrated that the levels of
Atg8, which is regulated by Ume6 transcriptional repressor,
control the size of the autophagic body and the levels of Atg9,
which is regulated by Pho23, control its number [11,15]. To
further investigate the roles of Tpsl and Tps2 in autophagy
regulation, we examined the protein levels of Atg8 in tpsIA
and tps2A cells under nitrogen starvation. We also deleted the
PEP4 gene encoding the vacuolar protease, which is required
for autophagic body degradation in the wvacuole [39].
However, we found that the deletion of PEP4 did not com-
pletely block GFP-Atg8 vacuolar degradation under nitrogen
starvation (Figure 3A). Thus, to accurately assess the Atg8
expression levels, we measured the levels of total GFP (GFP-
Atg8 and free GFP). We observed that the protein levels of
Atg8 were significantly reduced in fps2A cells compared to
wild-type cells under nitrogen starvation (Figure 3A,B).
Consistent with the above results suggesting that intracellular
trehalose levels do not affect autophagy, the protein levels of
Atg8 did not exhibit a significant change in tpsIA and nthlA
cells compared to wild-type cells. Interestingly, the expression
levels of Atg8 in tps2A cells were even lower than those of
control rim15A cells, which lacks Rim15 kinase that positively
regulates the induction of ATG genes by inhibiting Ume6 and
Rphl through direct phosphorylation [12,15]. The mRNA
levels of ATG8 were also significantly decreased in tps2A
cells compared to wild-type cells under nitrogen starvation
(Figure 3C), suggesting that the decrease in Atg8 protein
levels in tps2A cells is due to a reduction in ATG8 transcrip-
tion. We next tested whether Tps2 could control the induc-
tion of other ATG genes. Among six genes tested, five (ATG7,
ATGS, ATGY9, ATGI4, and ATG29) showed significantly
reduced transcription in #ps2A cells compared to wild-type
cells under nitrogen starvation (Figure 3D), while Tps2 did
not affect the induction of these genes under normal condi-
tion (Fig. S3). This result suggests that Tps2 is a positive
regulator of transcription of multiple ATG genes under nitro-
gen starvation.

To gain a further insight into the role of Tps2 in autopha-
gy, we analyzed autophagic body accumulation in tps2A cells
using transmission electron microscopy (TEM). For TEM
analysis, we deleted both PEP4 and VPS4 genes to effectively
distinguish the autophagic bodies within the vacuole in wild-
type and tps2A cells [40]. Under nitrogen starvation, tps2A
cells showed a significant reduction in the size of autophagic
body compared to wild-type cells (Figure 3E,F). In contrast,
there was no significant difference in the average number of
autophagic bodies between wild-type and tps2A cells (Figure

degradation was analyzed by immunoblotting using an anti-GFP antibody. Hxk2 was used as a loading control. Data are representative of at least three independent
experiments. (E) Quantification of mitophagic activity at 12 h of nitrogen starvation is represented as a percentage of the ratio of GFP to Om45-GFP and normalized
against that of WT cells, which was set to 100%. (F) WT (BK0018), atg36A (BK0019), tps1A (BK0020), tps2A (BK0021), tps3A (BK0022), and ts/TA (BK0023) cells
expressing Pex11-GFP were grown to early log phase in SC medium (SD-N 0 h) and incubated in SD-N medium for 12 h. Pex11-GFP degradation was analyzed by
immunoblotting using an anti-GFP antibody. Hxk2 was used as a loading control. Data are representative of at least three independent experiments. (G)
Quantification of pexophagic activity at 12 h of nitrogen starvation is represented as a percentage of the ratio of GFP to Pex11-GFP and normalized against that
of WT cells, which was set to 100%. (A, C, E, and G) Values are the mean of three independent experiments and the error bars indicate the standard deviation.
P-values were determined by two-tailed Student’s t-test (***P < 0.001, **P < 0.01, *P < 0.05).
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Figure 2. Tps1 and Tps2, not trehalose, play an important role in autophagy regulation under nitrogen starvation. (A) WT (BY4741) and nth1A (BK0028) cells were
grown to early log phase in SC medium (SD-N 0 h) and incubated in SD-N medium for the indicated hours. Trehalose content of each sample was measured as
described in Materials and methods. (B) WT (YTS159) and nth1A (BK0029) cells were grown to early log phase in SC medium (SD-N 0 h) and incubated in SD-N
medium for the indicated hours. Pho8A60 alkaline phosphatase activity of each sample was measured as described in Materials and methods. (C) WT (BK0006) and
nth1A (BK0030) cells were grown to early log phase in SC medium (SD-N 0 h) and incubated in SD-N medium for the indicated hours. GFP-Atg8 processing was
analyzed by immunoblotting using an anti-GFP antibody as described in Materials and methods. Hxk2 was used as a loading control. Data are representative of at
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3G). Together, these results suggest that Tps2 positively reg-
ulates the expression of several ATG genes including ATG8
and is involved in the control of autophagic body size.

Tps2 acts upstream of Ume6 to regulate ATG8 induction
under nitrogen starvation

It has been reported that the induction of ATG8 requires Rim15
activation to  mediate  phosphorylation of Ume6,
a transcriptional repressor of ATG8 [15]. We checked whether
Tps2 might be related to Rim15-dependent Ume6 phosphoryla-
tion under nitrogen starvation. As expected, phosphorylation of
Ume6 was elevated in wild-type cells, but not in riml5A cells
under nitrogen starvation (Figure 4A). Similar to rimI5A cells,
tps2A cells did not show an increase in Ume6 phosphorylation
under nitrogen starvation, suggesting that Tps2 plays a role in
Rim15-dependent Ume6 phosphorylation. Given that phos-
phorylation of Ume6 decreases its binding affinity to the ATG8
promoter region [15], we next examined the effect of Tps2 on the
binding of Ume6 to the ATG8 promoter region using the chro-
matin immunoprecipitation (ChIP) assay. Remarkably, Ume6
bound highly to the ATG8 promoter region in tps2A cells under
nitrogen starvation (Figure 4B). Enhanced binding of Ume6 to
the ATG8 promoter region in tps2A cells was comparable to that
in rim15A cells. Furthermore, we found that the deletion of
UMES in tps2A cells rescued the reduction in ATG8 expression
(Figure 4C) and led to the recovery of autophagic activity under
nitrogen starvation (Figure 4D). Together, these results suggest
that Tps2 acts upstream of Ume6 to promote ATG8 induction
and autophagy activation by facilitating Ume6 phosphorylation
mediated by Rim15 under nitrogen starvation.

Rim15 is also known to positively regulate the induction of the
ATG?7 gene by inhibiting Rphl through direct phosphorylation.
We observed that phosphorylation of Rphl was not elevated in
tps2A cells under nitrogen starvation, similar to rim15A cells (Fig.
S4A). In addition, the deletion of RPHI in tps2A cells partially
rescued the reduction in ATG? transcription levels under nitrogen
starvation (Fig. S4B). These results further support that Tps2
functions as a positive regulator of ATG genes whose induction
is mediated by Rim15 under nitrogen starvation.

Tps2 is required for Rim15 activation by regulating its
nuclear translocation

Diverse stress conditions, including nutrient starvation, heat
shock, and oxidative stress, trigger the activation of Rim15
by its nuclear translocation [18]. Nuclear-localized active
Rim15 induces the expression of stress-responsive genes,

such as HSP12 and SSA3, through the activation of Msn2/4
and Gisl transcription factors [41]. To investigate whether
Tps2 could regulate the Riml5-mediated regulatory path-
way, we examined the expression of HSPI2 and SSA3
genes in tps2A cells under nitrogen starvation. Consistent
with a previous report [41], rimI5A cells exhibited
a complete or significant reduction in HSPI2 and SSA3
mRNA levels under nitrogen starvation (Figure 5A,B).
Notably, transcriptional activation of HSPI2 and SSA3
under nitrogen starvation was also significantly decreased
in tps2A cells. We could not observe a significant difference
in the expression of HSP12 and SSA3 between wild-type cells
and nthlA cells with elevated intracellular trehalose levels.
These results suggest that Tps2 plays a role in Riml5-
dependent expression of stress-responsive genes under
nitrogen starvation.

It is known that nuclear localization of a stress-responsive
transcription factor Msn2/4 is regulated by PKA and Rim15-
dependent phosphorylation [42-44]. We next examined the
effect of Tps2 on nuclear translocation of Msn2 under nitro-
gen starvation. We observed that both rim15A and tps2A cells
exhibited a significant reduction in nuclear translocation of
Msn2 under nitrogen starvation (Figure 5C,D). This result
suggests that Tps2 also plays a role in the Rim15-dependent
nuclear translocation of Msn2.

The above results raised the possibility that Rim15 activation
might require Tps2 under nitrogen starvation. To check this, we
examined the phosphorylation status of Rim15 using western
blotting. A previous study reported that nuclear-localized active
Rim15 shows hyperphosphorylation mediated by the autopho-
sphorylation process [18]. Indeed, we observed that Rim15 phos-
phorylation levels were highly elevated in wild-type cells but not in
tps2A cells under nitrogen starvation (Figure 5E). Lambda phos-
phatase treatment of Rim15 abolished the change in Rim15 mobi-
lity (Fig. S5), demonstrating that the upshifted bands are
phosphorylated forms of Rim15. This result suggests that Tps2 is
required for the activation of Rim15 under nitrogen starvation.

Given that the nuclear localization of Rim15 is important for its
activation, we next examined whether Tps2 could regulate the
translocation of Rim15 to the nucleus under nitrogen starvation.
Because the kinase-active form of Rim15 is efficiently exported
from the nucleus [19], we monitored the distribution of GFP-
tagged kinase-inactive Rim15 (Rim15KI). Previously, it has been
reported that TORCI inactivation by rapamycin treatment or
glucose starvation triggers the nuclear localization of Riml5
[19,20]. However, we could not observe the nuclear accumulation
of GFP-Rim15KI under rapamycin treatment or nitrogen starva-
tion (data not shown). Instead, we observed nuclear accumulation

least three independent experiments. (D) Quantification of autophagic activity for the indicated hours of nitrogen starvation is represented as a percentage of the
ratio of GFP to GFP-Atg8 and normalized against that of WT cells after 6 h of nitrogen starvation, which was set to 100%. (E) WT (BK0032) and tps2A (BK0033) cells
expressing GFP-Atg8 were grown to early log phase in SC medium (SD-N 0 h) and incubated in SD-N medium for 2 h. For trehalose supplementation, cells were
grown to early log phase in SC medium and incubated in SD-N medium containing 2% trehalose for 2 h. GFP-Atg8 processing was analyzed by immunoblotting
using an anti-GFP antibody. Hxk2 was used as a loading control. Data are representative of at least three independent experiments. (F) Quantification of autophagic
activity at 2 h of nitrogen starvation with or without 2% trehalose is represented as a percentage of the ratio of GFP to GFP-Atg8 and normalized against that of WT
cells after 2 h of nitrogen starvation, which was set to 100%. (G) WT (BK0006), vps34A (BK0007), tps1A (BKO008), and tps2A (BK0009) cells expressing GFP-Atg8 were
grown to early log phase in SCy, medium (Sgal-N 0 h) and incubated in Sg,-N medium for 3 h. GFP-Atg8 processing was analyzed by immunoblotting using an anti-
GFP antibody. Hxk2 was used as a loading control. Data are representative of at least three independent experiments. (H) Quantification of autophagic activity after 3
h incubation in Sg,-N medium is represented as a percentage of the ratio of GFP to GFP-Atg8 and normalized against that of WT cells, which was set to 100%. (A, B,
D, F, and H) Values are the mean of three independent experiments and the error bars indicate the standard deviation. P-values were determined by two-tailed

Student’s t-test (***P < 0.001, **P < 0.01, *P < 0.05, N.S (not significant) > 0.05).
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Figure 3. Tps2 positively regulates ATG8 induction under nitrogen starvation. (A) pep4A (BK0034), pep4A rim15A (BKO035), pep4A tps1A (BK0036), pep4A tps2A
(BK0037), and pep4A nth1A (BKO038) cells expressing GFP-Atg8 were grown to early log phase in YPD medium (SD-N 0 h) and incubated in SD-N medium for 2 h.
Protein extracts were analyzed by immunoblotting using an anti-GFP antibody as described in Materials and methods. Hxk2 was used as a loading control. Data are
representative of at least three independent experiments. (B) Quantification of Atg8 expression levels at 2 h of nitrogen starvation is represented as a percentage of
the ratio of total GFP levels (Sum of GFP-Atg8 and free GFP) to Hxk2 and normalized against that of WT cells, which was set to 100%. (C) WT (BY4741), rim15A
(BK0039), tps1A (BK0024), tps2A (BK0025), and nth1A (BK0028) cells were grown to early log phase in SC medium (SD-N 0 h) and incubated in SD-N medium for 2 h.
ATG8 mRNA levels were quantified by quantitative real-time PCR as described in Materials and methods. ATG8 mRNA levels were normalized against that of WT cells
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of GFP-Rim15KI in sch9A cells under both normal and nitrogen
starvation conditions (Figure 5F,G), consistent with a previous
report that TORCl1-dependent cytoplasmic retention of Rim15
requires Sch9, which directly phosphorylates Ser1061 of Rim15
[20]. Remarkably, loss of Tps2 abolished nuclear accumulation of
GFP-Rim15KI in sch9A cells, suggesting that Tps2 is involved in
the nuclear translocation of Rim15. It is known that PKA inhibits
Rim15 activation by direct phosphorylation, but does not control
nuclear translocation of Rim15 [18]. In agreement with this pre-
vious report, we observed that ras2A cells, which are defective in
PKA signaling, showed cytoplasmic retention of GFP-Rim15KI
under normal conditions. Interestingly, however, nitrogen starva-
tion still induced nuclear translocation of GFP-Rim15KI in ras2A
cells, and the deletion of TPS2 abolished this nuclear accumulation
of GFP-Rim15KI. We could not observe a significant difference in
nuclear accumulation of GFP-Rim15KI in ras2A sch9A cells com-
pared to sch9A cells under both normal and nitrogen starvation
conditions, indicating that there is no synergistic effect between
Sch9 and PKA signalings on nuclear translocation of Rim15. Loss
of Tps2 abolished nuclear accumulation of GFP-Rim15KI even in
ras2A sch9A cells. We also examined the effects of Sch9 and PKA
signalings on the induction of Riml5 target genes, i.e., ATGS,
HSPI12, and SSA3. We observed that Rim15 target genes were
considerably upregulated in ras2A and sch9A cells under both
normal and nitrogen starvation conditions, but the deletion of
TPS2 completely abolished the upregulation of Rim15 target genes
(Fig. S6A and S6B). Together, these results suggest that Tps2 plays
a crucial role in the nuclear translocation of Rim15 and its activa-
tion under nitrogen starvation.

Tps2 mediates the dissociation of Rim15 from Bmh1/2
under nitrogen starvation

The association of Rim15 with the 14-3-3 proteins Bmh1/2
causes cytoplasmic retention and inactivation of Riml5.
Under nutrient starvation conditions, the dephosphorylation
of Rim15 due to TORCI inactivation brings about dissocia-
tion between Rim15 and Bmh1/2, leading to nuclear translo-
cation and activation of Riml5 [18-20]. Given the above
results that loss of Tps2 abolishes nuclear accumulation of
Rim15, we predicted that Rim15 might remain associated with
Bmh1/2 in tps2A cells under nitrogen starvation. To check
this, we performed the co-immunoprecipitation (Co-IP) assay
using MYC-tagged Bmhl/2 and GFP-tagged Riml5.
Consistent with a previous report [19], Riml5 physically
interacted with Bmh1/2 under normal condition but was
dissociated from Bmh1/2 under nitrogen starvation (Figure
6A). However, in tps2A cells, the interaction between Rim15
and Bmh1/2 was still maintained under nitrogen starvation
(Figure 6B). These results suggest that Tps2 plays an essential

role in the dissociation of Rim15 from Bmh1/2 in response to
nitrogen starvation.

Given that TORCI activity is crucial for phosphorylation of
Rim15 and interaction between Rim15 and Bmh1/2 [18-20], we
next examined the effect of Tps2 on TORCI activity by monitor-
ing the phosphorylation status of Sch9 and Atg13, which are direct
substrates of TORC1. However, we could not observe a significant
difference in the phosphorylation status of Sch9 and Atgl3
between wild-type and £ps2A cells under both normal and nitrogen
starvation conditions (Fig. S7A and S7B). This result suggests that
Tps2 does not affect TORCI activity. It seems that the role of Tps2
in the interaction between Rim15 and Bmh1/2 is mediated by
direct regulation of Riml5 rather than by altering the TORC1
activity.

Tps2 is involved in the dephosphorylation of Rim15 under
nitrogen starvation

It is known that nutrient starvation causes dephosphorylation
of Ser1061 and Thr1075 of Rim15, leading to nuclear translo-
cation and activation of Riml5 [18-20]. To investigate
whether Tps2 is involved in the dephosphorylation of
Ser1061 and Thr1075 of Riml5, we examined the effect of
Tps2 on dephosphorylation of these residues by mass spectro-
metry. Under nitrogen starvation, while phosphorylation of
Ser1061 and Thr1075 was hardly detected, if any, in wild-type
cells (Fig. S8A and S8B), phosphorylation of these residues
remained detectable in #ps2A cells (Fig. S8C and S8D). This
result suggests that Tps2 is involved in the dephosphorylation
of these residues of Rim15 under nitrogen starvation in vivo.
Given that dephosphorylation of Serl061 and Thrl075 of
Rim15 is required for the dissociation of Rim15 from Bmhl/
2 [19,20], we next examined the effect of alanine substitution
of these residues on the interaction between Riml5 and
Bmh1/2 in tps2A cells. Consistent with the above results, we
observed that alanine substitution of Ser1061 and Thr1075 of
Rim15 abolished its interaction with Bmh1/2 in tps2A cells
under both nutrient-rich and nitrogen starvation conditions
(Figure 7A,B). Together, these results suggest that Tps2 plays
an important role in the regulation of Riml5 activity by
controlling the dephosphorylation of Ser1061 and Thr1075
of Rim15 under nitrogen starvation (Figure 8).

Discussion

In this study, we have demonstrated that the trehalose-6-phos-
phate phosphatase Tps2 is a positive regulator of autophagy in
S. cerevisiae. Given that Tps2 is one of the catalytic subunits of
trehalose synthase and #ps2A cells exhibit a significant reduction
in cellular trehalose levels under nitrogen starvation (Fig. S1), it

under normal condition (SD-N 0 h), which was set to 1. (D) WT (BY4741), rim15A (BK0039), tps2A (BK0025), and nth1A (BK0028) cells were grown to early log phase in
SC medium and incubated in SD-N medium for 2 h. The mRNA levels of each ATG gene were normalized against those of the corresponding gene in WT cells under
normal condition, which was set to 1. (E) Representative TEM images of WT (BK0040) (left panel) and tps2A (BK0041) cells (right panel), which were grown to early
log phase in SC medium and incubated in SD-N medium for 2 h. Scale bar: 500 nm. (F) The estimated mean radii (in nm) of autophagic bodies in WT and tps2A cells
after 2 h of nitrogen starvation. 100 cells were analyzed per strain. (G) The estimated average number of autophagic bodies in WT and tps2A cells after 2 h of
nitrogen starvation. Estimation was based on the number of autophagic body cross-sections observed by TEM. 100 cells were analyzed per strain. (B, C, and D) Values
are the mean of three independent experiments and the error bars indicate the standard deviation. P-values were determined by two-tailed Student's t-test
(***P < 0.001, **P < 0.01, *P < 0.05). (F and G) The error bars indicate the standard deviation. P-values were determined by two-tailed Student’s t-test (***P < 0.001,

**P < 0.01, *P < 0.05).
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a loading control. Data are representative of at least three independent experiments. (B) WT (BK0042), rim15A (BK0043), and tps2A (BK0044) cells expressing Ume6-
TAP were grown to early log phase in SC medium (SD-N 0 h) and incubated in SD-N medium for 2 h. The association of Ume6 with the ATG8 promoter region was
measured using ChIP assay as described in Materials and methods. Fold enrichment level of each strain was normalized against that of WT cells, which was set to 1.
(C) WT (BY4741), ume6A (BK0046), tps2A (BK0025), and ume6A tps2A (BKO047) cells were grown to early log phase in SC medium (SD-N 0 h) and incubated in SD-N
medium for 2 h. ATG8 mRNA levels were quantified by quantitative real-time PCR as described in Materials and methods. ATG8 mRNA levels were normalized against
that of WT cells under normal condition (SD-N 0 h), which was set to 1. (D) WT (YTS159), vps34A (BK0O001), rim15A (BK0048), ume6A (BK0049), tps2A (BK0003), and
ume6A tps2AA (BK0050) cells were grown to early log phase in SC medium (SD-N 0 h) and incubated in SD-N medium for 6 h. Pho8A60 alkaline phosphatase activity of
each sample was measured as described in Materials and methods. (B to D) Values are the mean of three independent experiments and the error bars indicate the
standard deviation. P-values were determined by two-tailed Student’s t-test (***P < 0.001, **P < 0.01, *P < 0.05).

is reasonable to assume that trehalose may actually regulate
autophagy. However, we provide several pieces of evidence
that cellular trehalose levels do not affect autophagic flux under
nitrogen starvation. First, nthIA cells with increased intracellular
trehalose levels showed similar autophagic activity to that of
wild-type cells under nitrogen starvation (Figure 2B-D).
Second, the supplementation of 2% trehalose did not increase
the autophagic activity of tps2A cells (Figure 2E,F). Third, the
autophagy defect in tpsIA cells, which exhibit complete loss of
trehalose, was rescued when galactose was used as a carbon
source in the nitrogen starvation medium (Figure 2G,H).
Together, we conclude that the trehalose synthesis function of
Tps2 is not related to its role in autophagy. Although we could

not find any evidence that trehalose regulates autophagy in
S. cerevisiae, some previous studies reported the controversial
effects of trehalose on autophagy in neuronal systems [26-29]. It
would be interesting to investigate whether trehalose affects
autophagy in other organisms.

We observed that Tpsl also positively regulates autophagy
flux under nitrogen starvation (Figure 1). However, unlike
Tps2, Tpsl does not seem to be involved in the regulation
of Atg8 expression. In tpsIA cells, hyper-activation of hexo-
kinase induces an uncontrolled influx of glucose during gly-
colysis, which leads to hyper-activation of RAS signaling [38].
Several studies have also shown that constitutive activation of
the RAS/cAMP pathway prevents TORCI inactivation-



1022 (& B.KIMET AL

A CdwT [Jrim15A B COwT [rim15A
15 I (os2A [ nth1A 5 I tos2A [ nth1A
© I}
3 3 47 T
% 10 4 _—l_ <
o 2
Q
«
% @ 24
2 . 2
© ©
g g "
ol M~ e 0. ,
SD-N (h) 0 2 SD-N (h) 0 2
C F
N +N -N
Msn2-GEP DAPI DIC GFP-Rim15KI  DAPI GFP-Rim15KI  DAPI

- . . - . . -
Sch9A
tps2A
- . . - . . -
ras2A
tps2A
ras2A |
SCh9A
D
80 1
ras2A
SCh9A
20
60 tps

9
o
[T
Q
N
2 G
Z 404 - : -
g . P
o] 50+ *
g —
5 20- 8 T T
2 < 404
K 2
E :
0- [
WT  rim15A tps2A  nth1A d 30+
O
&
E $
3
c
k]
WT  tps2A nth1A WT  tps2A nth1A g 104
©
@
0O 0 0 2 2 2 SDN(G) o I;L|-|""‘| .ﬁi. |l|i
. u 88 s | GFPRMIS SDN(th) 02 02 02 02 02 02
- - e SCh9A  sch9A ras2A  ras2A  ras2A  ras2A
— e e = e K tps2A ps2A  sch9A  sch9A

tps2A
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quantitative real-time PCR and normalized against that of WT cells under normal condition (SD-N 0 h), which was set to 1. (B) SSA3 mRNA levels were quantified by
quantitative real-time PCR and normalized against that of WT cells under normal condition (SD-N 0 h), which was set to 1. (C) WT (BK0057), rim15A (BK0058), tps2A
(BK0059), and nth1A (BK0060) cells expressing Msn2-GFP were grown to early log phase in SC medium and incubated in SD-N medium (-N) for 2 h. Msn2-GFP
fluorescence signals were visualized by fluorescence microscopy. DNA was stained with 4',6-diamidino-2-phenylindole (DAPI). Scale bars: 4 um. (D) Quantification of
nuclear-localized Msn2 in cells shown in (C). At least 200 cells were counted for each measurement. (E) WT (BK0061), tps2A (BK0062), and nth1A (BK0063) cells



induced autophagy [45,46]. Together, it is likely that loss of
Tpsl causes hyper-activation of hexokinase, leading to hyper-
activation of the RAS/cAMP pathway, and thereby suppresses
autophagy induction in glucose-containing nitrogen starva-
tion medium.

Upon autophagy induction, Atg8 proteins play critical
roles in the expansion and maturation of autophagosomes.
Our results show that the average diameter of the autopha-
gic body was ~23% reduced in fps2A cells compared to
wild-type cells under nitrogen starvation (Figure 3E,F).
We estimate that the volume of autophagic bodies in
tps2A cells is ~50% smaller than that in wild-type cells
under nitrogen starvation. In tps2A cells, the degree of
volume reduction of autophagic bodies is comparable to
the reduction in autophagic activity (Figure 1A-C) and
ATG8 expression (Figure 3A-C). These results suggest
that the reduction in ATG8 expression mainly causes the
autophagy defect in tps2A cells under nitrogen starvation.
In addition to ATGS, tps2A cells showed slightly less
expression of multiple ATG genes than rimI5A cells
(Figure 3D). Furthermore, fps2A cells exhibited more
severely impaired autophagic flux than rimI5A cells
(Figure 4D). Given this, it is reasonable to assume that
Tps2 may control unknown transcriptional regulator(s) of
ATG genes other than Rim15. Indeed, we observed that the
induction of ATGI, an essential component of the core
autophagy machinery, was positively regulated by Tps2
but not by Riml5 under nitrogen starvation (data not
shown).

It has been reported that nuclear localization of Msn2 is
regulated by PKA but not by Rim15 under glucose starvation,
even though both PKA and Riml5 control the activity of
Msn2 [44]. Interestingly, however, we observed that, under
nitrogen starvation, nuclear localization of Msn2 was signifi-
cantly decreased in rim15A cells compared to wild-type cells
(Figure 5C,D). This result suggests that Riml5 regulates
nuclear localization of Msn2 under nitrogen starvation. Most
likely, the effects of PKA and Rim15 on Msn2 localization are
differentially regulated in response to cellular nutrient condi-
tions. Consistent with this notion, we observed that PKA
activity was significantly reduced in cells under glucose depri-
vation condition but was little, if any, affected in cells under
nitrogen deprivation condition (data not shown).

It has been reported that TORC1-Sch9-dependent phosphor-
ylation of Ser1061 and Thr1075 of Rim15 is essential for cytoplasm
retention of Rim15 by mediating its interaction with Bmh1/2 and
inhibition of TORC1 activity by rapamycin induces nuclear accu-
mulation of Rim15 [18-20]. Intriguingly, we could not observe
nuclear localization of Rim15 under various conditions leading to
decreased TORC1 activity, such as nitrogen starvation, rapamycin
treatment, and TORI deletion (data not shown). We could only
observe the nuclear accumulation of Rim15 in sch9A cells or ras2A
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cells under nitrogen starvation (Figure 5F,G). The discrepancy
between previous and our results regarding the effect of TORC1
activity on nuclear localization of Rim15 may be due to the
differences in yeast strains and experimental conditions used.
Yet, it is clear that Sch9 plays a major role in the regulation of
the nucleocytoplasmic distribution of Rim15. It is notable that,
although Sch9 is known to be mainly regulated by TORCI1-
dependent phosphorylation, recent studies have revealed that
Sch9 can also act independently of TORCI activity [47,48]. The
precise regulatory mechanism of Rim15 localization under weak
TORCI activity remains to be further elucidated.

Our data demonstrate that Ser1061 and Thr1075 residues
of Riml15 are not dephosphorylated in tps2A cells under
nitrogen starvation (Fig. S8C and S8D). Taking into consid-
eration that the dissociation of Riml5 from Bmhl/2 is
mediated by dephosphorylation of these residues and
Rim1551001A-T10754 (Rim15-2A) mutant exhibits significantly
reduced interaction with Bmh1/2 in tps2A cells under both
nutrient-rich and nitrogen starvation conditions (Figure 7),
this result also supports our notion that Tps2 is involved in
dephosphorylation of Serl061 and Thrl075 residues of
Rim15. Given that Tps2 has trehalose-6-phosphate phospha-
tase activity, it is presumable that Tps2 may function as
a phosphatase for Riml5. Some phosphatases have been
found to use both small molecules and proteins as substrates.
In mammalian cells, the glycerol-3-phosphate phosphatase
PGP dephosphorylates glycerol-3-phosphate into glycerol.
Although PGP functions as a carbohydrate phosphatase, it
also possesses tyrosine protein phosphatase activity [49].

Furthermore, a negative regulator of PtdIns3 K/AKT
signaling, PTEN (phosphatase and tensin homolog), acts
as both a lipid phosphatase that dephosphorylates
PtdIns3P and a dual protein phosphatase in regulating
apoptosis and cell proliferation signalings [50-52]. To
examine whether Tps2 directly dephosphorylates Ser1061
and Thr1075 residues of Rim15, we performed an in vitro
assay using immunoprecipitated Tps2 and Rim15. However,
we could not find evidence that Tps2 directly dephosphor-
ylates Serl061 and Thrl075 residues of Riml5 in our
experimental conditions (data not shown). Presumably,
Tps2 or Riml5 might lose their functionality during the
immunoprecipitation procedure. There is also a possibility
that Tps2 might regulate an unidentified Rim15 phospha-
tase or cellular signaling pathway that controls the depho-
sphorylation of Ser1061 and Thr1075 residues of Rim15. It
would be interesting to identify the TORCI-independent
signaling pathway(s) that regulates the dephosphorylation
of Ser1061 and Thr1075 residues of Riml15 in response to
nitrogen starvation and investigate how Tps2 contributes to
this signaling pathway(s). Further investigation into the role
of Tps2 in controlling the phosphorylation status of Rim15

expressing GFP-Rim15 were grown to early log phase in SC medium (SD-N 0 h) and incubated in SD-N medium for 2 h. Protein extracts were analyzed by
immunoblotting as described in Materials and methods with an anti-GFP antibody. Hxk2 was used as a loading control. Data are representative of at least three
independent experiments. (F) sch9A (BK0064), sch9A tps2A (BK0065), ras2A (BK0066), ras2A tps2AA (BK0O067), ras2A sch9A (BK0068), and ras2A sch9A tps2A (BKO069)
cells expressing GFP-Rim15KI were grown to early log phase in SC-H medium (+N) and incubated in SD-N medium (-N) for 2 h. GFP-Rim15 fluorescence signals were
visualized by fluorescence microscopy. DNA was stained with DAPI. Scale bars: 4 pm. (G) Quantification of nuclear-localized Rim15 in cells shown in (F). At least 200
cells were counted for each measurement. (A, B, D, and G) Values are the mean of three independent experiments and the error bars indicate the standard deviation.
P-values were determined by two-tailed Student’s t-test (***P < 0.001, **P < 0.01, *P < 0.05).
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Figure 6. Tps2 is required for the dissociation of Rim15 from the 14-3-3 proteins
Bmh1/2 under nitrogen starvation. (A) WT cells expressing GFP-Rim15 and
Bmh1-MYC (BK0081) or Bmh2-MYC (BK0082) were grown to early log phase in
SC medium (+N) and incubated in SD-N medium (-N) for 1 h. (B) tps2A cells
expressing GFP-Rim15 and Bmh1-MYC (BK0083) or Bmh2-MYC (BK0084) were
grown to early log phase in SC medium (+N) and incubated in SD-N medium
(-N) for 1 h. Co-IP assay was performed as described in Materials and methods.
Data are representative of at least three independent experiments. The ratio of
GFP-Rim15 co-precipitated with MYC-tagged proteins is shown below each lane.

will broaden our understanding of Riml5-mediated auto-
phagy regulation.

Materials and methods
Yeast strains and media

Yeast strains used in this study are listed in Table S1. Strains were
constructed by PCR-mediated epitope tagging method or PCR-
mediated gene deletion method. Yeast cells were grown in YPD
medium (1% yeast extract [BD Difco, 212750], 2% peptone [BD
Difco, 211677], and 2% glucose [Junsei Chemical, 64220-0650])
or synthetic complete medium with glucose (SC; 0.67% yeast
nitrogen base without amino acids [BD Difco, 291940], 2%
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Figure 7. Dephosphorylation of Ser1061 and Thr1075 of Rim15 abolishes its
interaction with Bmh1/2 in tps2A cells. (A) tps2A cells expressing Bmh1-MYC and
GFP-Rim15 (BK0085) or GFP-Rim15°'%¢'AT1975A (Rim15-2A) (BK0086) were grown
to early log phase in SC-H medium (+N) and incubated in SD-N medium (-N) for
1 h. (B) tps2A cells expressing Bmh2-MYC and GFP-Rim15 (BK0087) or GFP-Rim15
-2A (BK0088) were grown to early log phase in SC-H medium (+N) and incu-
bated in SD-N medium (-N) for 1 h. Co-IP assay was performed as described in
Materials and methods. Data are representative of at least three independent
experiments. The ratio of GFP-Rim15 or GFP-Rim15-2A co-precipitated with
MYC-tagged proteins is shown below each lane.

glucose, and appropriate nutritional supplements) or galactose
(SCqui; 0.67% yeast nitrogen base without amino acids, 2% galac-
tose [Samchun Chemicals, G0476], and appropriate nutritional
supplements) lacking appropriate amino acids for selection [53].
For nitrogen starvation, yeast cells grown to early log phase in
YPD or SC medium were washed with distilled water and incu-
bated in nitrogen starvation medium with glucose (SD-N; 0.17%
yeast nitrogen base without amino acids and ammonium sulfate
[BD Difco, 233520], 2% glucose) or galactose (Sgy-N; 0.17% yeast
nitrogen base without amino acids and ammonium sulfate, 2%
galactose). For solid media, 2% agar (BD Difco, 214010), was
added. All cultures were incubated at 30°C.

Construction of plasmids

The oligonucleotide primers used in this study are listed in
Table S2. For the construction of pFA6a-His3MX6-ATG8p-
GFP vector, the ~590 bp PCR product of the ATG8 promoter
obtained using BY4741 genomic DNA as a template was
digested with BgllI and Pacl and ligated into BgIlI-
Pacl digested pFA6a-His3MX6-HXK2p-GFP [54]. Vectors
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Figure 8. A model for the regulation of Atg8 expression by Tps2. (A) Under nutrient-rich condition, TORC1 and Sch9 promote cytoplasmic retention of Rim15 by
mediating phosphorylation of Ser1061 and Thr1075 residues of Rim15 and thereby leading to its interaction with the 14-3-3 proteins Bmh1/2. Ume6 is predominantly
dephosphorylated and inhibits ATG8 induction. (B) Under nitrogen starvation condition, TORC1 and Sch9 are inactivated and Tps2-depedent dephosphorylation of
Ser1061 and Thr1075 of Rim15 leads to the dissociation of Rim15 from Bmh1/2. Rim15 translocates from the cytoplasm to the nucleus and inhibits Ume6 by
phosphorylation. Inhibition of Ume6 leads to ATG8 induction and thereby autophagy upregulation.

for expressing p413ADH-GFP-Rim15°**Y  (Rim15KI),
p413ADH-GFP-Rim15-2A and p413ADH-GFP-Rim15(944--
1149) were generated from p413ADH (ATCC, 87370) using
the QuikChange site-directed mutagenesis protocol (Agilent
Technologies, 200518) and the SLIC method [55].

Western blot analysis

Yeast cell extracts were prepared as previously described [56].
SDS-PAGE and immunoblotting were performed using stan-
dard methods with a HRP-conjugated anti-mouse IgG antibody
(Sigma-Aldrich, A9044), a HRP-conjugated anti-rabbit IgG
antibody (Sigma-Aldrich, A6154), a HRP-conjugated anti-GFP
antibody (Santa Cruz Biotechnology, SC-9996 HRP), a HRP-
conjugated anti-MYC antibody (Santa Cruz Biotechnology, SC-
40 HRP), a HRP-conjugated anti-HA antibody (Santa Cruz
Biotechnology, SC-7392 HRP), a mouse anti-GFP antibody
(Santa Cruz Biotechnology, SC-9996), and a rabbit anti-
hexokinase antibody (United States Biological, H2035-03).

RNA extraction and quantitative reverse transcription-
PCR (quantitative real-time PCR)

Total RNA was extracted from yeast cells using the RNeasy Mini
Kit (QIAGEN, 74,104), and 1 pg of total RNA was reverse tran-
scribed using the First-Strand ¢cDNA Synthesis Kit (TOYOBO,

FSQ-101). mRNA abundance was determined by quantitative
real-time PCR using Quantstudio 3 with SensiFAST SYBR Low-
ROX Mix (Bioline, BIO-98020). Amplification efficiencies were
validated and normalized against TAFI0, and relative mRNA
levels were calculated by the 2742€ method [57].

TEM

Sample preparation and TEM image analysis were performed
as previously described [40]. Images were captured using
a JEM1010 transmission electron microscope (JEOL) at the
National Instrumentation Center for Environmental
Management (NICEM).

Co-IP assay

Cells extracts were prepared as previously described [56]. Cell
extracts were incubated with an anti-GFP antibody (Santa
Cruz Biotechnology, SC-9996) for 4 h at 4°C. Protein
A-Sepharose beads (GE healthcare, 17-5138-01) were added
and incubated overnight at 4°C. For a negative control, cell
extracts were incubated with only protein A-Sepharose beads.
SDS-PAGE and western blot analysis were performed using
standard methods with a HRP-conjugated anti-GFP antibody
(Santa Cruz Biotechnology, SC-9996 HRP) and a HRP-
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conjugated anti-MYC antibody (Santa Cruz Biotechnology,
SC-40 HRP).

Autophagy assay

For monitoring macroautophagy, the alkaline phosphatase
activity of Pho8A60 was measured as previously described
[30]. The GFP-processing assay for ATG8p-GFP-Atg8, Om45-
GFP, and Pex11-GFP was performed as previously described
[32-34].

Measurement of intracellular trehalose content

Intracellular trehalose content was measured as previously
described [58]. Trehalose was hydrolyzed by trehalase (Sigma-
Aldrich, T8778; 0.05 U/ml final concentration) for 16 h at 37°C
with gentle shaking. Glucose content derived from trehalose was
measured using a glucose assay reagent (Sigma-Aldrich, G3293).

ChIP assay

ChIP assay was performed as previously described [59]. For
ChIP of Ume6-TAP, 30 pl of IgG-sepharose beads (GE
Healthcare, 17-0969-01) was incubated with 200 ul of lysate at
4°C for 4 h. Input and ChIP samples were analyzed by quanti-
tative real-time PCR using Quantstudio 3 with SensiFAST SYBR
Low-ROX Mix. Relative fold enrichment of Ume6-TAP at the
ATG8 promoter region was determined by calculating the ratio
of the ATG8 promoter region to CUPI, an internal control,
using the comparative Cp method.

Fluorescence microscopy analysis

Cells expressing GFP-tagged target proteins were analyzed on
96-well glass-bottomed microplates (Matrical Bioscience,
MGB096) using a Nikon Eclipse E1 microscope with a Plan
Fluor 100x/1.30 NA oil immersion objective lens.

Statistical analysis

Significance of differences was analyzed with two-tailed
Student’s t-test (***P < 0.001, **P < 0.01, *P < 0.05). Values
are the mean of three independent experiments and the error
bars indicate the standard deviation.
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