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TORC2 inhibition of α-arrestin Aly3 mediates cell surface
persistence of S. pombe Ght5 glucose transporter in low glucose
Yusuke Toyoda, Saeko Soejima, Fumie Masuda and Shigeaki Saitoh*

ABSTRACT
In the fission yeast, Schizosaccharomyces pombe, the high-affinity
hexose transporter, Ght5, must be transcriptionally upregulated and
localized to the cell surface for cell division under limited glucose.
Although cell-surface localization of Ght5 depends on Target of
rapamycin complex 2 (TORC2), the molecular mechanisms by which
TORC2 ensures proper localization of Ght5 remain unknown. We
performed genetic screening for gene mutations that restore Ght5
localization on the cell surface in TORC2-deficient mutant cells, and
identified a gene encoding an uncharacterized α-arrestin-like protein,
Aly3/SPCC584.15c. α-arrestins are thought to recruit a ubiquitin
ligase to membrane-associated proteins. Consistently, Ght5 is
ubiquitylated in TORC2-deficient cells, and this ubiquitylation is
dependent on Aly3. TORC2 supposedly enables cell-surface
localization of Ght5 by preventing Aly3-dependent ubiquitylation
and subsequent ubiquitylation-dependent translocation of Ght5 to
vacuoles. Surprisingly, nitrogen starvation, but not glucose depletion,
triggers Aly3-dependent transport of Ght5 to vacuoles in S. pombe,
unlike budding yeast hexose transporters, vacuolar transport of which
is initiated upon changes in hexose concentration. This study
provides new insights into the molecular mechanisms controlling
the subcellular localization of hexose transporters in response to
extracellular stimuli.
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INTRODUCTION
Eukaryotic cells monitor the nutritional status of their micro-
environments and modulate metabolic processes in response to
changes in nutrient availability. The fission yeast Schizosaccharomyces
pombe possesses eight genes encoding hexose transporters (ght1+ –
ght8+), through which glucose, fructose and their derivatives
are transported across the cell membrane (Heiland et al., 2000;
Wood et al., 2002). The high-affinity transporter Ght5 is required
for cell proliferation under limited glucose. Expression levels and
localization of Ght5 are regulated in response to the hexose
concentration. Although ght5+ transcription is repressed in wild-
type cells growing in conventional laboratory medium with a high
concentration of glucose (111-167 mM/2-3%), when glucose is
limited, its transcription level is greatly increased in a manner
dependent on Ca2+/calmodulin-dependent-kinase kinase (CaMKK)

and AMP-dependent kinase (AMPK) (Saitoh et al., 2015). In
cells growing in conventional high-glucose medium, Ght5
protein, which is expressed at a low level, localizes on the cell
surface, preferentially near the cell equator, whereas abundantly
expressed Ght5 is distributed across the entire cell surface in low-
glucose (4.4 mM) medium (Saitoh et al., 2015). Target of
rapamycin kinase complex 2 (TORC2) and its downstream
kinase, Gad8, are essential for proper localization of Ght5 on the
cell membrane.

TOR kinases form two distinct evolutionarily conserved
complexes, TORC1 and TORC2 (Wullschleger et al., 2006).
TORC1 consists of a catalytic subunit, which is encoded by the
tor2+ gene in S. pombe, and regulatory subunits, including Raptor,
encoded by the S. pombe mip1+ gene. TORC2 consists of a catalytic
subunit encoded by the tor1+ gene and regulatory subunits,
including Rictor, encoded by the ste20+ gene (Hayashi et al.,
2007). Activity of TORC1 is regulated through a signaling network,
including two GTPases, Rheb (Rhb1 in S. pombe) and Rag (Gtr1
and Gtr2 in S. pombe), in response to changes in amino acid
availability. Rag recruits TORC1 to vacuole membranes, where
Rheb binds to and activates TORC1 (Long et al., 2005; Sancak
et al., 2010). Activities of Rheb and Rag are controlled positively
and negatively by a guanine nucleotide exchange factor (GEF) and a
GTPase-activating protein (GAP), respectively. The Tsc1-Tsc2
protein complex functions as a GAP for Rheb, whereas the
Ragulator complex and the GATOR1 complex function as GEF and
GAP for Rag, respectively (Bar-Peled et al., 2013, 2012; Tee et al.,
2003; Zhang et al., 2003). Activated TORC1, in the presence of
amino acids, promotes various cellular processes, such as protein
translation, ribosome biogenesis, transcription and autophagy
inhibition (Barbet et al., 1996; Powers and Walter, 1999). On the
other hand, TORC2 is activated upon stimulation with insulin, and
regulates glucose metabolism, actin organization and cell survival
in mammals (Saxton and Sabatini, 2017). A major effector kinase
functioning downstream of TORC2 is Akt, which is activated by
TORC2 in coordination with phosphoinositide-dependent protein
kinase 1 (PDK1) (Alessi et al., 1997; Sarbassov et al., 2005; Stokoe
et al., 1997). In fission yeast, the TORC2 signaling cascade is
essential for cell proliferation under low-glucose conditions. In
mutant cells defective for TORC2, Gad8 (the S. pombe counterpart
of Akt) or Ksg1 (PDK1 in S. pombe), the Ght5 hexose transporter,
which is essential for uptake of glucose when concentrations are
low, is not localized on the cell surface properly (Niederberger and
Schweingruber, 1999; Saitoh et al., 2015; Tatebe and Shiozaki,
2010).

When no longer required, cell-surface proteins, e.g. receptor and
transporter proteins, are internalized by endocytosis (Antonescu
et al., 2014). During endocytosis, a small part of the plasma
membrane along with the membrane-associated proteins forms a pit
and then buds inward to form a vesicle, which fuses with other
vesicles to form endosomes in the cytoplasm. Proteins (i.e. cargos)
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on such vesicles/endosomes are either transported back to the cell
surface by exocytosis or transported to lysosomes (or vacuoles in
yeasts) for degradation (Sorkin, 2000). The destination of vesicular
cargos is determined by protein ubiquitylation, which is mediated
by E3 ubiquitin ligases that ubiquitylate substrate proteins, and
arrestin proteins, bridging the ligases and the cargos (Clague et al.,
2012). Ubiquitylated cargos are sorted for transport to lysosomes/
vacuoles by conserved protein complexes known as endosomal
sorting complexes required for transport (ESCRTs) (Katzmann
et al., 2001; Vietri et al., 2020). Onmembranes of endosomes and/or
multivesicular bodies (MVBs), ubiquitylated cargos are first
captured by the multivalent ubiquitin-binding complex, called
ESCRT-0. Through actions of ESCRT-I, ESCRT-II and ESCRT-III
complexes, ubiquitylated cargos are then gathered along a small
portion of the cell membrane, which buds into the lumen of the
endosome, forming MVBs. These MVBs fuse with lysosomes to be
degraded. As arrestins determine which cargos are connected with
ubiquitin ligases (Becuwe et al., 2012a; Nikko and Pelham, 2009),
they apparently serve crucial functions in determining the endocytic
destinations of the cargos.
Arrestin-family proteins are evolutionarily conserved among

eukaryotes, from yeasts to humans (Alvarez, 2008). Arrestin was
originally identified as a protein involved in the termination of the
signal from the light-activated photoreceptor, rhodopsin (Wilden
et al., 1986; Zuckerman and Cheasty, 1986). Arrestin-family
proteins, which are classified into four subfamilies, α-arrestins, β-
arrestins, visual arrestins and Vps26-related proteins, serve in
various capacities, including as adaptors connecting NEDD4-like
E3 ubiquitin ligases to membrane-associated substrates (Alvarez,
2008; Becuwe et al., 2012a). According to annotations in the fission
yeast genome database [Pombase (Lock et al., 2019), www.
pombase.org/term/PBO:0000342], 11 genes (aly1+, aly2+, any1+,
any2+, art1+, mug170+, rod1+, ste7+, vps26+, SPBC557.05 and
SPCC584.15c) encode proteins containing one or more arrestin-
related domains (InterPro ID: IPR011021, IPR011022, IPR014752
and IPR024391; Mitchell et al., 2019) (Fig. 3A). Among them, four
genes, aly1+, aly2+, rod1+ and SPCC584.15c, encode proteins with
domains and motifs typical of α-arrestin subfamily proteins:
arrestin-like N-terminal and C-terminal domains (InterPro ID:
IPR011021 and IPR011022) and multiple PY motifs at the C-
terminal tail region (Fig. 3A; Puca and Brou, 2014). One of the
fission yeast arrestin-family proteins, Any1, is reportedly essential
for ubiquitylation of an amino acid transporter, Aat1, and its
retention at Golgi bodies (Nakase et al., 2013). Interaction between
Any1 and a NEDD4-like E3 ubiquitin ligase, Pub1, is stabilized by
activation of the Rheb GTPase, Rhb1, which promotes
ubiquitylation of Aat1 so as to prevent trafficking of Aat1 from
the Golgi to the cell surface. To date, none of the four α-arrestin
genes mentioned above has been experimentally characterized.
Molecular functions of arrestins have been well studied in the

budding yeast Saccharomyces cerevisiae. Among 14 budding yeast
α-arrestins, Csr2, Rod1, and Rog3 regulate trafficking of hexose
transporters from the plasma membrane to vacuoles in response to
changes in glucose concentration (Becuwe et al., 2012b; Hovsepian
et al., 2017; Nikko and Pelham, 2009; O’Donnell et al., 2015).
Under glucose-rich conditions, these α-arrestins mediate
ubiquitylation of hexose transporters on the plasma membrane by
Rsp5 ubiquitin ligase. When the concentration of glucose is
reduced, activated AMPK phosphorylates these α-arrestins and
downregulates them, so that hexose transporters are retained on the
cell surface. Phosphorylation by AMPK prevents these α-arrestins
from associating with hexose transporters on the cell surface

(O’Donnell and Schmidt, 2019). Rod1, phosphorylated by AMPK,
is subjected to protein degradation and/or binding to the 14-3-3
protein Bmh2 (Llopis-Torregrosa et al., 2016; O’Donnell et al.,
2015).

In this study, to understand how TORC2 ensures proper
localization of the Ght5 hexose transporter in fission yeast, we
performed genetic screening for suppressor mutations that restore
Ght5 localization on the cell surface in TORC2-deficient cells.
Genetic and biochemical analyses indicate that Ght5 is
ubiquitylated in a manner dependent on a specific α-arrestin,
Aly3/Spcc584.15c, and that ESCRT complexes apparently sort
ubiquitylated Ght5 to vacuoles. Importantly, combined with results
reported in our previous study (Saitoh et al., 2015), our findings
strongly suggest that TORC2, but probably not AMPK, inhibits
Aly3-dependent ubiquitylation of Ght5, and consequently blocks
endocytosis of Ght5 to vacuoles. Unlike budding yeast, nitrogen
starvation (no ammonium ion or amino acids), but not glucose
repletion, triggers Aly3-dependent endocytosis of Ght5 to vacuoles
in fission yeast. Our studies demonstrate that glucose uptake via the
high-affinity hexose transporter Ght5 is cross-regulated by levels of
hexoses and nitrogen-containing compounds, and that TORC2 is
central to this unique regulation of nutrient uptake.

RESULTS
Isolation of extragenic suppressors of the gad8ts mutant
In fission yeast, the TORC2 kinase signaling pathway is essential
for proper localization of the high-affinity hexose transporter Ght5
on the plasma membrane. Mutant cells defective in TORC2 or Gad8
kinase, which acts downstream of TORC2, exhibited abnormal
accumulation of Ght5 in the cytoplasm, and consequently failed to
proliferate in low glucose (Saitoh et al., 2015). To understand how
the TORC2 signaling pathway ensures the proper localization of
Ght5 and cell proliferation in low glucose, we screened for
extragenic suppressor mutations enabling gad8ts cells, which
harbor a temperature-sensitive mutation (S240P) in the gad8+

gene, to proliferate on low-glucose medium containing 3.3 mM
glucose. When incubated on solid low-glucose medium at 33°C,
gad8ts cells spontaneously acquired a suppressor mutation, and
formed colonies at a frequency of 370 in 1×107 cells (Fig. 1A). A
total of 49 colonies on low-glucose medium were then selected, and
whole genome sequences of these cells were analyzed to identify
the mutated gene. Mutations in 32 genes were identified as
candidates for the extragenic suppressor.

To confirm that the identified mutations ameliorated proliferation
of gad8ts mutant cells in low glucose, each of the 32 identified genes
was deleted in gad8ts mutant cells. Among them, deletion of
22 genes improved proliferation of gad8ts mutant cells in low
glucose compared to the parental gad8ts mutant (Fig. 1B; Fig. S1),
suggesting that a loss-of-function mutation of these genes
suppresses the growth defect phenotype of gad8ts cells in low
glucose. Notably, although most strains proliferated well in high
glucose (167 mM), gad8ts cells lacking the gtr1+ or npr2+ gene
failed to form colonies. Chia et al. (2017) thought that this defect
was due to impaired amino acid uptake. As these mutant cells
formed colonies on low-glucose plates, reduction of the glucose
concentration may somehow enhance amino acid uptake.

Based on annotated/inferred gene functions, the 22 extragenic
suppressor genes, the deletion of which restored cell proliferation in
low glucose, were classified into four groups (Table 1). The first
group of mutations was supposed to block endocytosis of plasma
membrane proteins. sst4+, hse1+, sst6+, vps25+ and bro1+ encode
components of the ESCRT machinery, which is required for
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transport of the transmembrane Aat1 protein to vacuoles (Nakase
et al., 2012). SPCC584.15c encodes an α-arrestin-like protein
inferred to be involved in ubiquitin-dependent endocytosis of
membrane-associated proteins (Lock et al., 2019), referred to
hereafter as aly3+ (arrestin-like protein in yeast 3). The second group
of suppressor genes appear to be involved in the TORC1 kinase
signaling pathway. Mutations in tsc1+, tsc2+, gtr1+ and npr2+ are
thought to enhance TORC1 activity in S. pombe (Chia et al., 2017;
Fukuda and Shiozaki, 2018; Manning and Cantley, 2003; Tee et al.,
2003). The tip41+ gene encodes a type-2A protein phosphatase
regulator, a homolog of which downregulates the TORC1 signaling

pathway in budding yeast (Fenyvuesvolgyi et al., 2005; Jacinto
et al., 2001). The third group of suppressors appears to be involved
in RNA metabolism. not2+ and not3+ encode subunits of the
CCR4-NOT complex, which is primarily involved in mRNA
deadenylation (Ukleja et al., 2016), and the fission yeast puf2+ gene
encodes an RNA-binding protein belonging to the Pumilio and FBF
family, which is required to form stress granules after deprivation
of glucose (Hsiao et al., 2020). The fourth group contains genes
with miscellaneous functions not classified above. ppk14+ and
ppk15+ encode protein kinases. prs5+ encodes a ribose-phosphate
pyrophosphokinase involved in nucleotide synthesis. pcs2+

Fig. 1. Identification of extragenic suppressors of the gad8ts mutant. (A) Schematized procedure for obtaining extragenic suppressor mutations of the
gad8ts mutant. (B) Aliquots (104 cells) of wild-type, gad8ts mutant and gad8ts mutant strains lacking the indicated genes were serially diluted 10-fold, spotted
onto YES solid medium containing the indicated concentration of glucose, and incubated for 5 days at 33°C. Spots from the same square Petri dishes are
shown on a black background. See also Fig. S1. Genes with asterisks (aly1+, aly2+ and rod1+) are related to the identified arrestin-like gene, SPCC584.15c/
aly3+. (C) Subcellular localization of Ght5 in living wild-type, gad8ts mutant and gad8ts mutant cells lacking the indicated genes. Cells expressing Ght5-GFP
were cultivated in EMM2 containing 0.06% glucose for 4 h at 33°C. See also Fig. S2. Scale bars: 10 µm.
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encodes a phytochelatin synthetase involved in the detoxification of
heavy metals, and SPBC16H5.12c encodes a protein with a metal-
dependent phosphatase-like superfamily domain (see Table 1).
Collectively, the proliferation defect caused by TORC2 deficiency
in low glucose was rescued by loss-of-function mutations in the
ESCRT/endocytosis machinery, the TORC1 signaling pathway and
RNAmetabolism. The TORC2-Gad8 signal may block functions of
these genes directly or indirectly to enable cell proliferation in low
glucose.

Mutations in the ESCRT machinery and Aly3 α-arrestin
effectively restore cell-surface localization of Ght5 in gad8ts

mutants
We then tested whether deletion of the suppressor genes restored not
only cell proliferation, but also Ght5 localization in gad8ts mutant
cells. Using S. pombe cells in which the native ght5+ gene was
replaced with that for the C-terminally GFP-fused Ght5 protein
(Ght5-GFP), subcellular localization of Ght5 was examined after
cultivation for 4 h in low glucose (Fig. 1C; Fig. S2). Although Ght5-
GFP was intensely evident on the cell surface in wild-type cells, it
accumulated predominantly in the cytoplasm and only weakly on
the cell membrane in gad8ts mutant cells, as reported previously
(Saitoh et al., 2015). As Ght5-GFP localized inside the vacuole, the
membrane of which was visualized by a vacuole-marker, FM4-64,
in tor1Δ mutant cells, which lacked the catalytic component of
TORC2, essential for the activation of Gad8 (Fig. 2A,B),
cytoplasmic Ght5-GFP in the gad8ts cells was supposed to locate
in vacuoles. Compared to the parental gad8ts single-mutant cells,
gad8ts cells with deleted suppressor genes exhibited reduced Ght5-
GFP signals in the cytoplasm and a stronger signal on the cell
surface, although the extent of the recovery of Ght5 localization
varied among strains. Most strikingly, in gad8ts cells with the
deleted aly3+ gene (gad8ts aly3Δ), virtually no GFP signals were
detectable in the cytoplasm, indicating that deletion of the aly3+

gene almost fully suppressed the abnormal cytoplasmic
accumulation of Ght5 due to the TORC2 deficiency (Fig. 1C).
Deletion of genes for the ESCRT machinery effectively restored
Ght5-GFP localization on the cell surface, though characteristic
Ght5-GFP puncta, which appeared different from the vacuoles,
remained in the cytoplasm. Deletion of TORC1 signaling pathway
genes (tsc1, tsc2, gtr1 and npr2) also largely restored Ght5-GFP
on the cell surface, and small, but significant, amounts of Ght5
remained in vacuoles. In contrast, deletion of suppressor genes
involved in RNA metabolism, not2+, not3+ and puf2+, scarcely
suppressed accumulation of Ght5-GFP in vacuoles, although it did
effectively restore cell proliferation of gad8ts cells in low-glucose
medium (see Fig. 1B,C; Fig. S2).

Aly3 is the only canonical α-arrestin that regulates Ght5
endocytosis to vacuoles
As shown above, among the identified 22 suppressor genes, aly3+

was the strongest suppressor, deletion of which fully restored Ght5-
GFP localization on the cell surface in gad8ts mutant cells (see
Fig. 1C). Therefore, we focused on aly3+ and closely related arrestin
genes for further analyses. Although aly3+ has been identified in
systematic screens for genes affecting the toxicity of an anti-cancer
drug, bortezomib, and genes affecting cell morphology during the
mating process (Dudin et al., 2017; Takeda et al., 2011), its
physiological role remained unknown. aly3+ encodes a protein
containing arrestin-like N- and C-terminal domains and two proline-
rich PY motifs, which are characteristic of canonical α-arrestin
proteins (Fig. 3A; Puca and Brou, 2014). Although Aly3 protein is
annotated as an ortholog of human α-arrestins in the fission yeast
genome database (Lock et al., 2019), the amino acid sequence
similarity of S. pombe Aly3 and human α-arrestins was relatively
low. For example, amino acid identity along the entire length of S.
pombe Aly3 and its closest human homolog, ARRDC2, is 22%
(Fig. 3A,B). In the S. pombe genome, three more genes encode

Table 1. Extragenic suppressors of gad8ts mutant

Mutant gene Product Mutation site

Endocytosis to vacuoles
sst4 sorting receptor for ubiquitylated membrane proteins, ESCRT 0 complex subunit Sst4 W170Stop, Q202Stop
hse1 STAM like protein Hse1 #
sst6 ESCRT I complex subunit Vps23 Q207Stop, %
vps25 ESCRT II complex subunit Vps25 W113Stop
bro1 BRO1 domain protein Bro1 E644Stop
SPCC584.15c (aly3) arrestin involved in ubiquitin-dependent endocytosis R457Stop

TORC1 signaling pathway
tsc1 hamartin Q688Stop
tsc2 tuberin L636Stop
gtr1 Gtr1/RagA G protein Gtr1 C58F
npr2 SEA/Iml1/Npr2/3 complex subunit Npr2 Q135K
tip41 TIP41-like type 2a phosphatase regulator Tip41 R165L

RNA metabolism
not2 CCR4-Not complex subunit Not2 E31Stop, #
not3 CCR4-Not complex subunit Not3/5 #
puf2 pumilio family RNA-binding protein Puf2 Q40Stop, Y416Stop, R751P, R751C, I810S

Miscellaneous
ppk14 serine/threonine protein kinase Ppk14 R148Stop, D404E, R469L
ppk15 serine/threonine protein kinase Ppk15 N104T, K259N
prs5 ribose-phosphate pyrophosphokinase Prs5 L23I
SPBC16H5.12c DUF2433 metallo phosphatase superfamily conserved fungal protein L67P
pcs2 phytochelatin synthetase N147D
SPAC1296.01c phosphoacetylglucosamine mutase Q175Stop
SPAC630.07c Schizosaccharomyces specific protein P278T
SPCC23B6.01c oxysterol binding protein S117Stop

# indicates ‘splice region variant and intron variant’.
% indicates ‘splice acceptor variant, splice donor variant and intron variant’.
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Aly3-like proteins, which harbor these domains and motifs in the
same configuration as in Aly3. Thus, we examined whether these
four α-arrestins, Aly1, Aly2, Aly3 and Rod1, redundantly regulate
endocytosis of Ght5 to vacuoles. For this purpose, we constructed
gad8ts mutant strains in which one of these four α-arrestin genes
was disrupted, and tested whether these double-mutant cells could
proliferate in low glucose. Notably, although deletion of aly3+

enabled gad8ts cells to form colonies in low glucose, deletion of the
other three α-arrestin genes had little or no effect (Fig. 1B; Fig. S1).
Consistently, deletion of α-arrestin genes other than aly3+ failed to
restore localization of Ght5 on the cell surface in gad8ts cells.
Intense cytoplasmic GFP signals were observed in gad8ts aly1Δ,
gad8ts aly2Δ and gad8ts rod1Δ double-mutant cells (Fig. 3C).
Collectively, these results suggested that among these four
α-arrestins, only Aly3 is involved in Ght5 endocytosis to
vacuoles. Aly3 potentially promotes endocytosis of Ght5 from the
surface, and the TORC2-Gad8 signaling pathway counteracts Aly3
to ensure retention of Ght5 on the cell surface.

Endocytosis of the Ght5 hexose transporter is triggered by
nitrogen depletion but not by glucose starvation
The results described above imply that wild-type fission yeast cells
possess a mechanism to remove Ght5 transporters from the surface
by endocytosis, and that Aly3 and the counteracting TORC2
regulate this mechanism. These findings raise the question of what
cue initiates endocytosis of Ght5. In budding yeast, endocytosis of
hexose transporters from the plasma membrane is reportedly
triggered by changes in glucose concentration (Nikko and
Pelham, 2009). To test the hypothesis that Ght5 is endocytosed
from the cell surface upon glucose repletion, intracellular

localization of Ght5-GFP was examined in S. pombe wild-type
cells transferred from low-glucose to high-glucose media. Wild-
type cells expressing Ght5-GFP from the authentic genomic locus
were cultivated in low-glucose Edinburgh minimal medium
(EMM2) (4.4 mM glucose) for 10 h, and were then transferred to
high-glucose medium with 111 mM glucose (Fig. 4A). Contrary to
our hypothesis, Ght5 did not translocate from the surface to
vacuoles after the transfer to high-glucose medium. The
fluorescence intensity of Ght5-GFP on the cell surface, especially
on the growing cell tips, gradually decreased as the cells grew and
divided in high-glucose medium, in which Ght5 expression is
repressed. However, Ght5 did not accumulate in the cytoplasm or
vacuoles. Consistently, although immunoblotting against Ght5-
GFP revealed that the amount of Ght5-GFP protein gradually
decreased in the wild type as well as in aly3Δ cells upon
replenishment of a high concentration of glucose (Fig. 4B), C-
terminal fragments of degraded Ght5 fused with the GFP moiety
resistant to proteolysis (Mukaiyama et al., 2009), which should have
been generated by proteolysis in vacuoles, were not detected in
either wild-type or aly3Δ cells. Similarly, endocytosis of Ght5 to
vacuoles was not triggered by complete glucose deprivation. In
wild-type cells that were transferred from low-glucose medium to
EMM2 without glucose, and that were cultivated for 4 h, Ght5-GFP
was still observed on the cell surface, but not in vacuoles (Fig. 4C).
These results indicate that changes in the medium hexose
concentration do not trigger endocytosis of Ght5 to vacuoles in S.
pombe, unlike in budding yeast, in which glucose repletion and
depletion promote endocytosis to vacuoles and subsequent
degradation of the hexose transporters Hxt6 and Hxt1,
respectively (Llopis-Torregrosa et al., 2016; Roy et al., 2014).

Fig. 2. Vacuolar localization of Ght5 in TORC2-defective tor1Δ cells. (A) Wild-type (WT) and tor1Δ cells expressing Ght5-GFP were cultivated in EMM2
containing 4.4 mM glucose at 33°C for 4 h, and were stained with FM4-64. Confocal images of Ght5-GFP (upper left, magenta in merged images), FM4-64
(lower left, green), phase-contrast (lower right) and merged (upper right) images are shown. Scale bars: 10 µm. (B) Enlarged (4.5×) images of the boxed area
of the merged images in A.
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Unexpectedly, depletion of ammonium chloride (NH4Cl), the
sole nitrogen source in the medium, triggered endocytosis of Ght5
to vacuoles. Wild-type and aly3Δ cells expressing Ght5-GFP were
cultivated in low-glucose EMM2, which contained 0.5%
(93.4 mM) NH4Cl, for 10 h, before being transferred to
ammonium-depleted low-glucose medium (Fig. 5A). In wild-type
cells, the fluorescence intensity of Ght5-GFP gradually decreased
on the cell surface after the transfer to ammonium-depleted

medium, and instead, Ght5-GFP fluorescence in cytoplasmic
vacuoles became prominent. At 6 h after depletion of NH4Cl,
Ght5-GFP was detectable only in vacuoles (Fig. 5B). This
translocation of Ght5 upon ammonium starvation was fully
dependent on Aly3. In aly3Δ cells, Ght5-GFP remained localized
predominantly on the cell surface, even 6 h after ammonium
removal. Aly3-dependent translocation of Ght5 to vacuoles upon
ammonium starvation was also observed in high glucose (Fig. 5C).

Fig. 3. Aly3 is the only α-arrestin that regulates Ght5 endocytosis to vacuoles. (A) Structure of 11 S. pombe proteins containing one or more arrestin-
related domains and human α-arrestin proteins. Green (IPR011021), yellow (IPR011022) and blue (IPR014752) boxes indicate arrestin-related domains with
distinct InterPro IDs. Red bars indicate the proline-rich PY motif. For each protein, the amino acid length and identity to Aly3 are shown. (B) Alignment of the
carboxyl terminal region of Aly3, ARRDC2 and TXNIP proteins. Amino acid sequences of S. pombe Aly3, human ARRDC2 and TXNIP from the C-terminal
end of the arrestin C-terminal-like domain to the carboxyl terminus were aligned using Clustal Omega. A part of the Aly3 sequence (residues 325 to 384) is
not shown because no amino acids of ARRDC2 or TXNIP were aligned. Conserved amino acid residues are in blue. The 308th serine residue of TXNIP is in
bold, and the 460th serine residue of Aly3 is in bold and red. PY motifs are underlined. (C) Subcellular localization of Ght5 in living wild-type, gad8ts mutant
and gad8ts mutant cells lacking the α-arrestin genes. Cells expressing Ght5-GFP were cultivated in EMM2 containing 0.06% glucose for 4 h at 33°C. Scale
bar: 10 µm.
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Collectively, these observations indicate that endocytosis of the
fission yeast Ght5 to vacuoles was regulated in response to
changes in the nitrogen concentration (NH4Cl), but not glucose. It
should be noted that leucine starvation in leu1-32 auxotroph
mutants also caused translocation of Ght5 to vacuoles (Fig. 5D),
even in the presence of 93.4 mM NH4Cl. Thus, amino acid
starvation caused by nitrogen depletion is likely the direct trigger for
Ght5 translocation.
Aly3-dependent translocation of Ght5 to vacuoles appears to

be important for cells to survive nitrogen starvation. Wild-type
and aly3Δ cells were pre-incubated in low-glucose EMM2
supplemented with 93.4 mM NH4Cl for 10 h, and cell viability
was measured after the transfer to low-glucose ammonium-depleted
EMM2 (Fig. 5E; Fig. S3A). Although wild-type cells maintained
high viability (>60%) for 7 days, the viability of aly3Δ cells
decreased to 36.3% in 5 days, and to 32.2% 7 days after the transfer.
Proteolysis of Ght5 protein endocytosed to vacuoles may regenerate
the cellular amino acid pool at the cost of high-affinity glucose
uptake to extend cellular chronological lifespan under nitrogen
starvation.
These results prompted us to examinewhether aly3+ expression is

upregulated upon glucose or nitrogen starvation. For this purpose,
mRNA levels of aly3+ were determined by reverse transcription-

quantitative PCR (RT-qPCR). First, to test the effect of glucose
limitation on aly3+ expression, wild-type cells growing
exponentially in high-glucose EMM2 were transferred to and
further cultivated in low-glucose EMM2 for 10 h (columns 1 and 2,
Fig. 5F). aly3+ mRNA levels, which were determined before and
after the transfer to low-glucose medium, were similar in cells
growing in high- and low-glucose conditions, suggesting that
changes in glucose concentrations in medium have little or no effect
on aly3+ expression as long as nitrogen is plentiful in the medium.
Next, we examined whether nitrogen starvation upregulates aly3+

expression. Wild-type cells cultivated in low-glucose medium,
which is described above, were split into two and further cultivated
in fresh low-glucose medium with or without NH4Cl for 4 h
(columns 3 and 4, Fig. 5F). Incubation in nitrogen-depleted medium
for 4 h was sufficient to induce Ght5 translocation to vacuoles
(Fig. 5B). aly3+ mRNA levels were not changed before or after an
additional 4-h cultivation in low-glucose and nitrogen-replenished
medium (columns 2 and 3, Fig. 5F). The aly3+ mRNA level slightly
increased after cultivation in nitrogen-depleted medium (columns 2
and 4, Fig. 5F), but the amount of increase was small. Taken
together, these results suggest that aly3+ mRNA levels are largely
constant despite changes in glucose and nitrogen source
concentrations.

Fig. 4. Depletion or replenishment of glucose in the
medium does not induce Ght5 endocytosis to
vacuoles. (A,B) Cells expressing Ght5-GFP were pre-
cultured in low-glucose (4.4 mM) EMM2 at 33°C for 10 h.
At time 0 h, cells were transferred to EMM2 containing
111 mM glucose (denoted as G), and aliquots were
taken at the indicated time points for imaging Ght5-GFP
in wild-type (WT) cells (A) and for the detection of Ght5-
GFP in wild-type and aly3Δ cells by immunoblotting (B).
BF denotes brightfield images. PSTAIR was used as a
loading control. (C) wild-type cells expressing Ght5-GFP
were pre-cultured in low-glucose EMM2 at 33°C for 10 h.
At time 0 h, cells were transferred to EMM2 without
glucose, and small aliquots were taken at the indicated
time points for imaging Ght5-GFP. Scale bars: 10 µm.
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TORC2 prevents translocation of Ght5 from the cell
membrane to vacuoles by inhibiting Aly3-dependent
ubiquitylation under nitrogen-rich conditions
We next investigated how Aly3-dependent endocytosis of Ght5 was
inhibited in the presence of nitrogen. The finding that abnormal

endocytosis of Ght5 in gad8ts mutant cells was fully suppressed by
deletion of aly3+ suggested that Aly3-dependent endocytosis would
be inactivated by the TORC2-Gad8 signal under nitrogen-rich
conditions. As α-arrestins are thought to recruit an E3 ubiquitin
ligase to a transmembrane protein that should undergo endocytosis

Fig. 5. Aly3-dependent vacuolar transport of Ght5 under nitrogen-starved conditions. (A) Diagram of the experimental procedure for panels B, C, E and
F. The glucose concentration of EMM2 is indicated in each panel. Cells expressing Ght5-GFP were pre-cultured in EMM2 containing 0.5% (93.4 mM)
ammonium chloride (NH4Cl) for 10 h at 30°C. At this point, parts of cells were withdrawn as the sample for time=0 h. Remaining cells were transferred to and
further cultivated in EMM2 with (+N, panel F) or without NH4Cl (−N, panels B, C, E and F). N indicates nitrogen sources. (B) Fluorescent images of Ght5-GFP
in wild-type (WT) and aly3Δ cells under glucose-limited and nitrogen-starved conditions. (C) Fluorescent images of Ght5-GFP in wild-type and aly3Δ cells
cultivated in nitrogen-deficient EMM2 containing 111 mM glucose. (D) Leucine starvation by leu1-32 mutation promotes internalization of Ght5. Leucine-
auxotroph leu1-32 mutant cells expressing Ght5-GFP were cultivated in low-glucose EMM2 supplemented with 200 µg/ml leucine for 10 h, and transferred to
fresh low-glucose medium with (left panel) or without (right panel) leucine. After an additional 8-h cultivation, fluorescence images of Ght5-GFP were taken.
(E) Cell viability under glucose-limited and nitrogen-depleted conditions. Cell culture of wild-type (open diamond) and aly3Δ (filled circle) strains was
transferred from low-glucose (4.4 mM) and nitrogen-rich EMM2 to low-glucose and nitrogen-deficient EMM2 medium as in panel A, and at the indicated time
points after the removal of NH4Cl, small aliquots of cell culture were withdrawn to measure cell viability. This experiment was repeated twice independently,
and the result of the other experiment is presented in Fig. S3A. (F) aly3+ mRNA levels under various nutritional conditions. Wild-type cells exponentially
growing in EMM2 containing 111 mM glucose and 93.4 mM NH4Cl, parts of which were harvested (HG+N, column 1), were transferred to, and further
cultivated in, EMM2 containing 4.4 mM glucose and 93.4 mM NH4Cl for 10 h (LG+N, column 2). Then, these cells were transferred to, and cultivated in, low-
glucose EMM2 with 93.4 mM NH4Cl (LG+N, column 3) or without the nitrogen source (LG-N, column 4) for 4 h. aly3+ mRNA levels normalized by that of act1+

were measured in three biologically independent samples. Data are mean±s.d. The color of the columns indicates the nutritional conditions of the medium:
black, 111 mM glucose and 93.4 mM NH4Cl; white, 4.4 mM glucose and 93.4 mM NH4Cl; hatched, 4.4 mM glucose and 0 mM NH4Cl. Scale bars: 10 µm.
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to vacuoles (Puca and Brou, 2014), we hypothesized that Aly3-
dependent ubiquitylation of Ght5 would be regulated by the TORC2
signaling pathway. To test this hypothesis, ubiquitylation status of
Ght5 was examined in wild-type cells, TORC2-deficient mutant
cells and TORC2-deficient gad8ts mutant cells rescued by aly3+

deletion. From cells cultivated in low-glucose medium for 4 h,
during which expression of the integrated ght5-GFP gene was
induced, Ght5 protein was immunoprecipitated using an anti-GFP
monoclonal antibody, and probed in immunoblots using an anti-
mono-ubiquitin antibody (see Materials and Methods for details).
The anti-ubiquitin antibody produced many bands, most of which
were detectable only in immunoprecipitated samples from cells
expressing Ght5-GFP, implying that Ght5 is mono-ubiquitylated at
multiple positions (top panel, Fig. 6A; Fig. S3B,C). Among these
bands, a band with a molecular weight of 110 kDa was clearly
detectable in TORC2-deficient gad8ts, tor1Δ, and gad8Δ mutant
cells, but only faintly detected in wild-type cells (indicated by an
arrow). Consistently, a band was detected at the corresponding
position (indicated by arrowheads) in the α-GFP blot (middle and
bottom panels, Fig. 6A). Importantly, this band was nearly absent in
gad8ts cells lacking aly3+ (gad8ts aly3Δ), indicating that this band
represented the Ght5 protein ubiquitylated in an Aly3-dependent
manner. To determine the amount of this Aly3-dependent
ubiquitylation product of Ght5 in wild-type and mutant cells, the
intensity of the 110-kDa band was measured and normalized against
that of the total amount of Ght5-GFP protein, which was determined
by immunoblotting using the anti-GFP antibody. The ubiquitylated
Ght5 was 1.9-fold, 4.4-fold, 3.3-fold and 0.4-fold more abundant in
gad8ts, tor1Δ, gad8Δ, and gad8ts aly3Δ mutant cells, respectively,
than in wild-type cells (Fig. 6B). Altogether, we concluded that
Aly3-dependent ubiquitylation of Ght5, which is believed to be
essential for sorting to vacuoles by ESCRT on MVB, is regulated
via the TORC2-Gad8 signaling pathway according to extracellular
nitrogen level. With nitrogen replenished, TORC2-Gad8 may
inhibit Aly3-dependent ubiquitylation of Ght5 so as to prevent
Ght5 from being sorted to vacuoles by ESCRT. Upon nitrogen
starvation, TORC2 signaling activity may somehow be
downregulated, and Ght5 is evidently subjected to Aly3-
dependent ubiquitylation. Ubiquitylated Ght5 would be
consequently endocytosed to vacuoles to undergo proteolysis.

DISCUSSION
TORC2 signaling is essential for the proper localization of Ght5
glucose/hexose transporters on the cell surface in S. pombe. In this
report, we reveal how TORC2 signaling ensures the localization of
Ght5. TORC2 inhibits Aly3-dependent conjugation of ubiquitin, a
recognized molecular tag for the sorting of Ght5 to vacuoles by
ESCRT on the endosome/MVB. In wild-type cells, Ght5 was
translocated from the surface to vacuoles upon depletion of
ammonium ion, and Aly3 was required for this translocation.
Signaling by Aly3 α-arrestin and TORC2 may regulate the
maintenance of intracellular hexose and amino acid storage by
regulating endocytosis and subsequent proteolysis of the Ght5
transporter in response to alterations in nutritional status.

In the budding yeast, S. cerevisiae, endocytosis of hexose
transporters to vacuoles is triggered by alterations in the
concentration of glucose. Glucose limitation in medium results in
the activation of AMPK Snf1, which phosphorylates and
downregulates the α-arrestin Rod1 so that endocytosis of the
hexose transporter Hxt6 to vacuoles is inhibited (Llopis-Torregrosa
et al., 2016). In S. pombe, although AMPK is essential for cellular
adaptation to glucose-limited environments, as in budding yeast,

Fig. 6. The TORC2 signaling pathway inhibits Aly3-dependent
ubiquitylation of Ght5. (A) Immunoblot of ubiquitylated and total Ght5-GFP
in immunoprecipitates. Cell lysates were affinity-purified using anti-GFP
antibody-conjugated beads. Blots with anti-ubiquitin (αUb, top panel) and
anti-GFP antibodies (αGFP, middle and bottom panels) are shown as
ubiquitylated and total Ght5-GFP, respectively. The bottom panel amplifies
the contrast in the middle panel. An arrow indicates the band that was more
expressed in gad8ts, tor1Δ and gad8Δ mutants than in wild type (WT), but
was abolished in the gad8ts aly3Δ mutant. Arrowheads in the middle and
bottom panels point to the bands at the same position as the arrow in
the top panel. This experiment was repeated three times independently,
and results of the other two experiments are presented in Fig. S3B,C.
(B) Quantification of ubiquitylated Ght5-GFP protein. Relative signal intensity
ratios of ubiquitylated Ght5-GFP protein (indicated by the arrow in panel A)
to total Ght5-GFP in the immunoprecipitated fraction are plotted. Signal
intensity ratio was normalized using that for wild type. A dashed line
indicates the normalized ratio for wild type. A representative result of three
independent experiments is shown.
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AMPK is unlikely to be the primary regulator of hexose transporter
endocytosis. S. pombe AMPK Ssp2 and CAMKK Ssp1, which
phosphorylates and activates Ssp2, enhanced transcription of ght5+

upon glucose limitation (Saitoh et al., 2015). Even in TORC2-
deficient mutant cells, the level of ght5 mRNA was elevated to an
extent comparable with wild-type cells upon glucose limitation,
indicating that AMPK was active enough to promote ght5+

transcription in mutant cells, but not able to block Aly3- and
ESCRT-dependent endocytosis of Ght5 to vacuoles. Instead, in S.
pombe, TORC2 andGad8 kinases appear to be the primary regulators
blocking Aly3-dependent endocytosis of Ght5. Intriguingly, a
mammalian α-arrestin, TXNIP, which binds to hexose transporter
proteins (GLUT1, GLUT2, GLUT3 and GLUT4) and the ubiquitin
ligase, Itch, was reportedly phosphorylated and downregulated via
Akt kinase, as well as the AMPK cascade (Waldhart et al., 2017; Wu
et al., 2013; Zhang et al., 2010). In human cultured cells, glucose
starvation leads to AMPK-dependent phosphorylation of TXNIP
(Wu et al., 2013), whereas stimulation with growth factors, including
insulin, leads to phosphorylation by Akt kinase, which functions
downstream of TORC2 and is orthologous to S. pombe Gad8 (Ikeda
et al., 2008; Sarbassov et al., 2005; Waldhart et al., 2017). Akt
and AMPK phosphorylate the same residue of TXNIP. This
phosphorylation attenuates the physical interaction of TXNIP with
GLUT transporters, and consequently enables acute glucose uptake
(Waldhart et al., 2017), presumably by inhibiting ubiquitylation that
results in internalization of GLUT transporters. Thus,
phosphorylation of α-arrestin protein via the TORC2 pathway is an
evolutionarily conserved mechanism ensuring localization of hexose
transporters on the cell surface.
In sharp contrast to budding yeast, in which endocytosis of high-

affinity hexose transporters to vacuoles is triggered by the
replenishment of glucose (Llopis-Torregrosa et al., 2016), neither
glucose depletion nor repletion caused translocation of the high-
affinity hexose transporter Ght5 to vacuoles in fission yeast (Fig. 4),
although it affected levels of Ght5 protein and mRNA (Saitoh et al.,
2015). Translocation of Ght5 to vacuoles was initiated upon
depletion of nitrogen, which likely causes amino acid starvation, in
fission yeast. Release of Ght5 transporter proteins from the plasma
membrane may provide a niche for amino acid transporters, such as
Aat1, which localizes on the plasma membrane upon nitrogen
starvation (Nakase et al., 2012). Ght5 transported to vacuoles may
be subject to proteolysis, which replenishes intracellular amino acid
stores. TORC1 is critical for coping with nutritional stress. Upon
amino acid starvation, TORC1 becomes inactive so that amino acids
are regenerated by autophagy, which is downregulated via the
TORC1 signaling pathway under amino acid-rich conditions (Noda
and Ohsumi, 1998). Considering our findings and results reported
previously (Kawai et al., 2001; Weisman and Choder, 2001), the
TORC2 signaling pathway is also important for cellular responses to
amino acid starvation.
The findings discussed above raise the question of how the

activity of TORC2 kinase is regulated according to nutritional
status. Mechanisms controlling TORC1 activity have begun to be
uncovered (Bonfils et al., 2012; Chantranupong et al., 2016; Han
et al., 2012; Kamada, 2017; Otsubo et al., 2018; Shimobayashi and
Hall, 2016;Wolfson et al., 2017). In contrast, it remains unclear how
the activity of TORC2 and Gad8 kinases is regulated in response to
nutritional changes. As Aly3-dependent endocytosis of Ght5
becomes active under nitrogen starvation, the activities of these
kinases were predicted to decrease under such conditions. However,
the removal of NH4Cl from EMM medium containing 111 mM
glucose did not affect TORC2 activity, which was measured as the

level of Gad8 phosphorylated at Ser546 (Hatano et al., 2015).
Similarly, although the removal of glucose from nitrogen-rich
medium caused a transient reduction of TORC2 signaling, the
activity recovered within 30 min to the original level before glucose
removal (Hatano et al., 2015). Further studies are necessary to
understand the relationship between TORC2/Gad8 activity and
nutritional conditions. It is also possible that substrate specificities,
as well as the total activities of these kinases, are affected by
nitrogen and hexose concentrations. To clarify these points, it will
be necessary to examine the phosphorylation status of Aly3 under
various conditions, as it is likely to be a substrate of Gad8 kinase
(see below); therefore, its phosphorylation level may reflect Gad8
activity in vivo.

As mentioned above, human TXNIP is reportedly phosphorylated
by Akt, the human equivalent of Gad8, at Ser308 (Waldhart et al.,
2017). Although the amino acid sequence around this serine is not
conserved between Aly3 and TXNIP (Fig. 3B), Aly3 harbors Ser460,
which matches a consensus sequence for Akt substrates (Arg-x-Arg-
x-x-Ser/Thr, where ‘x’ denotes any amino acid; Manning and
Cantley, 2007), and Ser460 was indeed phosphorylated (Kettenbach
et al., 2015). Therefore, we suspect that S. pombe Aly3 is
phosphorylated directly by Gad8/Akt at Ser460, and that as in
TXNIP, this phosphorylation may attenuate physical interactions
between Aly3 and Ght5.

As in many other α-arrestin proteins, Aly3 contains two proline-
rich PY motifs, a typical consensus sequence of which is Pro/Leu/
Val-Pro-x-Tyr (Becuwe et al., 2012a; Chen et al., 1997; Chen and
Sudol, 1995), in the C-terminal region (508-511 and 526-529,
Fig. 3B). In budding yeast, PY motifs of Rod1 α-arrestin interact
with the WW domain of the Nedd4-like ubiquitin ligase, Rsp5
(Andoh et al., 2002; Becuwe et al., 2012b). Likewise, in humans,
TXNIP α-arrestin interacts with ITCH ubiquitin ligase via its PY
motifs and WW domains (Zhang et al., 2010). Although the
ubiquitin ligase binding site on Aly3 remains to be identified, we
suspect that a Nedd4-like ubiquitin ligase containing aWWdomain,
encoded by three genes in the S. pombe genome ( pub1+, pub2+ and
pub3+, Lock et al., 2019), may bind to Aly3 and ubiquitylate Ght5
for vacuolar transport. It is noteworthy that GFP-fused Pub1
localizes on the Golgi, as well as the cell surface, whereas Pub2-
GFP and Pub3-GFP localize predominantly on the cell surface
(Matsuyama et al., 2006; Tamai and Shimoda, 2002). Pub1 interacts
with the β-arrestin Any1, and this Pub1-Any1 complex
ubiquitylates the amino acid transporter Aat1. Ubiquitylated Aat1
is confined to the Golgi, and is not transported to the cell surface
under nitrogen-rich conditions (Nakase et al., 2012, 2013). Thus,
Pub2 and/or Pub3 may interact with α-arrestin and ubiquitylate cell
surface proteins, including Ght5, whereas Pub1-interacting β-
arrestin may ubiquitylate substrates in the Golgi.

In suppressor screening performed in this study, TORC1-related
mutations were identified in addition to mutations in genes
encoding Aly3 α-arrestin and ESCRT proteins. Loss-of-function
mutations in tsc1+, tsc2+, gtr1+, npr2+ and tip41+ restored the
proper localization of Ght5 on the surface of gad8ts mutant cells
defective in the TORC2 signaling pathway. Based on earlier studies,
these gene products appear to function as negative regulators of
TORC1 kinase activity in fission yeast (Chia et al., 2017;
Fenyvuesvolgyi et al., 2005; Fukuda and Shiozaki, 2018; Inoki
et al., 2002; Jacinto et al., 2001; Manning and Cantley, 2003;
Saxton and Sabatini, 2017; Tee et al., 2003). Thus, loss-of-function
mutations in these genes supposedly result in ectopic activation of
TORC1. Although it remains unclear why ectopic activation of
TORC1 restores proper localization of Ght5 in TORC2-deficient
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cells, we suspect that TORC1 may also regulate the ESCRT
function in a manner different from that of TORC2 (Fig. 7). TORC1
reportedly negatively regulates the formation of the ESCRT-0
complex on the vacuolar membrane, which is required for micro-
autophagy (Morshed et al., 2020). Thus, likewise, ectopically
activated TORC1 may inhibit ESCRT-0 complex formation on
endosomal membranes, which is required for endocytosis of Ght5
from the cell surface to vacuoles.
In summary, we discovered the mechanism that ensures the

proper localization of the high-affinity glucose/hexose transporter
Ght5 on the cell surface via the TORC2-Gad8 signaling pathway.
TORC2-Gad8 inhibits Aly3-dependent ubiquitylation of Ght5,
which causes its translocation from the surface to vacuoles in an
ESCRT-dependent manner, in nitrogen-replenished medium.
Although TORC2 has not been shown to regulate hexose
transporter endocytosis in other yeasts, trafficking of mammalian
GLUT hexose transporters from the surface to the cytosol was
recently shown to be regulated similarly by the TXNIP α-arrestin
and Gad8-related Akt upon insulin stimulation. Therefore, this
study offers new insights into evolutionarily conserved molecular
mechanisms to control intracellular localization of hexose
transporters responding to nutritional/growth hormone stimuli.

MATERIALS AND METHODS
Strains and general techniques
The culture medium used for fission yeast cultivation were yeast extract with
supplements (YES, rich medium) and EMM2 (minimal medium) (Moreno
et al., 1991), with modified concentrations of glucose and/or ammonium
chloride, as indicated. Unless otherwise stated, wild-type and aly3Δ cells
were cultivated at 33°C, whereas strains harboring a gad8ts (S240P)
mutation, gad8Δ mutant and tor1Δ mutant were cultivated at 26°C. The
S. pombe strain expressing Ght5-GFP was reported previously (Saitoh et al.,
2015). For gene disruption, a PCR-mediated method was used (Krawchuk
and Wahls, 1999). Gene deletion in each strain was confirmed by PCR.
Sequences of the primers used for gene deletion are listed in Table S1. Cell

viability was expressed as the ratio of the number of colonies formed on
YES solid medium, containing 167 mM (3%) glucose, to the total number
(∼1000) of cell bodies plated, after 3 days incubation at 30°C. Amino acid
sequences were aligned using Clustal Omega (Sievers et al., 2011).

Suppressor screening and whole-genome sequencing
To identify suppressor mutations that restored the proliferation defect of the
gad8ts mutant in low glucose, 107 gad8ts mutant cells were cultivated on
solid YES medium containing 3.3 mM (0.06%) glucose, at a concentration
of 1×106 cells per plate, at 33°C, obtaining 370 colonies after 6 days. Out of
370 strains, 49 strains were selected for whole-genome sequencing, as they
were confirmed to proliferate on solid YES medium containing 0.06%
glucose better than the original gad8ts strain. From the original gad8ts

mutant and the 49 revertant strains, genomic DNA was gently extracted
essentially as reported previously (Murray et al., 2016), and then purified
with AMPure XP (Beckman Coulter, Brea, CA, USA). Sequencing libraries
were prepared using a TruSeq DNAPCR-Free kit (Illumina, San Diego, CA,
USA) according to the manufacturer’s instructions. Cluster amplification
and 151-bp paired-end sequencing were performed according to the
manufacturer’s protocol for NovaSeq 6000 (Illumina).

Sequencing data analysis
The quality of raw sequence data was analyzed using FastQC 0.11.8 (www.
bioinformatics.babraham.ac.uk/projects/fastqc/). All reads were mapped to
the S. pombe reference genome using BWA 0.7.17 (Li and Durbin, 2009),
followed by variant calls using samtools 1.9 and bcftools 1.9 (Li, 2011; Li
et al., 2009). Unique mutations, which were found in revertant strains, but not
in the original gad8ts strain, were extracted using bcftools. Unique mutations
listed in Table 1 were annotated using SnpEff 4.3.1 (Cingolani et al., 2012).

Light microscopy and image analysis
Fluorescence microscopy was performed using an Olympus IX81
microscope (Olympus, Tokyo, Japan) equipped with a 100× objective
lens (numerical aperture 1.40) and a charge-coupled device camera, or a
confocal microscope (Digital Eclipse C1; Nikon, Tokyo, Japan) equipped
with a 100× objective lens (NA 1.49). To image live cells, the cell culture
was concentrated by brief centrifugation, and the sample was kept on ice

Fig. 7. A schematic model of how the TORC2 signaling pathway regulates Aly3-dependent vacuolar transport of Ght5 in S. pombe. In wild-type cells
under nitrogen-rich conditions, the TORC2-Gad8 signaling pathway inhibits Aly3-dependent ubiquitylation of Ght5, so that Ght5 is hypo-ubiquitylated and
localized on the cell surface regardless of the presence or absence of Aly3. In nitrogen-starved wild-type cells, as well as mutant cells defective in the
TORC2-Gad8 signaling pathway, Ght5 undergoes Aly3-dependent ubiquitylation, is captured by the ESCRT machinery (blue circles) and is eventually
transported to a vacuole for protein degradation. Replenishment of nitrogen and amino acids may activate the TORC1 and the TORC2-Gad8 signaling
pathways, and activated TORC1 may negatively regulate the ESCRT machinery. See main text for details.
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until imaging. To stain vacuoles, cells were cultivated in EMM2 containing
4.4 mM (0.08%) glucose supplemented with 16 µM FM4-64 (Thermo
Fisher Scientific, Waltham, MA, USA) for 30 min in the dark. Cells were
then washed twice in fresh low-glucose EMM2 without FM4-64, and
cultured for 30 min before imaging. The brightness and contrast of the
acquired images were adjusted using ImageJ software (National Institutes of
Health, Bethesda, MD, USA).

Total RNA preparation and RT-qPCR
Total RNA was prepared from fission yeast cells using the hot phenol
extraction method (Lyne et al., 2003). cDNA was synthesized using a
ReverTra Ace qPCR RT Kit (Toyobo, Osaka, Japan). qPCR was performed
using a LightCycler system (Roche, Basel, Switzerland) and a FastStart
Essential DNA Green Master Mix (Roche). The aly3+ mRNA level relative
to act1+ was calculated using a standard curve drawn using serial dilutions
of genomic DNA containing the same number of DNA fragments of aly3+

and act1+ as a template. PCR primer sequences for aly3+ were as follows:
5′-CGTAGCGCATGTACCCTTAAT-3′ and 5′-ATCAAGCGGCAAGAC-
ATTAGTA-3′.

Immunoprecipitation, immunoblotting and image quantification
For affinity-purification of Ght5-GFP, cells were collected after 4 h of
cultivation in EMM2 containing 4.4 mM glucose at 33°C. They were
washed once in cold wash buffer [50 mM Tris-HCl (pH 7.5), 150 mM
NaCl, 5 mM NaF and 1 mM PMSF], and stored at −80°C until use. Protein
extracts were prepared by vortexing the cells with glass beads in cold lysis
buffer [50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 5 mM EDTA, 10%
glycerol, 20 mM β-glycerophosphate, 10 mM p-nitrophenyl phosphate,
10 mMNaF, 0.1 mM sodium orthovanadate (Na3VO4), 1 mM dithiothreitol
(DTT), 0.5% Nonidet P-40, 10 µM MG-132 (Calbiochem, Darmstadt,
Germany), 10 µM ubiquitin isopeptidase inhibitor I G5 (G5, Calbiochem),
protease inhibitor cocktail (Nacalai Tesque, Kyoto, Japan) and 2 mM
PMSF]. Crude lysate was centrifuged at 17,700 g for 15 min at 4°C in a
microcentrifuge (Kitman-24, Tomy Seiko, Tokyo, Japan) to prepare input
protein extracts for immunoprecipitation. The total protein concentration
of each sample was determined using a Protein Assay Dye Reagent (#500-
0006, Bio-Rad, Richmond, CA) with an optical density reading at 595 nm
(OD595). Input protein extracts with an OD595=30 were mixed with anti-
GFP antibody-conjugated agarose beads (#06083-05, Nacalai Tesque) that
had been washed in bead wash buffer [10 mM Tris-HCl (pH 7.5), 150 mM
NaCl and 0.5 mM EDTA]. The mixture was incubated on a rotating mixer
for 2 h at 4°C. Beads were washed 3× in immunoprecipitation wash buffer
[50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 5 mM EDTA, 10% glycerol,
2 mM β-glycerophosphate, 1 mM p-nitrophenyl phosphate, 1 mM NaF,
0.01 mM Na3VO4, 0.1 mM DTT, 0.05% Nonidet P-40, 1 µM MG-132,
1 µM G5, protease inhibitor cocktail and 0.1 mM PMSF]. To separate
proteins by SDS-PAGE, the input extract and washed beads were mixed
with lithium dodecyl sulfate (LDS) sample buffer [0.25 M Tris-HCl
(pH 8.5), 10% glycerol, 0.5 mM EDTA, 2% LDS, 2.5% β-mercaptoethanol
and a trace amount of bromophenol blue] and incubated on ice for 2 h.
Immunoprecipitates derived from cell lysates of OD595=10 and washed
beads (‘beads only’ in Fig. 6A and Fig. S3B) were separated by SDS-PAGE.
To detect Ght5-GFP in crude lysates, samples were prepared as reported
previously (Saitoh et al., 2015).

Immunoblotting was performed essentially as described previously
(Toyoda et al., 2018). Primary antibodies used were anti-GFP (1:20,000,
rabbit, ab32146, Abcam, Cambridge, UK), anti-ubiquitin (1:200, mouse,
clone 1B3, MK-11-3, MBL, Nagoya, Japan) and anti-PSTAIR (1:3000,
mouse, P7962, Merck, Darmstadt, Germany) antibodies. For secondary
antibodies, CF680- or CF770-conjugated anti-mouse and anti-rabbit IgG
antibodies (1:5000, #20067 and #20077, Biotium, Hayward, CA, USA)
were used. Antibodies were diluted in Blocking One (Nacalai Tesque).
Nitrocellulose membranes were washed in Tris-buffered saline containing
0.1% Tween-20 (Nacalai Tesque). Fluorescence on membranes was
detected using an Odyssey instrument (LI-COR, Lincoln, NE, USA).
Fluorescence intensities were analyzed using ImageStudioLite software (LI-
COR). To quantify the ubiquitylated form of Ght5-GFP (Ub-Ght5-GFP) in
the immunoprecipitated fraction, background intensity at 200 kDa for each

lane was subtracted from that of the 110-kDa band. Then, the intensity
of Ub-Ght5-GFP was divided by that of the total Ght5-GFP in the
immunoprecipitated fraction to obtain the signal intensity ratio of Ub-Ght5-
GFP to total Ght5-GFP.
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