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Abstract: Target of rapamycin (TOR) kinases form two distinct complexes, TORC1 and TORC2, which
are evolutionarily conserved among eukaryotes. These complexes control intracellular biochemical
processes in response to changes in extracellular nutrient conditions. Previous studies using the
fission yeast, Schizosaccharomyces pombe, showed that the TORC2 signaling pathway, which is essential
for cell proliferation under glucose-limited conditions, ensures cell-surface localization of a high-
affinity hexose transporter, Ght5, by downregulating its endocytosis. The TORC2 signaling pathway
retains Ght5 on the cell surface, depending on the presence of nitrogen sources in medium. Ght5
is transported to vacuoles upon nitrogen starvation. In this review, we discuss the molecular
mechanisms underlying this regulation to cope with nutritional stress, a response which may be
conserved from yeasts to mammals.

Keywords: glucose limitation; nitrogen starvation; hexose transporter; TORC2; Gad8/AKT kinase;
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1. Introduction

Eukaryotic cells modulate intracellular biochemical processes in response to changes
in availability of nutrients for proper growth, proliferation, and survival under a given
extracellular microenvironment. While cells require nutrients as energy and substrates
for growth and proliferation, nutritional conditions in the environment are not always
favorable. Thus, cells need mechanisms to cope with nutritional stresses, such as starvation,
for adaptation and survival. The TOR (Target of Rapamycin) kinases are critical for cellular
responses to changes in nutritional conditions. As reviewed in the previous article by Tatebe
and Shiozaki [1], the TOR kinases, which belong to the family of phosphatidylinositol
3-kinase related kinases, are evolutionally conserved among eukaryotes from yeasts to
humans. TOR kinases form two distinct complexes, TORC1 (TOR Complex 1) and TORC2
(TOR Complex 2), which have different regulatory functions. While TORC1 and TORC2
share the same catalytic subunit (mTOR) in higher eukaryotes, including mammals, in
yeasts these complexes contain a closely related but different protein as the catalytic subunit.
In the fission yeast, Schizosaccharomyces pombe, TORC2 contains a TOR kinase encoded
by the torl* gene as the catalytic subunit as well as TORC2-specific RICTOR and SIN1
proteins, which are encoded by the ste20" and sin1* genes, respectively [2,3]. S. pombe
TORC1 contains a catalytic subunit, encoded by the tor2* gene, and the TORC1-specific
subunit RAPTOR, which is encoded by the mip1* gene.

To perform their physiological functions, TORC1 and TORC2 phosphorylate and
activate downstream effector kinases belonging to the AGC-family [4]. An AGC-family
kinase phosphorylated by mammalian TORC2 (mTORC?2) is AKT/protein kinase B (PKB).
The C-terminal hydrophobic motif of AKT is phosphorylated by mTORC2, and the T-
loop is phosphorylated by phosphoinositide-dependent protein kinase 1 (PDK1), which is
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recruited to membranes containing phosphatidylinositol-3,4,5-trisphosphate (PIP3). Phos-
phorylation at both sites is required for full activation of AKT in response to insulin and
insulin-like growth factors. In fission yeast, an AGC-family kinase encoded by the gad8*
gene is proposed to be equivalent to mammalian AKT [5]. Like AKT, Gad8 kinase is
phosphorylated and activated by TORC2 and a PDK1-like kinase, Ksg1 [6]. As fission yeast
mutant cells defective in Gad8 largely share the phenotypes, including retarded cell cycle
progression, with mutants defective in components of TORC?2 [3,5,6], Gad8 appears to be
the primary effector kinase in the fission yeast TORC2 signaling pathway:.

Several groups, including ours, have reported that as in other organisms, the TORC2
signaling pathway in fission yeast regulates glucose metabolism and enables proper cell
proliferation under glucose-limited conditions. Recently, we found that the S. pombe
TORC?2 signaling pathway inhibits endocytic vesicle trafficking of a high-affinity hexose
transporter, Ght5, from the plasma membrane to vacuoles to ensure cell surface abundance
of Ght5 and efficient glucose uptake under glucose-limited conditions [7]. Curiously, this
TORC2-dependent inhibition of vacuolar trafficking of Ght5 is controlled in response to
changes in the availability of nitrogen sources but not hexose. In this review, we discuss
molecular mechanisms regulating vesicle trafficking of hexose transporters by the TORC2-
Gad8/AKT signaling pathway. This mechanism appears to be essential for fission yeast
cells to cope with nutritional stresses due to glucose and amino acid starvation. Importantly,
mammalian AKT is reported to regulate endocytosis of hexose transporters in a manner
similar to that in fission yeast [8], indicating that this mechanism is conserved during
evolution of eukaryotes.

2. TORC2-AKT Is Required for Cellular Responses to Glucose and Nitrogen Starvation

While laboratory media for yeasts are normally supplied with high concentrations
(2-3%, 111-168 mM) of glucose, fission yeast cells can grow and proliferate in medium
containing only 0.08% (4.4 mM) glucose, which is equivalent to concentrations in normal
human blood [9]. To proliferate under such glucose-limited conditions, S. pombe cells
require TORC2 as well as AMP-activated protein kinase (AMPK) signaling pathways [10].
AMPK, which is activated upon decreased ATP production, regulates a wide range of
cellular functions, including transcription, metabolism, cell growth, and autophagy, to
generate ATP [11]. S. pombe mutant cells defective for a component of the TORC2 signaling
pathway (Tor1/the TORC2 catalytic subunit, Ste20/RICTOR, Ksgl/PDK1 or Gad8/AKT)
or the AMPK pathway (Ssp2/AMPK or Ssp1/Ca?*-calmodulin-dependent kinase that
activates AMPK) fail to form colonies on glucose-limited solid media, while they proliferate
and form colonies on glucose-rich (>2%) media. The high-affinity hexose transporter, Ght5,
which is encoded by the ght5* gene, is indispensable for cell proliferation under glucose-
limited conditions. In wild-type cells, Ght5 is localized on the plasma membrane and
mediates transport of glucose from the medium to the cytoplasm. While the AMPK signal-
ing pathway is required for transcriptional upregulation of ght5* upon glucose limitation,
the TORC2 pathway is necessary for Ght5 localization on the plasma membrane [10,12].
Defects in the TORC2-Gad8/AKT signaling pathway cause abnormal accumulation of GFP,
the degradation product of Ght5-GFP in vacuoles [10]. Consistently, the rate of glucose
uptake is greatly reduced in TORC2-deficient mutant cells. Proliferation failure of mutant
cells under glucose-limited conditions supposedly stems from this reduced glucose uptake.
These observations indicate that the TORC2-Gad8/AKT signaling pathway is critical for
the cellular response to glucose starvation.

Fission yeast genes for the TORC2-AKT signaling were originally identified as those
required for cell cycle arrest at G1 phase upon nitrogen starvation [6,13-15]. Upon depletion
of the nitrogen source (normally ammonium chloride) in the medium, wild-type fission
yeast cells enter the sexual reproduction phase after a G1 cell cycle arrest. Haploid cells
mate with those of the other mating type forming heterozygotic diploid cells, which
undergo meiosis and subsequently form four spores. The TORC2 signaling pathway is
required for induction of these sexual processes, and TORC2-deficiency causes sterility
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in fission yeast. These observations indicate that the TORC2 signaling pathway is also
required for S. pombe cells to respond to nitrogen starvation. Consistent with this, TORC2 is
involved in transcriptional regulation of a gene encoding an amino acid transporter protein
upon nitrogen starvation [16].

Collectively, S. pombe TORC2-AKT is central to cellular responses in both nitrogen
and glucose starvation, to which fission yeast cells respond differently. Further studies are
required for a full understanding of molecular mechanisms regulating the activities and/or
substrate specificities of TORC2 and AKT depending on concentrations of amino acids and
glucose.

3. TORC2 Regulates x-arrestin for Persistence of Hexose Transporters on the Plasma
Membrane

As mentioned in the previous section, fission yeast TORC2-Gad8/AKT is required
for proper localization of the Ght5 hexose transporter on the cell surface. To reveal the
mechanism underlying TORC2-dependent localization of Ght5 on the cell surface, Toy-
oda et al. screened for genomic suppressor mutations that rescue the growth deficiency of
S. pombe gad8 mutant cells in glucose-limited media [7]. In this screen, mutations in genes
encoding components of the machinery for vesicular transport of proteins to vacuoles
(i.e., components of ESCRT (Endosomal Sorting Complexes Required for Transport)) were
isolated, suggesting that TORC2 acts in opposition to vesicle transport of the Ght5 hexose
transporter from the surface to vacuoles.

Among mutations identified in the screening, aly3 gene mutation was the strongest
suppressor. Loss-of-function mutations in the aly3* gene greatly rescue growth deficiency
under glucose-limited conditions and fully restore cell surface localization of the Ght5
transporter in gad8 mutant cells. The aly3* gene encodes a novel x-arrestin protein belong-
ing to the arrestin superfamily. Arrestin superfamily proteins are evolutionarily conserved
among eukaryotes and classified into four subfamilies: «-arrestins, 3-arrestins, visual-
arrestins, and Vps26-related proteins [17]. Aly3 is one of four conventional x-arrestins
(Aly1, Aly2, Aly3, and Rod1) in S. pombe. Arrestin was originally identified as a pro-
tein terminating the signal from the light-activated photoreceptor, rhodopsin, in bovine
eyes [18,19]. Arrestin proteins serve various functions, including as an adaptor connecting
NEDDA4-like E3 ubiquitin ligases to their substrate proteins on the plasma membrane in
mammals. S. pombe Aly3 supposedly promotes association of Ght5 with a ubiquitin ligase,
which has been proposed by Toyoda et al., but which remains to be identified, as well
as its ubiquitylation [7] (Figure 1). Gad8/AKT appears to counter the action of Aly3, as
mutations in TORC2-Gad8/AKT resulted in an increase of mono-ubiquitylated Ght5 in an
Aly3-dependent manner. Mono-ubiquitylated Ght5 is supposedly transported to vacuoles
via the multivesicular body (MVB) pathway, in which ESCRT protein complexes recognize
ubiquitylated proteins in the endosome membrane and sort it to internalized vesicles to
form MVBs [20]. MVBs fuse with vacuoles, which are equivalent to lysosomes, and proteins
in internal vesicles of MVBs are subjected to proteolysis. The MVB outer membrane is
fused and becomes a vacuolar membrane.

In the budding yeast, Saccharomyces cerevisiae, changes in the glucose concentration
in the medium trigger internalization of hexose transporters from the cell surface to
cytoplasmic vacuoles and subsequent proteolysis. Budding yeast cells express different
hexose transporters on the cell surface depending on the concentrations and the types
of hexoses in medium. For example, in the presence of high concentrations of glucose,
low-affinity (but high-capacity) hexose transporters, such as Hxt1 and Hxt3, are expressed
on the cell surface for glucose uptake, whereas high-affinity transporters, including Hxt6,
are ubiquitylated and transported to vacuoles in a manner dependent on the arrestin, Rod1,
and the E3 ubiquitin ligase, Rsp5 (Table 1) [21-23]. In contrast, in medium containing
low concentrations of glucose or non-glucose carbon sources (e.g., galactose or lactate),
Rodl1 is inactivated via phosphorylation by the AMPK, Snfl, and consequently, high-
affinity transporters are retained on the cell surface [22,24]. Under such glucose-limited
conditions, low-affinity transporters undergo vacuolar transport [21,25]. Vacuolar transport
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and degradation of hexose transporters may facilitate exchange of the transporters on the
cell surface; therefore, it appears reasonable that the change in glucose concentration

triggers it.

Aminoacids  NH,* Glucose

QO acid replenishment
© 0
Comfp. o o
00 0o

Vacuole Multivesicular body (MVB)

Figure 1. The TORC2-Gad8/AKT signaling pathway ensures cell-surface localization of the S. pombe hexose trans-
porter, Ght5.

Table 1. Upstream stimuli and signaling cascades that control subcellular localization of hexose transporters in model

organisms.

S. pombe Mammals S. cerevisiae'V)

Upstream stimuli Nitrogen starvation . G.luc.o se starvation, Glucose starvation
insulin-like growth factors
Signaling pathways TORC2, Gad8/AKT AMPK, TORC2, AKT AMPK, PKA

Arrestins Aly3 TXNIP Rod1, Rog3, Csr2

Factors binding to arrestins Ub ligase (Pub1/2/3?) Clathrin, ITCH Ub ligase Rsp5 Ub ligase

Targeted hexose transporters Ght5 GLUT1-4 Hxi2, Hxtd, gﬁg’ Hxt7, Hxtl,

(1) See O’Donnell et al. (2019) [23] for details.

Similarly, fission yeast cells use different types of hexose transporters depending on
the glucose concentration in medium [10]. S. pombe has eight hexose transporters, des-
ignated Ghtl to Ght8 [26,27]. Under low-glucose conditions, Ght5 predominates on the



Biomolecules 2021, 11, 1465

50f8

plasma membrane, while Ght2 and Ght8 localize on the membrane under high-glucose
conditions [10]. However, neither depletion nor repletion of glucose promotes trafficking
of Ght5 to vacuoles, although the amount localized on the cell surface greatly changed in
response to alteration in the glucose concentration due to the AMPK pathway-dependent
transcriptional upregulation of the ght5* gene in low glucose. Instead, depletion of the
nitrogen source (ammonium chloride) triggers Aly3-dependent transport of Ght5 to vac-
uoles, regardless of glucose concentrations. As amino acid starvation due to an auxotroph
mutation also causes vacuolar transport of Ght5, reduction of intracellular amino acid
levels is supposedly the direct trigger of Ght5 transport to vacuoles. Upon amino acid
starvation, TORC2 and Gad8/AKT, which inhibit Aly3-dependent endocytosis of Ght5,
may be down-regulated by an unknown mechanism, and consequently, Ght5 is transported
to vacuoles and degraded (Figure 1). It remains unclear why the availability of amino
acids, not glucose, regulates vacuolar transport and subsequent proteolysis of the Ght5
glucose transporter. Intriguingly, aly3 gene deletion mutant cells lose cell viability faster
than wild-type fission yeast cells under nitrogen-depleted conditions, while cell viabilities
of wild-type and mutant cells are similar in nitrogen-rich media. Aly3-dependent vacuolar
transport and subsequent proteolysis of Ght5 (and possibly other cell surface proteins)
may replenish intracellular amino acids essential to survive nitrogen starvation at the
cost of glucose uptake ability. Reducing glucose uptake ability under nitrogen-starved
conditions may be part of reestablishing metabolic homeostasis, in which fission yeast
Aly3 serves an important function. It is noteworthy that the budding yeast TORC1 subunit,
RAPTOR/Kogl, reportedly regulates metabolic homeostasis under glucose and amino acid
limitation independently of TORC1 activity [28]. Therefore, components of both TORC1
and TORC2-Gad8/AKT signaling pathways may contribute to orchestration of metabolic
homeostasis under nutrient limitation. Internalization of Ght5 may also secure a niche
for other transporters on the plasma membrane. Upon nitrogen starvation, a fission yeast
amino acid transporter, Aatl, which is confined to the Golgi apparatus via the actions
of a fB-arrestin, Anyl, and a ubiquitin ligase, Publ, under nitrogen-rich conditions, is
transported to the cell surface [29,30]. The TORC2 signaling pathway in fission yeast may
therefore optimize amounts of hexose and amino acid transporters expressed on the cell
surface depending on amounts of available nutrients.

The above-mentioned results of Toyoda et al. imply that activity of the TORC2-
Gad8/AKT pathway is regulated by abundance of nitrogen sources [7]. However, Hatano
et al. suggest that activities of TORC2 and Gad8/AKT, which were measured as the
level of the Gad8 protein phosphorylated at serine 546, are not affected by the nitrogen
concentration in medium [31]. Although further studies are required to explain this
apparent discrepancy, the substrate specificities of TORC2 and Gad8/AKT, rather than
total kinase activities, are speculated to be regulated by nitrogen concentrations [7].

A schematic model showing how TORC2-AKT ensures cell-surface localization of the
high affinity hexose transporter Ght5 and reflects our recent results [7]. In the presence of
rich nitrogen sources in the medium, regardless of glucose levels, the TORC2-Gad8/AKT
pathway inhibits Aly3-dependent ubiquitylation of Ght5, presumably by phosphorylation
of Aly3 at serine 460, which is localized in the sequence matching a consensus sequence for
AKT phosphorylation [32]. As a result, Aly3-dependent ubiquitylation of Ght>5 is blocked,
and Ght5 is preferentially localized on the cell surface under nitrogen-rich conditions,
regardless of glucose levels. In either wild-type cells cultured under nitrogen-starved
conditions or mutant cells defective in the TORC2-Gad8 pathway, Aly3 may be dephospho-
rylated and activated to stimulate ubiquitylation of Ght5 mediated by an unidentified E3
ubiquitin ligase of the NEDD4 family. Pub1, Pub2, and Pub3, the NEDD4 family ubiquitin
ligases in S. pombe, may be responsible for ubiquitylation of Ght5. Once endocytosed,
ubiquitylated Ght5 is recognized and internalized within MVB in intraluminal vesicles by
the ESCRT, followed by the transport of such a species of Ght5 to vacuoles, in which the
protein is degraded into amino acids. The regenerated amino acids may contribute to in-
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creased activity of the TORC2-Gad8/AKT pathway and/or cell survival under low-glucose,
nitrogen-starved conditions.

4. Mammalian AKT also Regulates Arrestin-Mediated Internalization of Hexose
Transporters on the Cell Membrane

As discussed above, arrestin-mediated transport of hexose transporters to vacuoles
is regulated by the Gad8/AKT kinase in fission yeast, while it is regulated by the AMPK
pathway in budding yeast. Similar to fission yeast, arrestin-mediated internalization of
hexose transporters is reportedly regulated by AKT in mammalian cells. Mammalian
thioredoxin-interacting protein (TXNIP) belongs to the x-arrestin family [17,33,34]. An
important function of TXNIP, which has multiple functions, is regulation of cellular glucose
uptake via glucose transporter proteins (GLUT1—4) in the plasma membrane [8,35]. TXNIP
mediates physical interaction between hexose transporter molecules and clathrin protein,
which participates in formation of clathrin-coated endocytic vesicles for endocytosis [36].
Importantly, in response to stimulation by insulin and insulin-like growth factors, TXNIP
is phosphorylated at serine 308 by AKT [8]. This phosphorylation leads to dissociation of
TXNIP from glucose transporter molecules and consequently prevents them from being
endocytosed. Thus, regulatory mechanisms for internalization of hexose transporters
through phosphorylation of arrestin by AKT/Gad8 appears to be conserved evolutionarily
from fission yeast to mammals (Table 1). In mammalian cells stimulated by growth factors,
in which energy demand is supposedly raised for cell growth and division, AKT may
increase the glucose uptake rate by inhibiting internalization of hexose transporters as well
as by promoting translocation of GLUT4 from cytoplasmic storage vesicles to the plasma
membrane [8,37]. On the other hand, in fission yeast cells under nitrogen-rich conditions,
Gad8/AKT may block unnecessary protein degradation for amino acid replenishment. It
should be noted that TXNIP is also phosphorylated by AMPK at serine 308 upon acute
glucose limitation [35]. In mammalian cells, therefore, both result in phosphorylation of
TXNIP at serine 308, but the signaling pathways leading to phosphorylation are different.

5. Concluding Remarks

In this review, we have discussed how S. pombe TORC2-Gad8/AKT ensures glucose
uptake and cell proliferation under glucose-limited conditions. As long as nitrogen sources
are present in the medium, S. pombe TORC2-Gad8/AKT inactivates the x-arrestin, Aly3,
which is essential for vesicle transport of the Ght5 hexose transporter from the plasma
membrane to cytoplasmic vacuoles. Similarly, in cells of mammals, including humans,
internalization of hexose transporters from the cell surface to endocytic vesicles is controlled
by AKT-dependent phosphorylation of the a-arrestin, TXNIP. Thus, inactivation of an -
arrestin by phosphorylation appears to be an evolutionarily conserved function of TORC2-
AKT, although it remains to be determined whether x-arrestins are regulated via the
TORC2-AKT pathway in other model organisms. Further studies are required to uncover
molecular mechanisms regulating AKT-dependent phosphorylation of arrestins in response
to nutritional /growth hormone stimuli.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: This study was supported by Grants-in-Aid for Scientific Research (C) from the
Japan Society for the Promotion of Science (JSPS) (JP20K06630 to YT, JP17K07394 and JP20K06648
to SS).

Conflicts of Interest: The authors have no competing financial interests.



Biomolecules 2021, 11, 1465 70f8

References

1.  Tatebe, H.; Shiozaki, K. Evolutionary Conservation of the Components in the TOR Signaling Pathways. Biomolecules 2017, 7, 77.
[CrossRef]

2.  Hayashi, T.; Hatanaka, M.; Nagao, K.; Nakaseko, Y.; Kanoh, J.; Kokubu, A.; Ebe, M.; Yanagida, M. Rapamycin sensitivity of the
Schizosaccharomyces pombe tor2 mutant and organization of two highly phosphorylated TOR complexes by specific and common
subunits. Genes Cells 2007, 12, 1357-1370. [CrossRef] [PubMed]

3. Matsuo, T; Otsubo, Y.; Urano, J.; Tamanoi, F.; Yamamoto, M. Loss of the TOR kinase Tor2 mimics nitrogen starvation and activates
the sexual development pathway in fission yeast. Mol. Cell. Biol. 2007, 27, 3154-3164. [CrossRef] [PubMed]

4. Wullschleger, S.; Loewith, R.; Hall, M.N. TOR signaling in growth and metabolism. Cell 2006, 124, 471-484. [CrossRef]

5. Ikeda, K.; Morigasaki, S.; Tatebe, H.; Tamanoi, F.; Shiozaki, K. Fission yeast TOR complex 2 activates the AGC-family Gad8 kinase
essential for stress resistance and cell cycle control. Cell Cycle 2008, 7, 358-364. [CrossRef]

6.  Matsuo, T.; Kubo, Y.; Watanabe, Y.; Yamamoto, M. Schizosaccharomyces pombe AGC family kinase Gad8p forms a conserved
signaling module with TOR and PDK1-like kinases. EMBO J. 2003, 22, 3073-3083. [CrossRef]

7. Toyoda, Y.; Soejima, S.; Masuda, F.; Saitoh, S. TORC2 inhibition of alpha-arrestin Aly3 mediates cell surface persistence of S.
pombe Ght5 glucose transporter in low glucose. J. Cell Sci. 2021, 134. [CrossRef]

8. Waldhart, A.N.; Dykstra, H.; Peck, A.S.; Boguslawski, E.A.; Madaj, Z.B.; Wen, J.; Veldkamp, K.; Hollowell, M.; Zheng, B.; Cantley,
L.C.; et al. Phosphorylation of TXNIP by AKT Mediates Acute Influx of Glucose in Response to Insulin. Cell Rep. 2017, 19,
2005-2013. [CrossRef]

9.  Pluskal, T.; Hayashi, T.; Saitoh, S.; Fujisawa, A.; Yanagida, M. Specific biomarkers for stochastic division patterns and starvation-
induced quiescence under limited glucose levels in fission yeast. FEBS J. 2011, 278, 1299-1315. [CrossRef]

10. Saitoh, S.; Mori, A.; Uehara, L.; Masuda, F; Soejima, S.; Yanagida, M. Mechanisms of expression and translocation of major fission
yeast glucose transporters regulated by CaMKK/phosphatases, nuclear shuttling, and TOR. Mol. Biol. Cell 2015, 26, 373-386.
[CrossRef] [PubMed]

11. Mihaylova, M.M.; Shaw, R.J. The AMPK signalling pathway coordinates cell growth, autophagy and metabolism. Nat. Cell Biol.
2011, 13, 1016-1023. [CrossRef] [PubMed]

12.  Toyoda, Y,; Saitoh, S. Adaptive regulation of glucose transport, glycolysis and respiration for cell proliferation. Biomol. Concepts
2015, 6, 423-430. [CrossRef] [PubMed]

13. Kawai, M.; Nakashima, A.; Ueno, M.; Ushimaru, T.; Aiba, K.; Doi, H.; Uritani, M. Fission yeast torl functions in response to
various stresses including nitrogen starvation, high osmolarity, and high temperature. Curr. Genet. 2001, 39, 166-174. [CrossRef]
[PubMed]

14.  Weisman, R.; Choder, M. The fission yeast TOR homolog, tor1*, is required for the response to starvation and other stresses via a
conserved serine. J. Biol. Chem. 2001, 276, 7027-7032. [CrossRef] [PubMed]

15.  Weisman, R.; Roitburg, I.; Schonbrun, M.; Harari, R.; Kupiec, M. Opposite effects of torl and tor2 on nitrogen starvation responses
in fission yeast. Genetics 2007, 175, 1153-1162. [CrossRef]

16. Laor, D.; Cohen, A.; Pasmanik-Chor, M.; Oron-Karni, V.; Kupiec, M.; Weisman, R. Isp7 is a novel regulator of amino acid uptake
in the TOR signaling pathway. Mol. Cell. Biol. 2014, 34, 794-806. [CrossRef]

17.  Alvarez, C.E. On the origins of arrestin and rhodopsin. BMC Evol. Biol. 2008, 8, 222. [CrossRef] [PubMed]

18.  Wilden, U.; Hall, S.W.; Kithn, H. Phosphodiesterase activation by photoexcited rhodopsin is quenched when rhodopsin is
phosphorylated and binds the intrinsic 48-kDa protein of rod outer segments. Proc. Natl. Acad. Sci. USA 1986, 83, 1174-1178.
[CrossRef]

19. Zuckerman, R.; Cheasty, ].E. A 48 kDa protein arrests cGMP phosphodiesterase activation in retinal rod disk membranes. FEBS
Lett. 1986, 207, 35-41. [CrossRef]

20. Schmidt, O.; Teis, D. The ESCRT machinery. Curr. Biol. 2012, 22, R116-R120. [CrossRef]

21. Hovsepian, J.; Defenouillere, Q.; Albanese, V.; Vachova, L.; Garcia, C.; Palkova, Z.; Léon, S. Multilevel regulation of an x-arrestin
by glucose depletion controls hexose transporter endocytosis. J. Cell Biol. 2017, 216, 1811-1831. [CrossRef]

22. Llopis-Torregrosa, V.; Ferri-Blazquez, A.; Adam-Artigues, A.; Deffontaines, E.; van Heusden, G.P.; Yenush, L. Regulation of the
Yeast Hxt6 Hexose Transporter by the Rod1 o-Arrestin, the Snfl Protein Kinase, and the Bmh2 14-3-3 Protein. J. Biol. Chem. 2016,
291, 14973-14985. [CrossRef] [PubMed]

23.  O’Donnell, A.F,; Schmidt, M.C. AMPK-Mediated Regulation of Alpha-Arrestins and Protein Trafficking. Int. J. Mol. Sci. 2019, 20,
515. [CrossRef] [PubMed]

24. Becuwe, M,; Vieira, N.; Lara, D.; Gomes-Rezende, |.; Soares-Cunha, C.; Casal, M.; Haguenauer-Tsapis, R.; Vincent, O.; Paiva, S.;
Léon, S. A molecular switch on an arrestin-like protein relays glucose signaling to transporter endocytosis. J. Cell Biol. 2012, 196,
247-259. [CrossRef] [PubMed]

25. Roy, A.; Kim, Y.B.; Cho, K.H.; Kim, J.H. Glucose starvation-induced turnover of the yeast glucose transporter Hxt1. Biochim.
Biophys. Acta 2014, 1840, 2878-2885. [CrossRef] [PubMed]

26. Heiland, S.; Radovanovic, N.; Hofer, M.; Winderickx, J.; Lichtenberg, H. Multiple hexose transporters of Schizosaccharomyces

pombe. |. Bacteriol. 2000, 182, 2153-2162. [CrossRef]


http://doi.org/10.3390/biom7040077
http://doi.org/10.1111/j.1365-2443.2007.01141.x
http://www.ncbi.nlm.nih.gov/pubmed/18076573
http://doi.org/10.1128/MCB.01039-06
http://www.ncbi.nlm.nih.gov/pubmed/17261596
http://doi.org/10.1016/j.cell.2006.01.016
http://doi.org/10.4161/cc.7.3.5245
http://doi.org/10.1093/emboj/cdg298
http://doi.org/10.1242/jcs.257485
http://doi.org/10.1016/j.celrep.2017.05.041
http://doi.org/10.1111/j.1742-4658.2011.08050.x
http://doi.org/10.1091/mbc.E14-11-1503
http://www.ncbi.nlm.nih.gov/pubmed/25411338
http://doi.org/10.1038/ncb2329
http://www.ncbi.nlm.nih.gov/pubmed/21892142
http://doi.org/10.1515/bmc-2015-0018
http://www.ncbi.nlm.nih.gov/pubmed/26418646
http://doi.org/10.1007/s002940100198
http://www.ncbi.nlm.nih.gov/pubmed/11409178
http://doi.org/10.1074/jbc.M010446200
http://www.ncbi.nlm.nih.gov/pubmed/11096119
http://doi.org/10.1534/genetics.106.064170
http://doi.org/10.1128/MCB.01473-13
http://doi.org/10.1186/1471-2148-8-222
http://www.ncbi.nlm.nih.gov/pubmed/18664266
http://doi.org/10.1073/pnas.83.5.1174
http://doi.org/10.1016/0014-5793(86)80008-4
http://doi.org/10.1016/j.cub.2012.01.028
http://doi.org/10.1083/jcb.201610094
http://doi.org/10.1074/jbc.M116.733923
http://www.ncbi.nlm.nih.gov/pubmed/27261460
http://doi.org/10.3390/ijms20030515
http://www.ncbi.nlm.nih.gov/pubmed/30691068
http://doi.org/10.1083/jcb.201109113
http://www.ncbi.nlm.nih.gov/pubmed/22249293
http://doi.org/10.1016/j.bbagen.2014.05.004
http://www.ncbi.nlm.nih.gov/pubmed/24821015
http://doi.org/10.1128/JB.182.8.2153-2162.2000

Biomolecules 2021, 11, 1465 8of8

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Lock, A.; Rutherford, K.; Harris, M.A.; Hayles, J.; Oliver, S.G.; Bahler, J.; Wood, V. PomBase 2018: User-driven reimplementation
of the fission yeast database provides rapid and intuitive access to diverse, interconnected information. Nucleic Acids Res. 2019,
47, D821-D827. [CrossRef]

Rashida, Z.; Srinivasan, R.; Cyanam, M.; Laxman, S. Kog1/Raptor mediates metabolic rewiring during nutrient limitation by
controlling SNF1/AMPK activity. Sci Adv. 2021, 7. [CrossRef]

Nakase, M.; Nakase, Y.; Chardwiriyapreecha, S.; Kakinuma, Y.; Matsumoto, T.; Takegawa, K. Intracellular trafficking and
ubiquitination of the Schizosaccharomyces pombe amino acid permease Aatlp. Microbiology 2012, 158, 659-673. [CrossRef]
Nakase, M.; Tani, M.; Morita, T.; Kitamoto, H.K.; Kashiwazaki, J.; Nakamura, T.; Hosomi, A.; Tanaka, N.; Takegawa, K.
Mannosylinositol phosphorylceramide is a major sphingolipid component and is required for proper localization of plasma-
membrane proteins in Schizosaccharomyces pombe. J. Cell Sci. 2010, 123, 1578-1587. [CrossRef]

Hatano, T.; Morigasaki, S.; Tatebe, H.; Ikeda, K.; Shiozaki, K. Fission yeast Ryh1 GTPase activates TOR Complex 2 in response to
glucose. Cell Cycle 2015, 14, 848-856. [CrossRef] [PubMed]

Manning, B.D.; Cantley, L.C. AKT/PKB signaling: Navigating downstream. Cell 2007, 129, 1261-1274. [CrossRef] [PubMed]
Nishiyama, A.; Matsui, M.; Iwata, S.; Hirota, K.; Masutani, H.; Nakamura, H.; Takagi, Y.; Sono, H.; Gon, Y.; Yodoi, J. Identification
of thioredoxin-binding protein-2/vitamin D(3) up-regulated protein 1 as a negative regulator of thioredoxin function and
expression. J. Biol. Chem. 1999, 274, 21645-21650. [CrossRef] [PubMed]

Patwari, P; Higgins, L.J.; Chutkow, W.A_; Yoshioka, J.; Lee, R.T. The interaction of thioredoxin with Txnip. Evidence for formation
of a mixed disulfide by disulfide exchange. . Biol. Chem. 2006, 281, 21884-21891. [CrossRef]

Wu, N.; Zheng, B.; Shaywitz, A.; Dagon, Y.; Tower, C.; Bellinger, G.; Shen, C.H.; Wen, J.; Asara, J.; McGraw, T.E.; et al. AMPK-
dependent degradation of TXNIP upon energy stress leads to enhanced glucose uptake via GLUT1. Mol. Cell 2013, 49, 1167-1175.
[CrossRef] [PubMed]

McMahon, H.T.; Boucrot, E. Molecular mechanism and physiological functions of clathrin-mediated endocytosis. Nat. Rev. Mol.
Cell Biol. 2011, 12, 517-533. [CrossRef]

Ng, Y,; Ramm, G.; Lopez, ].A.; James, D.E. Rapid activation of Akt2 is sufficient to stimulate GLUT4 translocation in 3T3-L1
adipocytes. Cell Metab. 2008, 7, 348-356. [CrossRef]


http://doi.org/10.1093/nar/gky961
http://doi.org/10.1126/sciadv.abe5544
http://doi.org/10.1099/mic.0.053389-0
http://doi.org/10.1242/jcs.059139
http://doi.org/10.1080/15384101.2014.1000215
http://www.ncbi.nlm.nih.gov/pubmed/25590601
http://doi.org/10.1016/j.cell.2007.06.009
http://www.ncbi.nlm.nih.gov/pubmed/17604717
http://doi.org/10.1074/jbc.274.31.21645
http://www.ncbi.nlm.nih.gov/pubmed/10419473
http://doi.org/10.1074/jbc.M600427200
http://doi.org/10.1016/j.molcel.2013.01.035
http://www.ncbi.nlm.nih.gov/pubmed/23453806
http://doi.org/10.1038/nrm3151
http://doi.org/10.1016/j.cmet.2008.02.008

	Introduction 
	TORC2-AKT Is Required for Cellular Responses to Glucose and Nitrogen Starvation 
	TORC2 Regulates -arrestin for Persistence of Hexose Transporters on the Plasma Membrane 
	Mammalian AKT also Regulates Arrestin-Mediated Internalization of Hexose Transporters on the Cell Membrane 
	Concluding Remarks 
	References

