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In diverse eukaryotic species from
yeast to human, TOR (Target Of
Rapamycin) protein kinase operates in
signaling pathways that link extracellu-
lar stimuli to the control of cell growth
and metabolism. TOR kinase functions
in two distinct protein complexes, TOR
complex 1 (TORC1) and 2 (TORC2).
While TORCL1 is known to be under
the control of the Ras-like small GTPase
Rheb, our knowledge about TORC2 reg-
ulation is very limited. We thus set out
to identify TORC2 activators through
genetic approaches in the fission yeast
Schizosaccharomyces pombe. Here we
briefly review our study that has iden-
tified a Rab-family GTPase, Ryhl and
its GEF (guanine nucleotide exchange
factor) as positive regulators of TORC2
signaling in S. pombe. Considering the
evolutionary conservation of the TOR
pathways, it is conceivable that Rab-
family GTPases also play a role in the
regulation of human TORC2 in cellular
proliferation and insulin signaling.

TOR kinase was originally identified in
a yeast genetic screen for mutants that
are resistant to the immunosuppresant
rapamycin.! Subsequent identification of
TOR kinase genes in diverse eukaryotes
revealed the evolutionary conservation of
the TOR kinase from yeast to human. In
many species, two types of protein com-
plexes containing TOR, TOR complex
1 (TORCI1) and 2 (TORC2), have been
reported.? The different subunit composi-
tions of TORCI and TORC2 are likely to
define their distinct cellular functions as
well as regulations.

TORC2 recently  identi-
fied as a key component of the PI3K
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(phosphatidylinositol-3-kinase)-Akt  sig-
naling pathway that controls cellular
proliferation and insulin response in ani-
mals.** Receptor tyrosine kinases stimu-
lated by insulin or growth factors activate
PI3K, which generates the lipid second
PIP3  (phosphatidylinositol-
3-phosphate) in the plasma membrane.
Increased PIP3 recruits the Akt protein
kinase (also known as protein kinase B,

messenger

PKB) to the plasma membrane, resulting
in activation of Akt.> Full activation of Akt
in response to PIP3 requires phosphoryla-
tion of two residues in Akt; a threonine
residue within the T-loop is phosphor-
ylated by PDKI (Phosphoinositide-
Dependent Kinase 1), while the TOR
kinase in TORC2 phosphorylates the
hydrophobic motif at the C-terminus of
Akt. These regulatory phosphorylation
sites are characteristic of the AGC (protein
kinase A/protein kinase G/protein kinase
C) family that Akt belongs to.

Despite the pivotal role of Akt in
cancerous cell proliferation and insu-
lin signaling,’ the regulation of its acti-
vator, TORC2, is poorly understood.
Our recent studies focus on TORC2 in
a model system provided by the fission
yeast Schizosaccharomyces pombe,*” because
of the following two reasons. First, S.
pombe TORC2 is not essential for cellu-
lar viability under normal growth condi-
tions,® allowing simple genetic analyses
of TORC2. In contrast, mutational inac-
tivation of TORC2 in the budding yeast
Saccharomyces cerevisiae, another popular
model organism, results in cellular lethal-
ity. Second, and more importantly, the
TORC2 pathway is well conserved between
S. pombe and higher eukaryotes including
human. Fission yeast TORC2 is composed

Volume 1 Issue 3



EXTRAVIEW

tor1*  FLAG:tor1
N A Sat4
\(\ (}0 d‘(\
» >
FLAGTor | eSemee®®| . ,c GDP Rvn (ST
- O o beads ‘m y
Bit61myc
% o s e B Lysate l
TORC2 [ ste20 | Bit61
B
. Wat1 Tor1 ' Sint
&(\
A “b\‘ A 6% A
phospho-Gad8 #4 4% « « e Gad8~pP
Gad8 we s s - —

Clop Gatd

stress resistance

Figure 1. The Bit61 subunit is important for TORC2 regulation by Ryh1. (A) Ste20-dependent association of Bit61 with TORC2. tor1*, FLAG:tor1, FLAG:tor1
AsinT, FLAG:tor1 Aste20 and FLAG:tor1 AryhT strains carrying the bit61:myc allele were subjected to anti-FLAG immunoprecipitation, and the isolated
FLAG-Tor1 and Bit61myc were detected by immunoblotting. (B) Reduced Gad8 phosphorylation at the hydrophobic motif in Abit67 cells. Crude lysate
from wild-type, Ator1, Agad8, Aryh1, Abit61 and Abit61 Aryhl strains was analyzed by anti-phospho-Gad8 and anti-Gad8 immunoblotting.” (C) GTP-
bound Ryh1 stimulates phosphorylation and activation of Gad8 kinase by TORC2. Activity of Gad8 kinase is essential for cellular resistance to environ-
mental stress, such as high osmolarity and high temperature.

of the TOR kinase Torl and its regulatory
subunits, Sinl, Ste20, Watl and Bit61,%°
which are homologous to mSinl, Rictor,
mLst8 and Protor/PRR5 in mammals,
respectively.'” We demonstrated that loss of
functional TORC2 in fission yeast causes
a defect in phosphorylating the hydropho-
bic motif of Gad8, an AGC-family protein
kinase.® Activation of Gad8 kinase is also
dependent on the phosphorylation of its
T-loop by Ksgl, a fission yeast ortholog of
mammalian PDKI1." Thus, the TORC2-
Gad8 pathway appears to be the S. pombe
counterpart of the TORC2-Akt pathway
in animals. Fission yeast mutants lacking
functional TORC2 or Gad8 are sensitive
to various stress, such as osmostress and
high temperature.® Those mutants are also
sterile as a result of their defective response
to nitrogen starvation.'*?

Aiming to discover factors required for
TORC?2 activation, we searched for fission
yeast mutants that show stress-sensitive
phenotypes as well as a defect in Gad8
phosphorylation at the hydrophobic motif.”
satl, sat4 and sat7 (starvation-znduced
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arrest) mutants previously reported by
Takashi Toda and colleagues" appeared
to be excellent candidates, because of their
phenotypic resemblance to the TORC2
mutants, including sterility and stress
sensitivity. As expected, phosphoryla-
tion of the hydrophobic motif of Gad8
is significantly compromised in those saz
mutants, indicating that the sazl*, sar4*
and saz7* genes are important for TORC2
signaling. We also performed an indepen-
dent screen for mutants defective in the
TORC2 function, using a haploid mutant
library that includes approximately 80%
of the viable null mutants in fission yeast."
This screen re-isolated sa#l and saz7 as the
only mutants that exhibited both stress-
sensitivity and compromised Gad8 phos-
phorylation, while the s274 mutant was
not in the library.

Gene cloning determined that the saz7*
gene encodes Ryh1, a Rab GTPase homol-
ogous to the budding yeast Ypt6 and
human Rab6 GTPases.!® Satl and Sat4
turned out to be S. pombe orthologs of the
budding yeast Rgpl and Ricl proteins,
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respectively, both of which form a complex
that functions as GEF to activate Ypt6."”
Consistently, we successfully collected
genetic and biochemical data to support
the notion that Satl and Sat4 form a GEF
complex for Ryhl GTPase in S. pombe.
Rab-family Ryhl GTPase is implicated
in the vesicle transport between the endo-
some and Golgi compartments,'”® and its
identification as a regulator of TORC2 sig-
naling was somewhat unanticipated. We
initially suspected that the ryh1/sat7 muta-
tion might alter the intracellular membrane
traffic, disturbing the cellular localization
of TORC2 or its substrate Gad8. However,
the characteristic cortical localization of
S. pombe TORC2 is insensitive to ryhl
mutations, and so is the cytoplasmic dis-
tribution of Gad8.” Furthermore, TORC2
signaling is hyper-active in a strain that
expresses only the GTP-locked mutant
of Ryhl and therefore, Ryhl’s cycling
between the GTP- and GDP-bound states
is not required to activate TORC2.” This is
in a stark contrast with how Rab GTPases
function in the intracellular membrane
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traffic, where switching between the GDP-
and GTP-bound forms is essential.'” Hence
the action of Ryh1 GTPase on the TORC2
pathway appears to be independent of the
intracellular membrane traffic.

Direct regulation of TORC2 by Ryhl
was also suggested by the weak but signifi-
cant physical interaction between Ryh1 and
TORC2. The effector domain of Ryhl
is important for the interaction, because
I44E, a point mutation to the effector
domain, notably impairs the association of
Ryhl with TORC2. Moreover, the Ryhl
[44E mutant fails to promote TORC2
signaling, implying that GTP-dependent
interaction of Ryhl with TORC2 via the
effector domain drives TORC2-Gad8 sig-
naling. It should be noted, however, that
the I44E mutation does not completely
abrogate the association of Ryhl with
TORC2; the regulatory interaction of Ryh1
with the multi-subunit complex TORC2
may be more convoluted than the typical
one-to-one interaction between a small
GTPase and its effector. Indeed, our data
suggest that the Bit61 subunit of TORC2
is involved in the Ryhl-mediated TORC2
regulation. Bit61,? is structurally related to
mammalian Protor/PRR5, which binds to
the Rictor subunit of TORC2.2°?? Also in
S. pombe, association of Bit61 to TORC2
is dependent on the Rictor ortholog, Ste20
(Fig. 1A), and the Ste20-Bit61 interaction is
detectable in yeast two-hybrid assays (data
not shown). Like the 7yAI mutant, the bi£61
null mutant shows reduced phosphorylation
of Gad8 (Fig. 1B), indicating compromised
TORC2-Gad8 signaling in the absence of
Bit61. Importantly, Gad8 phosphorylation
in the Abit61 Aryhl double mutant was
not lower than that in the individual single
mutants (Fig. 1B); such an epistasis data
often indicates that the two genes function
in the same pathway. We found that Bit61
is not required for the physical interaction
between Ryhl and TORC2, and the exact
molecular mechanisms by which Ryhl
and Bit61 stimulate TORC2-Gad8 signal-
ing remains to be elucidated. Loss of Ryhl
does not affect the intrinsic kinase activity
of Torl, the catalytic subunit of TORC2.
Interestingly, however, overexpression of
GTP-locked Ryhl appears to promote the
physical interaction between TORC2 and
Gad8; together with Bit61, GTP-bound
Ryhl may stimulate TORC2 signaling by
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enhancing the interaction between TORC2
and its substrate.”

Rab proteins constitute the largest sub-
family of the Ras-like small GTPase, and
their discrete distributions establish com-
partmental specificity within the eukary-
otic endomembrane system.? It is likely
that the localization of Ryhl GTPase'® as
well as those of its GEF and GAP (GTPase-
activating protein) confer spatial regula-
tion on TORC2 activity. Intriguingly,
we observed that Rab6 GTPase, a mam-
malian ortholog of Ryhl, can stimulate
TORC2 signaling when expressed in fis-
sion yeast.” To date, no TORC2 activator
has been reported in animals, despite the
significant interest in how human TORC2
is regulated in the upstream of Akt kinase
that controls cellular proliferation and
insulin response. It will be of great inter-
est to investigate if Rab6 and other Rab-
family members regulate the TORC2-Akt
pathway in cancers and insulin signaling.
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