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Summary
Background—From yeast to human, TOR (Target Of Rapamycin) kinase plays pivotal roles in
coupling extracellular stimuli to cell growth and metabolism. TOR kinase functions in two distinct
protein complexes, TOR complex 1 (TORC1) and 2 (TORC2), which phosphorylate and activate
different AGC-family protein kinases. TORC1 is controlled by the small GTPase Rheb, but little
is known about TORC2 regulators.

Results—We have identified the Ryh1 GTPase, a human Rab6 ortholog, as an activator of
TORC2 signaling in the fission yeast Schizosaccharomyces pombe. Mutational inactivation of
Ryh1 or its guanine nucleotide exchange factor compromises the TORC2-dependent
phosphorylation of the AGC-family Gad8 kinase. In addition, the effector domain of Ryh1 is
important for its physical interaction with TORC2 and for stimulation of TORC2 signaling. Thus,
GTP-bound Ryh1 is likely to be the active form stimulatory to TORC2–Gad8 signaling.
Consistently, expression of the GTP-locked mutant Ryh1 is sufficient to promote interaction
between TORC2 and Gad8 and to induce Gad8 hyper-phosphorylation. The loss of functional
Ryh1, TORC2 or Gad8 brings about similar vacuolar fragmentation and stress sensitivity, further
corroborating their involvement in a common cellular process. Human Rab6 can substitute Ryh1
in S. pombe and therefore, Rab6 may be a potential activator of TORC2 in mammals.

Conclusions—In its GTP-bound form, Ryh1, an evolutionarily conserved Rab GTPase,
activates TORC2 signaling to the AGC kinase Gad8. The Ryh1 GTPase and the TORC2–Gad8
pathway are required for vacuolar integrity and cellular stress resistance in S. pombe.

Introduction
The target of rapamycin (TOR) is a serine/threonine-specific protein kinase that is
structurally related to phosphatidylinositol kinases. First discovered in the budding yeast
Saccharomyces cerevisiae, the TOR protein kinase has been identified widely among
eukaryotic species [1]. TOR kinases from yeast to humans form two distinct protein
complexes referred to as TOR complex (TORC) 1 and 2 (TORC2), which play discrete roles
in cellular signaling partly through activation of different AGC-family protein kinases, such
as mammalian S6K1 and Akt/protein kinase B [2]. TORC2 is required for activating
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phosphorylation of the C-terminal hydrophobic motif in Akt kinase, which is also
phosphorylated within its activation loop by the 3-phosphoinositide-dependent protein
kinase 1 (PDK1).

Metazoan TORC2–Akt signaling is activated in response to insulin and growth factors that
induce activation of the phosphatidylinositol 3-kinase pathway [3]. Despite the pivotal roles
of the TORC2–Akt pathway in insulin response and cellular proliferation, very little is
known about the regulators that control TORC2 signaling. On the other hand, it has been
found that TORC1 is activated by the Ras-family Rheb GTPase, which is negatively
regulated by the Tsc1-Tsc2 complex that acts as Rheb GTPase-activating protein (GAP) [4].
Mutations to Tsc1 or Tsc2 bring about hyper-activation of TORC1 and its downstream AGC
kinase, S6K1, leading to tumorigenic cell proliferation. Despite the extensive studies,
however, the exact mechanism of TORC1 activation by Rheb is controversial and remains to
be established [5–7].

In this study, we set out to search for activators of TORC2 signaling, using the fission yeast
Schizosaccharomyces pombe that has the TOR pathways highly homologous to those in
higher eukaryotes. The subunit composition of TORC2 is well conserved in S. pombe [8],
including the TOR kinase Tor1, Sin1, and Ste20, an ortholog of mammalian Rictor and
Avo3 in budding yeast. A recently identified mammalian TORC2 component, Protor/PRR5
[9,10], is structurally related to Bit61 in S. pombe TORC2 [8]. S. pombe strains lacking
functional TORC2 are defective in phosphorylating the C-terminal hydrophobic motif of an
AGC-family kinase, Gad8 [11,12]. Activation of Gad8 also requires phosphorylation of its
T-loop by Ksg1, an ortholog of mammalian PDK1 [11]. Thus, the S. pombe TORC2–Gad8
pathway appears to parallel the TORC2–Akt pathway in higher eukaryotes. The TORC2-
and Gad8-deficient mutants are viable, but show increased stress sensitivity as well as
sterility [11,13–15].

Here we show that a Rab-family GTPase, Ryh1, regulates TORC2–Gad8 signaling in S.
pombe. In strains lacking Ryh1 or its putative guanine nucleotide exchange factor (GEF),
TORC2-dependent phosphorylation and activation of Gad8 kinase is compromised. On the
other hand, expression of the GTP-locked Ryh1 promotes the physical interaction between
TORC2 and Gad8, leading to increased Gad8 phosphorylation. Thus, the nucleotide-binding
state of Ryh1 controls TORC2–Gad8 signaling. Moreover, cells lacking Ryh1, TORC2 or
Gad8 share common phenotypes of vacuole fragmentation associated with hypersensitivity
to osmostress and Ca2+. Together, these results suggest that the Ryh1 GTPase positively
regulates TORC2–Gad8 signaling which is important for vacuolar integrity and stress
resistance. Finally, the Ryh1 function in S. pombe can be substituted by expression of human
Rab6, and therefore, evolutionarily conserved Rab GTPase may also be involved in the
regulation of the mammalian TORC2–Akt pathway.

Results
S. pombe sat1, sat4 and sat7 mutants are defective in TORC2 signaling

S. pombe strains lacking functional TORC2 show increased stress sensitivity as well as
sterility due to their failure to arrest in G1 after nitrogen starvation [11,13–15]. Similar
phenotypes were reported with sat (starvation-induced arrest) mutants, sat1-11, sat4-86 and
sat7-110 [16]. To test whether these sat mutants are defective in TORC2–Gad8 signaling,
we raised antibodies that recognize the TORC2-dependent phosphorylation of Ser-546
within the hydrophobic motif of Gad8 kinase (Figure S1A). Indeed, phosphorylation of
Gad8 Ser-546 was significantly reduced in the sat1-11, sat4-86 and sat7-110 strains (Figure
1A), indicating compromised TORC2–Gad8 signaling in these mutants. In parallel, we
screened a S. pombe haploid mutant library that includes the null mutants of ~2,800 genes,
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about 60% of the protein-coding genes in S. pombe. Stress-sensitive mutants identified from
this library were subsequently tested for Gad8 Ser-546 phosphorylation by immunoblotting
(see Supplemental Experimental Procedure). This unbiased, two-step screen re-isolated sat1
and sat7/ryh1 but no other genes that significantly affected Gad8 Ser-546 phosphorylation.

Sat7/Ryh1 is a Rab GTPase regulated by the Sat1-Sat4 GEF complex
Cloning of the sat7+ gene by genetic complementation determined that sat7 is allelic to
ryh1+, which encodes a Rab-family small GTPase orthologous to budding yeast Ypt6 and
mammalian Rab6 [17]. sat7-110 contained a nucleotide change (Table S1) that resulted in
aspartate substitution of Ryh1 Gly-18, the glycine residue conserved among the Ras
superfamily GTPases [18]. Like sat7-110 cells, the ryh1 null (Δryh1) mutant was sensitive
to stress conditions (Figure 1B; [19]), and Gad8 kinase isolated from Δryh1 cells showed
notably decreased activity (Figure 1C) and Ser-546 phosphorylation (Figure 1D). The sat1+

gene encodes an ortholog of the budding yeast Rgp1 protein, which forms a complex with
Ric1 to function as GEF for the Ypt6 GTPase [20], whereas sat4-86 turned out to be a
mutation of a Ric1 ortholog in S. pombe (SPAC1851.04c; Table S1). Therefore, we
hypothesized that, like their orthologs in budding yeast, Sat1 and Sat4 form a protein
complex that acts as GEF for the Ryh1 GTPase. The following genetic and biochemical
evidence supported this hypothesis. First, like sat1-11 and sat4-86, the Δsat1 and Δsat4
mutants showed phenotypes very similar to those of Δryh1 [17,19,21], including sterility and
increased sensitivity to high temperature (data not shown), high osmolarity, Ca2+ and high
pH (Figure 1B and Figure S1B). Gad8 Ser-546 phosphorylation was also significantly
decreased in the Δsat1 and Δsat4 mutants (Figure 1D). Second, the stress-sensitive Δryh1
phenotypes were not enhanced in the Δryh1 Δsat1 and Δryh1 Δsat4 double mutants,
consistent with the idea that Sat1 and Sat4 function in the same pathway as Ryh1 (Figure
1E). Similarly, the Δsat1 and Δsat4 mutations did not further decrease the low level of Gad8
Ser-546 phosphorylation in the Δryh1 mutant (Figure 1D). Third, affinity purification of the
Sat1 protein from the S. pombe cell lysate co-purified Sat4 and vice versa, demonstrating the
complex formation of the two proteins as predicted (Figures 2A and B;Figure S2A).
Analogous to the Rgp1-dependent localization of Ric1 to Golgi/endosomes in budding yeast
[20], the characteristic punctate signals of Sat4 fused to GFP were disrupted by the Δsat1
mutation (Figure 2C). Fourth, expression of Ryh1Q70L, a constitutively GTP-bound mutant
of Ryh1 (Figure S2; [21]), alleviated the Δsat1 and Δsat4 phenotypes (Figures 2D). Lastly,
Sat4 was co-precipitated with the Ryh1G23A mutant protein (Figure 2E), an equivalent of
RasG15A that cannot bind GTP/GDP (Figure S2B); the nucleotide-free form of GTPase is
an intermediate of the nucleotide exchange reaction and therefore, stably binds to its GEF
[22]. Together, these results indicate that the Ryh1 GTPase and its putative GEF, the Sat1-
Sat4 complex, positively regulate TORC2–Gad8 signaling.

GTP-bound form of Ryh1 stimulates TORC2–Gad8 signaling
Reduced TORC2-dependent phosphorylation of Gad8 in strains lacking the Ryh1 GTPase or
its GEF suggested that the GTP-bound form of Ryh1 is stimulatory to TORC2 signaling. In
accord with such a model, ectopic expression of the GTP-locked Ryh1Q70L protein was
sufficient to increase Ser-546 phosphorylation of Gad8 (Figure 3A). On the contrary,
expression of Ryh1T25N, a GDP-bound mutant form [21], reduced the Gad8
phosphorylation. In strains that lack the essential TORC2 subunits, Ste20 or Sin1 [12],
Ryh1Q70L could not induce the Gad8 phosphorylation (Figure 3B, left panels),
corroborating that Ryh1 stimulates the TORC2-dependent phosphorylation of Gad8. As
expected, a mutation to the Raptor-like TORC1 subunit, mip1-310 [23,24], did not
compromise Gad8 activation by Ryh1Q70L (Figure 3B right panels; Figure S3A). In
addition, Δryh1 and ryh1QL mutations did not significantly affect phosphorylation of the
ribosomal S6 proteins (Figure S3B), which is under the regulation by TORC1 [25]. These
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results suggest that the Ryh1 GTPase specifically regulates TORC2, but not TORC1
signaling, at least under the conditions tested.

Although genetic interaction implied an overlapping function between Ryh1 and another
Rab-family GTPase, Ypt3 [21], the GTP-locked Ypt3Q69L failed to increase the
phosphorylation of Gad8 (Figure 3C), suggesting that GTP-bound Ypt3 cannot directly
stimulate TORC2 signaling. On the other hand, Gad8 Ser-546 phosphorylation was reduced
in the ypt3-i5 mutant [26], like in the Δryh1 mutant (Figure 3D); the aberrant cellular
localization of Ryh1 in the ypt3-i5 mutant [21] might hamper the normal regulation of Ryh1
and its function in TORC2–Gad8 signaling. Consistent with such a possibility, the
compromised Gad8 phosphorylation in ypt3-i5 can be restored by expressing GTP-bound
Ryh1Q70L (Figure S3C).

Cycling between the GDP- and GTP-bound forms, Rab GTPases mediate multiple steps of
intracellular membrane traffic [27]. In contrast, we found that activation of TORC2
signaling was not dependent on the nucleotide cycle of Ryh1, because phosphorylation of
Gad8 Ser-546 was augmented in a strain of which chromosomal ryh1+ locus was replaced
by ryh1Q70L (“QL” in Figure 3B). This strain, which expresses only GTP-locked
Ryh1Q70L, showed a temperature-sensitive growth defect (Figure 3E). However, this
phenotype was suppressed by alanine substitution of Gad8 Ser-546, suggesting that hyper-
phosphorylation of Gad8 is responsible for the growth phenotype of the ryh1QL mutant.
This genetic interaction between ryh1QL and gad8S546A further confirms the role of Ryh1
in TORC2–Gad8 signaling in vivo.

Physical interaction of Ryh1 GTPase with TORC2
As predicted from the Ryh1-mediated TORC2 regulation described above, physical
interaction between Ryh1 and TORC2 was detectable; affinity-purification of Ryh1
expressed as GST fusion in S. pombe resulted in co-purification of Tor1 (Figure 4A) as well
as the other TORC2 subunits, Sin1 and Ste20 (Figure 4B). Interaction of GST-Ryh1 with
Tor1 was not dependent on the other TORC2 subunits (Figure 4A). Co-precipitation of Tor1
with GTP-locked Ryh1Q70L and GDP-locked Ryh1T25N was also detected, with more
Tor1 bound to Ryh1Q70L in multiple experiments (Figure 4C). However, the enhanced
interaction of Ryh1Q70L with Tor1 was not apparent in some experiments, possibly due to
the fluctuation in the expression level of the plasmid-borne GST-Ryh1 genes. Therefore, to
further examine whether the Ryh1-Tor1 interaction involves GTP-dependent binding of the
Ryh1 GTPase to its “effector”, we next introduced the I44E mutation in the conserved
effector domain [28] of Ryh1 (Figure S2B). This mutation has been successfully used to
disrupt interaction between Rab-family GTPases and their effectors [29,30]. The I44E
mutation in Ryh1 and Ryh1Q70L reproducibly decreased the amount of bound Tor1 (Figure
4C); signal quantification indicated that Tor1 co-precipitated with GST-Ryh1I44E and GST-
Ryh1Q70L/I44E was only 30~40% of that bound to wild-type GST-Ryh1. On the other
hand, the interaction of GDP-locked Ryh1T25N with Tor1 was not affected by the I44E
mutation, consistent with the idea that the effector domain mediates GTP-dependent
interaction of small GTPases with their effectors. Importantly, the I44E mutation completely
blocked the ability of Ryh1Q70L to induce the Gad8 phosphorylation (Figure 3A, right
panel), suggesting that the interaction mediated by the effector domain of Ryh1 is required
to stimulate TORC2–Gad8 signaling.

The Tor1 fragment composed of only the N-terminal HEAT repeat region (amino acid
residues 1-1360; 1360Δ C) was found to co-precipitate with GST-Ryh1 (Figure S4),
However, unlike the full-length Tor1 (Figure 4C), the amount of the co-precipitated 1360ΔC
fragment was not reduced by the Ryh1I44E mutation. We also tested whether the Ryh1
GTPase affects the integrity of TORC2, by examining association between Tor1 and the
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other TORC2 subunits in wild-type and Δryh1 mutant strains. The amounts of Sin1, Ste20
and Wat1 associated with Tor1 were comparable between the two strains (Figure 4D),
suggesting that Ryh1 is not required for stable TORC2 formation.

Ryh1-dependent regulation of the TORC2–Gad8 pathway
The autophosphorylation assay and the in vitro Tor1 kinase assay using PHAS-I as substrate
[31] showed that Tor1 isolated from wild-type, Δryh1, Δsat1 and Δsat4 cells had comparable
catalytic activity (Figure 5A). Thus, it is likely that Ryh1 stimulates TORC2–Gad8 signaling
without increasing the intrinsic kinase activity of Tor1. Since the Ryh1 GTPase is known to
localize on Golgi/endosomes to play a role in intracellular protein transport [17,21], we set
out to determine by live-cell imaging whether Ryh1 affects the cellular localization of
TORC2. Because of the difficulty in GFP-tagging Tor1 [8], TORC2-specific subunits, Ste20
and Bit61 [8], were fused to three copies of GFP and expressed from their chromosomal
loci. No TORC2-defective phenotype was observed with the resultant strains (data not
shown), reflecting the functionality of the GFP-fusion proteins. Ste20-3GFP (Figure 5B) and
Bit61-3GFP (Figure S5C) showed very similar punctate signals throughout the cell surface
in interphase cells, while more intense signals were at the cell division site (Figure S5A).
This characteristic localization of Ste20 and Bit61 was dependent on Tor1 (Figure 5C and
Figure S5C) and therefore, the observed Ste20- and Bit61-3GFP signals are likely to
represent the localization of TORC2. Similar cortical distribution of TORC2 has been
reported also in budding yeast [32,33]. We found that the Ste20-3GFP and Bit61-3GFP
localization was not noticeably disturbed by the Δryh1, Δsat1 and Δsat4 mutations (Figure
5D;Figure S5B, C), indicating that the Ryh1 GTPase is not required for the normal cellular
localization of TORC2. Although the Sin1 ortholog in budding yeast, Avo1, was proposed
to be essential for targeting TORC2 to the plasma membrane [33], the Δsin1 mutation did
not impair the cortical localization of S. pombe TORC2 (Figure 5C). However, TORC2
appeared more concentrated to cell tips in Δsin1 strains, as well as in strains carrying the
catalytically inactive tor1-D2137A or Δgad8 mutations. Thus, TORC2-activated Gad8
kinase might promote uniform distribution of TORC2 foci throughout the cell surface.

We also examined the cellular localization of Gad8 by fusing the GFP sequence to the
chromosomal gad8+ gene in wild-type, Δryh1, Δsat1 and Δsat4 strains. The Gad8-3GFP
signal was diffused throughout the cytoplasm but excluded from the nucleus and vacuoles in
both wild-type and mutant strains tested (Figure 5E). Together, these results indicate that the
Ryh1 GTPase does not significantly affect the cellular localization of TORC2 and Gad8.
Therefore, regulation of their cellular localization does not appear to be part of the
mechanism by which Ryh1 modulates TORC2–Gad8 signaling.

It is possible that Ryh1 promotes the TORC2-dependent phosphorylation of Gad8 by
enhancing the physical interaction between TORC2 and Gad8. Association between TORC2
and Gad8 was hardly detectable in wild-type cells, probably because their interaction was
too weak to be captured by co-precipitation experiments. However, after the ectopic
expression of GTP-locked Ryh1Q70L, the TORC2-specific Sin1 subunit was detected with
immunoprecipitated Gad8 kinase (Figure 5F). Such interaction was not observed after
expression of GDP-locked Ryh1T25N, or Ryh1Q70L with the I44E effector domain
mutation, conforming to their inability to stimulate the TORC2-dependent Gad8
phosphorylation (Figure 3A). These results suggest that the activation mechanism of
TORC2 signaling by Ryh1 involves enhanced interaction between TORC2 and its substrate
Gad8.
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Ryh1 GTPase and the TORC2–Gad8 pathway are important for vacuolar integrity
When stained by the membrane dye FM4-64 and the CDCFDA dye that fluoresces in acidic
vacuolar compartments, smaller fragmented vacuoles were observed in Δryh1 cells in
comparison with those in wild-type cells (Figure 6A). As expected, Δsat1 and Δsat4 mutant
cells exhibited similar vacuolar defects (data not shown). We further discovered that
vacuoles were fragmented and smaller also in cells lacking the functional TORC2 or Gad8
kinase, though to a lesser extent than in Δryh1 cells (Figure 6A). Thus, both Ryh1 GTPase
and the TORC2–Gad8 pathway appear to be implicated in a common cellular function,
vacuolar integrity, consistent with their regulatory interactions described above. Yeast
vacuoles play important roles in cellular resistance to high osmolarity and extracellular Ca2+

[34,35], and the vacuolar defects in mutants without functional Ryh1, TORC2 or Gad8
kinase may be responsible for their hyper-sensitivity to Ca2+ and osmostress (Figure 1B).

Human Rab6 can activate TORC2–Gad8 signaling in fission yeast
Because of the high sequence homology of Ryh1 to human Rab6 [17], we tested whether
human Rab6 can stimulate TORC2–Gad8 signaling in S. pombe. As shown in Figure 6B,
Gad8 Ser-546 phosphorylation was increased by expression of human Rab6A, and even
more by the GTP-locked Rab6 mutant, Rab6A(Q72L) (Figure S2; [36]). In contrast, the
GDP-bound Rab6A(T27N) mutant failed to increase the Gad8 phosphorylation level.
Moreover, the I46E mutation to the effector domain (Figure S2; [29,30]) prevented Rab6A
and Rab6A(Q72L) from stimulating Gad8 Ser-546 phosphorylation (Figure 6B, right panel).
These observations suggest that the ability to induce TORC2 signaling appears to be
conserved between Ryh1 and human Rab6. In addition, the human Rab6A gene
complemented the temperature-sensitive growth [17] and other stress-sensitivity (Figure 6C)
of the Δryh1 mutant, demonstrating the evolutionary conservation of the cellular function of
Rab6.

Discussion
A Ras superfamily GTPase, Rheb, is a key regulator of TORC1 both in mammals [37,38]
and fission yeast [39], though the molecular mechanism of TORC1 activation by Rheb
remains to be understood [5–7]. More recently, a set of Ras-family Rag GTPases have been
identified as mediators of nutrient signaling to TORC1 through its Raptor subunit [40,41].
Our findings reported here strongly suggest that another GTPase in the Ras superfamily,
Ryh1/Rab6, interacts with TORC2 and modulates TORC2-dependent activation of the
AGC-family kinase Gad8 in fission yeast. Thus, regulation by Ras-family GTPases may be a
common theme in the control of the TOR kinase, and the distinct subunit compositions of
TORC1 and TORC2 may determine the specificity of the regulation by different GTPases.

The following genetic, biochemical and cell-biological observations consistently indicate
that the Rab GTPase Ryh1 has a role as a positive regulator of TORC2–Gad8 signaling in S.
pombe. First, mutations to Ryh1 or its putative GEF, Sat1-Sat4, significantly reduce the
TORC2-dependent phosphorylation of the hydrophobic motif in Gad8 kinase. The residual
Gad8 phosphorylation detected in the absence of Ryh1 implies an additional TORC2
activator, possibly other Rab-family GTPases, though the Δypt4, Δypt7 and Δypt71 mutants
showed no defect in TORC2 signaling (Table S4). Second, expression of GTP-locked
Ryh1Q70L is sufficient to induce the Gad8 phosphorylation, while GDP-locked Ryh1T25N
has a dominant-negative effect on TORC2–Gad8 signaling. Third, Ryh1 GTPase and
TORC2 show physical interaction, which appears to be partly dependent on the effector
domain of Ryh1. The effector domain is essential for GTP-bound Ryh1 to stimulate
TORC2–Gad8 signaling. However, association of Tor1 with GDP-locked Ryh1T25N was
also detected, suggesting that Ryh1 does not need to bind GTP to interact with Tor1.
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Interestingly, nucleotide-independent interaction of the Rheb GTPase with TOR kinase has
also been reported [37,38]. Fourth, in a strain expressing Ryh1Q70L, increased interaction
between Gad8 and the TORC2 subunit Sin1 is detectable, implying that GTP-bound Ryh1
promotes physical interaction between TORC2 and Gad8. A recent report proposes that the
Rheb GTPase regulates TORC1 activation also by promoting the interaction between
TORC1 and its substrate, 4E-BP1 [7]. Fifth, mutational inactivation of Ryh1 or the TORC2–
Gad8 pathway results in similar phenotypes, such as stress sensitivity and vacuolar defects,
corroborating that Ryh1, TORC2 and Gad8 are involved in a common cellular process.
Lastly, TORC2 is mostly localized to the cellular cortex (Figure 5B), where a fraction of
GTP-locked Ryh1QL has also been detected [21]; therefore, we speculate that activation of
TORC2 by GTP-bound Ryh1 takes place at the plasma membrane. It is conceivable that
certain plasma membrane lipid is also involved in TORC2 activation, as TORC2 in higher
eukaryotes appears to be under the regulation of the phosphatidylinositol 3-kinase [3,42].
Our current effort focuses on reconstituting the Ryh1-dependent activation of TORC2 in
vitro.

We have noticed that some of the Δryh1 phenotypes are more severe than those of the
TORC2 and gad8 mutants, such as temperature-sensitivity [12,21](data not shown) and
vacuolar fragmentation. In addition, overexpression of the Ykt6 SNARE partially
complements the temperature-sensitive growth of Δryh1 cells [21] but not their defect in
TORC2–Gad8 signaling (data not shown). The simplest interpretation of these observations
is that, in addition to TORC2 signaling, Ryh1 GTPase has an additional function in
intracellular membrane traffic, such as a role in retrograde traffic from endosome to the
Golgi [21]. Other observations also suggest that the mechanism of TORC2 regulation by
Ryh1 is not through its function in intracellular trafficking. First, control of the intracellular
membrane traffic by Rab GTPases is dependent on their perpetual cycling between the GTP-
and GDP-bound states [27]. However, activation of TORC2 signaling is not dependent on
the nucleotide cycle of Ryh1, because activation of TORC2–Gad8 signaling is induced in
cells expressing only GTP-locked Ryh1Q70L. Second, the cellular localization of TORC2
and Gad8 is not altered in the Δryh1 mutant, indicating that Ryh1 does not affect transport
and/or localization of TORC2 and Gad8. Third, only Δryh1 and Δsat1 were isolated in our
screen of the null mutant library, which include additional 163 genes implicated in
intracellular membrane/protein transport (Table S4). For example, TORC2-Gad8 signaling
was not altered in the mutants of the retromer subunits [43] and the Tlg2 SNARE [44] that
mediate the retrograde traffic from endosome to the Golgi, the process dependent also on
Ryh1 [21]. Thus, TORC2–Gad8 signaling is not readily affected by mutations in various
steps of intracellular trafficking, except ypt3-i5 that alters the cellular localization of Ryh1
[21].

In mammals, insulin-activated TORC2 and its downstream AGC-family kinase, Akt,
promote intracellular traffic of vesicles carrying the GLUT4 glucose transporter [3]. Recent
identification of a Golgi protein, GOLPH3, as an activator of mTOR signaling in cancers
also implies an association of TOR with vesicular trafficking [45]. The Rab GTPase-
dependent regulation of the TORC2–Gad8 pathway in S. pombe is also indicative of a
functional link between TORC2 signaling and intracellular membrane trafficking. Moreover,
Ryh1 is highly homologous to human Rab6, and indeed, human Rab6 can substitute Ryh1 in
S. pombe TORC2 signaling. Considering the evolutionary conservation of TOR signaling
from yeast to humans, Rab GTPases may also be involved in the regulation of mammalian
TORC2 to modulate vesicular transport processes during cellular responses to insulin and
growth factors.
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Experimental Procedures
Fission yeast strains used in this study are listed in Supplemental Table S2. Details of the S.
pombe deletion library screen, immunological methods, protein interaction assays and
microscopy are described in the Supplemental Experimental Procedures.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Sat1, Sat4 and Ryh1/Sat7 function in the same pathway that stimulates TORC2–Gad8
signaling
(A) TORC2-dependent phosphorylation of Gad8 Ser-546 is reduced in sat1-11, sat4-86 and
sat7-110 cells. Wild type, Δtor1, sat1-11, sat4-86 and sat7-110 strains carrying the
gad8:6HA allele were grown at 30°C and their crude cell lysate was analyzed by
immunoblotting with anti-phospho-Ser546 and anti-HA antibodies. (B) Like TORC2 and
gad8 mutants, Δryh1/sat7, Δsat1 and Δsat4 mutants are hypersensitive to high osmolarity
and calcium. Wild type, Δtor1, Δsin1, Δgad8, Δryh1, Δsat1 and Δsat4 cells were spotted in
serial dilution onto YES agar containing 0.4 M KCl (“Osm”) or 50 mM CaCl2 (“Ca2+”) at
28°C. (C) Gad8 kinase activity is decreased in Δryh1 cells. Wild type, Δryh1, Δtor1, Δsin1
and Δste20 strains carrying the gad8:3HA allele were grown in YES medium. Gad8 kinase
was immunoprecipitated and assayed for its activity using the GST-Fkh2 protein as
substrate. Quantified phosphorylation levels of GST-Fkh2 (relative to that of WT) are shown

Tatebe et al. Page 11

Curr Biol. Author manuscript; available in PMC 2011 November 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



below. (D) The reduced Gad8 Ser-546 phosphorylation in the Δryh1 mutant is not further
decreased by the Δsat1 or Δsat4 mutations. Wild-type, Δtor1, Δsin1, Δryh1, Δsat1, Δsat4,
Δryh1 Δsat1 and Δryh1 Δsat4 strains were grown in YES medium. Gad8 Ser-546
phosphorylation was examined by anti-phospho-Ser546 immunoblotting. (E) The high
osmolarity- and Ca2+-sensitive phenotypes of the Δryh1 Δsat1 and Δryh1 Δsat4 double
mutants are similar to those of the Δryh1 single mutant.
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Figure 2. Sat1 and Sat4 form a complex that may function as GEF for the Ryh1 GTPase
(A, B) Physical association of the Sat1 and Sat4 proteins. TAP-tagged Sat1 (A) and FLAG-
tagged Sat4 (B) were affinity-purified from the cell lysate of sat1:TAP sat4:FLAG,
sat1:TAP and sat4:FLAG strains, and the Sat1 and Sat4 proteins in the lysate and the
purified fractions were detected by immunoblotting. (C) Sat4 is delocalized in the Δsat1
mutant. The chromosomal sat4 gene was tagged with the GFP sequence in wild type, Δsat1
and Δryh1 strains for fluorescence microscopy. Scale bar, 5 μm. (D) The GTP-locked
mutant of ryh1 complements the Δsat1 and Δsat4 phenotype. Serial dilutions of the Δryh1
Δsat1 and Δryh1 Δsat4 strains transformed by plasmids carrying the wild-type, Q70L or
T25N mutant of ryh1 were spotted onto YES agar with or without 50 mM CaCl2. (E) The
nucleotide-free G23A mutant of Ryh1 can stably bind to Sat4. Ryh1Q70L (“QL”) and
Ryh1G23A (“GA”) fused to GST were expressed in the sat4:FLAG strain and purified by
glutathione-beads, and the proteins were detected by immunoblotting.
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Figure 3. The GTP-bound form of Ryh1 stimulates TORC2–Gad8 signaling
(A) TORC2-dependent phosphorylation of Gad8 Ser-546 is stimulated by the GTP-bound
form of Ryh1 through its effector domain. A wild type strain was transformed with pREP1-
derived plasmids to express GST, or GST fused to wild-type and mutant Ryh1 proteins. The
transformants were cultured in thiamine-free medium to induce the plasmid genes from the
thiamine-repressible nmt1 promoter, and their lysate was analyzed by anti-phospho-Ser546,
anti-Gad8 and anti-GST immunoblotting. GST-Ryh1 mutants used were GTP-locked Q70L
(“QL”), GDP-locked T25N (“TN”), effector domain defective I44E (“IE”), as well as Q70L
I44E and T25N I44E double mutants. (B) Ryh1 regulates TORC2-dependent
phosphorylation of Gad8.Δ ste20, Δste20 ryh1Q70L, ryh1Q70L, ryh1Q70L Δsin1, and Δsin1
strains were grown in YES medium at 30°C, and their lysate was analyzed by
immunoblotting to detect Gad8 phosphorylated at Ser-546 (left panels). Wild type,
ryh1Q70L and ryh1Q70L mip1-310 strains were grown at 28°C and examined for Gad8
phosphorylation at Ser-546 (right panels). (C) Ypt3 GTPase does not stimulate TORC2-
dependent phosphorylation of Gad8. Expression of GST, GST-Ryh1Q70L or GST-
Ypt3Q69L was induced in wild-type cells using the thiamine-repressive nmt1 promoter,
followed by immunoblotting with anti-phospho-Ser546, anti-Gad8 and anti-GST antibodies.
(D) TORC2 signaling is compromised in the ypt3-i5 mutant. Δtor1, Δryh1, wild-type, and
ypt3-i5 strains grown in YES medium at 25°C were examined for Gad8 phosphorylation at
Ser-546. (E) The temperature-sensitive phenotype of the ryh1Q70L mutant is complemented
by the gad8S546A mutation. Wild-type, ryh1Q70L, gad8S546A, and ryh1Q70L gad8S546A
strains were grown on YES agar medium at 28°C and 36°C.
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Figure 4. Physical interaction of Ryh1 GTPase with TORC2
(A) Interaction of Ryh1 with Tor1 in the presence and absence of other TORC2 subunits. In
the NTAP:tor1 strain, expression of GST or GST-Ryh1 was induced from the nmt1 promoter
in EMM medium without thiamine, and the proteins were affinity-purified onto glutathione
(GSH)-Sepharose beads, followed by immunoblotting. The experiment was performed in the
wild-type, Δsin1, Δste20 and Δwat1 backgrounds. (B) Co-purification of TORC2 subunits
with GST-Ryh1. GST or GST-Ryh1 proteins were expressed in sin1:myc and ste20:myc
strains, followed by purification with GSH-beads. Co-purification was detected by
immunoblotting with anti-myc antibodies. (C) The I44E mutation to the effector domain of
Ryh1 partially compromises the interaction between Ryh1 and Tor1. GST alone or GST-
fused to the wild-type or mutant Ryh1 proteins were expressed in the FLAG:tor1 strain and
affinity-purified by GSH-beads. Crude cell lysate and proteins bound to the beads were
analyzed by immunoblotting. The Ryh1 mutations used were I44E (“IE”), GTP-locked
Q70L (“QL”), GDP-locked T25N (“TN”) as well as Q70L I44E and T25N I44E double
mutations. (D) The Δryh1 mutation does not impair the integrity of TORC2. TORC2 was
affinity-purified onto IgG-Sepharose beads from tor1+ (“+”) and NTAP:tor1 (“NT”) strains
carrying the sin1:FLAG, ste20:myc or wat1:FLAG in both ryh1+ (“+”) and Δryh1 (“Δ”)
backgrounds. Proteins bound to the beads and those in the cell lysate were detected by
immunoblotting.
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Figure 5. Ryh1-dependent regulation of the TORC2–Gad8 pathway
(A) The catalytic activity of Tor1 kinase is not altered in strains lacking the Ryh1 GTPase.
Wild type, Δryh1, Δsat1 and Δsat4 strains carrying the NTAP:tor1+ allele were grown in
YES medium, and the NTAP-Tor1 protein was affinity-purified onto IgG-Sepharose beads,
followed by an in vitro kinase assay in the presence of [©-32P]ATP and PHAS-I [31].
Phosphorylated PHAS-I (32P-PHAS-I) and NTAP-Tor1 (32P-NTAP-Tor1) are presented
together with immunoblotting of NTAP-Tor1 (NTAP-Tor1). The NTAP:tor1D2137A strain
expressing catalytically inactive Tor1 kinase was used as a negative control (“tor1DA”). (B)
Cortical localization of Ste20 in S. pombe. Z-axial images of wild-type cells carrying the
ste20:3GFP allele were deconvolved, and mid- and top-section images are shown. (C)
Cortical localization of Ste20 is dependent on the Tor1 protein. Δ tor1, tor1D2137A
(“tor1DA”), Δ sin1 and Δ gad8 mutants carrying the ste20:3GFP allele were observed by
fluorescence microscopy. Mid-section images are presented after deconvolution. (D)
Cellular localization of TORC2 is not affected by the Δ ryh1, Δ sat1 and Δ sat4 mutations.
Deconvolved mid-section images of Δ ryh1 ste20:3GFP, Δ sat1 ste20:3GFP and Δ sat4
ste20:3GFP mutants are shown. See also Figure S5. (E) Gad8 is localized throughout the
cytoplasm in wild type and the sat mutants. Wild-type, Δ ryh1, Δ sat1 and Δ sat4 strains
carrying the gad8:3GFP allele were observed by fluorescence microscopy. Mid-section
images are presented after deconvolution. Exclusion of Gad8-3GFP from vacuoles is
apparent in wild-type cells, but not in the Δ ryh1, Δ sat1 and Δ sat4 cells that have much
smaller, fragmented vacuoles (see Figure 6A). (F) Expression of GTP-locked Ryh1
promotes physical interaction of TORC2 with Gad8. Unfused GST (“-“), GST-Ryh1Q70L
(“QL”), GST-Ryh1T25N (“TN”), GST-Ryh1Q70L/I44E or GST-Ryh1T25N/I44E proteins
were expressed using the nmt1 promoter in a gad8:FLAG sin1:myc strain grown in the
absence of thiamine. Immunoprecipitation was performed with anti-FLAG affinity gel and
co-purified Sin1myc was detected with anti-myc antibodies. Scale bars, 5 μm.
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Figure 6. Vacuolar defects in ryh1, TORC2 and gad8 mutants
(A) Cells lacking functional Ryh1 GTPase, TORC2 and Gad8 have smaller, fragmented
vacuoles. Vacuolar membrane was visualized in wild type, Δ ryh1, Δ tor1 and Δ gad8 by the
fluorescent dye FM4-64, together with the CDCFDA dye that generates fluorescence in
acidic vacuolar compartments. Z-axial images were deconvolved, and mid-section images
are shown. Scale bar, 5 μm (B) Human Rab6 GTPase can stimulate TORC2–Gad8 signaling
in S. pombe. The Δ ryh1 strain was transformed by the empty pREP1 vector, or by the
plasmid carrying wild-type Rab6A, GTP-locked Rab6A(Q72L), GDP-locked
Rab6A(T27N), effector domain-defective Rab6A(I46E) or Rab6A(Q72L/I46E). The
transformants were grown in thiamine-free EMM medium to induce the plasmid genes, and
their lysate was analyzed by anti-phospho-Ser546 and anti-Gad8 immunoblotting. (C)
Human Rab6 can substitute the Ryh1 function in S. pombe. Serial dilutions of Δ ryh1 cells
carrying the empty pREP1 vector, pREP1-ryh1+, or pREP1-HsRab6A were spotted onto a
YES plate at 25°C (“-”), 34°C, or those containing either 50 mM CaCl2 or 0.4 M KCl at
25°C.
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