
J. Biochem. 137, 423–430 (2005)
 DOI: 10.1093/jb/mvi046
Novel Role of the Small GTPase Rheb: Its Implication in Endocytic 
Pathway Independent of the Activation of Mammalian Target of 
Rapamycin

Kota Saito, Yasuhiro Araki, Kenji Kontani, Hiroshi Nishina and Toshiaki Katada*

Department of Physiological Chemistry, Graduate School of Pharmaceutical Sciences, University of Tokyo, 7-3-1 
 at Peking U
niversity on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

*To whom correspondence may be addressed. Tel: +81-3-5841-4750,
Fax: +81-3-5841-4751, E-mail: katada@mol.f.u-tokyo.ac.jp

then phosphorylates Akt/PKB (12, 13). The activated Akt
Hongo, Bunkyo-ku, Tokyo 113-0033

Received January 8, 2005; accepted February 1, 2005

The Ras-homologous GTPase Rheb that is conserved from yeast to human appears to
be involved not only in cell growth but also in nutrient uptake. Recent biochemical
analysis revealed that tuberous sclerosis complex (TSC), a GTPase-activating protein
(GAP), deactivates Rheb and that phosphatidylinositol 3′-kinase (PI3k)-Akt/PKB
kinase pathway activates Rheb through inhibition of the GAP-mediated deactivation.
Although mammalian target of rapamycin (mTOR) kinase is implicated in the down-
stream target of Rheb, the direct effector(s) and exact functions of Rheb have not
been fully elucidated. Here we identified that Rheb expression in cultured cells
induces the formation of large cytoplasmic vacuoles, which are characterized as late
endocytic (late endosome- and lysosome-like) components. The vacuole formation
required the GTP form of Rheb, but not the activation of the downstream mTOR
kinase. These results suggest that Rheb regulates endocytic trafficking pathway
independent of the previously identified mTOR pathway. The physiological roles of
the two Rheb-dependent signaling pathways are discussed in terms of nutrient
uptake and cell growth or cell cycle progression.
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Abbreviations: DMEM, Dulbecco’s modified Eagle’s minimum essential medium; GAP, GTPase-activating protein;
mTOR, mammalian target of rapamycin; PI3k, phosphatidylinositol 3′-kinase; Rheb, ras homologue enriched in
brain; TSC, tuberous sclerosis complex.

Members of the small GTPase Ras superfamily act as
molecular switches that regulate a wide range of cellular
functions including cell proliferation and differentiation.
Ras homologue enriched in brain, Rheb, is a member of
an atypical family of Ras-related G proteins, of which
sequences in the GTP-binding domain have not been con-
served (1). Di-Ras1, Di-Ras2, and ARHI also belong to the
atypical GTPase family (2). Rheb was initially identified
as a gene whose mRNA expression is increased in rat
brain by seizures or by the stimulation of long-term
potentiation (3). Recently, Rheb has received significant
attention, since it was identified as a positive regulator of
the mammalian target of rapamycin (mTOR) pathway,
which regulates cell growth in response to various
growth factors, cellular energy and nutrient levels (4–
10). Moreover, the TSC1/TSC2 complex, of which muta-
tions leads to tuberous sclerosis complex (TSC), was
found to be a GTPase-activating protein (GAP) for Rheb
(5–8, 11).

From recent biochemical studies in mammalian cells,
Rheb-related signaling pathways leading to cell growth
may be summarized as follows. The stimulation of
growth factor receptors at the cell surface results in the
activation of phosphatidylinositol 3′-kinase (PI3k), which

phosphorylates TSC2 to negatively regulate its GAP
activity toward Rheb (6, 14, 15). This results in the accu-
mulation of GTP-Rheb and stimulates the mTOR kinase
activity (4–10). Phosphorylation of p70 ribosomal S6
kinase (S6K) and the translation initiation factor 4E-
BP1, which are responsible for the increase in protein
synthesis, has been implicated in the downstream events
of mTOR kinase (16, 17). Thus, Rheb is involved in the
signaling pathways responsible for cell growth and cell
cycle progression.

On the other hand, Rheb appears to play an important
role in intracellular uptake of nutrients such as amino
acids. Rheb is conserved from yeast to human, and recent
genetic studies have contributed significantly to the
understanding of its function. In yeast, arginine uptake
was regulated positively and negatively by TSC and
Rheb, respectively (18–20). In addition, Tsc1 and Tsc2
knockouts in Schizosaccaromyces pombe exhibited abnor-
mal intracellular distribution of an amino-acid permease
(21). In human, TSC patients suffer from seizures and
epilepsy, which may be related to the dysfunction of
extracellular glutamate uptake in glial cells. The accu-
mulated glutamate in the synaptic cleft may cause neuro-
nal cell death. However, the linkage between Rheb acti-
vation and nutrient uptake and the molecular
mechanism underlying TSC epileptogenesis have not
been fully clarified.

In the present study, we found that Rheb activation
induces the formation of large vacuoles in the cytoplasm
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of Rheb-transfected cells, and that the vacuoles are char-
acterized as late endosome- or lysosome-like organelles.
The large vacuole formation was dependent on the
GTPase cycle of Rheb and suppressed by inhibition of the
PI3k activity. However, inhibition of mTOR kinase did
not affect the Rheb-induced vacuole formation. These
results suggest that Rheb plays an important role in
endocytic trafficking pathway independent of the previ-
ously identified mTOR pathway that leads to cell growth
and cell-cycle progression. Possible roles of Rheb are dis-
cussed in terms of the relationship between the Rheb-
dependent endocytic pathway and nutrient uptake.

MATERIALS AND METHODS

Northern Blot Analysis—Expression patterns of Rheb
and Rheb2 mRNAs were analyzed using human multiple
tissue membranes (BD Biosciences). Full-length se-
quences of Rheb and Rheb2 that had been radiolabeled
with [α-32P]dCTP were hybridized to the membranes
overnight at 65°C in the Expresshyb solution (BD Bio-
sciences), and the membranes were subjected to autora-
diography (22).

Cell Culture and Transfection—MDCK, HeLa, 1321N1,
and 293 cells were maintained in Dulbecco’s modified
Eagle’s minimum essential medium (DMEM) supple-
mented with 10% fetal bovine serum. The cells cultured
in a 35-mm dish were transfected with 1 µg of DNA and 2
µl of LipofectAMINE 2000 (Invitrogen) in Opti-MEM
according to the manufacturer’s protocol and incubated
at 37°C for 16 h unless otherwise specified.

Confocal Microscopic Analysis—The transfected cells
in a glass-based dish (35-mm diameter, Matsunami) were
analyzed by Carl Zeiss confocal microscopy with LSM510
(23). For the analysis of dextran uptake and the labeling
of acidic organelles (see Fig. 4), the transfected MDCK
cells were further incubated at 37°C with 1 mg/ml of
FITC-dextran (Molecular Probes) for 12 h (Fig. 4A) and
50 nM Lysotracker Green (Molecular Probes) for 1 h (Fig.
4B), then washed for four times with PBS before the con-
focal microscopic analysis. In some experiments (see Fig.
4C), MDCK cells were first incubated with 1 mg/ml of
FITC-dextran in DMEM at 37°C for 4 h and further cul-
tured without the dextran for an additional 20 h. The
dextran-preloaded cells were transfected with Dsred-
Rheb and incubated for the indicated times before the
confocal microscopic analysis.

Analysis of Akt Kinase Activity—293 cells cultured in a
6-cm dish were transfected with 1.5 µg of Myc-Akt and
1.5 µg of FLAG or FLAG-Rheb and further incubated in
the presence or absence of 50 µM LY294002 (Calbiochem)
for 16 h. The cells were solubilized with an extraction
buffer consisting of 40 mM Na-Hepes (pH 7.4), 75 mM
NaCl, 1% Triton X-100, 1 mM EDTA, 15 mM NaF, 1 mM
Na3VO4, 10 mM Na4P2O7, 1 µg/ml leupeptin, and 2 µg/ml
aprotinin, and the cell lysate was immunoprecipitated
with Myc-antibody (Sigma) conjugated to Protein G-aga-
rose (Amersham Biosciences). The immunocomplexes
were washed three times with a buffer consisting of 50
mM Na-Hepes, 100 mM NaCl, 0.2% Triton X-100, 15 mM
NaF, 1 mM Na3VO4, 10 mM Na4P2O7, 4 mM EDTA, 1 mM
DTT, and 2 µg/ml aprotinin, then twice with a kinase

buffer consisting of 50 mM Na-Hepes, 0.01% Triton X-
100, 1 mM DTT, 10 mM MgCl2. They were then incubated
with the kinase buffer further supplemented with 50 µM
ATP, 3 µCi [γ-32P]ATP, and 10 µg/ml of GST-GSK3β at
37°C for 20 min. Phosphorylated proteins were analyzed
by SDS-PAGE, and the radioactivity was visualized with
a BAS-1800 bioimaging analyzer (Fuji Firm).

Analysis of mTOR Kinase Activity—293 cells in a 6-cm
dish were transfected with 1.5 µg of HA-S6K and 1.5 µg
of FLAG or FLAG-Rheb and further incubated in the
presence or absence of 40 nM rapamycin (Calbiochem) for
5 h. The cells were washed with PBS and further cul-
tured in DMEM supplemented with 0.1% BSA in the
presence or absence of rapamycin for additional 12 h. The
cells were solubilized with the extraction buffer, and the
cell lysate was immunoprecipitated with anti-HA affinity

Fig. 1. Northern blot analysis of Rheb and Rheb2. Membranes
blotted with RNAs obtained from various human tissues (A) and the
brain regions (B) were hybridized with 32P-labeled Rheb (top pan-
els) and Rheb2 (bottom panels) probes, respectively, as described
under “MATERIALS AND METHODS.”
J. Biochem.
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matrix (Roche). The immunocomplexes were washed five
times with a buffer consisting of 20 mM Tris-HCl (pH
7.5), 2 mM EDTA, 100 mM NaCl, and 0.4% Triton X-100,
and the precipitated proteins were subjected to SDS-
PAGE and Western blotting with anti-p70 (Santa Cruz
Biotechnology) and anti-phosphorylated p70 (Cell Signal-
ing) S6K antibodies.

All experiments were repeated at least three times
with different batches of the cell samples, and the results
were fully reproducible. Hence, most of the data shown
are representative of several independent experiments.

RESULTS AND DISCUSSION

Rheb and Rheb2 mRNAs Are Differently Distributed in
Human Tissues—In addition to Rheb (Rheb1), human
Rheb2 cDNA was recently identified (4). To investigate
the distribution patterns of Rheb and Rheb2 mRNAs in
various human tissues, Northern blot analysis was per-

formed with a radiolabeled probe containing full-length
sequences of Rheb and Rheb2. As shown in Fig. 1A, a 1.6-
kb Rheb transcript was observed in various human tis-
sues in accordance with a previous report (3). In contrast,
a 1.6-kb Rheb2 transcript was observed predominantly in
the brain and less in the spleen and peripheral blood.
Because of the highly sequence homology between Rheb
and Rheb2 mRNAs, the specificity of each probe was con-
firmed by the following analysis. Nitrocellulose mem-
branes were blotted with Rheb and Rheb2 plasmids and
hybridized with both probes. Specific signals were
observed only when their RNAs were hybridized with the
corresponding probes (data not shown). Thus, no cross-
hybridization between Rheb and Rheb2 was detected
under the present conditions. We next examined the dis-
tributions of Rheb and Rheb2 mRNAs in specific brain
regions. Rheb was found to be expressed in all brain
regions, while Rheb2 mRNA was restricted to the cere-
bral cortex, occipital pole, frontal and temporal lobes
(Fig. 1B). Rheb2 is present only in mammalian cells,
although Rheb is highly conserved among various spe-
cies. Thus, Rheb2 may have a specific role in the brain
region of higher eukaryotes, of which activation might
lead to epilepsy, which is a typical pathology of TSC
patients.

Rheb Induces Large Vacuole Formation—To determine
the intracellular localization of Rheb and Rheb2 in living
cells, EGFP-tagged proteins were expressed in MDCK
cells, and their distributions were analyzed by confocal
microscopy (Fig. 2, A–D). Interestingly, the expression of
Rheb and Rheb2 induced the formation of large vacuoles
dispersed throughout the cells, and the proteins localized
to the vacuole membranes (see panels A and B). In
contrast, the expression of a mutant Rheb, Rheb∆C4,
which lacks the carboxy-terminal membrane-anchoring
sequence CAAX, give rise to diffused signals and did not
induce such large vacuoles (Fig. 2C). Enlarged vacuoles
were also induced upon the expression of EGFP-tagged
Rheb in HeLa, 1321N1 human astrocytoma cells (Fig. 2,
E and F) and 293 cells (see Figs. 5B and 6B, control cells).
As shown by the asterisks in Fig. 2, these vacuoles often
had multi-lamellar structures, which are characteristic of
late endocytic vesicles (late endosome and lysosome).

Rheb Localizes to Endocytic Rab7- and Rab9-Positive
Vesicles—To identify the nature of the large vacuoles in
which Rheb localized, some members of the Rab GTPase
family tagged with Dsred were simultaneously expressed
in MDCK cells as organelle markers specific for each sub-
cellular compartment. As shown in Fig. 3, A and D, Rab5
and Rab11, which are involved in early endosome forma-
tion and endosomal recycling, respectively, showed dis-
tinct staining patterns from Rheb. On the other hand,
Rab7 and Rab9, used as late endocytic markers, mostly
co-localized with Rheb in the enlarged vacuoles (Fig. 3, B
and C). These data correlate with the observation that
Rheb localizes in the multi-lamellar late endocytic vesicles.
When the amount of Rheb transfected was increased, we
observed partial co-localization of Rab5 in the Rheb-
induced vacuoles (data not shown), suggesting that hybrids
of early and late endocytic organelles were created.

Vacuole Formation Is Affected by the GTPase Cycle of
Rheb—Rheb has been characterized as a unique small
GTPase in which critical amino acids necessary for

Fig. 2. Rheb and Rheb2 induce large vacuole formation.
MDCK cells were transfected with EGFP-Rheb (A), EGFP-Rheb2
(B), EGFP-Rheb∆C4 (C), or EGFP-Rheb/D60K (D) and cultured for
16 h. HeLa (E) and 1321N1 astrocytoma (F) cells were also trans-
fected with EGFP-Rheb. These cells were analyzed by a confocal
microscopy as described under Experimental Procedures. Scale
bars indicate 5 µm, and asterisks show the multi-lamellar and
multi-vesicular structures.
Vol. 137, No. 3, 2005
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Fig. 3. Rheb co-localizes with Rab7 and Rab9 in multi-vesicu-
lar structures, whereas Rheb/D60K mutant co-localizes
partly with Rab11-containing vesicles. MDCK cells were trans-
fected with EGFP-Rheb (A–D) or EGFP-Rheb/D60K (E–H),
together with Dsred-Rab5 (A and E), Dsred-Rab7 (B and F), Dsred-
Rab9 (C and G) or Dsred-Rab11 (D and H), and further incubated
for 16 h. The fluorescence of EGFP (upper) and Dsred (middle) was
visualized by the confocal microscopy. Merged images of the two sig-
nals are also illustrated (bottom). Scale bars indicate 5 µm.

Fig. 4. Rheb-positive vesicles are translocated from late
endosomes to lysosomes. A and B, MDCK cells transfected with
Dsred-Rheb (A and B) were incubated with 1 mg/ml of FITC-dex-
tran for 12 h (A) or 50 nM Lysotracker Green for 1 h (B). C, MDCK
cells, of which lysosomal fractions had been labeled with FITC-dex-
tran, were transfected with Dsred-Rheb and further incubated for
the indicated times. The left upper insets show the enlargement of a
part of the images, and the white dotted line indicates a single
Rheb-transfected cell. D, MDCK cells were transfected with EGFP-
LC3 and Dsred-Rheb and cultured for 16 h. The fluorescent and
merged images are illustrated.
J. Biochem.
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GTPase reaction are not conserved (3). This implies that
Rheb may exist in living cells mostly as a GTP-bound
form (1). Furthermore, a mutant Rheb, Rheb/D60K, has
recently been reported to exhibit a dominant-negative
effect on the activation of the mTOR pathway (24). To
confirm the nucleotide-bound status of the wild-type and
mutant Rhebs, HeLa cells were transfected with the
FLAG-tagged proteins and cultured in 32Pi-containing
medium. The recombinant proteins were immunoprecipi-
tated, and the radiolabeled nucleotides associating with
the proteins were analyzed by thin-layer chromatogra-
phy. As expected, wild-type Rheb and Rheb/D60K existed
mostly as GTP-bound and GDP-bound forms, respec-
tively (data not shown).

We next examined how the nucleotide-bound forms of
Rheb are localized in MDCK cells. In contrast to wild-
type Rheb (see Fig. 2A), the expression of Rheb/D60K did
not induce large vacuoles, but the mutant protein local-
ized in intracellular small vesicles (Fig. 2D). As shown in
Fig. 3, F and G, co-staining with Rab7 and Rab9 revealed
that Rheb/D60K localized was quite differently from the
wild-type protein, but abutting on late endocytic vesicles
(compare with B and C). Rab5 also did not co-localize
with the Rheb/D60K signals (E). However, recycling
endosomes associating with Rab11 showed partial co-
localization with Rheb/D60K (H). It should be noted here
that the vesicular localization of each Rab protein was
not markedly affected by the transfection of the wild-type
or the mutant Rheb proteins (compare panels A–D with
E–H). These data suggest that the subcellular localiza-
tion of Rheb changed depending on its nucleotide-bound
state.

Rheb-Positive Vesicles Are Translocated from Late
Endosomes to Lysosomes—We further investigated how
the Rheb-positive vesicles are created in the membrane
trafficking pathway by comparing the localization of var-
ious endocytic makers. As shown in Fig. 4A, FITC-dex-
tran, which is a non-selective endocytic marker that is
able to reach late endosomes and lysosomes, was found to
be present partly in lumens of the Rheb-positive vesicles.
Lysotracker, a labeling probe for acidic organelles such as
lysosomes (25), also accumulated in the Rheb-positive
structures (Fig. 4B), indicating that parts of the Rheb-
positive vesicles had acidic characteristics. We also inves-
tigated the time-dependent formation of Rheb-positive
vesicles in MDCK cells, of which the lysosomal fraction
had been selectively labeled with FITC-dextran. As
shown in Fig. 4C, Rheb-positive vesicles were evident at 8
h after the transfection, but their distribution never co-
localized with FITC-dextran, indicating that the early
stage of expressed Rheb is not present in lysosomes.
However, some Rheb signals co-localized with the FITC-
dextran at 24 h, and most of the Rheb signals moved to
the FITC-labeled lysosome at 48 h, suggesting that Rheb
vesicles are gradually translocated to lysosomal compart-
ments. These results are consistent with the previous
results showing the co-localization of Rheb with Rab7
and Rab9 (see Fig. 3, B and C). Thus, the Rheb-positive
vesicles appeared to be created at least from endocytic (or
unidentified) organelles and gradually to fuse with lyso-
somes through late endosomes.

To further confirm the late endocytic localization of
Rheb signals, we attempted to immunostain the Rheb-

transfected cells with antibodies specific for late endo-
cytic organelles. However, the Rheb-containing vesicles
were fragmented during the process of fixation, and the
localization of Rheb in the fixed cells appeared to be dif-
ferent from that in the living cells (data not shown). We
could not overcome this problem with any of several fixa-
tion methods tested. Nevertheless, we would like to pro-
pose that the Rheb-induced vesicles have characteristics
of late endocytic organelles based on the following obser-
vations. First, Rheb could co-localize with Rab7 and Rab9
but not with Rab5 or Rab11. Second, Rheb-induced
organelles contained the endocytic marker FITC-dex-
tran. Third, Rheb-induced vesicles were characterized as
acidic organelles. Fourth, Rheb-containing vesicles grad-
ually became positive for lysosomal markers.

The Rheb-positive vesicles seemed to share similar
characteristics with autophagosomes in terms of Rab7-
positive, lysosome-fusible, and multi-lamellar structures
(26, 27). Moreover, mTOR, which is a downstream kinase
of Rheb GTPase, appears to function as a negative regu-
lator of autophagy (17, 28). Therefore, we analyzed
whether Rheb signals co-localize with the autophago-
some marker LC3, since Rheb-positive structures might
be parts of accumulated incomplete autophagosomes due
to the inhibition of autophagy through the activation of
mTOR kinase. However, EGFP-LC3 signals never co-
localized with Dsred-Rheb (Fig. 4D). When the trans-
fected cells were starved by serum depletion, there was a
marked elevation of the LC3 signals lacking co-localiza-
tion with Rheb (data not shown). These data suggest that
Rheb-positive vesicles are different entities from auto-
phagosomes.

PI3k-Akt Signaling May Be Involved in the Upstream
Pathway of the Rheb-Induced Vacuole Formation—As
mentioned before, PI3k-Akt signaling appears to be
involved in the upstream pathway of Rheb activation. To
investigate whether inhibition of PI3k affects the Rheb-
induced vacuole formation, the transfected 293 cells were
incubated with the specific inhibitor LY294002, under
which conditions PI3k activity was entirely suppressed.
The effectiveness of the sustained PI3k inhibition was
confirmed by measuring the phosphorylation of GSK-3β,
a direct substrate of Akt. As shown in Fig. 5A, the inhibi-
tion of PI3k was clearly evident even after incubation of
the cells with LY294002 for 16 h. Under these conditions,
Rheb-induced large vacuole formation was markedly
impaired in 293 cells (Fig. 5B). Instead, small punctated
Rheb-positive vesicles were evident in the LY294002-
treated cells, which are reminiscent of Rheb/D60K-induced
vesicles (see Fig. 2D). This suggests that LY294002 proba-
bly activates endogenous GAP, so that expressed Rheb is
rapidly deactivated and fails to induce large vacuoles
under these conditions. These results may indicate that
PI3k-Akt signaling is situated in the upstream of the
pathway involved in the large vacuole formation. How-
ever, the PI3k activity has been also known to regulate
various aspects of endosomal and lysosomal functions
and membrane trafficking independent of Rheb functions
(29). Thus, the GAP-sensitive GTPase cycle of Rheb
appears to partly regulate the endocytic pathway from
late endosomes to lysosomes, although we can not totally
rule out the possibility that impaired vacuole formation
in LY294002-treated cells is due to the inhibition of other
Vol. 137, No. 3, 2005
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endosomal target(s), which is regulated by the activity of
PI3k.

Rheb-Induced Vacuolar Formation Is Independent of
the Activation of mTOR—It has been reported that Rheb
stimulates the kinase activity of mTOR, which leads to
the activation of S6K responsible for protein synthesis
(16). To investigate whether the activation of mTOR
kinase is necessary for the induction of Rheb-positive
vacuoles, 293 cells were transfected with FLAG-Rheb
under conditions whereby mTOR activity was entirely
suppressed with the specific inhibitor rapamycin. The
effectiveness of the mTOR inhibition was confirmed by

measuring the phosphorylation of p70 S6K, a direct sub-
strate of mTOR. As shown in Fig. 6A, the inhibition of
mTOR was clearly observed even after prolonged incuba-
tion of the cells with rapamycin. However, there was no
marked difference in the Rheb-positive vacuole formation
between the control and rapamycin-treated cells (Fig.
6B). These data indicate that the activation of mTOR is
not required for the Rheb-induced vacuole formation.

The Possible Role of Rheb-Induced Vacuole Formation
in Cell Functions Other than Cell Growth and Cell-Cycle
Progression—The present study has revealed that Rheb
activation induces large vacuoles in cytoplasm of the

Fig. 6. Activation of mTOR kinase is
not required for the Rheb-induced
vacuole formation. 293 cells that had
been transfected with FLAG-Rheb and
HA-p70 S6K (A) or Dsred-Rheb (B) were
incubated in the presence or absence of
40 nM rapamycin. A, as a control, the
transfected HA-p70 S6 kinase was stimu-
lated by incubation of cells with 200 nM
insulin. Cell lysates were prepared and
immunoprecipitated with an anti-HA
antibody. The precipitated fractions were
separated by SDS-PAGE and subjected to
immunoblot analysis with anti–p70 S6K
(upper) or anti–phosphorylated p70 S6K
(middle) antibodies. The cell lysates were
also immunoblotted with an anti-FLAG
antibody (bottom). B, the fluorescence of
Dsred was visualized by confocal micros-
copy. The left upper insets show the
enlargement of a part of the images.

Fig. 5. PI3k-Akt signaling may be
involved in the Rheb-induced vacu-
ole formation. 293 cells that had been
transfected with Myc-Akt and FLAG-
Rheb (A) or Dsred-Rheb (B) were incu-
bated in the presence or absence of 50 µM
LY294002. A, the cell lysates were pre-
pared and subjected to immunoprecipita-
tion (IP) with an anti-Myc antibody, and
the kinase activity and protein amount of
Akt in the precipitated fractions were
measured as described under “MATERIALS
AND METHODS.” B, the fluorescence of
Dsred was visualized by confocal micros-
copy. The left upper insets show the
enlargement of a part of the images.
J. Biochem.
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transfected cells and that the vacuoles are characterized
as late endosome- or lysosome-like organelles. Moreover,
the large vacuole formation is dependent on the GTPase
cycle of Rheb and probably the stimulation of the PI3k-
Akt pathway, but not on the activation of mTOR kinase.
These data suggest that Rheb-induced vacuole formation
is a novel Rheb-downstream pathway that is distinguish-
able from the activation of mTOR kinase pathway (Fig.
7). Rheb was first identified as a gene whose mRNA
expression is increased in rat brain by seizures or by the
stimulation of long-term potentiation (3). Since then, sev-
eral groups has examined whether Rheb is involved in
the activation of Raf, the well-known downstream kinase
of conventional Ras (30–33). The recent identification of
Rheb as a positive regulator of mTOR pathway has
attracted considerable attention, in addition to the report
that TSC acts as a GAP for Rheb (1, 15, 34, 35). To our
knowledge, however, this is the first report that indicates
the involvement of Rheb in the endocytic pathway.

In yeast, several reports suggest that TSC positively
and Rheb negatively regulate arginine uptake (18–20). In
addition, Tsc1 and Tsc2 knockouts in S. pombe exhibited
abnormal intracellular distribution of an amino-acid per-
mease (21). It is, therefore, tempting to speculate that the
activation of Rheb induces endocytic vacuoles that may
have an effect on the localization of permeases. Our pre-
liminary experiments indicate that Rheb is capable of
interacting directly with several channels or transporters

implicated in nutrient uptake. Moreover, these transport-
ers were selectively translocated from the plasma mem-
brane to Rheb-induced vacuoles in Rheb-transfected
cells. These results suggest that Rheb-induced vacuoles
are necessary for nutrient regulation through their
translocation (Fig. 7). Further investigation is needed to
uncover the physiological roles of Rheb, and it is impor-
tant to investigate the regulation of the endocytic path-
way in terms of nutrient uptake, in which Rheb-pathway
may play a critical role.
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