MOLECULAR AND CELLULAR BIOLOGY, Jan. 2006, p. 63–76
0270-7306/06/$08.00⫹0 doi:10.1128/MCB.26.1.63–76.2006
Copyright © 2006, American Society for Microbiology. All Rights Reserved.

Vol. 26, No. 1

Nutrients Suppress Phosphatidylinositol 3-Kinase/Akt Signaling
via Raptor-Dependent mTOR-Mediated Insulin Receptor
Substrate 1 Phosphorylation†
Alexandros Tzatsos* and Konstantin V. Kandror*
Boston University School of Medicine, Boston, Massachusetts 02118
Received 3 December 2004/Returned for modification 15 February 2005/Accepted 3 October 2005

activator of mTOR (20, 34, 53). Normal cell growth and homeostasis rely on a proper balance between nutrient- and hormone-dependent regulation of the AMPK/mTOR axis, while
its deregulation could lead to metabolic and growth-related
diseases (11, 20, 22, 67).
Several in vitro and in vivo studies show a beneficial metabolic effect of AMPK activation on glucose homeostasis and
peripheral insulin sensitivity (37, 68, 75). In contrast, hyperactivation of the mTOR-mediated pathway(s) is involved in several desensitizing events downstream of the insulin receptor.
The inhibitory effect of mTOR/S6K1 activation correlates with
increased Ser/Thr phosphorylation of insulin receptor substrate 1 (IRS-1). For example, mTOR/S6K1-dependent phosphorylation of IRS-1 on Ser307 uncouples its interaction with
the insulin receptor (15, 72). On the contrary, knockout of
S6K1 increases insulin sensitivity and protects mice against
age- and diet-induced obesity (67).
In this study, we show that hyperglycemia, the main metabolic abnormality in non-insulin-dependent diabetes mellitus
(NIDDM) subjects, up-regulates activity of the mTOR/S6K1
axis. This may lead not only to previously characterized inhibitory phosphorylation of IRS-1 on Ser307 by S6K1 (15, 72) but
also to phosphorylation of IRS-1 on Ser636/639 (human isoform) directly by mTOR. These serine residues lie at the
⫹4/⫹7 position of the Y632MPM motif that, along with the
Y612MPM, is implicated in binding of the two Src homology 2
domains of the regulatory p85␣ subunit of PI3-kinase (13, 38).
Point mutations of Ser636/639 residues to aspartic acid abolish
insulin-stimulated activation of IRS-1-associated PI3-kinase.
Our data show that IRS-1 coimmunoprecipitates with the
mTOR scaffold protein, Raptor, and that the Raptor/mTOR
complex exhibits kinase activity toward Ser636/639 of recombinant IRS-1 in vitro. Deletion of the carboxy terminus of
Raptor significantly decreases Raptor–IRS-1 interaction and

mTOR (mammalian target of rapamycin) is a Ser/Thr kinase
that belongs to the phosphatidylinositol (PI) kinase-related
protein kinase family (17). In the budding yeast Saccharomyces
cerevisiae, TOR functions as a nutrient-dependent mediator of
cell autonomous growth (17). In metazoans, TOR participates
in both nutrient- and hormone-dependent signaling pathways
(17). mTOR partitions between two scaffold proteins, Raptor
(14, 27) and Rictor (25, 33, 52). The rapamycin-sensitive Raptor/mTOR complex (TORC1) regulates growth via S6K1 and
4EBP1/PHAS (14, 27). The rapamycin-insensitive Rictor/
mTOR (TORC2) complex regulates cellular proliferation via
Akt (51) and cytoskeleton organization via protein kinase C␣
(52) and small GTPases Rho and Rac (25).
AMP-activated protein kinase (AMPK) acts as an intracellular energy sensor that controls glucose and lipid metabolism
in peripheral tissues (6). Its activation leads to a homeostatic
response by down-regulation of anabolic pathways and upregulation of catabolic pathways (6). AMPK- and PI3-kinase/
Akt-dependent signaling pathways converge at the level of
tuberus sclerosis complex 2 (TSC2 or tuberin) which functions
as a GTPase-activating protein for the small GTPase Rheb
(20–22). Genetic studies in Drosophila melanogaster place
Rheb downstream of insulin/insulin-like growth factor I and
nutrient-dependent signaling pathways (53). Rheb is negatively
regulated by AMPK/TSC (20, 22) and functions as an upstream
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Nutritional excess and/or obesity represent well-known predisposition factors for the development of noninsulin-dependent diabetes mellitus (NIDDM). However, molecular links between obesity and NIDDM are only
beginning to emerge. Here, we demonstrate that nutrients suppress phosphatidylinositol 3 (PI3)-kinase/Akt
signaling via Raptor-dependent mTOR (mammalian target of rapamycin)-mediated phosphorylation of insulin
receptor substrate 1 (IRS-1). Raptor directly binds to and serves as a scaffold for mTOR-mediated phosphorylation of IRS-1 on Ser636/639. These serines lie close to the Y632MPM motif that is implicated in the binding
of p85␣/p110␣ PI3-kinase to IRS-1 upon insulin stimulation. Phosphomimicking mutations of these serines
block insulin-stimulated activation of IRS-1-associated PI3-kinase. Knockdown of Raptor as well as activators
of the LKB1/AMPK pathway, such as the widely used antidiabetic compound metformin, suppress IRS-1
Ser636/639 phosphorylation and reverse mTOR-mediated inhibition on PI3-kinase/Akt signaling. Thus, diabetes-related hyperglycemia hyperactivates the mTOR pathway and may lead to insulin resistance due to
suppression of IRS-1-dependent PI3-kinase/Akt signaling.
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attenuates IRS-1 Ser636/639 phosphorylation, suggesting that
mTOR phosphorylates IRS-1 in a Raptor-dependent fashion.
Similarly, knockdown of Raptor attenuates nutrient-, insulin-,
and Rheb-stimulated IRS-1 Ser636/639 phosphorylation and
reverses the inhibitory role of mTOR on PI3-kinase/Akt signaling. Moreover, long-term activation of mTOR by Rheb
overexpression leads to IRS-1 degradation. Activators of
AMPK, such as LKB1 (32), 2-deoxyglucose (22), and the antidiabetic drug metformin (75) suppress IRS-1 Ser636/639
phosphorylation and enhance PI3-kinase/Akt signaling. This
suggests that some of the antidiabetic effects of metformin
could be mediated by AMPK-dependent inhibition of mTOR.

taining 10% fetal bovine serum [FBS], 0.5 mM 3-isobutyl-1-methylxanthine, 1
M dexamethasone, and 1.7 M insulin). After 48 h, the differentiation medium
was replaced with DMEM supplemented with 10% FBS. Cells were used after 6
to 8 days of differentiation. The myoblast line L6 was grown under subconfluent
conditions in DMEM containing 20% FBS. Cells at ⬃80 to 90 confluence were
maintained in DMEM supplemented with 2% calf serum for 5 to 7 days for
differentiation into myotubes. HepG2, NIH 3T3, and 293HEK cells were grown
in DMEM supplemented with 10% FBS. C2C12 fibroblasts were grown similar
to L6 myoblasts. For stable expression of hemagglutinin (HA)-tagged Rheb,
C2C12 fibroblasts were transfected with pCGN-HA-Rheb, and several clones
were selected for 7 to 10 days in the medium containing 300 g/ml hygromycin
B (Invitrogen).
Subcellular fractionation. Cells were washed twice in ice-cold phosphatebuffered saline (PBS) and homogenized in buffer A (20 mM HEPES, pH 7.4, 1
mM EDTA, 1 mM phenylmethylsulfonyl fluoride [PMSF], 2 mM Na3VO4, 30
mM NaF, supplemented with a mixture of protease and phosphatase inhibitors)
by 16 strokes in a ball-bearing homogenizer (Isobiotec, Heidelberg, Germany)
with a 12-m clearance. The homogenate was centrifuged at 14,000 ⫻ g for 20
min at 4°C, and the supernatant was recentrifuged at 200,000 ⫻ g for 1 h at 4°C
in a Beckman type Ti42.2 rotor. The cytosol and high-speed pellet were analyzed
by Western blotting.
Cell lysis and immunoprecipitations. Cells were washed twice in ice-cold PBS
and solubilized in the lysis buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1% Triton
X-100, 10 mM Na3VO4, 50 mM NaF, 1 mM ␤-glycerophosphate, 1 mM sodium
pyrophosphate, 1 mM EDTA, 1 mM EGTA, 1 mM PMSF, supplemented with a
mixture of protease and phosphatase inhibitors). The lysate was cleared by
centrifugation for 10 min at 14,000 ⫻ g at 4°C. For immunoprecipitation, 0.5 to
1 mg of the lysate was incubated overnight with 1 to 2 g of the specific and
nonspecific antibody coupled to protein A- or G-Sepharose beads under gentle
agitation. After extensive washing with lysis buffer, beads were resuspended in
sodium dodecyl suflate sample buffer supplemented with 5% ␤-mercaptoethanol,
boiled for 5 min, and subjected to Western blot analysis.
In vitro measurement of IRS-1-associated PI3-kinase activity. IRS-1 was immunoprecipitated from cell lysates, and immune complexes were washed 3 times
with lysis buffer and then with wash buffer A (100 mM Tris, pH 7.4, 500 mM LiCl,
2 mM Na3VO4). Then, immunoprecipitates were washed once with buffer B (10
mM Tris, pH 7.4, 100 mM NaCl, 1 mM EDTA, 2 mM Na3VO4), and twice with
the kinase buffer (10 mM MgCl2 and 50 mM Tris, pH 7.4). After that, 45 l of
kinase buffer, 5 l of sonicated lipid substrate (phosphatidylinositol and phosphatidylserine (1:1) in a concentration of 1 mg/ml in 25 mM HEPES, pH 7.4, and
1 mM EDTA), and 20 Ci of [␥-32P]ATP were added to washed beads for 20 min
at room temperature. Reactions were stopped by the addition of 100 l of 1 N
HCl. Lipids were extracted and spotted on potassium oxalate-treated silica gel
thin-layer chromatography (TLC) plates (250-m layer, catalog no. 4420221;
Whatman) and separated in chloroform, methanol, acetone, acetic acid, and
H2O (60:20:23:18:12, vol/vol/vol/vol/vol). The plate was dried and exposed either
to the X-ray film with an intensifying screen at ⫺80°C or in Instant Imager
(Packard) for quantification of radioactivity. Radioactive spots were identified by
comigration with lipid standards detected by iodine vapors.
In vitro kinase assay. 293HEK cells transiently transfected with Myc-mTOR
and Myc-Raptor were harvested in lysis buffer which contained 0.3% 3-[(3cholamidylpropyl)-dimethylammonio]-1-propanesulfonate (CHAPS) instead of
Triton X-100. Ectopically expressed proteins were immunoprecipitated with antiMyc antibody as described in the previous section. Beads were washed twice with
mTOR kinase buffer (10 mM HEPES, pH 7.4, 50 mM NaCl, and 10 mM MnCl2),
resuspended in 30 l of kinase buffer containing 200 M ATP with or without 20
Ci of [␥-32P]ATP, and recombinant IRS-1 (600 ng; catalog no. 13-124; Upstate)
was immediately added to the kinase mixture. The phosphorylation reaction was
carried out at 30°C for 30 min and terminated by the addition of an equal volume
of 4⫻ sample buffer. Phosphorylated proteins were separated by polyacrylamide
gel electrophoresis and analyzed by Western blotting with phosphospecific antibody and/or autoradiography.
siRNA transfection. siRNA against human Raptor was transfected into
293HEK cells with the help of Lipofectamine 2000 as described previously by
Kim and colleagues (27). Transfected cells were further grown for 48 to 60 h
before the experiment.
Measurements of GDP-bound Rheb. 293 HEK cells transiently transfected
with pCGN-HA-Rheb were washed twice in ice-cold PBS and lysed in Rheb lysis
buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1% Triton X-100, 1 mM PMSF, 20
mM MgCl2 supplemented with the mixture of protease inhibitors). The lysate
was cleared by centrifugation for 10 min at 14,000 ⫻ g at 4°C, and the NaCl
concentration was adjusted to 500 mM to inhibit GTPase-activating protein
activity in the lysate. HA-Rheb was immunoprecipitated with anti-HA antibody
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MATERIALS AND METHODS
Materials. Anti-Raptor antibody was purchased from Bethyl Laboratories.
Antibodies pY20 and HA.11 were from BD Transduction Laboratories and
Covance, respectively. All other antibodies were from Cell Signaling. Insulin,
IBMX, dexamethasone, protein A, protein G, horseradish peroxidase-conjugated secondary antibodies, protease and phosphatase inhibitor cocktails, and
metformin (1,1-dimethyl biguanide hydrochloride) were from Sigma. Rapamycin
and fatty acid-free bovine serum albumin (catalog no. 126575) were obtained
from Calbiochem. Tumor necrosis factor alpha (TNF-␣) was from Research
Diagnostics, lipids were from Avandi Polar Lipids, and Raptor small interfering
RNA (siRNA) was from MWG-Biotech.
Plasmid construction. Rat wild-type pCMVhis-IRS-1 was a gift from M. White.
For Myc-tagged IRS-1, the first 211 nucleotides of IRS-1 were PCR amplified
with 5⬘-ATATGAATTCGCCGCCACCATGGAACAAAAACTTATTTCTGA
AGAAGATCTGGCGAGCCCTCCGGATACCGATGGC-3⬘ (sense, includes
the Myc epitope as well as a Kozak sequence for efficient translational initiation)
and 5⬘-TTGAAACAGCTCTCGAGGGGG-3⬘ (antisense). The amplified fragment was pasted in the EcoRI and XhoI sites of pCMV-MCS vector (Stratagene). The full-length IRS-1 tagged with the Myc epitope generated by subcloning the XhoI/SalI fragment of wild-type (WT) IRS-1 in the XhoI site of the
intermediate plasmid from the previous step to obtain the full-length pCMVMyc-IRS-1 WT.
Site-specific mutagenesis of pCMVhis-IRS-1 was carried out with the help of
the overlap extension method. Amino acid numbering refers to the human
isoform. The following sense primers have been used: (i) for IRS-1 S636/639D,
5⬘-TATATGCCAATGGACCCCAAGGATGTATCTGCC-3⬘; (ii) for IRS-1
S636/639A, 5⬘-TATATGCCAATGGCTCCCAAGGCTGTATCTGCC-3⬘; (iii)
for IRS-1 S616D, 5⬘-TACATGCCAATGGATCCCGGAGTG-3⬘; (iv) for IRS-1
S616/636D, 5⬘-CCAATGGATCCCGGAGTGGCTCCAGTGCCCAGCAAC
CGCAAAGGAAATG GGGACTATATGCCAATGGAC-3⬘. Mutated nucleotides are underlined; silent mutagenized nucleotides are in boldface type. Outer
primers spanned two NcoI restriction enzyme sites in the 5⬘ and 3⬘ ends of the
aforementioned mutagenized sites.
Human LKB1/STK11 was amplified with the primers 5⬘-GAATTCGAGGTG
GTGGACCCGCAGCAGCTG-3⬘ (sense) and 5⬘-TCTAGAAAATCACTGCTG
CTTGCAGGCCGACAG-3⬘ (antisense) from the clone MGC-16254 (ATCC)
and subcloned in frame in the EcoRI and XbaI sites of pCMV5-Myc vector to
generate pCMV5-Myc-LKB1.
Wild-type pRK5-HA-Raptor was a gift from D. Sabatini. For the carboxyterminal deletions, the following primers have been used: (i) for ⌬WD40 (⌬1011
to 1335), 5⬘-TTGCCTTCTGGCCGGCCCGGC-3⬘ (sense) and 5⬘-GCGGCC
GCACTACGTAATGCCCTTCTGAATGACTTG-3⬘ (antisense); (ii) for ⌬WD40/
Hinge (⌬678 to 1335), 5⬘-TGGCAGCCAAGGGCCCGGTACAAG-3⬘ (sense)
and 5⬘-GCGGCCGCACTAATTGCTTTCATACTGAACCACAAG-3⬘ (antisense). PCR-amplified fragments were subcloned in the FseI and NotI and ApaI
and NotI sites of digested pRK5-HA-Raptor, respectively.
Wild-type rat pCGN-HA-Rheb was a gift from J. Der and J. Clark. For the
C181S point mutation, the following primers have been used: 5⬘-ATGGCTTCT
AGCTATCCTTATGAC-3⬘ (sense) and 5⬘-ATGGATCCTCACATCACCGAG
CTCGAAGACTTCCC-3⬘ (antisense).
Kinase-deficient rat pRK7-HA-S6K1 ␣II was a gift from J. Blenis. Wild-type
rat pMT2-HA-S6K1 ␣I WT and the rapamycin-resistant mutant pMT2-HAS6K1-⌬2-46/⌬CT104 were a gift from J. Avruch.
Cell culture. Murine 3T3-L1 cells were grown in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 10% calf serum until confluence. Two
days later, cells were transferred to the differentiation medium (DMEM con-
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coupled to protein G-Sepharose beads under gentle agitation at 4°C. The beads
were washed sequentially with high-salt buffer (50 mM Tris, pH 8, 500 mM NaCl,
10 mM MgCl2, and 0.5% Triton X-100) and with low-salt buffer (50 mM Tris, pH
8, 100 mM NaCl, 10 mM MgCl2, and 0.1% Triton X-100). The beads were
resuspended in 30 l elution buffer (5 mM Tris phosphate, pH 7.8, 2 mM EDTA,
and 4 mM dithiothreitol), heated for 3 min at 100°C, cooled on ice, and pelleted
for 3 min at 14,000 ⫻ g. The supernatant containing guanine nucleotides dissociated from bead-bound Rheb was collected and either analyzed immediately or
stored at ⫺80°C. The beads were resuspended in sodium dodecyl sulfate sample
buffer, supplemented with 5% ␤-mercaptoethanol, boiled for 5 min, and subjected to Western blot analysis. For the measurement of GDP-bound Rheb,
eluted GDP was converted to [␥-32P]GTP using nucleoside diphosphate (NDP)
kinase (catalog no. N-2635; Sigma) and 1 Ci/l [␥-32P]ATP for 90 min at 37°C
in NDP reaction buffer (50 mM Tris-HCl, pH 7.4, 10 mM MgCl2 in the presence
of 4 mU/l of NDP kinase) in the following reaction: GDP ⫹ [␥-32P]ATP 3
[␥-32P]GTP ⫹ ADP. The labeled nucleotides were separated by chromatography
on plastic-backed cellulose TLC plates (catalog no. 10089; Selecto Scientific) in
saturated ammonium sulfate (53.1 g/100 ml H2O), H2O, 3 M sodium acetate, 10
N sodium hydroxide, isopropanol (80/10/6/2/2, vol/vol/vol/vol/vol). The Rf of GTP
was 0.71, and that of ATP was 0.5. The proper migration was assessed by
comigration of [␣-32P]GTP and [␥-32P]ATP. The reaction was linear in the range
of 1 to 50 pM of the GDP standard. Data were presented as the amount of

GDP-bound Rheb normalized by the amount of immunoprecipitated HA-Rheb
as determined by Western blotting.
Statistics. Results are expressed as means ⫾ standard errors of the means
(SEM). Significance was analyzed with the help of Student’s t test.
Experimental protocol. In all experiments, cells were incubated in either
high-glucose (25 mM) serum-free DMEM (catalog no. 11995-065; Invitrogen) or
in glucose-free Krebs-Ringer phosphate (KRP) buffer (12 mM HEPES, 120 mM
NaCl, 6 mM KCl, 1.2 mM MgSO4, 1 mM CaCl2, 0.6 mM Na2HPO4, 0.4 mM
NaH2PO4, and 0.1% fatty acid-free bovine serum albumin, pH 7.4) for 6 h unless
indicated otherwise. Rapamycin, insulin, 2-deoxyglucose, leucine, glucose, and
TNF-␣ were added to cells for 30 min unless indicated otherwise. In transfection
experiments, the corresponding empty vector was used to balance the amounts of
transfected DNA. Shifts in electrophoretic mobility of IRS-1 were analyzed in
6% gels.

RESULTS
Rapamycin inhibits IRS-1 Ser636/639 phosphorylation and
enhances insulin signaling via the PI3-kinase/Akt pathway.
Rapamycin forms a complex with the immunophilin FKBP12
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FIG. 1. Rapamycin inhibits phosphorylation of IRS-1 on Ser636/639 and enhances PI3-kinase/Akt signaling. (A) L6 myotubes were serum
starved for 6 h, pretreated with rapamycin (Rap) for 30 min, and then treated with insulin for another 30 min as described in Materials and
Methods, and endogenous IRS-1 was immunoprecipitated (IP). The presence of PI3-kinase in the immunoprecipitated material was determined
by Western blotting (top right panel) and its activity was measured by TLC (left panel). The bottom right panel shows normalized IRS-1-associated
PI3-kinase activity (mean values ⫾ SEM) of the results from three independent experiments. (B and C) Total cell lysates treated as described for
panel A were analyzed by Western blotting. (D) Normalized mean values ⫾ SEM of results from three independent experiments shown in panel
C; asterisks indicate that P values of ⬍0.01. ⫹, present; ⫺, absent.
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FIG. 2. Phosphorylation of IRS-1 on Ser 636/639 but not on Ser616
uncouples insulin signaling. (A) 293HEK cells transiently transfected
with specified IRS-1 mutants (4 g of each cDNA per 10-cm plate)
were serum starved for 6 h followed by 5 min of insulin stimulation and
immunoprecipitation (IP) of IRS-1. The presence of PI3-kinase in the
immunoprecipitated material was determined by Western blotting, and
its activity was measured by TLC. The top panel shows normalized
PI3-kinase activity (mean values ⫾ SEM) of three independent experiments. The bottom panel shows Western blot analysis of total cell
lysates. (B) Same as described for panel A with different IRS-1 mutants. Note that in panels A and B, phosphospecific antibodies do not
recognize mutated serine residues in IRS-1, verifying that mutations
have been introduced correctly. (C) L6 myotubes were homogenized
and fractionated as described in Materials and Methods into cytosol
and high-speed pellet. Each fraction was analyzed by Western blotting.
The same amount of protein (30 g) was loaded on each lane; asterisks
indicate P values of ⬍ 0.01. ⫹, present; ⫺, absent.
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and inhibits mTOR activity with a 50% inhibitory concentration in vitro ⬃50 pM by inducing the dissociation of the Raptor/mTOR complex (41). Figure 1A demonstrates that upon
insulin or insulin-like growth factor I (not shown) stimulation,
rapamycin increases the amount of p85 that coimmunoprecipitates with IRS-1 as well as the IRS-1-associated PI3-kinase
activity by a factor of 2.4. In addition, rapamycin completely
reverses the shift in the electrophoretic mobility of IRS-1 that
is attributed to Ser/Thr phosphorylation and enhances insulinstimulated association of PI3-kinase with IRS-1 within 10 to 60
min of insulin administration (not shown).
Figure 1B shows that, in both L6 myotubes and 3T3-L1 adipocytes, insulin-induced phosphorylation of IRS-1 on Ser636/639 is
sensitive to picomolar concentrations of rapamycin similar to
phosphorylation of S6K1 on Thr389. In contrast, phosphorylation of IRS-1 on Ser616 is not sensitive to even micromolar
concentrations of the drug. Increasing concentrations of rapamycin enhance insulin-stimulated Akt phosphorylation in a
way antiparallel to that of IRS-1 Ser636/639 phosphorylation,
suggesting a potential role for these two serine residues in
regulating IRS-1-associated PI3-kinase activity.
The peak of mTOR activity takes place after 10 to 15 min of
insulin stimulation (5), following Akt and ERK1/2 activation (1
to 2 min), and coincides with IRS-1 Ser636/639 and S6K1
Thr389 phosphorylation (Fig. 1C). Rapamycin specifically enhances insulin-stimulated phosphorylation of Akt (2.3 and 2.8
times after 30 and 60 min, respectively) (Fig. 1D) and glycogen
synthetase kinase 3␣ without affecting ERK1/2 phosphorylation (Fig. 1C and 1D).
Phosphomimicking mutations of S636/639 suppresses IRS1-associated PI3-kinase activity and may control intracellular
localization of IRS-1. To address the role of IRS-1 Ser636/639
phosphorylation in PI3-kinase activation, we created a double
IRS-1 mutant by replacing these two serine residues with
either aspartic acid (S636/639D) or alanine (S636/639A).
Figure 2A shows that insulin stimulation significantly increases
the amount of p85 and PI3-kinase activity that coimmunoprecipitates with wild-type IRS-1. On the contrary, the S636/639D
mutant does not mediate insulin-dependent activation of the
enzyme. Mutation of Ser636/639 to Ala completely restores
insulin-stimulated IRS-1-associated PI3-kinase activity, suggesting that Ser636/639 phosphorylation negatively regulates
PI3-kinase.
Both Y612MPM and Y632MPM motifs are involved in PI3kinase recruitment (13, 38) and have a serine residue at the ⫹4
position from the phosphorylated tyrosine. Phosphorylation of
both these serines correlates with inhibition of PI3-kinase/Akt
signaling (Ser636/639 are discussed in this study) (see references
26 and 62 for Ser616). However, phosphorylation of IRS-1 on
Ser616 is not sensitive to rapamycin (Fig. 1B). To analyze the
relative impact of these two serine residues on activation of PI3kinase, we generated two more mutants, S616D and S616/636D.
Figure 2B shows that insulin-stimulated PI3-kinase activity associated with the S616D mutant is decreased by ⬃30%. However,
the S616/636D and Ser636/639D mutants repress PI3-kinase activity to a similar extent, suggesting a prominent negative role of
Ser636 in the regulation of IRS-1-associated PI3-kinase activity.
Lastly, neither mutation visibly interferes with tyrosine phosphorylation of IRS-1 (Fig. 2B). Although our findings, in agreement
with previous reports (29, 62), do not support the role of Ser616
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FIG. 3. Activation of mTOR/S6K1 by Rheb suppresses insulin signaling. (A) 293HEK cells were transfected with different amounts of
Rheb cDNA for 36 h, serum starved for 6 h, and then stimulated with
insulin for 30 min. Total cell lysates were analyzed by Western blotting
(WB). (B) 293HEK cells were transfected as indicated on the figure.
Cells were serum starved for 6 h, and total cell lysates were analyzed
by Western blotting. (C) C2C12 fibroblasts stably transfected with
Rheb or empty vector were grown in DMEM supplemented with 20%
FBS and treated with cycloheximide (40 g/ml) in the presence or
absence of rapamycin (50 nM) for different periods of time. Levels of
endogenous IRS-1 in cell lysates were determined by Western blotting.
The graph shows the IRS-1 protein level (as percentage of control)
normalized to actin of three independent experiments (mean values ⫾
SEM). ⫹, present; ⫺, absent.

To further establish the role of mTOR signaling in IRS-1
turnover, we generated several lines of C2C12 fibroblasts stably transfected with Rheb and studied the half-life of endogenous IRS-1. Figure 3C shows that, in Rheb-overexpressing
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phosphorylation in regulation of PI3-kinase activity, we do not
rule out the possibility that phosphorylation of Ser616 may be
implicated in suppression of PI3-kinase/Akt signaling promoted
by other factors, such as TNF-␣ and/or metabolites (60, 64), by
acting synergistically with phosphorylation of another serine residue(s).
Upon insulin stimulation, phosphorylation-dependent redistribution of IRS-1 from microsomes to cytosol coincides with
cessation of PI3-kinase signaling and development of insulin
resistance (9, 23). Figure 2C shows that, upon insulin treatment, IRS-1 phosphorylated on Ser636/639 is enriched in the
cytosol, while the majority of IRS-1 stays in tight association
with the microsomal fraction recovered in the high-speed pellet. Therefore, mTOR/S6K1-mediated IRS-1 Ser636/639 phosphorylation may have an additional inhibitory effect on the
PI3-kinase/Akt pathway by disrupting the spatial organization
of the signaling components. To what extent Ser636/639 phosphorylation regulates IRS-1 compartmentalization is unknown.
Interestingly, in silico analysis of the IRS-1 primary sequence
reveals a putative 14-3-3 binding motif KSVS641AP, similar to
the R/KSXS*XP motif described by Yaffe et al. (73), localized
close to the Ser636/639 sites. Our preliminary studies (unpublished data) suggest that IRS-1 Ser641 phosphorylation is rapamycin sensitive and that 14-3-3 proteins may be coimmunoprecipitated with IRS-1. The 14-3-3 family of proteins is known to
regulate compartmentalization of various signal transduction
pathways. Further studies are needed to identify the specific
isoform(s) of 14-3-3 that binds to IRS-1 and to characterize
molecular mechanisms that may regulate this interaction.
Rheb antagonizes insulin signaling via IRS-1 Ser636/639
phosphorylation and degradation. TSC2 integrates nutrientand hormone-dependent signals and regulates mTOR in a
Rheb-dependent fashion (20–22, 34, 35). Figure 3A shows that
increasing doses of Rheb lead to activation of mTOR, as
shown by S6K1 Thr389 and IRS-1 Ser636/639 phosphorylation
even in the absence of insulin. Importantly, overexpression of
Rheb antagonizes insulin-stimulated Akt phosphorylation
(compare lanes 2 and 8). In these experiments, we noticed that
high levels of overexpressed Rheb decrease the amount of
endogenous IRS-1, probably by stimulating its degradation
(Fig. 3A, compare lanes 1 and 2 with lanes 5 and 8). To test this
hypothesis and also to avoid any effect of Rheb overexpression
on endogenous IRS-1 at the transcriptional level (15), we ectopically expressed Myc-tagged IRS-1 in 293HEK cells. We
studied the involvement of the mTOR pathway in degradation
of ectopically expressed Myc–IRS-1 by three independent approaches: (i) by overexpression of wild-type Rheb and a farnesylation-defective mutant, Rheb C181S, (ii) by overexpression of wild-type and kinase-deficient mTOR along with Rheb,
and (iii) by using the farnesyl transferase inhibitor FTI-277 that
blocks membrane association of Rheb. Figure 3B shows that
the levels of Myc–IRS-1 are regulated by Rheb in an mTORdependent manner. Overexpression of Rheb alone or together
with wild-type mTOR leads to Ser636/639 phosphorylation and
degradation of Myc–IRS-1. Kinase-deficient mTOR and, to a
lesser extent, FTI-277 (not shown) reverse IRS-1 Ser636/639
phosphorylation as well as the electrophoretic mobility shift of
IRS-1 and block its degradation. Rheb C181S has only a limited effect, since this mutant is not dominant negative and
partially preserves its signaling capacity (30).
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FIG. 4. Nutrients stimulate phosphorylation of IRS-1 on Ser636/639 and inhibit insulin signaling. (A) L6 myotubes were starved in glucose-free
KRP for 6 h, pretreated with glucose for 30 min, and stimulated with insulin for another 30 min as indicated. (B) L6 myotubes were starved in
glucose-free KRP for 6 h and stimulated with the indicated concentrations of glucose for 30 min. (C) 293HEK cells were transfected with the
indicated constructs and were starved in glucose-free KRP for 6 h following stimulation with glucose for 30 min. Total cell lysates were analyzed
by Western blotting. (D) 3T3-L1 adipocytes and L6 myotubes were starved in glucose- and amino acid-free KRP for 6 h, treated with rapamycin
as indicated for 30 min, and stimulated with leucine and insulin for another 30 min. Total cell lysates were analyzed by Western blotting.
(E) 293HEK cells were transfected with HA-Rheb and were starved in glucose-free KRP or in serum-free DMEM following insulin stimulation
for 30 min as indicated on the figure. HA-Rheb-bound GDP was measured as described in Materials and Methods. Results of two independent
experiments are presented. The first four lanes of the TLC panel show the calibration curve. (F) Normalized results (mean values ⫾ SEM) of three
independent experiments shown in panel E. The asterisk indicates a P value of ⬍ 0.01. ⫹, present; ⫺, absent.
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cells, the IRS-1 half-life is reduced from ⬃8 h to ⬃2.5 h.
Importantly, rapamycin inhibits Rheb-stimulated degradation
of IRS-1 and increases its half-life over control values. This
result is consistent with recent reports showing that IRS-1 is
virtually undetectable in TSC1/2⫺/⫺ fibroblasts (15, 57). The
S636/639A mutant exhibits turnover times similar to those of
wild-type IRS-1 (not shown), suggesting that IRS-1 degradation is independent of its phosphorylation on these serine
residues. This question, however, deserves further investigation.

Lastly, insulin-stimulated IRS-1 phosphorylation on Ser307 is
preserved in the S636/639A mutant (not shown).
Nutrients stimulate IRS-1 Ser636/639 phosphorylation and
suppress IRS-1-associated PI3-kinase/Akt signaling. L6 myotubes were starved in glucose- and amino acid-free KRP buffer
and treated with increasing concentrations of glucose that
mimic either normoglycemic (5 mM) or hyperglycemic conditions (10 and 20 mM). In the presence of insulin, glucose
potently stimulates IRS-1 Ser636/639 phosphorylation and in-
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FIG. 5. LKB1, metformin, and 2-deoxyglucose suppress phosphorylation of IRS-1 on Ser636/639 and enhance Akt phosphorylation. (A to C)
293HEK cells were transfected with indicated constructs. Cells were either serum starved for 6 h (A and B) or grown in 20% FBS (C). Total cell
lysates were analyzed by Western blotting. (D) HepG2 cells were serum starved for 6 h, pretreated for 60 min with indicated doses of metformin,
and stimulated with insulin for another 30 min. Total cell lysates were analyzed by Western blotting. (E) Insulin-induced Akt Thr308 phosphorylation in HepG2 cells in the absence and in the presence of 5 mM metformin was normalized by actin. The panel shows mean values ⫾ SEM of
the results from three independent experiments. The asterisk indicates a P value of ⬍0.03. A.U., arbitrary units. (F) 3T3-L1 adipocytes were
pretreated with increasing concentrations of 2-deoxyglucose (2-DG) for 30 min and then stimulated with insulin for another 30 min. Total cell
lysates were analyzed by Western blotting. ⫹, present; ⫺, absent.
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FIG. 6. TNF-␣ does not stimulate the mTOR/S6K1 pathway and
IRS-1 Ser636/639 phosphorylation. L6 myotubes and 3T3-L1 adipocytes were serum starved for 6 h and stimulated with the indicated
doses of either TNF-␣ or insulin for another 30 min. Total cell lysates
were analyzed by Western blotting. ⫹, present; ⫺, absent.

formin, in HepG2 cells (Fig. 5D) and less so in L6 myotubes (see
Fig. S2 in the supplemental material), suppresses insulin-stimulated mTOR activity toward IRS-1 Ser636/639 and S6K1 in a
dose-dependent manner. This leads to the enhancement of
insulin-stimulated Akt phosphorylation (by a factor of 1.7 in
HepG2 cells) (Fig. 5E) and activation (see the panel with
phosphorylated glycogen synthetase kinase 3␤ in Fig. S3 in the
supplemental material) without interfering with ERK1/2 activity (Fig. 5D). Since the effect of metformin on AMPK is LKB1
dependent (32, 50), the differential sensitivity to the drug observed in vivo (63) and in vitro (this study) could be attributed
to different expression levels of endogenous LKB1 (74). Finally, Fig. 5F shows that another activator of AMPK, 2-deoxyglucose, previously shown to suppress mTOR signaling to
S6K1 and PHAS/4E-BP1 (22), also inhibits insulin-stimulated
IRS-1 Ser636/639 phosphorylation in a reverse fashion to activation of AMPK. Therefore, we conclude that AMPK-dependent suppression of the mTOR/S6K1 pathway positively regulates PI3-kinase/Akt signaling.
Several in vitro and in vivo studies have described the involvement of TNF-␣ in the development of insulin resistance
secondary to obesity and proinflammatory conditions (42, 60,
64). Figure 6 shows that, in contrast to insulin, short-term
TNF-␣ treatment does not activate mTOR-dependent S6K1
Thr389 and IRS-1 Ser636/639 phosphorylation in L6 myotubes
and 3T3-L1 adipocytes, although it induces activation of JNK
kinase. Moreover, pharmacological inhibition of JNK and Ras/
Raf/ERK1/2 pathways with SP600128 and PD98059, respectively, does not enhance insulin-stimulated IRS-1-associated
PI3-kinase activity (not shown), rendering their involvement in
regulation of Ser636/639 phosphorylation unlikely.
Phosphorylation of IRS-1 on Ser636/639 is Raptor dependent. Since Ser636/639 phosphorylation is inhibited by low
concentrations of rapamycin (Fig. 1B), we have thought that
this phosphorylation can happen in a Raptor-dependent manner. Indeed, Fig. 7A shows that Raptor knockdown with the
help of siRNA not only decreases Rheb- and insulin-dependent phosphorylation of the bona fide mTOR substrate S6K1
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hibits Akt and AMPK phosphorylation in a dose-dependent
fashion (Fig. 4A). Consistently, Ser636/639 is hyperphosphorylated in the skeletal muscle of NIDDM subjects (2). Rapamycin abrogates mTOR-mediated IRS-1 Ser636/639 phosphorylation and fully reverses the inhibitory effect of glucose
on insulin stimulated PI3-kinase/Akt activation. Moreover,
when we increase the sensitivity of our detection system by
either using super enhanced chemiluminescence (Fig. 4B) or
by overexpressing IRS-1 (see Fig. S1 in the supplemental material), we observe that glucose stimulates phosphorylation of
Ser636/639 in an insulin-independent manner. Lastly, Fig. 4C
shows that the glucose effect on Ser636/639 phosphorylation is
dependent on the kinase activity of AMPK.
Branched-chain amino acids (especially leucine) inhibit insulin signaling in vitro and in vivo (43, 65, 66). Figure 4D
demonstrates that, in both 3T3-L1 adipocytes and L6 myotubes, leucine stimulates Ser636/639 phosphorylation in a rapamycin-sensitive but AMPK-independent manner, thus providing a common theme in the nutrient-dependent regulation
of PI3-kinase/Akt signaling.
To further explore the role of nutrients in insulin signaling,
we measured the guanine nucleotide load of Rheb under different nutritional conditions. Rheb is an unusual GTPase in a
sense that, under basal conditions (i.e., in serum-free media)
when less than 5% of Ras is present in its active GTP-bound
conformation (30, 56), ⬃40% of Rheb is associated with GTP
(30; data not shown). Thus, assuming that GTP-bound Rheb is
active and GDP-bound Rheb is not, the major Rheb-related
regulatory event may be not GDP/GTP exchange, as is the case
with Ras, but rather hydrolysis of Rheb-bound GTP.
First, we studied the GTP/GDP load of Rheb in nutrientdepleted cells using in vivo cell labeling with 32P. This, however, led to extensive cell death that we attribute to the lack of
nutrients (including phosphorus) in the medium together with
radioactivity-induced cellular stress. Moreover, previous studies suggest that incubation of cells in phosphate-free medium
markedly decreases the intracellular ATP concentration (56),
which can potentially interfere with AMPK activity and cause
misinterpretation of the results. Therefore, we measured the
amount of GDP-bound Rheb in nonlabeled cells as described
previously (56). Using this approach, we demonstrate that nutrient deprivation increases the amount of GDP-bound Rheb
⬃1.8 times compared to cells maintained in serum-free
DMEM supplied with 25 mM glucose (Fig. 4E and F). Insulin
stimulation has a marginal effect on GDP-bound Rheb (Fig.
4E and F). In summary, our data suggest that nutrients may
use both AMPK-dependent and -independent mechanisms to
uncouple PI3-kinase/Akt signaling at the level of IRS-1 via the
mTOR pathway.
AMPK effectors suppress IRS-1 Ser636/639 phosphorylation and activate PI3-kinase/Akt signaling. Metformin activates AMPK in vitro (75) and in vivo (37) in an LKB1-dependent manner (32). To this end, we found that ectopically
expressed LKB1 inhibits basal (Fig. 5A) as well as Rheb-stimulated (Fig. 5B) phosphorylation of IRS-1 on Ser636/639 and
Ser307 in an AMPK-dependent fashion (Fig. 5C). Overexpression of LKB1 enhances insulin-stimulated Akt phosphorylation (Fig. 5C and results not shown), in agreement with previous findings showing that LKB1⫺/⫺ mouse embryonic fibroblasts
exhibit reduced Akt phosphorylation (58). Furthermore, met-
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FIG. 7. Raptor is essential for Rheb-, insulin-, and nutrient-dependent phosphorylation of IRS-1 on Ser636/639 and attenuation of PI3-kinase/
Akt signaling. (A) 293HEK cells were transfected with Rheb, siRNA against Raptor, or control siRNA as indicated on the figure. Cells that were
serum starved for 6 h were stimulated or not with insulin, and total cell lysates were analyzed by Western blotting (WB). (B) 293HEK cells were
transfected with Myc–IRS-1 and the indicated siRNAs. Cells were incubated in serum-free media for 6 h, and total cell lysates were analyzed by
Western blotting. (C) 293HEK cells were transfected with indicated amounts of siRNA against Raptor or with control siRNA. Cells were grown
in 20% FBS, and total cell lysates were analyzed by Western blotting. (D) The domain structure of wild-type Raptor and mutants (not to scale).
(E) 293HEK cells were transfected with the indicated constructs (2 g each per 10-cm plate). HA-tagged Raptor mutants were immunoprecipitated (IP) with anti-HA antibody; immunoprecipitates (left) and total cell lysates (right) were analyzed by Western blotting. (F and G) 293HEK
cells were transfected with indicated constructs. In panel F, cells were serum starved for 6 h, and in panel G, cells were grown in 20% FBS. ⫹,
present; ⫺, absent; IgG, immunoglobulin G.
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FIG. 8. Raptor/mTOR/S6K1 complex phosphorylates in vitro IRS-1
on Ser636/639. (A) 293HEK cells were transfected with indicated
cDNAs. Cells were harvested in 0.3% CHAPS, and Raptor/mTOR
complexes were immunoprecipitated (IP) with anti-Myc antibody. In
vitro phosphorylation with recombinant IRS-1 as a substrate was
performed as described in Materials and Methods. Phosphorylation
products were analyzed by Western blotting with phosphospecific

antibody (top left panel) or by autoradiography (top right panel).
Asterisks indicate degradation products of recombinant IRS-1. (B)
293HEK cells were transfected as indicated and incubated in serumfree medium (SFM) or in 20% FBS as shown on the figure. Total cell
lysates were analyzed by Western blotting (WB). (C) NIH 3T3 cells
were transfected as indicated, incubated in serum-free media for 6 h,
pretreated with rapamycin (Rap) for 30 min, and stimulated with
insulin for another 30 min. Total cell lysates were analyzed by Western
blotting. ⫹, present; ⫺, absent; IgG, immunoglobulin G.
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but also reduces phosphorylation of IRS-1 on Ser636/639. In
addition, Raptor knockdown suppresses basal (i.e., nutrient
dependent) IRS-1 Ser636/639 phosphorylation (Fig. 7B) and
enhances PI3-kinase/Akt signaling (Fig. 7C) in cells growing in
serum-rich media.
Raptor is an ⬃149-kDa protein with a poorly characterized
conserved N-terminal domain followed by three HEAT repeats, hinge domain, and seven WD-40 repeats at the carboxy
terminus (27) (Fig. 7D). In agreement with data shown in Fig.
7A, B, and C, we found that IRS-1 may be coimmunoprecipitated with Raptor even in the presence of 1% Triton X-100.
Deletion of the seven C-terminal WD-40 repeats and the adjacent hinge domain (amino acids 678 to 1011 for the human
isoform) dramatically decreases interaction of Raptor with
IRS-1 (Fig. 7E). In addition, these deletions attenuate Rhebstimulated phosphorylation of IRS-1 on Ser636/639 and on
Ser307 (Fig. 7F) and enhance PI3-kinase/Akt signaling in
293HEK cells growing in serum-rich conditions (Fig. 7G). We
conclude that the C terminus of Raptor, including the WD-40
repeats and, possibly, the hinge region, may be important for
Raptor–IRS-1 interaction and for mTOR/S6K1-mediated
phosphorylation of IRS-1. WD-40 domains serve as a stable
propeller-like platform involved in protein-protein interactions. Further studies are needed for the precise mapping of
Raptor–IRS-1 interaction as well as the identification of a
potential Raptor-binding motif in IRS-1.
Raptor/mTOR complex phosphorylates IRS-1 on Ser636/
639 in vitro. Figure 8A demonstrates that Myc-tagged Raptor/
mTOR complex immunoprecipitated form 293HEK cells in
the presence of 0.3% CHAPS can phosphorylate recombinant
IRS-1 on Ser636/639 in vitro, whereas the same complex with
kinase-deficient mTOR is virtually inactive.
Raptor may form a complex with both mTOR and S6K1
(14). Thus, we sought to determine which protein kinase phosphorylates IRS-1 in our system by overexpressing kinase-deficient mutants of mTOR and S6K1 along with IRS-1 in
293HEK cells. Figure 8B shows that kinase-deficient mTOR (i)
completely abolishes phosphorylation of IRS-1 on Ser636/639,
(ii) eliminates the shift in the electrophoretic mobility of
IRS-1, and (iii) up-regulates serum-induced Akt phosphorylation. Kinase-deficient S6K1 only partly recapitulates all these
effects, suggesting that mTOR per se significantly contributes
to the phosphorylation of Ser636/639 under basal (nutrient
dependent) and serum-rich conditions. Consistently, overexpression of wild-type S6K1 does not interfere with basal or
insulin-stimulated phosphorylation of IRS-1 on Ser636/639
(see Fig. S4 in the supplemental material).
To confirm this result, we used the rapamycin-resistant mutant of S6K1, ⌬2 to 46/⌬CT104, that cannot interact with
TORC1 (8, 12, 40, 54, 55, 69–71) but can still be phosphory-
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DISCUSSION
Epidemiological studies suggest that obesity represents a
causative factor for the development of insulin resistance that
precedes and predicts NIDDM (31, 45, 60). The primary molecular defect in NIDDM subjects is impaired insulin-stimulated glucose transport and decreased glycogen synthesis in
skeletal muscle (10, 31, 61), the tissue which accounts for 90%
of nonoxidative glucose disposal and represents ⬃70% of
whole-body glucose metabolism (61). The resulting hyperglycemia antagonizes metabolic and prosurvival effects of PI3kinase/Akt signaling in vivo (28) and in vitro (18, 19), a phenomenon known as glucotoxicity. The molecular basis of this
effect is not yet known.
An important finding of this study is that nutrients regulate
PI3-kinase/Akt signaling via Raptor-dependent mTOR-mediated
IRS-1 phosphorylation. More precisely, glucose, by suppressing
AMPK, and leucine, by an as yet unknown mechanism, activate
mTOR that leads to Raptor-dependent phosphorylation of IRS-1
on Ser636/639. This and other mTOR/S6K1-mediated phosphorylation events (15, 72) abolish the adaptor abilities of IRS-1 by
suppressing its associated insulin-stimulated PI3-kinase activity
(this study) (Fig. 2A and B and 9) and its interaction with the
insulin receptor (15, 72) and eventually may lead to degradation
of IRS-1 (this study) (15).
We suggest that mTOR/S6K1-mediated phosphorylation of
IRS-1 acts as a homeostatic negative feedback loop between
nutrient- and growth factor-dependent signaling networks. Under normal conditions, assessment of the cell nutritional status
via AMPK and other mechanisms constantly adjusts metabolic,
prosurvival, and growth decisions by reversible fine-tuning
of PI3-kinase/Akt signaling. In obesity and obesity-related
NIDDM, nutritional excess and compensatory hyperinsulinemia may synergistically and permanently hyperactivate the
mTOR/S6K1 pathway. This leads not only to attenuated PI3kinase/Akt signaling due to phosphorylation of IRS-1 on
Ser636/639 but also to IRS-1 degradation (Fig. 3A to C and 9)
(44). This model may provide a mechanistic explanation for the
earlier findings showing that decreased IRS-1 protein levels
predict the development of insulin resistance (7) and that
IRS-1 is reduced in NIDDM subjects (48).
Several lines of evidence suggest that Raptor directly binds
to and serves as a scaffold for mTOR/S6K1-mediated phosphorylation of IRS-1: (i) low doses of rapamycin cause disso-

FIG. 9. Diabetic milieu (hyperglycemia and hyperinsulinemia) downregulates PI3-kinase/Akt signaling via Raptor-dependent mTOR/S6K1
mediated phosphorylation of IRS-1 on Ser636/639 (not to scale).

ciation of the Raptor-mTOR complex (41) and inhibit phosphorylation of IRS-1 on Ser636/639 (Fig. 1B), (ii) Raptor is
required for nutrient-, Rheb-, and insulin-stimulated phosphorylation of Ser636/639 (Fig. 7 A to C), (iii) Raptor and
IRS-1 are coimmunoprecipitated even in the presence of 1%
Triton X-100 (Fig. 7E), (iv) the WD-40 repeats and, less so, the
hinge domain of Raptor are required for both interaction with
IRS-1 and Rheb-induced phosphorylation on Ser636/639 (Fig.
7E and F), (v) functionally, knockdown of Raptor as well as
Raptor carboxy-terminal deletions exhibit the same positive
effect on Akt phosphorylation as kinase-deficient mTOR (compare Fig. 7C and G and 8B).
Raptor/mTOR complex that may also contain S6K1 (14)
exhibits kinase activity toward recombinant IRS-1 in vitro (Fig.
8A) (14, 16, 42). mTOR catalyzes phosphorylation of Ser/ThrPro motifs, such as T37PGGTLFSTT46P in 4EBP1/PHAS
(3–5) and PVDS371P in S6K1 (36, 49). In addition, mTOR can
phosphorylate Phe-Ser/Thr-Phe/Tyr motifs, such as LGFT389Y
and EKFS404F in S6K1 (5, 24, 36, 46) and PQFS473Y in Akt
(51). On the contrary, S6K1 preferentially phosphorylates RX
RXXS motifs followed by distal serines, such as those present
in rS6 protein (RRRLS235S236), SKAR protein (RRVNS383A
S385) (47), and IRS-1 (RRSRTES307) (15). The S636PKS639V
motif belongs to the Ser/Thr-Pro prototype which suggests that
it may represent a better substrate for mTOR than for S6K1.
Consistently, Harrington and colleagues showed that S6K1
does not phosphorylate in vitro a glutathione S-transferasefused IRS-1 516 to 896 fragment (15). Moreover, the sensitivity
of Ser636/639 phosphorylation to insulin, Rheb, and rapamycin
(Fig. 8C; see also Fig. S4 and S5 in the supplemental material)
is unaffected by overexpression (at least 10 times over the basal
S6K1 level) (data not shown) of a rapamycin-resistant mutant
of S6K1 (⌬2 to 46/⌬CT104) deficient in Raptor binding, suggesting that mTOR per se phosphorylates IRS-1. Consistently,
kinase-deficient mTOR completely eliminates Ser636/639 phosphorylation, while kinase-deficient S6K1 has only a partial effect (Fig. 8B). We cannot, however, exclude a possibility that in
vitro phosphorylation of IRS-1 is mediated by an unknown
protein kinase(s) that may copurify with the Raptor/mTOR
complex (for an example, see reference 39). Further studies are
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lated by TORC2 (1). Figure 8C shows that, in NIH 3T3 cells
expressing this mutant and wild-type S6K1, rapamycin still
inhibits insulin-dependent phosphorylation of Ser636/639. Therefore, phosphorylation of Ser636/639 can be attributed to activation of mTOR, rather than S6K1.
Long and colleagues have shown that Rheb directly binds
and activates mTOR in a GTP-dependent manner (34, 35). We
have overexpressed Rheb together with wild-type S6K1 and its
rapamycin-resistant mutant ⌬2 to 46/⌬CT104 in 293HEK cells.
In serum-starved cells, Rheb stimulates phosphorylation of
wild-type S6K1, but not the rapamycin-resistant mutant (see
Fig. S5 in the supplemental material). Nevertheless, Rheb triggers phosphorylation of endogenous IRS-1 on Ser636/639 in
both cases, suggesting that S6K1 may not be involved in this
phosphorylation.
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needed to characterize the molecular topography of TORC1 and
its ability to signal to downstream targets, including IRS-1.
When the manuscript was under review, Sarbassov and colleagues showed that Raptor/mTOR and Rictor/mTOR complexes regulate Akt phosphorylation in a reverse manner (51).
In agreement with our results, they found that TORC1 complex suppressed Akt phosphorylation. Here, we demonstrate
that this inhibition takes place at least in part via Raptordependent mTOR-mediated phosphorylation of IRS-1. Thus,
mTOR signaling toward Akt is scaffold dependent.
Rheb integrates nutrient- and hormone-dependent inputs
downstream of the TSC complex and activates the mTOR
pathway (17). Here, we show that the Rheb effect on mTOR
signaling is Raptor dependent (Fig. 7A) and that nutrients
regulate changes in the GTP/GDP ratio (Fig. 4E and F). Consistently, Long and colleagues showed that Rheb directly binds
Raptor and mTOR (34) and that its binding to mTOR is amino
acid dependent (35).
Another significant finding of this study is that metformin,
the most commonly used oral antidiabetic agent (75), suppresses mTOR/S6K1-mediated IRS-1 phosphorylation in an
AMPK-dependent fashion. Metformin enhances insulin sensitivity in liver and, to a lesser extent, in muscle (63). At the
molecular level, metformin, via AMPK-dependent activation,
inhibits acetyl-coenzyme A carboxylase (75), the rate-limiting
enzyme of de novo fatty acid biosynthesis, and down-regulates
the hepatic expression of SREBP-1 as well as other lipogenic
enzymes (75), thus targeting diabetes-related dyslipidemia (45,
75). In addition, metformin, synergistically with insulin, induces skeletal muscle glucose uptake (50, 75). Our study with
HepG2 and L6 cells suggests that the observed beneficial effect
of metformin on insulin sensitivity in liver and skeletal muscle
takes place at least partially via AMPK-dependent suppression
of the mTOR/S6K1 pathway. Overexpression of LKB1, an
upstream activator of AMPK (32), recapitulates the positive
effect of metformin on PI3-kinase/Akt signaling. Noteworthy,
LKB1 regulates 13 different kinases of the AMPK subfamily,
while metformin specifically activates AMPK in an LKB1-dependent fashion (32). Recently, Sakamoto and colleagues reported the first genetic evidence that LKB1 is a major regulator of
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showed that LKB1 is required for phenformin (a metformin analog)-induced activation of AMPK ␣II. Our study extends these
in vivo findings and shows that the LKB1/AMPK pathway increases PI3-kinase/Akt signaling via down-regulation of IRS-1
Ser636/639 phosphorylation by the Raptor/mTOR complex (11,
59). Therefore, identification of activators of LKB1 and/or
AMPK could lead to the development of new antidiabetic compounds targeting insulin resistance.
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