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The mammalian target of rapamycin (mTOR) Ser/Thr kinase
signals in at least two multiprotein complexes distinguished by
their different partners and sensitivities to rapamycin. Acute
rapamycin inhibits signaling by mTOR complex 1 (mTORC1)
but not mTOR complex 2 (mTORC2), which both promote cell
growth, proliferation, and survival. Although mTORC?2 regula-
tion remains poorly defined, diverse cellular mitogens activate
mTORCI signaling in a manner that requires sufficient levels of
amino acids and cellular energy. Before the identification of dis-
tinct mTOR complexes, mTOR was reported to autophosphor-
ylate on Ser-2481 in vivo in a rapamycin- and amino acid-insen-
sitive manner. These results suggested that modulation of
mTOR intrinsic catalytic activity does not universally underlie
mTOR regulation. Here we re-examine the regulation of mMTOR
Ser-2481 autophosphorylation (Ser(P)-2481) in vivo by studying
mTORC-specific Ser(P)-2481 in mTORC1 and mTORC2, with a
primary focus on mTORCI. In contrast to previous work, we
find that acute rapamycin and amino acid withdrawal markedly
attenuate mTORC1-associated mTOR Ser(P)-2481 in cycling
cells. Although insulin stimulates both mTORCI1- and
mTORC2-associated mTOR Ser(P)-2481 in a phosphatidylino-
sitol 3-kinase-dependent manner, rapamycin acutely inhibits
insulin-stimulated mTOR Ser(P)-2481 in mTORCI1 but not
mTORC2. By interrogating diverse mTORCI regulatory input,
we find that without exception mTORC1-activating signals pro-
mote, whereas mTORCI1-inhibitory signals decrease mTORC1-
associated mTOR Ser(P)-2481. These data suggest that
mTORCI1- and likely mTORC2-associated mTOR Ser-2481
autophosphorylation directly monitors intrinsic mTORC-specific
catalytic activity and reveal that rapamycin inhibits mTORC1 sig-
naling in vivo by reducing mTORCI catalytic activity.
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The evolutionarily conserved mammalian target of rapamy-
cin (mTOR)* protein kinase functions as an environmental sen-
sor, integrating signals from diverse cellular stimuli to control
cellular physiology (1-3). mTOR signals in at least two distinct
multiprotein complexes distinguished by their partner proteins
and differing sensitivities to rapamycin, a clinically employed
immunosuppressive drug and allosteric mTOR inhibitor (4, 5).
Rapamycin acutely inhibits signaling by mTOR complex 1
(mTORC1) but not mTOR complex 2 (mTORC2) (5).
mTORC1 and mTORC2 contain mTOR, mLST8/GBL, and
deptor (DEP domain protein that interacts with mTOR) but
contain mutually exclusive partners, in particular raptor, which
defines mTORCI1, and rictor, which defines mTORC2 (1,
5-12). Although acute rapamycin fails to inhibit mTORC2 sig-
naling, chronic rapamycin at high concentrations inhibits the
assembly of mTORC2 and, thus, its signaling capacity (13).
mTORCI promotes a plethora of cellular processes including
protein synthesis, cell growth/size, cell proliferation, cell sur-
vival, and cell metabolism during growth factor, amino acid,
and energy sufficiency (2, 14—16). Although the cellular stimuli
that regulate mTORC2 remain poorly defined due to its more
recent discovery and rapamycin insensitivity, this complex
appears to promote cell growth/size, cell proliferation, cell sur-
vival, and the organization of the actin cytoskeleton (1, 3, 10, 11,
17).

mTORCI1 phosphorylates the ribosomal protein S6 kinase 1
(S6K1), an AGC kinase family member, on its hydrophobic
motif site, Thr-389, and the eukaryotic translation initiation
factor 4E-binding protein 1 (4EBP1) on several sites (2, 3, 14).
Both S6K1 and 4EBP1 possess a TOR signaling motif that inter-

“The abbreviations used are: mTOR, mammalian target of rapamycin;
mTORC1 and mTORC2, mTOR complex 1 and 2, respectively; DMEM, Dul-
becco’s modified Eagle’s medium; FBS, fetal bovine serum; EGF, epidermal
growth factor; GST, glutathione S-transferase; raptor, regulatory-associ-
ated protein of mTOR; rictor, rapamycin-insensitive companion of mTOR;
GBL, G-protein B-subunit-like protein; mLST8, mammalian lethal with
sec13 protein 8; PI3K, phosphatidylinositol 3-kinase; Rheb, Ras homolog
enriched in brain; AMPK, AMP-activated protein kinase; MAPK, mitogen-
activated protein kinase; CHAPS, 3-[(3-cholamidopropyl)-dimethylammo-
niol-1-propanesulfonate; PMA, phorbol 12-myristate 13-acetate; IVK, in
vitro kinase; 2DG, 2-deoxyglucose; WCL, whole cell lysate; IP, immunopre-
cipitate; IB, immunoblot; GTPyS, guanosine 5’-O-(thiotriphosphate); WT,
wild type; RR, rapamycin-resistant; S6K1, S6 kinase 1; 4EBP1, 4E-binding
protein 1; TSC, tuberous sclerosis complex; FKBP12, FK506-binding protein
12; HA, hemagglutinin; P-, phosphorylated; KD, kinase dead; MEF, mouse
embryonic fibroblast.
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acts with raptor to facilitate substrate delivery to the mTOR
kinase (18 -21). mTORCI1-mediated S6K1 and 4EBP1 phos-
phorylation coordinately up-regulate cap-dependent transla-
tion, cell growth, and cell cycle progression (14, 22, 23).
mTORC2 mediates the phosphorylation of the AGC kinase
family members Akt (also known as protein kinase B), protein
kinase Ce, and SGK1 on their respective hydrophobic motif
sites (e.g Ser-473, Ser-657, and Ser-422, respectively) (11,
24-27).

The insulin pathway represents the most intensively studied
mTORCI1 regulator to date (1, 28). Insulin/PI3K signaling acti-
vates Akt, which phosphorylates both TSC2 and PRAS40 (pro-
line-rich Akt substrate of 40 kDa) to suppress their inhibitory
action on mTORC1 (29-33). TSC2 interacts with TSC1 to
form a tumor suppressor known as tuberous sclerosis complex
(TSC) that functions as an mTORCI inhibitor (28). Akt-medi-
ated phosphorylation of TSC2 inactivates TSC function and
results in strong and constitutive mTORCI signaling as well as
the formation of benign tumors in diverse organs (28, 34). TSC2
acts as a GTPase activating protein toward Rheb, a small G-
protein that weakly binds to mTOR and promotes mTORC1
signaling when GTP-bound via an ill-defined mechanism (32,
35-38). Thus, by suppressing TSC, insulin/PI3K/Akt signaling
promotes Rheb-mediated activation of mTORCI. During
energy stress, AMPK phosphorylates TSC2 on distinct sites,
which enhances TSC-mediated mTORC1 inhibition (39).
Although the biochemical mechanisms by which amino acids
promote mTORCI1 signaling remain poorly defined, the Rag
family GTPases bind raptor during amino acid sufficiency and
induce the translocation of mTORCI1 to a subcellular compart-
ment that contains the activator Rheb (40, 41).

Although rapamycin potently inhibits mTORC1-mediated
phosphorylation of S6K1 in intact cells, its mechanism of action
remains poorly understood. Rapamycin, a bacterially derived,
membrane-permeable macrolide, binds to an intracellular pro-
tein, FK506-binding protein 12 (FKBP12) (5). The rapamycin-
FKBP12 complex directly binds to the mTOR FKBP12-rapamy-
cin binding domain (42, 43), which lies immediately N-terminal
to the C-terminal kinase domain, resulting in inhibition of
mTORCI1 signaling, presumably due to allosteric conforma-
tional changes in mTORC1. Although rapamycin induces par-
tial dissociation of mTOR and raptor (44), this mechanism
likely fails to account fully for the complete inhibitory effect of
rapamycin on S6K1 phosphorylation. Moreover, rapamycin
and amino acid withdrawal, although mediating the complete
dephosphorylation of S6K1, were reported to have no effect on
the autophosphorylation of mTOR Ser-2481 in vivo, a site of
mTOR-catalyzed autophosphorylation in vitro (45). These
findings suggested that inhibition of mTOR intrinsic catalytic
activity cannot explain the mechanism of action of rapamycin
or amino acid withdrawal on mTOR-mediated signaling (45).
Thus, alternate mechanisms have been postulated (46). Rapa-
mycin binding could theoretically hinder reception of upstream
activating signals or impair access of docked substrates to the
mTOR catalytic domain without affecting mTOR intrinsic cat-
alytic activity; alternatively, rapamycin binding could lead to
activation of a phosphatase that dephosphorylates mTORC1
substrates (47).
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Here we re-examine the regulation of mTOR Ser-2481 auto-
phosphorylation (Ser(P)-2481) by interrogating its mTORC-
specificity. Contrary to earlier work in which the existence of
distinct mTOR complexes with differing sensitivities to rapa-
mycin was not yet known (45), we find that rapamycin strongly
reduces mTORC1 but not mTORC2-associated mTOR Ser(P)-
2481, consistent with the known rapamycin sensitivity or a
lack thereof of each complex, respectively. Insulin promotes
mTOR Ser(P)-2481 in a wortmannin-sensitive manner in both
mTORC1 and mTORC2, demonstrating a requirement for
PI3Kin mTORC1 and mTOR2 autophosphorylation. In diverse
cellular conditions, the level of mTORC1-associated mTOR
Ser(P)-2481 correlates positively with the degree of mTORC1
signaling. Therefore, we propose that mTORC1- and likely
mTORC2-associated mTOR Ser(P)-2481 directly monitors
mTORC1 and mTORC?2 intrinsic catalytic activity. Impor-
tantly, our data reveal that rapamycin inhibits mMTORC]1 signal-
ing in vivo by reducing mTORCI1 catalytic activity, thus clarify-
ing its poorly defined mechanism of action. As recent data
suggest that mTORC1 may also signal in a rapamycin-resistant
manner toward certain substrates (e.g 4EBP1) (48-50), we
have also demonstrated that Torinl, a second genera-
tion mTOR catalytic inhibitor that completely inhibits both
mTORC1 and mTORC2 signaling, eliminates the residual
mTORCI1-associated mTOR Ser(P)-2481 that remains upon
cellular rapamycin treatment. Torinl also completely inhibits
mTORC2-associated mTOR Ser(P)-2481. These data indicate
that complete inhibition of mMTORCI1 correlates with the virtual
absence of mTORCI1-associated mTOR Ser-2481 autophos-
phorylation and further demonstrate that mTOR Ser-2481
autophosphorylation monitors mTORCI (rapamycin-sensitive
and -insensitive) and mTORC2 catalytic activities. As
mTORCI1 dysregulation contributes to a variety of neoplastic
syndromes, rapamycin analogs (rapalogs) (eg CCI-779;
RADO01) continue to be tested in clinical trials for efficacy
against diverse cancers (5); moreover, mTOR catalytic inhibi-
tors hold promise for greater anti-tumor efficacy. Thus, under-
standing inhibitor action and mTORC1 regulation will likely
provide therapeutic benefit.

EXPERIMENTAL PROCEDURES

Materials—Reagents were obtained from the following
sources. Protein A-Sepharose CL4B and protein G-Sepharose
Fast Flow were from GE Healthcare, CHAPS was from Pierce,
Immobilon-P polyvinylidene difluoride membrane (.45 wm)
was from Millipore, autoradiography film (HyBlot CL) was
from Denville Scientific, reagents for enhanced chemilumines-
cence (ECL) were from Millipore (Immobilon Western chemi-
luminescent horseradish peroxidase substrate), and all chemi-
cals were from either Fisher or Sigma.

Commercial Antibodies—AU1, Myc (9E10), and HA (HA.11)
antibodies were from Covance. FLAG-M2 and phosphorylated
MAPK (Thr-202/Tyr-204) were from Sigma. Donkey anti-rab-
bit horseradish peroxidase and sheep anti-mouse horseradish
peroxidase antibodies were from GE Healthcare. The following
antibodies were from Cell Signaling Technology: Ser(P)-2481-
mTOR, Thr(P)-389-S6K1 (rabbit monoclonal 108D2), Ser(P)-
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473-Akt, total Akt, Thr(P)-172-AMPK, total AMPK, total S6,
and total TSC1.

Generation of Antibodies to Raptor, mTOR, S6K1, and P-S6—
Polyclonal antibodies were generated in rabbits against keyhole
limpet hemocyanin-coupled peptides using the Covance cus-
tom antibody service. To generate immunogen, peptides and
phosphorylated peptides (70% pure; Advanced Peptides, Inc,
Boston, MA) were coupled via an N-terminal cysteine to male-
imide-activated mariculture keyhole limpet hemocyanin
(Pierce). Anti-peptide antibodies were affinity-purified by pos-
itive selection on antigen peptide that was coupled to Affi-Gel
matrix (Bio-Rad). The S6 phosphopeptide antibody was af-
finity-purified by positive selection on antigen phosphopeptide
followed by negative selection on cognate antigen non-phos-
phopeptide and irrelevant Ser phosphopeptide (using a phos-
phoserine Jak2 peptide). The following peptides were used to
generate antibodies: 1) raptor (amino acids 885-901, human,
CSSSLTNDVAKQPVSRDL), 2) mTOR (amino acids 221-237,
rat, CTQREPKEMQKPQWYRHT), 3) S6K1 (C-terminal 17
amino acids; 485-502 of the 70-kDa rat isoform, CKQAFP-
MISKRPEHLRMNL), 4) P-S6 (amino acids 232-249, CRRL-
(pS)(pS)LRA(pS)TSK(pS)EE(pS)QK). The following Ser(P)-
Jak2 peptide was used for negative selection of P-S6 antibodies
on irrelevant Ser phosphopeptide: CSDVQI(pS)PTLRQ.

Plasmids, cDNA Mutagenesis, and Sequencing—The pRK5/
Myc-raptor plasmid was obtained from D. Sabatini (Massachu-
setts Institute of Technology, Boston, MA). pRK5/Myc-mTOR,
pRK5/Myc-mTOR-KD, and pRK5/HA-raptor plasmids were
obtained from D. Sabatini via Addgene (#1861, #8482, and
#8513, respectively). pcDNA3/AU1-mTOR plasmid was origi-
nally from R. Abraham (Wyeth, Pearl River, NY). We generated
the following mutations in pRK5/Myc-mTOR: S2481A,
RR(S20351I), RR(S20351)/S2481A. We generated the following
mutation in pRK5/Myc-mTOR-KD: RR(S2035I). The pKH3/
HA-mLST8/GBL and pRK7/FLAG-Rheb plasmids were from J.
Blenis (Harvard Medical School, Boston, MA). The following
oligonucleotides were used to create point mutations in the
rat mTOR c¢DNA (GenBank™ accession #1.37085) using
QuikChange II XL (Stratagene). Capital letters indicate mis-
match, and the three underlined nucleotides represent the
codon mutated: S2035I, forward (5'-ggcctagaagaggccATtcget-
tgtactttggg-3’) and reverse (5'-cccaaagtacaagcgaATggcectct-
tctaggec-3'; S2481A, forward (5'-tgccagaatccatccatgeCtteattg-
gagatggtttgg-3') and reverse (5'-ccaaaccatctccaatgaagGeat-
ggatggattctggea-3’). The mutated cDNAs were fully sequenced.

Cell Culture, Drug Treatment, and Transfection—HEK293
cells and immortalized TSC1*/" and TSC1 ™/~ mouse embry-
onic fibroblasts (originally from D. Kwiatkowski; Brigham and
Women’s Hospital, Boston, MA) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) that contained high glucose
(4.5 g/liter), glutamine (584 mg/liter), and sodium pyruvate
(110 mg/liter) (Invitrogen) supplemented with 10% fetal bovine
serum (FBS) (Hyclone). 3T3-L1 fibroblasts were cultured in
DMEM containing 10% calf serum and differentiated into adi-
pocytes by a standard protocol (51, 52). All cells were incubated
at 37 °C in a humidified atmosphere containing 5% CO,. All
cells were serum-deprived via incubation in DMEM supple-
mented with 20 mm Hepes (pH 7.2) for ~20 h. Insulin (100 nm)
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(Invitrogen), EGF (25 ng/ml) (Invitrogen), or phorbol 12-my-
ristate 13-acetate (PMA) (100 ng/ml) (Sigma) was added to
serum-deprived cells for 30 min unless indicated otherwise. For
drug treatment, serum-deprived cells were pretreated with
rapamycin (20 ng/ml) (Calbiochem) or wortmannin (100 nm)
(Upstate/Millipore) for 30 min before the addition of insulin.
To effect amino acid deprivation, HEK293 cells were incubated
in Dulbecco’s PBS containing p-glucose (1 g/liter) and sodium
pyruvate (36 mg/liter) (D-PBS/Glc) for 60 min. Cells were stim-
ulated with amino acids by re-feeding with DMEM as a source
of amino acids. HEK293 cells on 60-mm plates were transfected
using TransIT-LT1 (Mirus) using a total of 4 -5 ug of DNA per
plate; the specific amounts of experimental plasmid transfected
are stated in the legends to Figs. 6C and 7B. Cells were lysed
~24.—48 h post-transfection.

Cell Lysis, Immunoprecipitation, and Immunoblotting—Cells
were washed 2X with ice-cold PBS (pH 7.4) and collected in
ice-cold lysis Buffer A (10 mm KPO, (pH 7.2), 1 mm EDTA, 5
mM EGTA, 10 mm MgCl,, 50 mm B-glycerophosphate, 1 mm
sodium orthovanadate (Na,VO,), 5 ug/ml pepstatin A, 10
png/mlleupeptin, 40 wg/ml phenylmethylsulfonyl fluoride) con-
taining the detergent CHAPS (0.3%) (to preserve the mTOR/
raptor interaction upon lysis (6, 7)) unless indicated otherwise.
In some experiments (indicated in legends to supplemental
Figs. S2 and S3) cells were lysed in Buffer A containing 0.5%
Nonidet P-40, 0.5%Brij35) as detergent. Lysates were spun at
13,200 rpm for 5 min at 4 °C, and the post-nuclear supernatants
were collected. A Bradford assay was used to normalize protein
levels for immunoprecipitation and immunoblot analyses. For
immunoprecipitation, whole cell lysate (WCL) was incubated with
antibodies for ~2 h at 4 °C, incubated with protein A- or G-Sepha-
rose beads for 1.5 h, washed 3 times in lysis buffer, and resus-
pended in 1X sample buffer (50 mm Tris-HCI (pH 6.8), 10% glyc-
erol, 2% SDS, 2% B-mercaptoethanol, 0.02% bromphenol blue).
Samples were heated at 95 °C for 5 min, resolved on SDS-PAGE
gels, and transferred to polyvinylidene difluoride membranes
using Towbin transfer buffer (25 mm Tris, 192 mm glycine, 10%
methanol, 0.02% SDS). Immunoblotting was performed by block-
ing polyvinylidene difluoride membranes in TBST (40 mm Tris-
HCI (pH 7.5), 0.9% NaCl, 0.1% Tween 20) containing 3% nonfat
milk and incubating the membranes in TBST with 2% bovine
serum albumin containing primary antibodies or secondary horse-
radish peroxidase-conjugated antibodies. Blots were developed by
ECL. mTOR immunoprecipitates were treated with A-phospha-
tase as described (53).

m’GTP Cap Pulldown Assay—Whole cell lysates were incu-
bated in 20 ul of m”’GTP-Sepharose CL4B (GE Healthcare) for
2 h at 4°C and then washed twice in the same lysis buffer.
Sepharose beads were resuspended in 1X sample buffer with
2% B-mercaptoethanol and resolved on SDS-PAGE.

mTORCI in Vitro Kinase (IVK) Assays—mTORC1 IVKs
were performed basically as described (32, 54). Transfected
cells were lysed in ice-cold Buffer C (40 mm Hepes (pH 7.4), 2
mMm EDTA, 10 mMm pyrophosphate, 10 mm B-glycerophosphate,
40 ug/ml phenylmethylsulfonyl fluoride, 5 wg/ml leupeptin, 10
pg/ml pepstatin A) containing 0.3% CHAPS (to preserve the
raptor-mTOR interaction). After HA-raptor immunoprecipi-
tation, immune complexes were washed 3X in Buffer
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C/CHAPS that contained 150 mm NaCl, washed 2X in Buffer D
(25 mm HEPES (pH 7.4), 20 mMm KCl), and resuspended in 10 ul
of 3X mTOR kinase buffer (75 mm HEPES (pH 7.4), 30 mm
MgCl,, 60 mm KC), 5 ul of GST-Rheb loaded with GTPyS
(~150 ng; see below), and 15 ul of distilled H,O. The immune
complexes (volume = 30 ul) were preincubated at 30 °C for 5
min and then stored on ice until initiation of kinase assay. To
initiate in vitro kinase reactions, 10 ul of IVK Start solution was
added (contains 500 um ATP and 150 ng of GST-4EBP1 in Start
Bf (20 mm Hepes (pH 7.4), 10 mm MgCl,, 140 mm KCl)) to
immune complexes, mixed, and incubated at 30 °C for 30 min
(final (ATP) = 125 um). IVK reactions were stopped by the
addition of 40 ul of 2X sample buffer.

GST-Rheb-E64Q (GTPase-deficient) was isolated from
transfected HEK293T cells using immobilized glutathione
beads and stored in Rheb Storage Buffer (20 mm HEPES (pH 8),
200 mM NaCl, 5 mm MgCl,) as described (54). GST-Rheb was
loaded with GTP+S via incubation with 10 mm EDTA and 0.1
mM GTPvyS at 30 °C for 10 min, and the reaction was terminated
by the addition of MgCl, (20 mm).

Image Editing—In Figs. 4C, 64, 6C, and 7A (indicated by a
vertical black line), irrelevant lanes were removed from a
scanned autoradiograph, and flanking lanes were juxtaposed
using Adobe Photoshop.

RESULTS

Rapamycin Inhibits mTORCI but Not mTORC2-associated
mTOR Ser-2481 Autophosphorylation in Response to Insulin/
PI3K Signaling—While immunoblotting whole cell lysates
derived from 3T3-L1 adipocytes, we were surprised to observe
that pretreatment of cells with rapamycin, an mTORCI-spe-
cific inhibitor, reduced insulin-stimulated mTOR Ser-2481
autophosphorylation (Ser(P)-2481). As expected, rapamycin
inhibited mTORC]1 signaling, as measured by analyzing the
phosphorylation of S6K1 Thr-389 and the ribosomal protein
S6,an S6K1 substrate (Fig. 1A4). The inhibition of mTOR Ser(P)-
2481 by rapamycin was unexpected, as rapamycin was reported
to have no effect on mTOR Ser-2481 autophosphorylation (45).
To investigate this observation more carefully, we character-
ized the mTORC specificity of mTOR Ser(P)-2481 by examin-
ing mTOR Ser(P)-2481 in raptor (TORC1) versus rictor
(mTORC2) immunoprecipitates in 3T3-L1 adipocytes pre-
treated with rapamycin or wortmannin (a PI3K inhibitor) (Fig.
1B). Consistent with the results obtained by directly immuno-
blotting whole cell lysates, mTOR Ser(P)-2481 displayed rapa-
mycin sensitivity in mTORC1 but rapamycin insensitivity in
mTORC2, consistent with the well established sensitivity and
insensitivity of these two complexes, respectively, to acute
rapamycin. Additionally, insulin-stimulated Ser(P)-2481 on
total TOR or on mTORC-specific immunoprecipitates dis-
played wortmannin sensitivity in all cases; as expected, wort-
mannin inhibited Akt Ser-473 phosphorylation (Fig. 1B). These
data demonstrate that in 3T3-L1 adipocytes, rapamycin inhib-
its mTORC1 but not mTORC2-associated mTOR Ser-2481
autophosphorylation. Moreover, they show that insulin
requires PI3K to promote mTOR Ser-2481 autophosphoryla-
tion in both mTORC1 and mTORC2. We also confirmed Ser-
2481 to be a site of mMTOR autophosphorylation in vivo, as Myc-
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tagged wild type (WT) but not kinase-dead (KD) mTOR reacted
with the Ser(P)-2481 antibody, as published previously (45) (Fig.
1C). Note that we confirmed the site- and phospho-specificity of
the commercially available mTOR Ser(P)-2481 antibody (supple-
mental Fig. S1). Ser-2481, which localizes to the mTOR extreme C
terminus in a hydrophobic region between the kinase domain and
FATC domain, displays conservation in mammals (Homo sapiens,
Rattus norvegicus, Mus musculus), chick (Gallus gallus), and
zebrafish (Danio rerio) but not in flies (Drosophila melanogaster),
yeast (Saccharomyces cerevisiae, Schizosaccharomyces pombe), or
plants (Arabidopsis thaliana) (Fig. 1D). Such evolutionary conser-
vation suggests a vertebrate-specific role for mTOR Ser-2481
autophosphorylation.

As Peterson et al. (45) reported that rapamycin had no effect
on Ser-2481 autophosphorylation state in vivo in several cell
types (e.g. HEK293; Tag Jurkat cells), we were surprised by our
observed rapamycin-mediated inhibition of mTOR Ser(P)-
2481 in 3T3-L1 adipocytes. We reasoned that perhaps the rel-
ative abundance of rapamycin-insensitive mTORC2 is higher
than mTORCI in certain cell types. Thus, when analyzing total
mTOR and disregarding mTORC specificity, an abundant
mTORC2-associated mTOR Ser(P)-2481 signal could easily
obscure detection of a relatively less abundant, rapamycin-sen-
sitive, mMTORC1-associated Ser(P)-2481 signal. We, therefore,
examined Ser(P)-2481 on total mTOR as well as on mTORC-
specific mTOR in HEK293 cells. Similar to Peterson et al. (45),
we found that rapamycin had no effect on mTOR Ser(P)-2481
when whole cell lysates from insulin-stimulated HEK293 were
directly immunoblotted (Fig. 2, A-C) or when mTOR was
immunoprecipitated (Fig. 24). We, thus, next investigated the
TORC specificity of mTOR Ser(P)-2481 in HEK293 cells. Sim-
ilar to adipocytes, rapamycin inhibited insulin-stimulated
mTOR Ser(P)-2481 on raptor-associated mTOR (mTORCI)
(Fig. 2A) but not on rictor-associated mTOR (mTORC?2) (Fig.
2B), consistent with the known sensitivity and resistance of
these mTORC S, respectively, to acute rapamycin. These data
indicate that in HEK293 cells and 3T3-L1 adipocytes, rapamy-
cin indeed inhibits mTORC1-associated mTOR Ser-2481 auto-
phosphorylation. Also similar to adipocytes, insulin increased
mTOR Ser(P)-2481 in both raptor (mTORC1) and rictor
immunoprecipitates (mMTORC2) in a wortmannin-sensitive
manner (Fig. 2, A and B). These data indicate that insulin signals
via PI3K to promote both mTORC1- and mTORC2-associated
mTOR Ser-2481 autophosphorylation. Taken together, our
analysis suggests that Peterson et al. (45) failed to observe rapa-
mycin-mediated inhibition of mTOR Ser-2481 autophosphor-
ylation due to the simple fact that their experiments were per-
formed and interpreted before the knowledge that mTOR
signals in distinct complexes with differing sensitivities to rapa-
mycin. Thus, a dominant, rapamycin-insensitive, nTORC2-as-
sociated Ser(P)-2481 signal obscured their detection of a rapa-
mycin-sensitive, n'TORC1-associated Ser(P)-2481 signal in the
cell types they analyzed (e.g. HEK293 cells; Tag Jurkat cells).
Interestingly, as rapamycin inhibits Ser(P)-2481 on total mTOR
in 3T3-L1 adipocytes (Fig. 1, A and B) but not in HEK293 cells
(Fig. 2, A-C), the abundance of mTORCI1 relative to mTORC2
must be higher in 3T3-L1 adipocytes than in HEK293 cells.
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As rapamycin inhibits mTORC1-associated mTOR Ser-2481
autophosphorylation and mTORCI-mediated signaling to
S6K1, we investigated a functional role for mTOR Ser-2481
autophosphorylation. To study in vivo signaling by exogenously

expressed mTOR in the absence of signaling by endogenous
mTORCI, we took advantage of a rapamycin-resistant (RR)
mutant of Myc-mTOR that contains a point mutation (S2035I)
in the FKBP12-rapamycin binding domain, rendering the
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FKBP12-rapamycin complex unable to bind to and inhibit
mTOR as part of mTORC1 (42, 43, 55). Thus, when cells co-
transfected with RR-mTOR and HA-S6K1 are cultured in rapa-
mycin, HA-S6K1 phosphorylation occurs via the sole action of
the exogenously expressed RR-mTORs. Using a RR-mTOR
mutant bearing a phosphorylation site-defective Ala substitu-
tion at Ser-2481 (S2481A), we found that mTORC]1 containing
RR-mTOR-S2481A mediated S6K1 phosphorylation in
response to insulin similar to RR-mTOR (supplemental Fig.
S2). Additionally, RR-mTOR-S2481A mediated normal insu-
lin-induced dissociation of 4EBP1 from eukaryotic translation
initiation factor 4E, a read-out of mTORCI1-dependent 4EBP1
phosphorylation (supplemental Fig. S3). Thus, mTOR Ser-2481
autophosphorylation is not required for mTORC1-mediated
phosphorylation of S6K1 or 4EBP1. These data are consistent
with that of Peterson et al. (45), who concluded that mTOR
Ser-2481 autophosphorylation is not required for mTOR-me-
diated activation of S6K1, as measured by in vitro kinase assay.
Additionally, Myc-mTOR-S2481A interacted with HA-raptor
and HA-mLST8/GPL similar to wild type mTOR in co-immu-
noprecipitation assays (supplemental Fig. S4). Thus, mTOR
Ser-2481 autophosphorylation is not required for mTORC1
signaling to S6K1 or 4EBP1 or for mTOR interaction with rap-
tor and mLST8/GfL.

As Peterson et al. (45) examined the rapamycin sensitivity of
mTOR Ser-2481 autophosphorylation in cycling cells rather
than in growth factor-deprived and stimulated cells (as we have
done in Figs. 1, A and B, and 2, A and B), we re-examined the
rapamycin sensitivity of mTORC1-associated mTOR Ser(P)-
2481 in cycling HEK293 cells. We, thus, added rapamycin to
cycling cells for various amounts of time (2—90 min) and found
that rapamycin promoted rapid mTORCI1-associated mTOR
Ser-2481 dephosphorylation as early as 2 min post-treatment
(Fig. 2C). Similar to Peterson et al. (45), no rapamycin-induced
Ser-2481 dephosphorylation was observed when total mTOR
was examined in whole cell lysates. As before, failure to observe
an effect of rapamycin on total mTOR Ser-2481 autophosphor-
ylation in this context likely results from other rapamycin-in-
sensitive mTORCs (eg mTORC2), obscuring detection of
rapamycin-sensitive mTOR Ser-2481 autophosphorylation.
We additionally determined the kinetics of mTORC1-associ-
ated mTOR Ser(P)-2481 in response to insulin (2—120 min
stimulation). In HEK293 cells, strong mTORC1-associated
mTOR Ser(P)-2481 was observed as early as 5 min after insulin
stimulation, before maximal phosphorylation of downstream
substrates (e.g. S6), and was maintained for up to 2 h (supple-
mental Fig. S5).

Recent data suggest that mTORC1 may also signal in a rapa-
mycin-insensitive manner toward certain substrates (eg
4EBP1), as rapamycin minimally reduces, whereas mTOR cat-
alytic inhibitors strongly reduce, 4EBP1 phosphorylation (48 —
50). Consistent with such an idea, we found that residual
mTORC1-associated mTOR Ser(P)-2481 signal remained
upon rapamycin treatment (see Fig. 2D). We, thus, utilized a
novel mTOR catalytic inhibitor, Torinl, to determine whether
complete inhibition of mTORC1 catalytic activity correlates
with greater reduction in mTORC1-associated mTOR Ser(P)-
2481 relative to rapamycin. By treating cycling HEK293 cells in
the absence or presence of rapamycin or Torinl, we found that
Torinl more strongly reduced mTORCI-associated mTOR
Ser(P)-2481 than did rapamycin (Fig. 2D). These results sup-
port the notion that mTORCI1 can signal in a rapamycin-insen-
sitive manner. Importantly, they suggest that complete inhibi-
tion of mTORC1 correlates with the virtual absence of
mTORCI1-associated mTOR Ser-2481 autophosphorylation.
Additionally, Torinl also strongly reduced mTORC2-associ-
ated mTOR Ser-2481 autophosphorylation, consistent with
published data that Torinl blocks mMTORC1 and mTORC?2 sig-
naling (48).

Serum  Withdrawal and PI3K Inhibition Strongly Reduce
mTORCl-associated mTOR Ser-2481 Autophosphorylation—
As Peterson et al. (45) found that serum withdrawal minimally
decreased (<2-fold) mTOR Ser(P)-2481, we assayed the sensi-
tivity of mTORC1-associated mTOR Ser-2481 autophosphor-
ylation to serum withdrawal. We found that incubation of
cycling HEK293 cells in serum-free DMEM for 20 h markedly
decreased, whereas insulin re-stimulation increased mTORC1-
associated mTOR Ser(P)-2481 and mTORCI1 signaling (Fig.
3A). Interestingly, in whole cell lysates, we observed signifi-
cantly decreased mTOR Ser(P)-2481 in serum-deprived cells
(Fig. 3A) (45). It is possible that our HEK293 cell line possesses
greater dependence on serum growth factors than the HEK293
line used by Peterson et al. (45). These data together with our
finding that insulin increases mMTORC2-associated mTOR Ser-
2481 autophosphorylation when added to growth factor-de-
prived cells (Figs. 1 and 2) indicate that serum growth factors
modulate mTORC1- and mTORC2-associated mTOR
Ser-2481 autophosphorylation.

As Peterson et al. (45) found that wortmannin concentra-
tions higher than 100 nm were required to fully inhibit mTOR
Ser-2481 autophosphorylation, they concluded that wortman-
nin most likely inhibits mTOR Ser-2481 autophosphorylation
directly by binding to the mTOR kinase domain. We, therefore,
examined the wortmannin sensitivity of mTORC1-associated

FIGURE 1.In 3T3-L1 adipocytes, insulin/PI3K signaling promotes rapamycin-sensitive and -resistant mTOR Ser-2481 autophosphorylationin mTORC1
and mTORC2, respectively. A, shown is regulation of total mTOR Ser(P)-2481 in whole cell lysates. Differentiated 3T3-L1 adipocytes were serum-deprived,
pretreated with rapamycin (R), and stimulated with insulin (100 nm) for 30 min. After cell lysis, whole cell lysate was resolved on SDS-PAGE and immunoblotted
with the indicated antibodies. B, shown is regulation of mTORC1- and mTORC2-associated mTOR Ser(P)-2481. 3T3-L1 adipocytes were serum-deprived,
pretreated with rapamycin (R) or wortmannin (W), and stimulated with insulin. WCL was immunoprecipitated with anti-raptor antibodies (left panels) to
immuno-isolate mTORC1, with anti-rictor antibodies (middle panels) to immuno-isolate mTORC2, and with anti-mTOR antibodies. Immunoprecipitates were
immunoblotted with the indicated antibodies. WCL was also immunoblotted directly (lower panels) with the indicated antibodies to confirm the expected
activation and/or inhibition of mTORC1 signaling. Note: the same four lysates (lanes 1-4) were used for raptor, rictor, and mTOR immunoprecipitation as well
as for directimmunoblotting. ND, not done. C, shown is confirmation that Ser-2481 is a site of mTOR autophosphorylation. HEK293 cells were transfected with
vector control (V), WT (1.0 pg), or KD (1.0 ng) Myc-mTOR plasmids. WCL was immunoprecipitated with Myc antibodies and immunoblotted as indicated.
D, shown is alignment of mTOR Ser-2481 from various organisms using the algorithm ClustalW. The Caenorhabditis elegans sequence was omitted because of

poor alignment resulting from large regions of non-homology.
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FIGURE 3. Serum withdrawal and inhibition of PI3K inhibit mTORC1-associated mTOR Ser(P)-2481 in . . .
HEK293 cells. A, withdrawal of serum growth factors mediates the dephosphorylation of mMTORC1-associated that amlno acid  withdrawal ‘re-
mTOR Ser-2481. HEK293 cells were cultured in DMEM/FBS (lanes 1-2) or in media lacking serum growth factors ~ sulted in robust dephosphorylation
for 20 h (lanes 3-6). Serum-deprived cells were then re-stimulated with insulin (INS) for 30 min (lanes 5and 6).  of M TORC1-associated mTOR Ser-
WCL was immunoprecipitated with anti-raptor antibodies and immunoblotted with the indicated antibodies. 2481 b inimall duced Ser(P
Note: 1 h before lysis the cycling cells (lanes 7 and 2) were re-fed with fresh media. WCL was also immuno- 2481 but minimally reduce er(P)-
blotted directly to confirm the expected regulation of mTORC1 signaling (lower panels). B, insulin-stimulated, 2481 on total mTOR; re-addition
mTORC1-associated mTOR Ser(P)-2481 requires PI3K. HEK293 cells were serum-deprived, pretreated in the of amino acids promoted robust
absence (lane 2) or presence of various concentrations of wortmannin (100-1 nm) (lanes 3-8), or pretreated X
with rapamycin (R) (lane 9) for 30 min and then stimulated with insulin for 30 min (lanes 2-9). WCL was immu- re'PhOSPhOI”Ylatlon of mTORCI1-
noprecipitated with anti-raptor antibodies and immunoblotted as indicated (upper panels). WCLs were also  gqgsociated mTOR Ser-2481 (Fig.

immunoblotted directly to confirm the expected activation and/or inhibition of PI3Kand mTORC1 signaling by
the various treatments (lower panels).

4A). As expected, amino acid levels
modulated mTORC1  signaling.
mTOR Ser-2481 autophosphorylation to investigate a regula- Additionally, amino acid with-
tory role for PI3K. We thus pretreated serum-deprived HEK293 ~ drawal resulted in dephosphorylation of mTORC1-associated
cells with various doses of wortmannin (1-100 nm) before insulin  mTOR Ser-2481 in immortalized, wild type mouse embryonic
stimulation and found that 100 nm wortmannin completely inhib- ~ fibroblasts (MEFs) (Fig. 5B). In a similar experiment, we inves-
ited, whereas 50 nM partially inhibited, mMTORC1-associated and  tigated the time course with which amino acid deprivation
total mTOR Ser(P)-2481 as well as mTORC1 (as determined by ~down-regulates mTORC1-associated mTOR Ser(P)-2481 in

FIGURE 2. In HEK293 cells, insulin/PI3K signaling promotes rapamycin-sensitive and -resistant mTOR Ser-2481 autophosphorylation in mTORC1 and
mTORC2, respectively. A, shown is regulation of MTORC1-associated mTOR Ser(P)-2481. HEK293 cells were serum deprived, pretreated with rapamycin (R) or
wortmannin (W), and stimulated with insulin. WCL was immunoprecipitated with anti-raptor antibodies (left panels) to immuno-isolate mTORC1 or anti-mTOR
antibodies (right panels). Immunoprecipitates were immunoblotted with the indicated antibodies. WCL was also immunoblotted directly (lower panels) with
theindicated antibodies to confirm the expected activation and/or inhibition of MTORC1 signaling. Note: the same four lysates (lanes 1-4) were used for raptor
and mTOR immunoprecipitation as well as for WCL immunoblotting. ND, not done. B, shown is regulation of mTORC1- and mTORC2-associated mTOR
Ser(P)-2481. Experiments were similar to A above, except WCL was immunoprecipitated with anti-raptor antibodies (left panels) to immuno-isolate mTORC1 or
anti-rictor antibodies (right panels) to immuno-isolate mTORC2. C, rapamycin treatment of cycling cells mediates the rapid dephosphorylation of mTORC1-
associated mTOR Ser-2481 in mTORC1. HEK293 cells cycling in DMEM/FBS were incubated in the absence (lanes 7 and 2) or presence of rapamycin for the
indicated times (2-90 min) (lanes 3-9). WCL was immunoprecipitated with anti-raptor antibodies and immunoblotted with the indicated antibodies. WCL was
also immunoblotted directly to confirm the expected inhibition of mTORC1 signaling (lower panels). D, Torin1 eliminates the residual mTORC1-associated
mTOR Ser(P)-2481 and P-4EBP1 that remains upon rapamycin treatment. Raptor or rictor was immunoprecipitated from cycling HEK293 cells treated in the
absence or presence of rapamycin or Torin1 for 1 h. Immunoprecipitates were immunoblotted for Ser(P)-2481 on raptor- or rictor-associated mTOR. WCLs were
also immunoblotted to confirm the expected inhibition of mMTORC1 and mTORC2 signaling by these drugs.
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FIGURE 4. Sufficient levels of amino acids are required for nTORC1-associated mTOR Ser-2481 auto-
phosphorylation. A, amino acid withdrawal mediates the dephosphorylation of mTORC1-associated
mTOR Ser(P)-2481. Cycling HEK293 cells cultured in DMEM/FBS (lanes 1-3) were incubated in D-PBS/
glucose containing dialyzed 10% FBS (D-PBS/Glc/FBS) for 60 min (lanes 4-7) to effect amino acid depri-
vation. Amino acid-deprived cells were then re-stimulated with DMEM/FBS for 30 min (lanes 6-7) as a
source of amino acids. WCL was immunoprecipitated with anti-raptor antibodies and immunoblotted as
indicated (upper panels). WCL was also immunoblotted directly to confirm the expected regulation of
mTORCT1 signaling (lower panels). B, experiments were similar to A above, except that amino acids were
withdrawn for various amounts of time, 2-90 min. C, experiments were similar to A above, except that
after amino acid deprivation for 60 min (lanes 2-8), amino acids were added back by refeeding with
DMEM/FBS for 5- 60 min. Note: ss indicates steady state, whereby cycling cells were cultured in DMEM/FBS
before incubation in b-PBS/GIc/FBS. D, both amino acids and insulin are required for mTORC1-associated
mTOR Ser(P)-2481. HEK293 cells were serum-deprived (~20 h) and then amino acid-deprived via incuba-
tion in D-PBS/Glc (60 min). Factor-deprived cells were then pretreated with rapamycin (R) (lane 6) or
wortmannin (W) (lane 7) and stimulated with amino acids alone (lane 3), insulin alone (lane 4), or both
amino acids and insulin (lanes 5-7) for 30 min as indicated. Note: DMEM was used as source of amino acids.
WCL was immunoprecipitated with pre-immune (P/) sera or with anti-raptor antibodies and immuno-
blotted as indicated. WCL was also immunoblotted directly to confirm the expected activation and/or
inhibition of mMTORC1 signaling by the various treatments.

7874 JOURNAL OF BIOLOGICAL CHEMISTRY

HEK?293 cells and found that amino
acid withdrawal for as little as 2 min
led to the dephosphorylation of
mTORC1-associated mTOR Ser-
2481 (Fig. 4B). Consistent with
rapid kinetics of mTOR Ser(P)-
2481, re-addition of amino acids to
factor-deprived cells for as early as 5
min increased mTORC1-associated
mTOR Ser(P)-2481 (Fig. 4C). Last,
we examined the requirement for
amino acids in insulin-stimu-
lated, mTORC1-associated mTOR
Ser(P)-2481 by stimulating serum-
and amino acid-deprived HEK293
cells with amino acids alone, insulin
alone, or both amino acids and insu-
lin. We found that neither amino
acids alone nor insulin alone was
sufficient to promote mTORC1-as-
sociated mTOR Ser(P)-2481; rather,
both were required (Fig. 4D). The
addition of both amino acids and
insulin promoted mTORCI1-associ-
ated mTOR Ser(P)-2481 in a rapa-
mycin- and wortmannin-sensitive
manner. As expected, the activation
of mTORC1 signaling displayed
similar  regulation (Fig. 4D).
Interestingly, when total mTOR
Ser(P)-2481 was examined by
direct immunoblotting, insulin
addition in the absence of amino
acids was sufficient to promote
mTOR Ser(P)-2481, which pre-
sumably reflects amino acid-in-
sensitive but insulin-stimulated
TORC2-associated mTOR Ser-
2481 autophosphorylation.

Energy Stress Down-regulates
mTORCI1-associated mTOR Ser-
2481 Autophosphorylation—As suf-
ficient levels of cellular energy are
required for mMTORCI1 signaling, we
investigated whether energy stress
modulates ~ mTORCI-associated
mTOR Ser(P)-2481. We, therefore,
induced energy stress using 2-de-
oxyglucose (2D@), a glucose analog
that blocks cellular glucose utiliza-
tion, which raises the cellular AMP/
ATP ratio, activates AMPK, and
down-regulates mTORCI1 signaling
via a two-pronged mechanism
involving  AMPK-mediated phos-
phorylation of TSC2 and raptor (39,
57). Cycling HEK293 cells were,
thus, incubated in 2DG for 15 min,
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FIGURE 5. Energy stress down-regulates mTORC1-associated mTOR Ser-
2481 autophosphorylation. A, energy stress mediates mTORC1-associated
mTOR Ser-2481 dephosphorylation. Cycling HEK293 cells were untreated
(lanes 1 and 2) or treated with 2DG) (25 mm) for 15 min (lanes 3-6). After 2DG
treatment, cells were re-fed with media lacking 2DG and incubated for an
additional 30 min (lanes 5 and 6). WCL was immunoprecipitated with anti-
raptor antibodies and immunoblotted as indicated. WCL was also immuno-
blotted directly to confirm the expected activation of AMPK and inhibition of
mTORCT1 signaling by 2DG. B, in MEFs, energy stress and amino acid with-
drawal mediates mTORC1-associated mTOR Ser-2481 dephosphorylation.
Cycling wild type MEFs (lanes 1 and 2) were incubated in D-PBS/Glc/FBS for 60
min to effect amino acid (AA) deprivation (lanes 3 and 4) or treated with 2DG
(25 mm) for 15 min (lanes 5 and 6). WCL was immunoprecipitated with anti-
raptor antibodies and immunoblotted as indicated. WCL was also immuno-
blotted directly to confirm the expected activation and/or inhibition of
mTORCT signaling by the various treatments.
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which mediated the dephosphorylation of mTORC1-associ-
ated mTOR Ser-2481 (Fig. 54). As expected, 2DG increased
AMPK signaling (as measured by increased AMPK P-T172)
and decreased mTORCI1 signaling. We additionally confirmed
that energy stress down-regulates mTORC1-associated mTOR
Ser(P)-2481 in immortalized, wild type MEFs (Fig. 5B). These
data indicate that in HEK293 cells and MEFs, energy stress
down-regulates mTORC1-associated mTOR Ser(P)-2481 and
mTORCI signaling.

TSC Null Status, Rheb Overexpression, and PI3K/Akt-inde-
pendent Signaling Promote mTORCI-associated mTOR
Ser-2481 Autophosphorylation—To identify further the insulin
signaling intermediates that modulate mTORC1-associated
mTOR Ser(P)-2481, we utilized immortalized MEFs derived
from wild type and TSC1~/~ mice. Wild type and null MEFs
were serum-deprived, and the level of raptor-associated mTOR
Ser(P)-2481 was determined. Deletion of TSC1, which con-
ferred the expected up-regulation of mTORC1 signaling,
strongly increased mTORC1-associated mTOR Ser(P)-2481 in
serum-deprived cells (Fig. 64). To confirm that the increased
mTOR P-2481 in TSC1~/~ cells resulted from increased basal
phosphorylation rather than increased stoichiometry of phos-
phorylation, we incubated serum-deprived wild type and
TSC1~/~ MEFs in the absence and presence of insulin and
found that whereas insulin increased raptor-associated mTOR
Ser(P)-2481 in wild type MEFs in a rapamycin- and wortman-

asEve
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nin-sensitive manner, it failed to increase mTOR Ser(P)-2481
over basal (Fig. 6B). The constitutive mTOR Ser(P)-2481 in the
TSC1 /= MEFs displayed sensitivity to rapamycin, consistent
with mTORCI lying downstream of TSC, but displayed wort-
mannin resistance, consistent with the known uncoupling of
PI3K from mTORCI1 signaling conferred by TSC inactivation
(Fig. 6B).

Moving downstream of TSC in the insulin/PI3K pathway,
we asked whether overexpression of Rheb modulates
mTORC1-associated mTOR Ser(P)-2481, which strongly
promotes mTORC1 signaling in the absence of serum
growth factors. We, thus, co-transfected HEK293 cells with
AUIL-TOR (wild type or KD) and Myc-raptor without or with
FLAG-Rheb. The transfected cells were serum-deprived and
incubated in the absence or presence of insulin, and the level
of mTOR Ser(P)-2481 in Myc-raptor immunoprecipitates
was determined. We found that Rheb overexpression
strongly increased mTORC1-associated mTOR Ser(P)-2481
in the absence of serum growth factors (lanes 4-5) in a rapa-
mycin-sensitive manner (lanes 8 —9) similar to insulin stim-
ulation (lanes 6 —7) (Fig. 6C). Consistent with Ser-2481 as a
site of autophosphorylation, co-transfection of KD rather
than wild type AU1-TOR blunted Rheb-mediated,
mTORCI1-associated mTOR Ser(P)-2481 (lanes 10-11).
Interestingly, rapamycin blunted Ser(P)-2481 on total
mTOR in Rheb-overexpressing cells. Although this observa-
tion appears to contradict our data and the data of Peterson
et al. (45), in which rapamycin fails to reduce Ser(P)-2481 on
total mTOR, there is no contradiction when one considers
cellular context. As Rheb activates mTORC1 but not
mTORC?2 signaling (58), the total mTOR Ser(P)-2481 signal
in Fig. 6C likely derives predominantly from rapamycin-sen-
sitive mTORCI1 with little contribution from rapamycin-in-
sensitive mTORC2, which displays low Ser(P)-2481 in the
absence of serum growth factors (Fig. 2B). Taken together,
these data demonstrate that insulin signals via the PI3K/
TSC/Rheb pathway to promote mTORC1-associated mTOR
Ser(P)-24481.

In addition to the canonical insulin/PI3K pathway, the
Ras-regulated MAPK pathway activates mTORCI1 signaling
in a PI3K-independent manner (59-61). We, therefore,
asked whether EGF or PMA, mitogens that activate MAPK
signaling, modulate raptor-associated mTOR Ser(P)-2481.
We found that EGF and PMA as well as FBS increased mTOR
Ser(P)-2481 to a degree similar to insulin (Fig. 6D). As
expected, these mitogens activated MAPK and mTORC1
signaling, whereas they failed to activate PI3K/Akt signaling
(Fig. 6D). Taken together, we find that without exception,
mTORCI1-activating signals promote, whereas mTORC1-in-
hibitory signals reduce, mTORC1-associated mTOR Ser(P)-
2481, suggesting that mMTORC1-associated mTOR Ser-2481
autophosphorylation monitors mTORCI1 intrinsic catalytic
kinase activity.

Mechanism of mTOR Ser-2481 Autophosphorylation—We
next asked whether Rheb-GTP provided in vitro promotes
mTORCI1-associated mTOR Ser-2481 autophosphorylation,
similar to the ability of overexpressed Rheb to do so in intact
cells. It is important to note that Sato et al. (62) reported that

JOURNAL OF BIOLOGICAL CHEMISTRY 7875



mTORC-specific mTOR Ser-2481 Autophosphorylation

recombinant Rheb-GTP provided
in vitro failed to increase mTOR
autophosphorylation, as measured
by the incorporation of 3*P. We,
thus, performed mTORC1 IVK
assays by adding recombinant,
GTP-loaded GST-Rheb as well as
recombinant GST-4EBP1 substrate
to HA-raptor-Myc-mTOR com-
plexes immunoprecipitated from
serum-deprived cells. Although the
addition of GST-Rheb-GTP in vitro
promoted mTORCI1-mediated phos-
phorylation of GST-4EBP1 in a
kinase-dependent  manner, as
reported previously (32, 54, 62),
GST-Rheb-GTP failed to increase
mTOR Ser(P)-2481 over basal levels
(Fig. 7A). Importantly, we found
that mTORCI subjected to in vitro
kinase assay conditions autophos-
phorylated measurably in the
absence of GST-Rheb-GTP (com-
pare Input to Assay in Fig. 7A), sug-
gesting that extraction of mMTORC1
from intact cells causes the loss of
regulated Ser-2481 autophosphory-
lation. Thus, it appears as though
Rheb-GTP provided in vitro cannot
increase further mTOR autophos-
phorylation over the high basal
autophosphorylation rate.

As mTORCI1 may form dimeric
or oligomeric complexes (63), we
asked whether mTOR Ser-2481
autophosphorylation occurs in cis
(within an individual mTORC1)
or in trans (between distinct
mTORCIs). If mTORC1 autophos-
phorylation occurs via a bound
mTORC1 partner (in ftrans), we
postulated that mTORCI contain-
ing KD Myc-mTOR should olig-
omerize with mMTORC1s containing
endogenous WT mTOR, and thus,
these active, WT mTORCls
should mediate Ser-2481 auto-
phosphorylation on partnered KD
mTORCIs. We, thus, strongly ele-
vated cellular mTORC1 activity
by overexpressing FLAG-Rheb
together with either WT or KD
Myc-mTOR and analyzed mTOR
Ser(P)-2481. We found that
although FLAG-Rheb increased
Ser(P)-2481 on WT Myc-mTOR, it
failed to do so on KD Myc-mTOR
(Fig. 7B). These data suggest that
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A B strongly reduce mTORCI-associ-
o Input Assay Input Assay -
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':X‘-:l::;t?) l: : : : 'iD IiD KF Myc-mTOR - + + + + KD KD KD KD phorylation in HEK293 cells,
GST-RhebQ64L - - + - - + 123 45678059 3T3-L1 adipocytes, and MEFs. Con-
1 2 3 4 5 6 - . . . . .
p | - -I o - — e IB: P-s2481  sistent with the established insensi-
= —— | 1B: P-S2481 = tivity of mTORC?2 to acute rapamy-
_ % Egle: Myc & - = we @b e en| 1B: Myc cin treatment, rapamycin fails to
%% | e l;.. :,B: HA - reduce mTORC2-associated mTOR
o . Ser-2481 autophosphorylation. In
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=L | _| - _| B: GST-Rheb FKBP12 bound to rapamycin inhib-
= k — \ _— ited the in vitro autophosphoryla-
g[l | | 1B: Mye L —Seseeoe- tion of mMTORC]1-associated but not

mTORC2-associated mTOR, as
monitored by *?P incorporation.
Thus, rapamycin inhibits mTOR
autophosphorylation both in vitro
and in vivo. Based on our knowledge
today that unique mTOR com-
plexes exist with different sensitivi-
ties to rapamycin, it is clear that the
presence of a rapamycin-insensitive
form of mTOR (eg mTORC2)
obscured earlier attempts (45) to
detect rapamycin- and amino acid-
modulated mTOR Ser-2481 autophosphorylation.

We have found that in HEK293 cells and 3T3-L1 adipocytes,
insulin promotes both raptor- and rictor-associated mTOR
Ser(P)-2481 in a wortmannin-sensitive manner. Thus, insulin sig-

FIGURE 7. Mechanism of mTOR Ser-2481 autophosphorylation. A, Rheb-GTP provided in vitro does not
increase mTORC1-associated mTOR Ser(P)-2481 over basal levels. HEK293 cells on 10-cm plates were co-trans-
fected with HA-raptor (2 pg) together with WT or KD Myc-mTOR alleles (8 ug) and serum-deprived. mTORC1
was immuno-isolated via anti-HA-raptor immunoprecipitation and preincubated with recombinant, GTPase-
deficient GST-Rheb (Q64L) protein loaded with GTP. The level of HA-raptor-associated mTOR Ser(P)-2481 after
immunoprecipitation but before the addition of GST-Rheb-GTP and initiation of in vitro kinase reactions is
shown as Input. In vitro kinase reactions primed with Rheb-GTP were initiated with the addition of recombinant
GST-4EBP1 and ATP (Assay). Myc-mTOR autophosphorylation was assessed by immunoblotting IVK reactions with
Ser(P)-2481 antibodies, and substrate phosphorylation was assessed with P-Thr-37/46-4EBP1 (P-4EBP1 (T37/46))
antibodies. IVK reactions and WCLs were also immunoblotted with the antibodies indicated. B, mTOR Ser-2481
autophosphorylation occurs in cis rather than in trans. HEK293 cells were co-transfected with Myc-mTOR (1 ug) WT
or KD in the absence or presence of FLAG-Rheb (4 11g). Myc-mTOR was immunoprecipitated from cycling cells and
immunoblotted with the indicated antibodies. WCLs were also immunoblotted as shown.

the mTOR Ser-2481 autophosphorylation mechanism occurs
in cis and not in trans.

DISCUSSION

Despite understanding for more than a decade that rapa-

mycin/FKBP12 potently inhibits mTOR-mediated S6K1
phosphorylation by directly binding to the mTOR FKBP12-
rapamycin binding domain (42, 43, 64-67), the molecular
details of rapamycin-mediated mTOR inhibition remain
poorly defined. The earlier inability to observe reduced mTOR
Ser(P)-2481 upon rapamycin treatment or amino acid with-
drawal suggested that these conditions inhibit mTORC1 sig-
naling by a mechanism other than inhibition of mTOR intrinsic
catalytic activity (45). The corollary from such a conclusion,
thus, implied that monitoring mTOR Ser-2481 auto-
phosphorylation could not serve as a biomarker for mMTORC1
catalytic activity in vivo. Our data alter these conclusions. We
find that rapamycin treatment or amino acid withdrawal

nals via PI3K to promote both mTORCI1- and mTORC2-associ-
ated mTOR Ser-2481 autophosphorylation. Moving downstream
of PI3K, we found that TSC suppresses and Rheb promotes raptor-
associated mTOR Ser(P)-2481. Thus, the canonical insulin/PI3K/
TSC/Rheb pathway promotes mTORC1-associated mTOR Ser-
2481 autophosphorylation. As diverse cellular signals regulate
mTORCI signaling, we asked whether insulin/PI3K-independent
activation of mTORC]1 signaling promotes mTOR Ser-2481 auto-
phosphorylation in mTORC1. Indeed, we found that amino acid
withdrawal and energy deprivation reduce, whereas EGF-acti-
vated MAPK signaling promotes mTORC1-associated mTOR
Ser(P)-2481. In every cellular condition tested, mMTORC1-activat-
ing signals promoted, whereas mTORCI inhibitory signals

FIGURE 6. TSC null status, Rheb overexpression, and PI3K/Akt-independent signaling promote mTORC1-associated mTOR Ser-2481 autophosphor-
ylation. A, TSC suppresses mTORC1-associated mTOR Ser(P)-2481. Littermate-matched, 3T3 immortalized MEFs derived from TSC1"/* or TSC1~/~ mice were
serum-deprived. Triplicate lysates were immunoprecipitated with anti-raptor antibodies and immunoblotted as indicated. WCL was also immunoblotted
directly to confirm the absence of TSC1 and the expected activation of mTORC1 signaling. Note: we find that TSC1~/~ fibroblasts express higher levels of total
raptor protein when normalized for total protein content; thus, two-thirds of the immunoprecipitate from TSC1~/~ cells was loaded relative to TSC1"/* cells
to normalize the amount of raptor between the two cell lines. WCL was loaded similarly. B, TSC1~/~ cells exhibit constitutive, rapamycin-sensitive, and
wortmannin-resistant mTORC1-associated mTOR Ser(P)-2481. Experiments were similar to A above, except that serum-deprived MEFs from TSC1"/* or
TSC1~/~ animals were pretreated with rapamycin (R) or wortmannin (W) and then stimulated with or without insulin. C, Rheb promotes constitutive, mTORC1-
associated mTOR Ser(P)-2481 in a rapamycin-sensitive manner that requires mTOR kinase activity. HEK293 cells were co-transfected with Myc-raptor (0.5 ng)
and AUT-mTOR (2 ng) in the absence (lanes 7 and 3 and lanes 6 and 7) or presence (lanes 4 and 5 and lanes 8-11) of FLAG-Rheb (3 .g). Rheb-transfected cells
were also treated with rapamycin (R) for 24 h (lanes 6-and 7) or were co-transfected with KD Myc-TOR (lanes 10 and 11) rather than wild type mTOR. Cells were
serum-deprived and stimulated in the absence (lanes 1-5 and 8—-11) or presence (lanes 6 and 7) of insulin. WCL was immunoprecipitated with Myc antibodies
to pull down mTORC1 and immunoblotted with the indicated antibodies. WCL was also immunoblotted directly to confirm the expected activation and/or
inhibition of mTORC1 signaling by the various treatments. D, EGF and PMA promote mTORC1-associated mTOR Ser(P)-2481 independently of PI3K. HEK293
cells were serum-deprived and stimulated with insulin (INS) (lane 2), 10% FBS (lane 4), EGF (lane 6), or PMA (lane 8) for 30 min. WCL was immunoprecipitated with
anti-raptor antibodies and immunoblotted with the indicated antibodies. WCL was also immunoblotted directly to confirm the expected modulation of PI3K
(P-Akt (S473)), MAPK (P-MAPK (T202/Y204)l, and mTORC1 (P-S6K1 (T389); P-S6) signaling by the various growth factors/mitogens. Note: p44™2Pkand p42maPk are
also known as ERK1 and -2 (extracellular signal-regulated kinase 1 and 2), respectively.
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reduced, mTORCI-associated Ser(P)-2481. These data suggest
that mTORCl1-associated mTOR Ser-2481 autophosphorylation
monitors mTORC]1 intrinsic catalytic activity in vivo. Additionally,
mTORC2-associated mTOR Ser-2481 autophosphorylation likely
monitors mTORC?2 intrinsic catalytic activity in vivo as well. Our
finding of regulated, mTORC1-associated mTOR Ser-2481 auto-
phosphorylation differs from the work of Copp et al. (68), who
recently investigated the mTORC specificity of mTOR Ser-2481
autophosphorylation. As they were unable to detect mTORCI-
associated mTOR Ser(P)-2481 but readily detected mTORC2-as-
sociated mTOR Ser(P)-2481, they concluded that mTOR
Ser-2481 autophosphorylation occurs in a TORC-specific manner
with mTORC2 but not mTORC1 undergoing Ser-2481 autophos-
phorylation (68). Our results agree with Copp et al. (68), however,
who also found that insulin promotes rictor-associated mTOR
Ser(P)-2481. Extending this work, we find that wortmannin inhib-
its mTORC2-associated mTOR Ser-2481 autophosphorylation,
consistent with the report that inhibition of cellular PI3K signaling
with wortmannin reduces insulin-stimulated mTORC2 in vitro
kinase activity (69). Taken together, the data indicate that insulin
signals via PI3K to promote mTORC1- and mTORC2-associated
mTOR Ser-2481 autophosphorylation, which serves as a biomar-
ker for mTORC-specific catalytic activity.

Upon growth factor (e.g. insulin; EGF)- and nutrient (e.g.
amino acids; glucose)-mediated activation of mTORC1 cata-
lytic activity, we propose that mTOR phosphorylates itself (on
Ser-2481) and downstream substrates (e.g. S6K1; 4EBP1). Con-
sistent with this model, mMTORCI1 containing an mTOR mutant
that cannot be phosphorylated on Ser-1261 (S1261A), a novel
site of mTOR phosphorylation, exhibits impaired mTOR Ser-
2481 autophosphorylation as well as impaired substrate phos-
phorylation and cell growth (53). Also consistent with this
model, Sancak et al. (32) showed that mTORCl1-activating sig-
nals (e.g insulin; Rheb) indeed increase mTORC1 in vitro
kinase activity toward exogenous substrate. Interestingly, Sato
et al. (62) reported recently that recombinant Rheb-GTP failed
to increase mTORCI1-associated mTOR autophosphorylation
in vitro, as measured via **P incorporation. These data differ
from our in vivo results, as we find that cellular Rheb overex-
pression strikingly increases mTORC1-associated mTOR Ser-
2481 autophosphorylation. To investigate this discrepancy, we
provided recombinant GST-Rheb loaded with GTP in vitro to
HA-raptor-Myc-mTOR complexes isolated from serum-de-
prived cells. Importantly, the addition of GST-Rheb-GTP pro-
moted mTORC1-mediated phosphorylation of recombinant
GST-4EBP1 in a kinase-dependent manner, confirming that
our assay worked as expected. GST-Rheb-GTP did not increase
mTOR Ser-2481 autophosphorylation over basal levels, how-
ever, similar to the data of Sato et al. (62). These data suggest
that Rheb-GTP-mediated activation of mTORC]1 kinase activ-
ity in vitro does not fully recapitulate what occurs in vivo. It is
important to note, however, that when mTORC1 was subjected
to in vitro kinase assay conditions, mTOR autophosphorylated
on Ser-2481 measurably in the absence of GST-Rheb-GTP.
These data suggest that mTORC]1 extraction from intact cells
causes the loss of regulated mTORC1 autophosphorylation.
Thus, Rheb-GTP provided in vitro cannot increase further
mTOR autophosphorylation over the high basal rate. The data
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suggest further that Rheb-GTP provided in vitro promotes
mTORCI1-mediated substrate phosphorylation via a mecha-
nism other than activation of mTORCI1 catalytic activity. The
recent work of Sato et al. (62) suggests that Rheb-GTP-medi-
ated recruitment of 4EBP1 substrate to mTORCI1 may repre-
sent such a mechanism (e.g. 4EBP1).

The rapid kinetics with which rapamycin, amino acids, and
insulin modulate mTORC1-associated mTOR Ser-2481 auto-
phosphorylation support the notion of mTORCI as a dynamic,
highly responsive sensor that controls cellular physiology based on
environmental cues. Autophosphorylation sometimes, but not
always, controls kinase function in diverse ways including modu-
lation of catalytic activity, substrate specificity, protein-protein
interactions, membrane localization, and proteolysis. To date,
functional consequences for site-specific mMTOR Ser-2481 auto-
phosphorylation remain unknown. Our work here together with
that of Peterson et al. (45) indicates that mTOR Ser-2481 auto-
phosphorylation is not required for mTORCI signaling to S6K1 or
4EBP1. As mTORCI1 may oligomerize (63), we also investigated
whether mTOR Ser-2481 autophosphorylation occurs in cis
(within an individual mTORC]1) or in trans (between distinct,
partnered mTORC1s). Our data support a model whereby mTOR
Ser-2481 autophosphorylation occurs in cis and not in trans.

The use of mTOR Ser-2481 autophosphorylation as a
biomarker to monitor mTORC-specific catalytic activity
should greatly simplify assessment of mTORC1 and/or
mTORC2 activation state, particularly when screening cells or
tissue for inappropriate mTORC signaling in various disease
states. Importantly, our data clarify the poorly defined mecha-
nism of action of rapamycin. By analyzing the mTORC-speci-
ficity of mTOR Ser-2481 autophosphorylation in vivo, our data
reveal that rapamycin (and amino acid withdrawal) indeed
inhibits mMTORCI1 catalytic activity. Our in vivo data combined
with the in vitro data of Jacinto et al. (10) support the notion
that rapamycin/FKBP12 binding to the mTOR FKBP12-rapa-
mycin binding domain induces an allosteric conformational
change that reduces mTORCI1 intrinsic catalytic activity. The
observation that rapamycin often reduces the strength of the
mTOR-raptor interaction (44) supports the idea that rapamy-
cin binding induces a conformational change in mTORCI. It is
likely that the cooperative effect of both reduced mTOR-raptor
interaction and mTOR catalytic activity contribute to rapamy-
cin-mediated inhibition of mTORCI1 signaling. As the mTOR
catalytic inhibitor Torinl eliminates the residual mTOR Ser-
2481 autophosphorylation that remains upon cellular rapamy-
cin treatment, our data support the notion that rapamycin does
not completely inhibit all mTORCI1 function and, thus, may
also signal in a rapamycin-insensitive manner.
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