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Background: Insulin-stimulated dissociation of PRAS40 from mammalian target of rapamycin (mTOR) complex 1 is
proposed to promote signaling by enabling increased substrate binding.

Results: PRAS40 release from mTOR complex 1 does promote 4E-BP binding but not mTOR signaling.

Conclusion: Increased substrate binding is the result and not a cause of mTOR complex 1 signaling.

Significance: The mechanism of mTOR activation and the functions of PRAS40 phosphorylation remain to be defined.

Insulin activation of mTOR complex 1 is accompanied by
enhanced binding of substrates. We examined the mechanism
and contribution of this enhancement to insulin activation of
mTORCI1 signaling in 293E and HeLa cells. In 293E, insulin
increased the amount of mTORCI retrieved by the transiently
expressed nonphosphorylatable 4E-BP[5A] to an extent that
varied inversely with the amount of PRAS40 bound to
mTORCI1. RNAi depletion of PRAS40 enhanced 4E-BP[5A]
binding to ~70% the extent of maximal insulin, and PRAS40
RNAIi and insulin together did not increase 4E-BP[5A] binding
beyond insulin alone, suggesting that removal of PRAS40 from
mTORCI1 is the predominant mechanism of an insulin-induced
increase in substrate access. As regards the role of increased
substrate access in mTORC1 signaling, RNAi depletion of
PRAS40, although increasing 4E-BP[5A] binding, did not stim-
ulate phosphorylation of endogenous mTORCI1 substrates
S6K1(Thr**°) or 4E-BP (Thr®”/Thr?*®), the latter already ~70%
of maximal in amino acid replete, serum-deprived 293E cells. In
HeLa cells, insulin and PRAS40 RNAI also both enhanced the
binding of 4E-BP[5A] to raptor but only insulin stimulated S6K1
and 4E-BP phosphorylation. Furthermore, Rheb overexpression
in 293E activated mTORCI1 signaling completely without caus-
ing PRAS40 release. In the presence of Rheb and insulin,
PRAS40 release is abolished by Akt inhibition without dimin-
ishing mTORCI1 signaling. In conclusion, dissociation of
PRAS40 from mTORC1 and enhanced mTORC1 substrate
binding results from Akt and mTORCI1 activation and makes
little or no contribution to mTORCI1 signaling, which rather is
determined by Rheb activation of mTOR catalytic activity,
through mechanisms that remain to be fully elucidated.
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The mammalian target of rapamycin (TOR)”> complex 1
(mTORC1) controls cell size by signaling to the transcriptional
apparatus, by regulating the translation of a cohort of mRNAs
critical to the enlargement of cell size, and by control of
autophagy (1). mTORCI1 is composed of three tightly bound
polypeptides in a 1:1:1 stoichiometry, i.e. mTOR, raptor, and
mLst8 (also known as GBL) (2—-4), retrieved largely as a
homodimer of this trimer (5). Many other polypeptides can be
retrieved with mTORCI1 as the stringency of washing is
reduced; among the most intriguing is PRAS40 (6 —9), a protein
first identified as a preferred substrate of insulin-stimulated,
Akt-catalyzed phosphorylation (10). PRAS40 is also a substrate
of mTORCI1 (11-13), however, the physiologic function(s) of
PRAS40 and thus of its phosphorylations remains unclear. Per-
haps the best characterized direct substrates of mMTORC]1 are
the translational regulatory proteins, S6 kinase 1 and 4E-BP.
These bind directly to raptor (14—17), and their association
with raptor is crucial to their phosphorylation by mTORC1 in
vivo and in vitro. Binding occurs through one or more short
motifs on these substrates, the best characterized being the so-
called TOS motif (18), which in S6K1 and 4E-BP has the form
Phe-Ac-¢-Ac-¢ (where Ac = Glu/Asp and ¢ = Leu/Ile/Met);
mutation of Phe in this motif eliminates the ability of 4E-BP or
S6K1 to bind raptor and to be phosphorylated in a rapamycin-
sensitive manner in cells. The binding of PRAS40 to raptor
depends on a variant TOS motif, Phe-Val-Met-Asp-Glu (11). In
turn, mTOR-catalyzed phosphorylation strongly promotes the
dissociation of these substrates from raptor.

The activity of mMTORCI1 is controlled by a variety of inputs;
insulin and growth factors up-regulate mTORCI activity,
whereas stressors such as hypoxia, energy depletion, glucocor-
ticoids, and TNFa suppress mTORC1 activity (1). This regula-
tion is accomplished primarily or exclusively by regulating the
activity of the tuberous sclerosis complex (TSC1/TSC2), which
is the GTPase activator for the small GTPase Rheb (19). Rheb-

2 The abbreviations used are: TOR, target of rapamycin; mTORC1, mammalian
target of rapamycin complex 1; TSC, tuberous sclerosis complex; IP, immu-
noprecipitation; DPBS, Dulbecco’s phosphate-buffered saline; S6K1, S6
kinase 1; TOS, TOR signaling.
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GTP is a proximal activator of mTORC]I, through its direct
binding to the mTOR catalytic domain (20) and by additional
mechanisms, such as the generation of phosphatidic acid by
Rheb activation of PL-D1 (21) and perhaps by Rheb displace-
ment of the mTOR inhibitor FKBP38 (22). In cells deficient in
TSC function, mMTORCI1 is constitutively active and the impact
of these upstream inputs is greatly attenuated or eliminated. By
contrast, withdrawal of amino acids (or just leucine) is a potent
inhibitor of mTORCI1 signaling (23, 24) that does not signifi-
cantly alter Rheb GTP charging, and whose inhibitory potency
is only modestly diminished in TSC-deficient cells (25). Thus,
amino acid withdrawal interferes with the ability of Rheb-GTP
to bind and activate mTORCI1 (26); the inhibitory effect of
amino acid withdrawal on mTORCI1 can be overcome by over-
expression of mutant active forms of the rag GTPases (27, 28),
which bind raptor and couple mTORC1 with Rheb (28).
Several observations point to the possibility that the activa-
tion of mMTORCI1 signaling, i.e. mTORC]1 kinase activity in vivo,
in addition to an activation/disinhibition of the mTOR catalytic
domain, involves an enhancement of mTORC1 substrate bind-
ing capacity. Early work demonstrated that overexpression of
S6K1 inhibited the mTORCI1-catalyzed phosphorylation of
4E-BP (29) and more recently, it was shown that mTORC]1 sub-
strates S6K1, 4E-BP, and PRAS40 were each mutually compet-
itive in their binding to raptor (6—8, 11-13). RNAi-induced
depletion of endogenous PRAS40 has been reported to pro-
mote some increase in mTORCI1-dependent phosphorylation
of S6K1 and 4E-BP in serum-deprived cells (6, 7), although
impaired mTORCI1 signaling after PRAS40 depletion has also
been observed (7, 12, 30). The finding that depletion of one
mTORCI1 substrate enhances the mTORCI-catalyzed phos-
phorylation of others suggests that even during insulin/nutrient
stimulation, the availability of substrate binding sites on endog-
enous raptor may be limiting for mTORC1-catalyzed substrate
phosphorylation. Wang et al. (5) provided the most direct evi-
dence that raptor-mediated substrate binding is regulated,
demonstrating that the activation of mTORC1 signaling by
insulin treatment of 3T3-L1 adipocytes is accompanied by an
increased ability of the extracted mTORCI1 complex to bind to
the 4E-BP polypeptide in vitro. In the present studies, we sought
to characterize the regulation of substrate binding to mTORCI1,
gain insight into the underlying mechanism, and evaluate the
contribution of this alteration to mTORCI1 signaling.

MATERIALS AND METHODS

Cell Culture—293E cells (kindly provided by Dr Ramnik
Xavier) and 293T cells were grown in high glucose Dulbecco’s
modified Eagle’s medium (DMEM) (Invitrogen) supplemented
with 10% fetal bovine serum (Sigma) and gentamycin (50
mg/ml, Invitrogen) at 37 °Cin a 5% CO, atmosphere. Cells were
plated on 6-cm plates and plasmid constructs were transiently
transfected 24 h later using either Lipofectamine, or Lipo-
fectamine 2000 for co-transfection experiments involving both
plasmids and siRNA oligos according to the manufacturer’s
instructions (Invitrogen). For all treatments (48 h post-trans-
fection) 293E cells were initially serum starved in DMEM for
16 h, for insulin stimulation fresh DMEM was added for 1 h,
then fresh DMEM was added again for a further 30 min in the
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presence or absence of 1 um insulin (Sigma). For amino acid
starvation, DPBS (Invitrogen, number 14040) was added for 1 h
supplemented with 25 mm glucose (Sigma) and 1 mMm sodium
pyruvate (Invitrogen), fresh DPBS containing glucose and
sodium pyruvate was then added for a further 30 min in the
presence or absence of 1 um insulin. To inhibit mTOR by Torin
(31) (a kind gift from N. Gray and D. M. Sabatini) or rapamycin
(LC Laboratories), and AKT by Akt inhibitor VIII, isozyme
selective, Akti-1/2 (32) (Chemdea), fresh DMEM was supple-
mented with the appropriate inhibitor for 1 h, fresh DMEM was
then added for a further 30 min with the inhibitor in the pres-
ence or absence of 1 uMm insulin. For 293T cells (40 h post-
transfection), fresh DMEM was added supplemented with 1 um
insulin for 30 min or DPBS supplemented with 25 mm glucose,
1 mm sodium pyruvate, and 25 um LY294002 (Calbiochem) for
2 h. HeLa cells were plated on 6-cm plates and siRNA oligos
were transiently transfected 24 h later using Oligofectamine
according to the manufacturers instructions (Invitrogen). For
co-transfection experiments plasmid constructs were trans-
fected 24 h after siRNA oligos using Lipofectamine 2000
according to the manufacturers instructions (Invitrogen). 48 h
post-siRNA transfection the medium was replace with DMEM
lacking serum; 1 h later fresh DMEM = insulin (1 um) was
added and the cells were extracted 30 min later. For amino acid
starvation, the medium was replaced with DPBS supplemented
with glucose and sodium pyruvate for 1 h, followed by fresh
DPBS containing glucose and sodium pyruvate for a further 30
min prior to extraction.

GST Pulldowns and Immunoprecipitation—After their
respective treatment, cells were washed in PBS and lysed in 500
ul of ice-cold lysis buffer (20 mm Tris, pH 7.4, 20 mm NaCl, 1
mMEDTA, 5 mMEGTA, 50 mMm NaF, 1 mm DTT, protein inhib-
itor mixture tablet (Roche applied Science), and 0.2% CHAPS
or 0.2% Triton X-100) and harvested by scraping, lysates were
then spun at 13,200 X g for 10 min at 4 °C in a tabletop centri-
fuge. For GST pull downs lysates were combined with 30 ul of
glutathione-Sepharose (GE Healthcare) and rotated for 1 h and
30 min at 4 °C. GST pulldown assays were washed five times in
500 ul of ice-cold lysis buffer, and then 30 ul of Laemmli buffer
was added for immunoblot analysis. For immunoprecipitates, 1
pg of anti-raptor or anti-PRAS40 was coupled to 10 ul of pro-
tein A-Sepharose (GE Healthcare), whereas 1 pug of anti-mTOR
was coupled to 10 ul of protein G-Sepharose (GE Healthcare) in
lysis buffer while rotating for 1 h at 4 °C. FLAG immunoprecipi-
tations used 20 ul of FLAG-agarose (Sigma). Immunoprecipi-
tates were then processed as described for GST pulldown
assays.

¢DNAs and siRNAs—Expression vectors of eukaryotic GST-
tagged proteins (pEBG-4E-BP[5A], pEBG-4E-BP[5A/F114A]),
prokaryotic GST-tagged proteins (pGEX-4E-BP and pGEX-
P70(355-505)), FLAG-tagged proteins (pCMV5-FLAG-P70,
pCMV5-FLAG-Rheb, and pCMV5-Flag-mTOR) and Myc-
tagged proteins (pcDNA3-Myc-raptor) were constructed as
previously described (2, 11, 14, 20). Due to more robust expres-
sion of pcDNA3-Myc-raptor, pcDNA3-Myc-raptor[6A] was
generated by cutting a fragment of pRK7-Myc-raptor[6A] (33)
(a kind gift from Diane Fingar) using Sbfl and Fsel. PRAS40
siRNA duplexes with 3" dTdT overhangs and scrambled con-
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trols have previously been described. To generate FLAG-
raptor[4A] (S722A, S859A, S863A, S877A), three sequential
PCR were performed using mutagenic primers at Ser’*?
(CGTTCTGTGAGCGCCTATGGAAACATC), Ser®*®/Ser®®?
(CTCACTCAGGCGGCCCCCGCCGCCCCCACCAACQC), and
Ser®”” (CAGGCGGGGGGCGCCCCTCCGGCGTCQ).

Antibodies—For immunoprecipitation experiments, anti-
mTOR, anti-PRAS40 (Pro>*®), and anti-raptor (R1) were pro-
duced by Immuno-Biological Laboratories as previously
described (11), whereas anti-FLAG was purchased from Sigma.
For Western blotting antibodies were purchased from Sigma
(anti-FLAG), Cell Signaling (anti-mTOR, anti-P70-T389, anti-
4E-BP, anti-4E-BP-Thr®’/Thr*®, anti-4E BP-Ser®®, anti-4E-BP-
Thr’°, anti-AKT, anti-AKT-Thr*"3, anti-GSK3B-Ser’, and
anti-Myc), Santa Cruz Biotechnology (anti-P70) and Millipore
(anti-PRAS40-Thr**® and anti-GST). Anti-raptor (Arg®®"),
anti-PRAS40 (Pro**®), and anti-PRAS40-Ser'®® were produced
by Immuno-Biological Laboratories as previously described
(11). Polyclonal phosphospecific anti-raptor antibodies were
produced by immunizing rabbits with the following peptides
coupled to KLH: Ser’* (CRSVSpSYGNIamide), Ser®®?
(CAPApSPTNKGamide), and Ser®”” (CQAGGpSPPASamide),
where pS represents phosphoserine. Phosphospecific antibod-
ies were purified by initially coupling synthetic peptides (both
phospho and nonphospho) to Sulfo-link coupling gel (Thermo
Scientific) via an N-terminal cysteine residue. Sera was first
passed over the nonphospho column then the phospho column,
antibodies were then eluted according to the manufacturers
instructions.

Western Blotting—Lysates, GST pulldowns, and immuno-
precipitates were separated by SDS-PAGE and then transferred
onto polyvinylidene difluoride membrane (PerkinElmer Life
Sciences). The membranes were blocked in phosphate-buff-
ered saline containing 0.1% Tween 20 (PBST) and 5% powdered
milk, primary antibodies were then diluted in the same solution
and incubated overnight at 4 °C. Membranes were washed in
PBST and secondary antibodies (horseradish peroxidase con-
jugated, Jackson ImmunoResearch Laboratories) were then
added, which were diluted in PBST containing 5% powdered
milk for 1 h at room temperature. Membranes were finally
washed in PBST then analyzed by chemiluminescence
(Thermo Scientific) using imaging film (Kodak). For multiple
analysis membranes were stripped using 1 M NaOH for 10 min
at room temperature, followed by three washes in PBS.

Kinase Assay—These were performed essentially as previ-
ously described (6) using 0.3% CHAPS or 0.3% Triton X-100 in
the lysis and wash buffers. The phosphate transfer reaction
used 200 ng of substrate, a final volume of 40 ul, and a 10-min
incubation with agitation at 30 °C. Substrates were expressed
and purified from Escherichia coli as previously described (20).

Statistical Analysis—Western blots were quantified using
Adobe Photoshop. Subsaturating exposures were scanned and
for each experiment in a series the scan value of one condition
was divided into itself (and thus assigned the invariant value of
1) and into each of the other scan values. To evaluate, in a
statistically valid manner, the data from a series of experiments
thus normalized, each of the mean ratios was compared with its
expected value under the hypothesis of no effect (which is 1),
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using a one-sample ¢ test. This takes into account that the value
of one condition is without variation. The use of normalization
is appropriate inasmuch as the absolute scan value is an artifact
of the blotting condition and exposure time.

RESULTS

The Binding of GST-4E-BP[5A] to mTORCI Is Regulated—
We sought to devise a probe for the availability of the mTORC1
substrate binding site in intact cells using the well characterized
substrate 4E-BP. Inasmuch as the ability of mTORCI1 sub-
strates such as 4E-BP and PRAS40 to bind to raptor is strongly
inhibited by their phosphorylation, we employed a mutant of
4E-BP wherein all five of the mTORCI-catalyzed phosphory-
lation sites (Thr®’, Thr*®, Ser®®, Thr’°, and Ser®*) were substi-
tuted with Ala, fused to the carboxyl terminus of GST to make
GST-4E-BP[5A]. We showed previously that elimination of
these phosphorylation sites enhances the ability of 4E-BP to
bind raptor (2); more importantly, the inability of GST-4E-
BP[5A] to be phosphorylated renders its association with raptor
sensitive only to perturbations of mTORCI1 or regulators of
substrate binding to mTORC]. The interaction of GST-4E-
BP[5A] with raptor is lost by mutation of the 4E-BP TOS motif
(Phe'** to Ala), indicating that GST-4E-BP[5A] binds to raptor
at the physiologic substrate binding site (Fig. 14).

In an initial series of experiments, we introduced increasing
amounts of cDNA encoding GST-4E-BP[5A] into 293T cells.
Two hours prior to extraction, some cells were transferred from
complete medium (DMEM + 10% FBS) to DPBS + glucose and
pyruvate, followed by the addition of LY294002 30 min prior to
extraction; this treatment sought to eliminate both the amino
acid and Type 1 PI 3-kinase inputs to mTORCI. The cells were
then extracted with either 0.2% CHAPS, which does not disrupt
the raptor interaction with mTOR, or with 0.2% Triton X-100,
which completely dissociates raptor from mTOR. The recom-
binant GST-4E-BP[5A] was then retrieved from the extracts
with GSH-Sepharose, and the copurified raptor and mTOR
were estimated by extracting the beads with SDS sample buffer
followed by SDS-PAGE and immunoblot. As seen in Fig. 1, B
and C, GST-4E-BP[5A] retrieves endogenous raptor in a dose-
dependent manner (Fig. 1B, top two panels). Extraction of the
cells with Triton X-100, which causes a dissociation of mMTOR/
hLst8 from raptor (Fig. 1B, compare 3rd and 4th panels from
top), increases the amount of raptor recovered at each dose of
GST-4E-BP[5A] when compared with CHAPS extraction (Fig.
1B, compare the top two panels), confirming that mTOR itself
restricts the ability of GST-4E-BP[5A] to bind raptor. In addi-
tion, exposing the cells to amino acid withdrawal plus
LY294002 prior to extraction significantly reduces the amount
of raptor bound to GST-4E-BP[5A] when the cells are extracted
in 0.2% CHAPS, but has little or no effect on raptor recovery
when the cells are extracted in Triton X-100 (Fig. 1, B and C).
This suggests that the cell state regulates substrate binding to
raptor, but primarily when mTOR complex 1 is intact.

Insulin and Amino Acid Regulation of Akt and mTORCI Sub-
strate Phosphorylation in 293E Cells—To explore the mecha-
nism(s) underlying the regulation of substrate binding to
mTORCI we turned to the 293E cell line where the activity of
the insulin-PI 3-kinase pathway in serum-deprived cells is quite
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FIGURE 1. The binding of GST-4E-BP[5A] to raptor is regulated by cell state. A, binding of 4E-BP[5A]or 4E-BP[5Ala/F114A] (F114A inactivates the TOS motif)
to raptor in different detergents. 293T cells were co-transfected with GST-tagged 4E-BP[5A]or GST-tagged 4E-BP[5Ala/F114A] with empty vector at varying
plasmid quantities. 40 h post-transfection cells were lysed in either CHAPS or Triton lysis buffer and lysates were subjected to a GST pulldown assay. Membranes
were analyzed using the anti-raptor and anti-GST antibodies. B, effect of amino acid withdrawal, insulin, and detergent on GST-4E-BP[5A] association with
raptor. 293T cells were transfected with varying amounts of GST-tagged 4E-BP[5A]. Forty h later the medium was changed to DMEM/insulin (1 um)/10% FBS or
DPBS/glucose (25 mm)/pyruvate (1 mm)/LY294002 (10 um). Cells were lysed in a buffer containing either 0.2% CHAPS or 0.2% Triton and lysates were subjected
to a GSH-Sepharose pulldown assay. Membranes were analyzed by anti-mTOR, anti-raptor, and anti-S6K-Thr3#°-P antibodies; GST-4E-BP[5A] was detected by
Coomassie Blue staining. C, graphical representation of B, black bars represent 0.1 ug of DNA; hatched bars, 0.3 g of DNA; and white bars, 1.0 ug of DNA.
Mean = S.E. from three experiments, each performed in replicate. #, p < 0.05, lane 1 versus 4; *, p < 0.01, lane 1 versus 7 and 10; X, p < 0.01, lane 2 versus 5, 8,
and 17; +,p < 0.01, lane 3 versus 6, 9, and 12; lane 7 versus 10, lane 8 versus 11, and lane 9 versus 12 all ns.

low and is strongly activated by insulin. This is reflected by the
absence of detectable phosphorylation of Akt(Ser*”®) and Akt
substrates PRAS40(Thr**®) and GSK3B(Ser®) after overnight
serum withdrawal, and the robust stimulation of these phos-
phorylations by insulin (Fig. 24). In contrast, the level of phos-
phorylation of 4E-BP(Thr*’/Thr*®) and PRAS40(Ser'®?) in
serum-deprived 293E cells is ~70 and 50%, respectively, that
seen after insulin stimulation (Fig. 2B); these high basal phos-
phorylations, which are catalyzed directly by mTORCI1, are
abolished by a brief withdrawal of medium amino acids (Fig.
2A) and thus reflect the ability of amino acids, independent of
insulin, to stimulate mTORC]1 activity. The much lower basal
phosphorylation of S6K1(Thr**°), another direct mTORC1
substrate, appears to reflect the need for a higher level of
mTORCI catalytic activity, as indicated by the much greater
sensitivity of S6K1(Thr**°) phosphorylation to inhibition by
mTOR catalytic inhibitor Torin 1 as compared with the inhibi-
tion of 4E-BP(Thr*’/Thr*®) and PRAS40(Ser'®?) phosphoryla-
tion (Fig. 24).

Insulin Enhances the Binding of GST-4E-BP[5A] to mTORC1
in an Amino Acid-dependent Manner in 293E Cells—As in
293T cells, extraction of serum-deprived 293E cells with Triton
X-100 results in a much greater recovery of endogenous raptor
with transiently expressed GST-4E-BP[5A] than does extrac-
tion in CHAPS (Fig. 3A). Extraction in Triton X-100, ie.
removal of mTOR from raptor, does not itself alter the amount
of PRAS40 bound to raptor as shown by the raptor immuno-
precipitate (Fig. 3C, third panel from top), so that the Triton
X-100-induced increase in GST-4E-BP[5A] binding to raptor is
not attributable to the displacement of PRAS40, consistent with
the view that mTOR itself restricts access of GST-4E-BP[5A] to
raptor. Insulin promotes the robust activation of Akt and phos-
phorylation of its substrates PRAS40(Thr**¢) and GSK3(Ser®)
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(Fig. 24), accompanied by a substantial increase in the binding
of endogenous mTORC1 to GST-4E-BP[5A] in the CHAPS
extract (Fig. 3, A and B). Despite the much higher basal level of
raptor binding to GST-4E-BP[5A] in the Triton extract, insulin
treatment may cause a further increase in the binding of GST-
4E-BP[5A] that, however, is not statistically significant, at least
with this number of observations (Fig. 3, A and B). Withdrawal
of amino acids prior to the insulin stimulation, which inhibits
the ability of insulin to stimulate S6K1(Thr**®) phosphoryla-
tion, also inhibits insulin stimulated binding of mTORCI1 to
GST-4E-BP[5A], to a statistically significant extent in the
CHAPS extract and possibly in the Triton X-100 extract,
although the latter does not achieve statistical significance (Fig.
3, A and B).

mTORCI Binding of GST-4E-BP[5A] Varies Inversely with
the Level of mTORCI-bound PRAS40— Amino acid withdrawal
also prevents the ability of insulin to promote PRAS40 release
from raptor, as seen both in the raptor (Fig. 3C) and PRAS40
immunoprecipitates (Fig. 3D). The ability of amino acid with-
drawal to prevent both PRAS40 release from and increased
binding of GST-4E-BP[5A] to mTORCI1 occurs without any
change in the robust insulin-stimulated phosphorylation of
PRAS40(Thr?**®) but is accompanied by and probably due to the
inhibition of PRAS40(Ser*®®) phosphorylation (Figs. 24 and
3D). The effects of amino acid withdrawal on PRAS40 binding
to raptor indicates that insulin-stimulated phosphorylation of
PRAS40(Thr?**®), although necessary for PRAS40 release from
raptor in amino acid replete cells (see below), is not per se suf-
ficient, and requires the additional phosphorylation of Ser'®?,
which is catalyzed by mTOR itself.

Depletion of PRAS40 Enhances 4E-BP[5A] Binding to
mTORCI1 but Does Not Enhance mTORCI Signaling in 293E
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FIGURE 2. The effect of insulin, amino acids, and Torin1 on mTOR signaling in 293E cells. A, 293E cells serum starved overnight were stimulated with insulin
in the presence or absence of varying concentrations of Torin1; some cells were transferred to DPBS 1 h prior to insulin stimulation. Cells were lysed in a lysis
buffer containing 0.2% CHAPS and aliquots were subjected to PRAS40 immunoprecipitation. After SDS-PAGE and electroblot, membranes were analyzed by
anti-S6K-Thr®®-P, anti-4EBP1-Thr3’-P/Thr*6-P, anti-AKT-Thr*’3-P, anti-PRAS40-Thr?*°-P, anti-PRAS40, anti-GSK33-Ser’-P, and anti-PRAS40-Ser'®3-P antibodies.
B, graphical representation of the effect of insulin on PRAS40-Ser'®® and 4E-BP-Thr*”/Thr*® phosphorylation. White bars, serum starvation; black bars, insulin.
Mean = 1 S.D. of three experiments. ¥, p < 0.01, lane 1 versus 2; X, p < 0.05, lane 3 versus 4.
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FIGURE 3.The effect of insulin and amino acids on the binding of transiently expressed GST-4E-BP[5A] and endogenous PRAS40 in vivo to endogenous
mTORC1 and free raptor. A, the ability of transiently expressed GST-4E-BP[5A] to retrieve endogenous mTORC1 and free raptor from 293E cells. 293E cells
were transfected with 1 ug of GST-4E-BP[5A] and stimulated by insulin in DMEM or after incubation in DPBS for 60 min as described under “Materials and
Methods.” Cells were extracted in a buffer containing either 0.2% CHAPS or 0.2% Triton and subjected to a GSH-Sepharose pulldown assay. After SDS-PAGE,
membranes were analyzed by immunoblot as described in the legend to Fig. 1B. B, graphical representation (mean = 1S.D.) of the combined results from three
experiments as shown in A; white bars, serum starvation; black bars, insulin; and hatched bars, DPBS. X, p < 0.02, lane 1 versus 2 and 5; +, p < 0.05, lane 2 versus
3and 4;* p <0.001, lane 2 versus 6; lane 5 versus 6 -8, all non-significant. C, the effect mTOR removal from mTORC1 on the ability of raptor to bind transiently
expressed GST-4E-BP[5A] and endogenous PRAS40. The experiments were performed as described in the legend to Fig. 2A except that endogenous raptor was
immunoprecipitated. D, the effect of insulin and amino acid withdrawal on the binding of endogenous PRAS40 to endogenous raptor. The experiments were
performed as described in the legend to Fig. 2A except that endogenous PRAS40 was immunoprecipitated.

and HeLa Cells—In the experiments shown in Fig. 3, the
increase in GST-4E-BP[5A] binding to mTORCI1 correlates
closely with the extent of PRAS40 dissociation from raptor. We
next sought more direct evidence to determine the role of
PRAS40 in mTORCI1 substrate binding, as well as the extent to
which enhanced substrate access contributes to mTORC1 sig-
naling. To examine the extent to which PRAS40 determines
access of GST-4E-BP[5A] to mTORC1 we utilized siRNAs to
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deplete endogenous PRAS40 from 293E cells; moderate overall
depletion of PRAS40 was obtained (Fig. 44). Depletion of
endogenous PRAS40 results in a substantial increase in the
amount of endogenous mTORCI recovered with transiently
expressed GST-4E-BP[5A] from serum deprived, amino acid-
replete cells, to a level ~2/3 that caused by a maximal dose of
insulin (Fig. 4, A and B). This provides direct evidence in sup-
port of PRAS40 occupancy of raptor as a major determinant of
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FIGURE 4. RNAi-induced depletion of PRAS40 from 293E cells increases mTORC1 binding to GST-4E-BP[5A] but not mTORC1 signaling. A, the effect of
insulin and PRAS40 RNAi on mTORC1 binding to GST-4E-BP[5A]. 293E cells were co-transfected with 2 ug of GST-4E-BP[5A] and 120 pmol of siRNA (scrambled
or PRAS40-directed) and stimulated by insulin in DMEM or = preincubation with Torin1 (50 nm) as described under “Materials and Methods.” Cells were
extracted in a buffer containing 0.2% CHAPS and subjected to a GSH-Sepharose pulldown assay. After SDS-PAGE, membranes were analyzed by immunoblot
as described in the legend to Fig. 1B. B, graphical representation of three experiments as described in A (mean = 1 S.D.) showing the effect of insulin (lanes 1
versus 2 and 5 versus 6) and PRAS40 RNAi (lanes 1 and 2 versus 5 and 6) on GST-4E-BP[5A] binding to intact mTORC1 in 293E cells in DMEM; white bars, serum
starved; black bars, insulin; and hatched bars, PRAS40 RNAI. X, p < 0.001, lane 1 versus 2, 5,and 6; +, p < 0.001, lane 5 versus 2; *, p < 0.01, lane 5 versus 6; lane
2 versus 6, non-significant. C, the effect of RNAi-induced PRAS40 depletion on the phosphorylation of endogenous 4E-BP(Thr?”/Thr*¢) and PRAS40(Ser'®3) in
293E cells. 293E cells were treated as in A and extracts were analyzed by immunoblot after SDS-PAGE. D, the effect of insulin and PRAS40 RNAi on mTORC1
binding to FLAG-4E-BP1[5A] in HeLa cells. Scrambled or PRAS40-directed RNAi (480 pmol) followed by FLAG-tagged 4E-BP1[5A] (5 ng) were transfected into
HelLa cells. After 48 h, cells deprived of serum for 1 h were stimulated by insulin or carrier, extracted in buffer containing 0.2% CHAPS, and subjected to FLAG
immunoprecipitation. Immunoblots of the FLAG IP and lysate are shown. Another experiment gave very similar results. E, the effect of RNAi-induced PRAS40
depletion on the phosphorylation of endogenous 4E-BP and S6K in Hela cells. Forty eight h after introduction of PRAS40 or scramble RNAI, cells were
transferred to DMEM without serum or to DPBS + glucose and pyruvate; 1 h later, the DMEM was changed to fresh DMEM (serum starved) or DMEM + insulin
(1 um; insulin) and the DPBS + glucose and pyruvate was replaced with fresh DPBS + glucose and pyruvate (DPBS). Cells were harvested 30 min later and

v w 4E-BP

analyzed by immunoblot after SDS-PAGE as shown.

the ability of GST-4E-BP[5A] to bind to mTORC1. Moreover,
the combination of PRAS40 RNAi and insulin yields no greater
recovery of raptor with GST-4E-BP[5A] than does insulin
alone, consistent with the view that insulin and PRAS40 deple-
tion act to increase substrate access to mTORC1 through the
same mechanism.

Given the requirement for the amino acid-dependent phos-
phorylation of PRAS40 (certainly at Ser'®® and perhaps other
sites, see Refs. 11 and 13) for PRAS40 dissociation from raptor,
itis obvious that the PRAS40 release cannot initiate signaling by
mTORCI; mTOR catalytic activity must be operative before
PRAS4O0 release can occur. Nevertheless, PRAS40 release may
yet be a booster of mTORCI signaling, because serum-de-
prived, amino acid-replete 293E cells already exhibit significant
TORC1 activity, as indicated by the phosphorylation of
PRAS40(Ser'®3) and 4E-BP(Thr?”/Thr?*®), which are ~50-70%
of their maximal, insulin stimulated level (Fig. 2, A and B). In
this circumstance, the insulin activation of Akt-catalyzed
PRAS40(Thr?**) phosphorylation may be sufficient, together
with the amino acid-supported PRAS40(Ser'®?) phosphoryla-
tion, to release PRAS40 from raptor, and so enhance substrate
access and mTORCI1 signaling. If so, a reduction in PRAS40
sufficient to increase substrate access in serum-deprived,
amino acid-replete 293E cells would be expected to increase
mTORCI1 signaling. Nevertheless, depletion of PRAS40 and
enhanced substrate access to mTORC1 to 2/3 the level
achieved by a maximal stimulation by insulin does not per se
cause stimulation of S6K1(Thr?*®*°/Thr*'?) in serum-deprived,
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amino acid-replete 293E cells (Fig. 44), nor does it enhance
further the basal phosphorylation of the preferred mTORC1
substrate 4E-BP(Thr®”/Thr*®) (Fig. 4C). Moreover, RNAi-in-
duced depletion of PRAS40 does not enhance the insulin-stim-
ulated  phosphorylation ~ of  4E-BP(Thr®’/Thr*®)  or
S6K1(Thr**®) (Fig. 4, A and B) (and in some experiments,
reduced S6K1 phosphorylation is observed in response to insu-
lin, an effect previously reported, Refs. 7, 12, and 30). Thus the
level of PRAS40 binding to raptor is the dominant determinant
of the ability of GST-4E-BP[5A] to bind to mTORCI1 in cells,
however, the substantial increase in substrate access caused by
PRAS40 depletion alone is not sufficient to increase mTORC1
signaling in 293E cells. As in 293E cells, RNAi-induced deple-
tion of PRAS40 from HeLa cells enhances mTORC1 binding to
4E-BP[5A] in serum-deprived but not in insulin-stimulated
cells (Fig. 4D). Nevertheless, PRAS40 depletion causes little or
no change in basal or insulin-stimulated phosphorylation of
S6K1 or 4E-BP (Fig. 4, D and E). Clearly, increased substrate
binding is not sufficient to increase mTORCI signaling. Insulin
stimulation of mTORCI1 signaling must require an increase in
mTOR catalytic activity, presumably achieved by Rheb-GTP
binding to mTOR.

Rheb Overexpression Activates mTORCI Signaling without
Affecting GST-4E-BP[5A] Binding to mTORCI—The inability
of a substantial increase in substrate access per se to promote
mTORCI1 signaling at basal levels of mTOR catalytic activity
led us to inquire whether an increase in substrate access is
required for enhanced mTORCI signaling. Transiently overex-
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FIGURE 5. The effect of Rheb = an AKT inhibitor on GST-4E-BP[5A] binding to endogenous mTORC1 and on mTORC1 signaling. A, recombinant Rheb
activates mTORC1 signaling without altering mTORC1 binding of GST-4EBP[5A]. 293E cells were transfected with 1 ug of GST-4E-BP[5A], 500 ng of FLAG-S6K,
and 2 ug of FLAG-Rheb or 2 g of FLAG vector. Cells were serum starved overnight and preincubated = Torin1 for 1 h, followed by treatment with insulin as
described under “Materials and Methods.” Cells were extracted in lysis buffer containing 0.2% CHAPS and aliquots of the extract were subjected to a GSH-
Sepharose pulldown and FLAG immunoprecipitation. After SDS-PAGE and blot transfer, membranes were analyzed by immunoblot as shown; GST-4E-BP[5A]
was visualized by Coomassie Blue staining. B, the effect of Akt inhibitor VIII, isozyme selective, Akti-1/2 on AKT(Ser*”?) phosphorylation and Akt signaling in
293E cells. Serum-starved 293E cells were preincubated with the Akt inhibitor at the concentrations shown, then stimulated with insulin. Cells were extracted
in a lysis buffer containing 0.2% CHAPS, extracts were subjected to SDS-PAGE, and membranes were analyzed by immunoblot as indicated. C, the Akt inhibitor
VIl inhibits the insulin-stimulated binding of GST-4E-BP[5A] to mTORC1 in the presence and absence of recombinant Rheb but does not inhibit Rheb-
stimulated mTORC1 signaling. 293E cells were transfected with 1 ug of GST-4E-BP[5A], 500 ng of FLAG-S6K, and 2 g of FLAG-Rheb or 2 ug of FLAG vector. Cells
were preincubated for 1 h = Akt inhibitor VIII (30 um) and then treated with or without insulin. Aliquots of cell extracts lysed with 0.2% CHAPS were subjected
to GSH-Sepharose pulldown and FLAG immunoprecipitation and processed for immunoblot as described A. D, the component of insulin-stimulated GST-4E-
BP[5A] binding to mTORC1 remaining in 293E cells depleted of PRAS40 is suppressed by the Akt inhibitor. 293E cells were co-transfected with 1 ug of
FLAG-Rheb, 1 ng of GST-4E-BP[5A], 500 ng of FLAG-S6K, and 145 pmol of scrambled or PRAS40-directed siRNA. Cells were serum starved and preincubated with
or without Akt inhibitor VIII (30 um) for 1 h and then treated with or without insulin. Aliquots of cell extracts lysed with 0.2% CHAPS were subjected to
GSH-Sepharose pulldown and FLAG immunoprecipitation and processed forimmunoblot as in Fig. 5A. E, graphical representation of the data (mean = 1S.D.)
from four experiments performed as described for the four right-most lanes of D, showing the effects of Akt inhibitor on the basal and insulin-stimulated binding
of mTORC1 to GST-4E-BP[5A] in 293E cells depleted of PRAS40 and expressing recombinant Rheb. White bars, serum starvation; black bars, insulin; hatched bars,

AKT inhibitor. X, p < 0.01, second lane versus first; *, p < 0.001, second lane versus third and fourth; first lane versus third and fourth, non-significant.

pressed Rheb spontaneously acquires high GTP charging and
stimulates mTORCI1 signaling independent of any stimulatory
input from the PI 3-kinase/Akt or amino acid-regulated ele-
ments (20, 26). Rheb overexpression strongly stimulates
S6K1(Thr**°/Thr*'?) phosphorylation in serum-deprived 293E
cells to an extent that is not further increased by insulin addi-
tion (Fig. 5A). Nevertheless, in serum-deprived cells Rheb does
not cause a stable increase in the ability of mTORCI to bind
GST-4E-BP[5A], nor does it alter the insulin stimulation of
GST-4E-BP[5A] binding to mTORCI. Thus, enhanced sub-
strate access is entirely dispensable for robust mTORCI signal-
ing to S6K1, its least preferred substrate.

Inhibition of Akt in the Presence of Maximal Rheb-GTP Inhib-
its Insulin Stimulation of GST-4E-BP[5A] Binding to mTORCI
but Not mTORCI Signaling—W e hypothesized that the inabil-
ity of Rheb overexpression to confer a stable increase in sub-
strate binding is due to a lack of PRAS40(Thr**®) phosphoryla-
tion and displacement, whereas insulin, through Akt stimulates
both Rheb-GTP charging and PRAS40(Thr**®) phosphoryla-
tion. The ability of Rheb to directly activate mTORC1 and pro-
duce a maximal stimulation of S6K1(Thr**°/Thr*'?) phospho-

S
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rylation in serum-deprived 293E cells, without altering basal or
insulin-stimulated substrate binding, enabled us to examine the
effect of inhibiting Akt on mTORCI substrate binding under
conditions where Akt actions on TSC and Rheb GTP charging
are bypassed. The Akt inhibitor Akti-1/2, which acts by pre-
venting Akt activation (32) (and lacks the ability to inhibit
preactivated Akt), causes a dose-dependent inhibition of
the insulin-stimulated phosphorylation of Akt(Ser®”®),
PRAS40(Thr?**), and GSK3B(Ser®) (Fig. 5B). At 30 um, Akti-
1/2 inhibits the insulin-stimulated increase in the ability of
mTORCI1 to bind GST-4E-BP[5A], both in the absence and
presence of overexpressed Rheb (Fig. 5C). In the presence of
insulin and Rheb, the inhibitory effect of Akti-1/2 on mTORC1
substrate binding is evident despite the inability of Akti-1/2 to
inhibit Rheb-stimulated phosphorylation of S6K1(Thr**°/
Thr*'?). Thus Akt, acting at a site distal to Rheb, is required for
insulin stimulation of mMTORC1 binding to GST-4EBP1-5A, in
part by catalyzing PRAS40(Thr**°) phosphorylation and
release from raptor. Importantly, however, inhibition of Akt-
stimulated access of GST-4E-BP[5A] in the presence of high
Rheb-GTP does not reduce mTORCI1 signaling.
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FIGURE 6. Mutation of multiple raptor phosphorylation sites does not impair insulin-stimulated binding of GST-4E-BP[5A] to recombinant mTORC1.
A, analysis of raptor phosphorylation in 293E cells. 293E cells were serum starved and cells were treated with or without insulin after preincubation with Torin1
(200 nm, 1 h), rapamycin (200 nm,1 h), or DPBS (1 h). Aliquots of extracts were subjected to a raptor IP and the extracts and IPs were subjected to SDS-PAGE and
immunoblot with anti-raptor, anti-raptor-Ser®®3-P, anti-raptor-Ser’?2-P, anti-raptor-Ser®”’-P, and anti-S6K-Thr*®°-P antibodies. B, recombinant mTORC1 con-
taining raptor mutant at six phosphorylation sites is unimpaired in its ability to bind GST-4E-BP[5A] in serum-deprived or insulin-stimulated 293E cells. 293E
cells were transfected with 1 g of FLAG-tagged mTOR and/or FLAG vector, 500 ng of Myc-raptor WT or Myc-raptor[6A] and/or Myc vector and 1 ug of
GST-tagged 4E-BP[5A] and/or GST vector as indicated. Serum-starved cells were treated with insulin, extracted in a lysis buffer containing 0.2% CHAPS, and
subjected to a FLAG immunoprecipitation. The lysates and FLAG immunoprecipitates were subjected to SDS-PAGE and the membranes were analyzed using

anti-FLAG, anti-Myc, anti-GST, anti-raptor, and anti-S6K-Thr*°-P antibodies.

We inquired whether high-grade depletion of PRAS40
could reduce or eliminate the requirement for Akt in the
control of mTORCI1 binding of GST-4E-BP[5A]. PRAS40
was depleted with RNAI in the presence of overexpressed
Rheb, and the effect of Akti-1/2 on insulin-stimulated bind-
ing of mTORC1 to GST-4E-BP[5A] was evaluated (Fig. 5D).
As before, substantial overall depletion of PRAS40 in the
serum-deprived cells is accompanied by an increase in the
binding of mTORC1 to GST-4E-BP[5A], approaching ~70% of
the level seen with maximal insulin stimulation. Despite the
extensive RNAi-induced depletion of PRAS40, insulin-stimu-
lated PRAS40(Thr**®) phosphorylation at ~10-20% of the
control level remains detectable. The Akti-1/2 inhibitor abol-
ishes this residual PRAS40(Thr**®) phosphorylation, and inhib-
its the residual insulin stimulation of GST-4E-BP[5A] binding
to mTORC1. Whether the ability of the Akti-1/2 inhibitor to
suppress the residual insulin-stimulated binding of GST-4E-
BP[5A] to mTORCI in the PRAS40-depleted, Rheb-overex-
pressing cells (Fig. 5E) is due to suppressed phosphorylation of
the remaining PRAS40 or to loss of Akt action at some other site
is not known.

GST-4E-BP[5A] Binding to mTORCI Is Not Altered by Rap-
tor P-site Mutations—Several reports have described the phos-
phorylation of raptor by AMP-activated protein kinase (34), by
MAPK/Rsk (35, 36), in response to insulin (33, 37), and in mito-
sis (39, 40). Whereas AMP-activated protein kinase phospho-
rylation of raptor (Ser”®?) is inhibitory to mTORC1 signaling,
the other multiple phosphorylations are reported to promote
mTORCI1 signaling. Insulin-stimulated sites of raptor phos-
phorylation consistently reported include Ser®®®, Ser®*®, and
Ser®””. In 3T3-L1 adipocytes, insulin is reported to stimulate
the phosphorylation of Ser®*® in a rapamycin/wortmannin/a-
mino acid-sensitive manner. Mutation of Ser®*® to Ala reduces
phosphorylation at Ser®*® but not Ser®””. The raptor(S863A)
mutant is reported to exhibit no alteration in its ability to asso-
ciate with mTOR or bind 4E-BP in vitro, however, an mTORC1
containing raptor(S863A) is reported to exhibit a modest
decrease in insulin-stimulated kinase activity in vitro and in
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signaling to S6K1 in vivo; mTORC1 containing raptor mutated
to Ala at six Ser phosphorylation sites (serine 696, 855, 859, 863,
and 877, and Thr”®®) is reported to show a ~50% decrease in
insulin-stimulated kinase activity in vitro. We sought to deter-
mine whether the putative stimulatory phosphorylations of
raptor in response to insulin contributed to the ability of insulin
to enhance GST-4E-BP[5A] binding to mTORC1. We find that
the phosphorylation of endogenous raptor at Ser®**?, Ser®””, and
Ser”*? is evident in serum-deprived 293E cells and insulin pro-
duces little (and in some experiments, no) further stimulation
(Fig. 6A). The phosphorylations of Ser®*® and Ser®”” are consis-
tently inhibited by Torinl (200 nm), and usually by rapamycin
and amino acid withdrawal, consistent with the conclusion that
they are catalyzed by mTOR itself within the mTORCI. In 293E
cells, we compared the ability of GST-4E-BP[5A] to bind wild
type raptor or the raptor mutated to Ala at the six phosphoryl-
ation sites indicated above (33). Because substrate binding to
free raptor is nonphysiologic, each raptor variant was coex-
pressed with an excess of recombinant wild type mTOR to
ensure that raptor was contained entirely within an mTORC1
assembly. Insulin stimulates the binding of GST-4E-BP[5A] to
recombinant mTORCI containing both wild type or mutant (6
Ala) raptor, and GST-4E-BP[5A] consistently retrieves greater
amounts of recombinant mTORC1 containing mutant raptor
(Fig. 6B). Thus the loss of these six raptor phosphorylation sites
does not impair GST-4E-BP[5A] binding to mTORC]1 or its
stimulation by insulin.

mTORC1 Phosphorylation of 4E-BP in Vitro Reflects
Enhanced Access Rather Than mTOR Catalytic Activity—In
vitro assay of kinase activity is often used to indicate the activity
state of the kinase in vivo. This is generally valid when the kinase
has been altered, e.g. by phosphorylation, in a manner that
results in a change in its catalytic efficacy that is stable during
extraction and immunoprecipitation. In the case of mTORC]1,
Sancak et al. (6) showed that washing mTORC1 immunopre-
cipitates with high salt buffers enhances the ability of mMTORC1
to phosphorylate 4E-BP in vitro, and eliminates any apparent
stimulation of 4E-BP phosphorylation by mTORCI isolated
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FIGURE7.In vitro kinase assay of mTOR and mTORC1. A, the effect of insulin
pretreatment and a high salt wash on the ability of a raptor immunoprecipi-
tate to phosphorylate 4E-BP or TOS-less S6K(355-525) fragment in vitro.
Serum-deprived 293E cells were treated with or without insulin, extracted in
CHAPS-containing buffer, and subjected to a raptor immunoprecipitation.
The immunoprecipitates were washed in CHAPS-containing buffer supple-
mented with 0.15 or 0.4 m NaCl and a kinase assay was performed with or
without addition of 1% Triton X-100, using 200 ng of either GST-4EBP (/eft) or
GST-S6K(355-525) (right) as substrate as described under “Materials and
Methods.” After SDS-PAGE, the membranes were immunoblotted as indi-
cated. Note that although raptor content is unaltered by addition of Triton, a
partial dissociation of raptor from mTOR is achieved by Triton. B, quantitation
of the effects of insulin pretreatment and NaCl wash (0.15m = L, 0.4m = H) on
the ability of the raptor IP to catalyze the phosphorylation of GST-4E-BP in
vitro. The results represent four experiments (mean = 1 S.D.) corresponding
tolanes 1-4in A. +,p < 0.01, lane 1 versus 2-4; *, p < 0.05, lane 3 versus 2 and
4; lane 2 versus 4, non-significant. C, the effect of insulin pretreatment and a
high salt wash on the ability of an mTOR immunoprecipitate to phosphory-
late 4E-BP or the TOS-less S6K(355-525) fragment in vitro. Serum-deprived
293E cells were treated with or without insulin, extracted in either a CHAPS-
containing or a Triton-containing buffer, and subjected to mTOR immuno-
precipitation. The immunoprecipitates were washed in the lysis buffer sup-
plemented with 0.15 m (L) or 0.4 m NaCl (H) and a kinase assay was performed
using either GST-4E-BP (left) or GST-S6K(355-525) (right) as substrate and ana-
lyzed as in A. Note that the pattern of 4E-BP phosphorylation by the mTOR IP
extracted in CHAPS corresponds to that of the raptor IP, whereas mTOR
extracted in Triton does not phosphorylate GST-4E-BP but avidly phosphoryl-
ates GST-S6K(355-525) in an insulin- and NaCl-independent manner.

from insulin-stimulated cells; we confirm this observation (Fig.
7, A and B, fourth panel from top, compare lanes I and 3 with 2
and 4). This behavior strongly suggests that the primary basis
for the apparent insulin stimulation of the in vitro kinase activ-
ity of mMTORCI1 is an increased ability of mTORCI1 to bind the
4E-BP substrate. The same raptor immunoprecipitates can be
assayed with a substrate that lacks the TOS motif and thus the
ability to bind raptor (GST-S6K(355-525)) (Fig. 7, A and C,

S
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lanes 9—-16). When the CHAPS-extracted mTORC1 complex
in the raptor IP is intact (Fig. 7A, lanes 9—12), no phosphoryl-
ation of GST-S6K(355-525) is detectable, illustrating the abil-
ity of intact mTORC1 to restrict phosphorylation of nonphysi-
ologic substrates. Addition of Triton to the CHAPS-extracted
raptor IP is sufficient to cause a partial dissociation of raptor
from mTOR, which enables some GST-S6K(355-525) phos-
phorylation (Fig. 7A, lanes 13—-16); this occurs to a similar
extent whether the raptor is immunoprecipitated from serum-
deprived or insulin-stimulated cells and washed with 0.15 or 0.4
M NaCl. The pattern of GST-S6K(355-525) phosphorylation
after Triton addition to the raptor IP (Fig. 7A, lanes 13-16)
indicates that the catalytic efficacy of the mTOR kinase is not
detectably altered by the prior insulin treatment, reinforcing
the view that the apparent insulin stimulation of mTORC1
activity reflected by 4E-BP phosphorylation in vitro reflects
enhanced 4E-BP access rather than the catalytic efficacy of
mTOR kinase.

This conclusion is further supported by assay of an mTOR IP.
The mTOR IP prepared from a CHAPS extract contains a mix-
ture of mMTORC1, mTORC?2, and whatever other mTOR com-
plexes or free mTOR exist. When extracted in Triton, the
mTOR IP is devoid of raptor and rictor/sinl. Extracted with
CHAPS, the mTOR IP shows an insulin-stimulated phospho-
rylation of 4E-BP in vitro (Fig. 7C, lanes 1-4), whereas when
extracted in Triton, the mTOR IP does not catalyze phospho-
rylation of 4E-BP, due to the complete dissociation of raptor
(Fig. 7C, lanes 5-8). In contrast, phosphorylation of GST-
S6K(355-525) by the mTOR IP in vitro is robust and unaffected
by insulin, NaCl washing, or mode of extraction (Fig. 7C, lanes
9-16). Phosphorylation of GST-S6K(355-525) by the mTOR
IP from CHAPS is likely due to mTORC2 (inasmuch as
mTORCI1 does not phosphorylate GST-S6K(355—525) at this
substrate concentration; Fig. 7A, lanes 9—12). The activity of
mTORC2 is certainly stimulated by insulin (as seen by
Akt(Ser*”?) phosphorylation; Fig. 2A) yet this is not reflected by
the phosphorylation of GST-S6K(355-525) in vitro. The
mTOR IP prepared from Triton contains mTOR from both
complexes, and its activity in vitro toward GST-S6K(355-525)
also shows no effect of the prior insulin treatment. Thus mTOR
kinase assays utilizing 4E-BP do not reflect the catalytic activity
of mTOR, the major determinant of signaling in vivo, but rather
4E-BP binding. As shown above (Figs. 3-5), variations in the
ability of mTORCI1 to bind 4E-BP, at least in response to insu-
lin, is due predominantly to the extent of PRAS40 release, an
epiphenomenon of mTOR and Akt activation that makes little
or no contribution to mMTORCI signaling in the cell. We there-
fore view such assays as an unreliable measure of mTORC1
signaling in the cell.

DISCUSSION

Using the ability of a transiently expressed, nonphosphory-
latable 4E-BP mutant to retrieve endogenous or recombinant
mTOR complex 1, we readily confirm the observation that
insulin increases the ability of mMTOR complex 1 to bind 4E-BP.
We have examined the mechanism responsible for the insulin-
induced increase in substrate binding and more importantly,
the significance of this phenomenon both to mTOR complex 1
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kinase activity as measured in vitro and most importantly, to
mTORCI signaling in vivo. As regards the mechanism for the
insulin-induced increase in 4E-BP binding to intact mTORC]1,
our results indicate that the ability of 4E-BP to bind to
mTORCI, both in insulin-stimulated 293E and HeLa cells and
in vitro assays of the mTORCI1 kinase activity, is determined
predominantly by the extent to which mTOR complex 1 has
been depleted of PRAS40. Insulin induces the displacement of
PRAS40 from raptor through the concurrent dual phosphoryl-
ation of PRAS40 at Ser'®® (by mTOR) and Thr**® (by Akt);
importantly, phosphorylation of PRAS40 at either site alone is
not sufficient to displace PRAS40 or to increase substrate bind-
ing to mTORCI. Although there are several mTOR-catalyzed
sites of phosphorylation on raptor, we find little evidence that
phosphorylation of raptor contributes to the insulin-induced
increase in binding of 4E-BP to mTORCI; insulin stimulates
raptor(Ser®®? or Ser®””) phosphorylation very modestly (as with
4E-BP(Thr®”/Thr*®) and PRAS40(Ser'®®)) and mTOR com-
plexes containing raptor mutants lacking these and several
other phosphorylation sites exhibit basal and insulin-stimu-
lated 4E-BP binding that is if anything, somewhat greater than
mTORCI1 containing wild type mTORC]1 raptor.

Our most important conclusion, however, is that the insulin-
induced changes in the PRAS40 content of mTORC1 and
mTORCI1 substrate binding (measured as described above) are
not important drivers or determinants of mMTORCI signaling in
vivo, but rather are a result of mTORCI1 activation when it
occurs concomitant with the activation of the Akt kinases. In
other words, insulin enhanced substrate access in serum-de-
prived 293E cells, where basal mTORC]1 activity toward 4E-BP-
(Thr®”/Thr*®) and PRAS40(Ser'®®) is already substantial, is an
effect predominantly of Akt activation and not causal to
mTORCI activation, or sufficient per se to boost mTORCI sig-
naling. Thus, RNAi-induced depletion of PRAS40, although
capable of increasing the association of GST-4E-BP[5A] to
mTORCI1 in vivo to about 70% of the extent of insulin does not
cause increased signaling of mTORCI to S6 kinase 1 or 4E-BP
in 293E or in HeLa cells. Nor is increased substrate access nec-
essary for Rheb-induced stimulation of mTORCI1 signaling;
Rheb overexpression, although strongly activating mTORC1
signaling in 293E cells, does not increase the binding of GST-
4E-BP[5A] to mTORCI1. Whereas Rheb strongly promotes
PRAS40(Ser'®®) phosphorylation, Rheb does not alter
PRAS40(Thr?**¢) phosphorylation and therefore does not cause
the displacement of PRAS40 from mTORC1; 4E-BP binding is
thus not altered, whereas signaling (to S6K1) proceeds in a
robust manner. Insulin, through its activation of Akt, promotes
the binding of GST-4E-BP[5A] to mTORC1 equally in the
absence or presence of overexpressed Rheb; addition of an Akt
inhibitor in the presence of overexpressed Rheb strongly inhib-
its the insulin stimulation of 4E-BP binding and the dissociation
of PRAS40, but does not interfere with mTORCI signaling to
S6K1. Thus, insulin-induced displacement of PRAS40 and the
consequent enhanced ability of other substrates to bind to rap-
tor requires, and is a result of the activation of mTOR and Akt
catalytic function, and is neither a primary cause of mMTORC1
activation, nor we do not detect a significant subsidiary stimu-
lation of mTORCI1 signaling, at least in 293E cells.
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Substantial genetic and biochemical evidence indicates that
insulin activation of mMTORCI1 requires the action of Rheb-GTP
(41). The present results prompt a reconsideration of the mech-
anism(s) by which Rheb activates mTORCI1 signaling. Here we
focus on the role of the direct interactions of Rheb with
mTORCI, setting aside the questions of whether and to what
extent Rheb-GTP interaction with FKBP38 (22) and activation
of phospholipase D (21) contributes to mTORCI activation.
We observed that transiently expressed Rheb binds weakly to
the mTOR catalytic domain, and in vitro this association is
actually diminished by Rheb GTP charging. The evidence that
this Rheb/mTOR interaction is physiologically significant was
provided by the finding that mTOR bound to coexpressed wild
type Rheb exhibits robust kinase activity in vitro, whereas
mTOR bound to coexpressed inactive, nucleotide-deficient
Rheb mutants is devoid of activity toward 4E-BP as well as to
S6K1(355-525), which lacking the TOS motif, is a raptor-inde-
pendent substrate (20). These results indicated that, at least in
mTORCI, association with Rheb-GTP is needed for mTOR to
acquire catalytic activity. The idea that insulin activation of
mTORCI is due, at least in part, to enhanced substrate access,
first proposed by Wang et al. (5), was supported by the finding
of Sancak et al. (6) that an 0.4 M NaCl wash of immunoprecipi-
tated mTORCI, sufficient to reduce coprecipitating PRAS40,
enhances the extent of 4E-BP phosphorylation achieved subse-
quently in vitro and eliminates an apparent insulin stimulation
of mTORCI1 activity assayed in vitro. These workers also
reported that addition of Rheb-GTP can activate mTORC]1 in
vitro, and can overcome the inhibition by added PRAS40. How
does Rheb-GTP activate mTORCI in vitro and how is this acti-
vation related to Rheb action in vivo? Tamanoi and co-workers
(42) confirmed the ability of Rheb-GTP to activate mTORC1 in
vitro; they also observed that Rheb-GTP (but not Rheb-GDP)
added to mTORCI1 in vitro in the absence of Mg + ATP pro-
motes the binding of 4E-BP to mTORCI, presumably by a
mechanism that does not involve PRAS40 phosphorylation,
either through a conformational change in mTORCI1 or by dis-
placement of an interfering protein, possibly PRAS40. We have
been unable to confirm the ability of Rheb-GTP added in vitro
to stimulate mTORCI1 kinase activity toward 4E-BP or to
enhance 4E-BP binding, both examined over a wide range of
Rheb and 4E-BP concentrations. Nevertheless, our negative
results and the results presented herein do not refute the pos-
sibility that Rheb-GTP promotes substrate access to mnTORC1
in vivo by some phosphorylation-independent mechanism; the
association of endogenous Rheb with endogenous mTOR has
never been detected and (assuming such an association does
occur) the putative phosphorylation-independent effect of
Rheb-GTP on substrate access may simply be lost on cell
extraction. It can be argued that Rheb overexpression may drive
mTOR catalytic activity so strongly that displacement of
PRAS40 and enhanced access of other substrates is obviated,
whereas insulin may produce a less robust activation of endog-
enous Rheb whose impact on mTOR catalytic activity is ampli-
fied by a Rheb-GTP induced, phosphorylation-independent
form of enhanced substrate access. Methods that monitor
interactions in the intact cell, e.g. FRET, will be needed to fur-
ther clarify the contribution of altered substrate access to the
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ability of Rheb to promote mTORC]1 signaling in vivo. Never-
theless, the current data clearly demonstrate that phosphoryla-
tion-induced displacement of PRAS40 from mTORCI is not
caused by Rheb-GTP alone and is irrelevant to the ability of
Rheb, and at least when overexpressed, to stimulate mTORC1
signaling in vivo. Based on available data, we conclude that in
vivo, Rheb stimulation of mTORCI signaling is predominantly,
if not entirely due to stimulation of mTOR catalytic activity.

The present results, together with the previous results of
Sancak et al. (6) and Sato et al. (42), also indicate that the con-
ventional in vitro assay of mTORCI kinase activity using 4E-BP
phosphorylation is primarily an indirect measure of the extent
of mTOR/Akt-induced displacement of PRAS40 from
mTORCI that occurred in vivo. When assayed in vitro, the
PRAS40-depleted mTORC]1 retrieved from insulin-stimulated
cells catalyzes a more extensive phosphorylation of the added
4E-BP substrate. This assay is an inaccurate measure of the in
vivo activation state of mTORCI for several reasons; with
regard to insulin, the phosphorylation of PRAS40(Ser'®?) in the
absence of insulin is already 50% of its maximal insulin-stimu-
lated level, a reflection of the ability of intracellular amino acids
to promote mTORCI1 activity. Consequently, the displacement
of PRAS40 is more dramatically affected by the insulin-stimu-
lated, Akt-catalyzed phosphorylation of PRAS40(Thr**¢); in
this circumstance, mTORC1 catalyzed phosphorylation of
4E-BP in vitro is a much more accurate reflection of insulin-
induced Akt activation than of Rheb-GTP induced mTOR acti-
vation. Certainly Akt, through its inhibitory action on the TSC,
is also a regulator of Rheb GTP charging, and so Akt activity
might be a valid surrogate for mTORCI activity, at least down-
stream of insulin. Other mTORC1 activators, however, may not
utilize Akt; thus Fonseca et al. (38), have shown that phorbol
esters activate mTORCI1 signaling without causing phosphoryl-
ation of PRAS40(Thr**) or PRAS40 displacement from
mTORCI. These considerations indicate that in vitro assay of
mTORCI kinase using 4E-BP or other raptor-dependent sub-
strates have limited reliability as measures of the activation
state of mTORCI in vivo. At this time, monitoring the phos-
phorylation state of direct mTORCI substrates with phospho-
specific antibodies in cell lysates remains the most reliable
reflection of mTORCI activity in vivo.
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