























FIG. 5. mTOR S2159/T2164 phosphorylation weakens the mTOR-raptor and raptor-PRAS40 interactions and augments mTORCTI intrinsic
kinase activity. (A) mTOR S2159/T2164 phosphorylation alters the interaction of mTOR with raptor but not mLST8/GBL. HEK293 cells were
cotransfected with HA-mLST8/GBL (0.5 pg) and HA-raptor (0.5 pg) together with various Myc-mTOR alleles (4 ng), cultured in DMEM-FBS,
serum deprived (20 h), incubated in the absence or presence of insulin (100 nM) for 30 min, and lysed in buffer B containing CHAPS. Myc-mTOR
was immunoprecipitated from WCL with Myc antibodies and immunoblotted as indicated (upper panels). WCL was also immunoblotted directly
(lower panels). The phosphorylation of endogenous rpS6 confirmed cellular insulin stimulation. (B) mTOR S2159/T2164 phosphorylation alters
the interaction of raptor with PRAS40. HEK293 cells seeded on 10-cm plates were cotransfected with various AU1-mTOR alleles (10 pg) together
with Myc-raptor (0.5 pg), cultured in DMEM-FBS, serum deprived (20 h), incubated in the absence or presence of insulin (100 nM), and lysed
in buffer A containing CHAPS. Myc-raptor was immunoprecipitated from WCL with Myc antibodies and immunoblotted as indicated (upper
panels). WCL was also immunoblotted directly (lower panels). LE, light exposure; DE, dark exposure. (C) mTOR S2159/T2164 phosphorylation
is required for mTORCl1-associated mTOR S2481 autophosphorylation. HEK293 cells were cotransfected with various Myc-mTOR alleles (2.5 pg)
together with HA-raptor (0.5 pg) and Flag-Rheb (2.5 pg), as indicated. Cells were serum deprived (20 h) and lysed. HA-raptor was immuno-
precipitated from WCL with HA antibodies to immunoisolate mTORCI1 and immunoblotted as indicated (upper panels). WCL was also
immunoblotted directly (lower panels).
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FIG. 6. mTOR S2159/T2164 phosphorylation promotes mTORC1-mediated cell growth and G,-phase cell cycle progression. (A) Biochemical
analysis of stable HEK293 Flp-In cell lines. mTOR S2159/T2164 phosphorylation promotes S6K1 and 4EBP1 phosphorylation in response to
insulin. Cells expressing various AU1-mTOR alleles were serum deprived (20 h), pretreated without or with rapamycin (20 ng/ml) for 30 min,
incubated in the absence or presence of insulin (100 nM) for 30 min, and lysed. WCL was immunoblotted directly. (B) mTOR S2159/T2164
phosphorylation promotes cell growth to increased cell size. Cells stably expressing various AU1-mTOR alleles were cultured for 96 h in the
absence or presence of rapamycin. The relative size of subconfluent cells was determined using a flow cytometer via the parameter mean FSC-H.
The graph shows mean FSC-H (* standard deviation [SD]) of G,-phase cells from three experiments, two performed in quadruplicate and one
in triplicate (n = 11). The size of cells expressing RR-mTOR and cultured in the presence of rapamycin was set to 100%. All other samples were
normalized to this value. Statistical significance was determined using one-way analysis of variance (ANOVA) followed by Tukey’s post hoc tests.
The letters (a to e) indicate significance at a P value of <0.05. (C) Expression of the various AU1-mTOR alleles and phosphorylation of rpS6 from
one representative cell size experiment. (D) mTOR S2159/T2164 phosphorylation promotes G,-phase cell cycle progression. Flp-In HEK293 cells
stably expressing various AU1-mTOR alleles were serum deprived for 24 h and then stimulated with serum-containing medium (DMEM-FBS) in
the absence or presence of rapamycin (20 ng/ml) for an additional 24 h. DNA content was determined on a flow cytometer after propidium iodide
staining. The graph shows the percentage of cells in G, phase following serum stimulation in the absence or presence of rapamycin. Mean values
(= SD) from one representative experiment performed in quadruplicate are shown (n = 4). Statistical significance was determined using one-way
analysis of variance (ANOVA) followed by Tukey’s post hoc tests. The letters (a to ¢) indicate that the G,-phase percentage means are significantly
different at a P value of <0.05.

would display an increased cell size. To test this idea, stable
cells were serum deprived for 24 h to induce G, phase accu-
mulation and then stimulated with serum containing medium
(DMEM-FBS) for 24 h to promote cell cycle progression in the
absence or presence of rapamycin. The percentage of cells in

phase delay (Fig. 6D). Expression of RR/AA-mTOR, however,
led to impaired rescue, while expression of RR/DE-mTOR
conferred rescue (Fig. 6D). Thus, RR/AA-mTOR-expressing
cells progress through G, phase more slowly, thus having more
time to grow, while RR/DE-mTOR-expressing cells progress

G, phase was then determined on a flow cytometer by mea-
suring DNA content after propidium iodide staining. As ex-
pected, WT-mTOR-expressing cells stimulated with serum in
the presence of rapamycin displayed increased G,-phase con-
tent relative to cells stimulated in the absence of rapamycin,
and expression of RR-mTOR completely rescued this G-

through G, phase normally with an augmented rate of cell
growth; in the end, both situations lead to increased cell size.

To confirm the idea that cells expressing RR/AA-mTOR
display a larger cell size due to delayed cell cycle progression,
we repeated our cell size analysis with cells experiencing a cell
cycle block. First, we treated WT-mTOR-expressing cells in
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FIG. 7. mTOR-S2159D/T2164E (DE) but not S2159A/T2164A (AA) promotes cell growth to an increased cell size during a cell cycle block.
(A and B) 2-Hydroxyurea (2-HU) treatment induces an S-phase cell cycle block, which results in increased cell size in an mTORC1-dependent
manner. Stable HEK293 Flp-In cell lines expressing AUT-mTOR-WT were cultured for 96 h in the absence or presence of rapamycin (20 ng/ml)
and/or hydroxyurea (0.5 mM). (A and B) DNA content (A) or cell size (B) was determined on a flow cytometer after propidium iodide staining.
(A) Representative histogram from an experiment performed in quadruplicate. The inset shows the percentage of cells in the various cell cycle
phases (mean for quadruplicate samples). (B) Mean FSC-H (* SD) of G;-phase cells from quadruplicate samples (n = 4). The size of
WT-mTOR-expressing cells cultured in the absence of rapamycin and hydroxyurea was set to 100%. All other samples were normalized to this
value. Statistical significance was determined using one-way analysis of variance (ANOVA) followed by Tukey’s post hoc tests. The letters (a to
d) indicate significance at a P value of <0.05. (C and D) During a cell cycle block, RR/DE- but not RR/AA-mTOR-expressing cells display
increased cell size. HEK293 Flp-In cells stably expressing various AU1-mTOR alleles were cultured and analyzed as for panels A and B. (C) Cell
size; (D) DNA content. Results from a representative experiment performed in quadruplicate are shown (n = 4).

the absence or presence of the DNA synthesis inhibitor 2-hy-
droxyurea (2-HU) for 4 days. 2-HU strongly reduced cell pro-
liferation (data not shown) and perturbed cell cycle kinetics,
causing significant accumulation in S phase (Fig. 7A). 2-HU
also increased cell size as expected, and importantly, this in-
creased cell size occurred in an mTORC1-dependent manner,

as rapamycin blocked the 2-HU-induced cell size increase (Fig.
7B). We next analyzed cell size in the stable lines expressing
AU1-mTOR-WT, -RR, -RR/DE, -RR/AA, and -RR/KD after
4 days of culture with rapamycin and 2-HU. We found that
when cell cycle progression was eliminated as a complicating
factor by using 2-HU, mTORCT1 that contained mTOR-RR/DE
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promoted cell growth to a larger cell size while n"TOR-RR/AA
did not (Fig. 7C). Importantly, 2-HU caused similar S-phase
accumulation in the mTOR-RR, -RR/DE, and -RR/AA cell
lines (Fig. 7D). Thus, our original conclusion based on the cell
size data in Fig. 6B was correct: AA-mTOR-expressing cells
grow to a larger cell size than control cells under cycling con-
ditions due to a primary defect in cell cycle progression, pro-
viding them more time to increase in mass and size prior to cell
division.

Taken together, these data indicate that mTOR S2159/
T2164 phosphorylation promotes both cell growth and cell
cycle progression: constitutive phosphorylation on these sites
promotes cell growth without appreciably accelerating cell cy-
cle progression, while a lack of phosphorylation blunts cell
cycle progression without appreciably reducing cell growth;
both situations ultimately increase cell size. Moreover, they
suggest the intriguing notion that mTOR S2159/T2164 phos-
phorylation differentially promotes cell growth and cell cycle
progression in a manner dependent on relative stoichiometry
of phosphorylation.

DISCUSSION

To elucidate molecular mechanisms underlying mTORC1
regulation, we have investigated the role of site-specific mMTOR
phosphorylation in mTORCI function. Among the mTOR
phosphorylation sites characterized in the literature thus far
(ie., 52448, S2481, T2446, and S1261), only mTOR S1261
phosphorylation has been reported to regulate mTORCI1
signaling (1, 8, 9, 29, 48, 51, 61). Here we identified and
characterized two novel mTOR phosphorylation sites, S2159
and T2164, that localize to the N terminus of the mTOR kinase
domain. Mutational analysis demonstrates that mTOR S2159/
T2164 phosphorylation promotes mTORC1-mediated signaling
to S6K1 and 4EBP1, similar to mTOR S1261 phosphorylation
(1). Mechanistically, mTOR S2159/T2164 phosphorylation
modulates the mTOR-raptor interaction and weakens the in-
hibitory raptor-PRAS40 interaction. These conformational
changes lead to increased mTORCI intrinsic kinase activity, as
monitored by mTOR S2481 autophosphorylation. Moving
downstream, mTOR S2159/T2164 phosphorylation promotes
both cell growth and cell cycle progression (Fig. 8). The rather
weak signaling phenotypes conferred by phospho-mimetic and
phosphorylation site-defective substitutions at mTOR S2159/
T2164 suggest that these phosphorylation events modulate
mTORCI signaling rather than effect major regulatory func-
tion.

Tandem mass spectrometry suggested but did not unambig-
uously confirm dual mTOR phosphorylation on S2159/T2164
in intact cells. The generation of phospho-specific antibodies
for P-S2159 and P-T2164 enabled us to confirm site-specific
mTOR phosphorylation on S2159 and T2164 in intact cells.
Using these antibodies, our data indicate that neither S2159
nor T2164 represents a site of mTOR autophosphorylation;
moreover, two different kinases mediate mTOR S2159 versus
T2164 phosphorylation: A staurosporine-sensitive kinase medi-
ates P-S2159, while a staurosporine-insensitive kinase mediates
P-T2164. In our HEK293 cell system, canonical mMTORC1-regu-
lating signals (e.g., insulin, amino acids, and glucose) did not
modulate either phosphorylation event (data not shown), sug-
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FIG. 8. Model (see Discussion).

gesting either that these events are constitutive or that we have
uncovered a novel mTOR regulatory paradigm in which a
currently unknown cellular signal regulates mTOR S2159
and T2164 phosphorylation. The rather weak affinity of the
P-S2159 and P-T2164 antibodies for mTOR isolated from in-
tact cells, coupled with our weak mass spectrometry data, sug-
gest low stoichiometry of phosphorylation under steady-state
conditions. That phospho-mimetic DE-mTOR mediates stron-
ger substrate phosphorylation than wild-type mTOR supports
this hypothesis. Low stoichiometry of phosphorylation may be
explained by several potential reasons. As suggested above, an
unknown cellular signal may regulate phosphorylation of these
sites. Alternatively, mMTOR S2159/T2164 phosphorylation may
occur primarily in a specific subcellular compartment, on a
fraction of total mTOR.

Insulin and nutrients (e.g., amino acids and glucose) weaken
the mTOR-raptor interaction via an unknown mechanism(s),
which correlates with active mTORCT signaling (1, 21, 38, 39).
Raptor possesses dual functions in mTORCI regulation, as it
both suppresses and promotes mMTORCT1 signaling via a strong,
inhibitory interaction and a weaker, required interaction, re-
spectively (38). Although Kim et al. reported that insulin stim-
ulation fails to destabilize the mTOR-raptor interaction (38),
our results indicate otherwise. This discrepancy may result
from the fact that Kim et al. employed an HEK293T cell line
that likely possesses poor insulin responsiveness due to high
basal signaling, whereas we employed an HEK293 cell line that
possesses strong insulin responsiveness with low basal signal-
ing. Indeed, our experience with an HEK293T cell line shows
that these cells respond poorly to insulin. We find that mTOR
S2159/T2164 phosphorylation weakens the strong mTOR-rap-
tor interaction found in serum-deprived cells, as phospho-mi-
metic DE-mTOR bypasses the growth factor requirement.
Phospho-defective AA-mTOR does not dominantly stabilize
the mTOR-raptor interaction upon insulin stimulation, how-
ever, suggesting that mTOR S2159/T2164 phosphorylation is
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not absolutely required for insulin-induced destabilization.
Collectively, these data suggest that mTOR S2159/T2164 phos-
phorylation releases an inhibitory interaction of raptor with
mTOR.

mTOR S2159/T2164 phosphorylation additionally modu-
lates the interaction of raptor with PRAS40, as expression of
DE-mTOR weakens the raptor-PRAS40 interaction in the ab-
sence of serum growth factors while expression of AA-mTOR
strengthens the raptor-PRAS40 interaction in both the absence
and presence of insulin. Thus, similar to Akt- and mTOR-medi-
ated phosphorylation of PRAS40 (50, 57, 67, 69), phosphory-
lation on mTOR itself weakens the raptor-PRAS40 interaction
to promote mTORCI1 signaling. As PRAS40 contains a TOS
motif and may thus inhibit mMTORCI1 signaling by functioning
as a competitive substrate (20, 50, 70), mTOR S2159/T2164
phosphorylation may facilitate S6K1 or 4EBP1 docking and/or
positioning by suppressing competitive PRAS40 action. nTOR
S2159/T2164 phosphorylation also augments intrinsic mTORC1
catalytic activity, as expression of AA-mTOR reduces mTORC1-
associated mTOR S2481 autophosphorylation that occurs
upon Rheb overexpression. Collectively, our work reveals sev-
eral mechanisms that cooperate to increase mTORCI signal-
ing capacity upon mTOR S2159/T2164 phosphorylation:
mTOR kinase domain phosphorylation weakens inhibitory
mTORCI1 component interactions and promotes mTORCI1 in-
trinsic catalytic activity, which leads to increased S6K1 and
4EBP1 phosphorylation.

Eukaryotic cells maintain a constant size over successive
generations via the coordinated action of cell growth and cell
cycle progression (17). Failure to couple these processes alters
cell size homeostasis and can negatively affect development,
tissue organization, and organismal physiology. For example,
in S. cerevisiae, inactivation of the cyclin-dependent kinase
Cdc28 causes cells to arrest in G, phase at an abnormally large
cell size because cell growth continues in the face of cell cycle
arrest (36). Additionally, in mammals, overexpression of Cdk
inhibitors induces cells to accumulate in G, phase at a larger-
than-normal cell size (19). These data indicate that while cell
growth and cell cycle progression are generally coupled, they
represent distinct processes (17, 19). mTORCI functions as a
critical controller of both cell growth and cell cycle progression
via its positive control of anabolic metabolism (14, 17-19, 68).
Coregulation of both cell growth and cell cycle progression
by mTORC1 may thus represent a mechanism by which
these processes are effectively coupled. We demonstrate
here that mTOR S2159/T2164 phosphorylation promotes
both mTORCI1-mediated cell growth and G,-phase cell cycle
progression. By expressing phospho-mimetic RR/DE-mTOR
in the presence of rapamycin (to inhibit endogenous mTORC1
signaling), we find that constitutive mTOR S2159/T2164 phos-
phorylation is sufficient to promote cell growth to an increased
cell size but insufficient to accelerate G,-phase progression. By
expressing phospho-defective RR/AA-mTOR in the presence
of rapamycin, we find that a complete lack of mTOR S2159/
T2164 phosphorylation impairs G,-phase progression but does
not strongly impair cell growth. Unexpectedly, we noted that
cells expressing RR/AA-mTOR display an increased cell size
relative to those expressing wild-type RR-mTOR. Our finding
that mTORCT signaling mediated by RR/AA-mTOR results in
slower G,-phase progression resolves this apparent paradox: as
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RR/AA-mTOR-expressing cells progress more slowly through
G, phase, they have more time to accumulate mass than wild-
type cells and therefore display an increased cell size due to an
indirect effect. Importantly, we experimentally confirmed this
notion by removing the effect of cell cycle progression on cell
size. When cell cycle progression was blocked using the drug
2-hydroxyurea, RR/AA-mTOR-expressing cells no longer dis-
played an increased cell size relative to RR-mTOR-expressing
cells, whereas RR/DE-mTOR-expressing cells still displayed
an increase in cell size under these conditions. While a lack of
mTOR S2159/T2164 phosphorylation did not produce a mea-
surable defect in cell growth, it is reasonable to speculate that
cells expressing RR/AA-mTOR indeed grow at a reduced rate
relative to cells expressing wild-type mTOR.

Recent data suggest that mMTORCI1-mediated phosphoryla-
tion of 4EBP1 preferentially promotes cell cycle progression
over cell growth, while nTORC1-mediated phosphorylation of
S6K1 preferentially promotes cell growth over cell cycle pro-
gression (14). Thus, not only do cell growth and cell cycle
progression represent separable processes, but their regulation
may occur via distinct mTORCl1-controlled biochemical path-
ways. Interestingly, we find that under insulin-stimulated con-
ditions, RR/AA-mTOR dominantly inhibits mTORCI signal-
ing to 4EBP1 while RR-mTOR and RR/DE-mTOR signal to
4EBP1 similarly; these biochemical data may explain why
RR/AA-mTOR dominantly impairs G,-phase progression
while RR/DE-mTOR does not accelerate G,-phase progres-
sion. Additionally, under insulin-stimulated conditions, RR/DE-
mTOR augments mTORCI1-mediated S6K1 but not 4EBP1
phosphorylation; these data may explain why RR/DE-mTOR
augments cell growth but does not accelerate G,-phase pro-
gression. Thus, it appears as though stoichiometry of phos-
phorylation on mTOR S2159/T2164 controls the strength of
signaling along either the mTORC1/S6K1 or mTORC1/4EBP1
axes, which may explain our cell size phenotypes.

To fully understand the role of mTOR S2159/T2164 phos-
phorylation in mTORCI regulation, it will be important to
identify the mTOR S2159 and T2164 kinases and to under-
stand their regulation in response to environmental cues.
Additionally, it will be important to determine whether
these phosphorylation events also occur on mTOR as part of
mTORC?2 and whether they control mTORC?2 signaling.
Emerging data indicate that complex multisite phosphory-
lation on Tsc2, raptor, and now mTOR underlies regulation
of mMTORCT signaling in response to diverse environmental
cues. A challenge for the future will be to identify the
complete set of regulatory phosphorylation sites and under-
stand how they cooperate to regulate mTORCI1 signaling
and its control of cellular and organismal physiology.
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