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ABSTRACT: The mammalian target of rapamycin (mTOR) is a Ser/Thr protein kinase and a major controller of
cell growth. In cells, mTOR forms two distinct multiprotein complexes, mTORC1 and mTORC2. The
mTORC1 complex can phosphorylate 4EBP1 and S6K1, two key regulators of translation initiation, whereas
mTORC2 phosphorylates AKT1, an event required for AKT1 activation. Here, we expressed and purified
human mTORC1 and mTORC2 from HEK-293 cells using FLAG-M2 affinity chromatography. Western
blotting analysis using phospho-specific antibodies indicated that recombinant mTORC1 and mTORC2
exhibit distinct substrate preferences in vitro, consistent with their roles in cells. To improve our understanding
of the enzymatic properties of mTOR alone and mTOR in its complex form, steady-state kinetic profiles of
truncated mTOR containing the kinase domain (residues 1360-2549) and mTORC1 were determined. The
results revealed that mTORC1 is catalytically less active than truncated mTOR, as evidenced by 4.7- and
3.1-fold decreases in catalytic efficiency, kcat/Km, for ATP and 4EBP1, respectively. We also found that
truncated mTOR undergoes autophosphorylation through an intramolecular mechanism.Mass spectrometric
analysis identified two novel mTOR autophosphorylation sites, Ser2454 and either Thr2473 or Thr2474, in
addition to the previously reported Ser2481 site. TruncatedmTORandmTORC1were completely inhibited by
ATP competitive inhibitors PI103 and BEZ235 and partially inhibited by rapamycin/FKBP12 in a
noncompetitive fashion toward ATP. All inhibitors tested exhibited similar inhibitory potencies between
mTORC1 and truncated mTOR containing the kinase domain. Our studies presented here provide the first
detailed kinetic studies of a recombinant mTOR complex.

The mammalian target of rapamycin (mTOR)1 is a member of
the phosphoinositide 3-kinase-related kinase (PIKK) family that
plays a pivotal role in the regulation of cell growth and has recently
been implicated as a potential drug target in the treatment of
different types of human cancers (1, 2). It is a large (2549 residues),
highly conserved Ser/Thr protein kinase composed of multiple
functional domains (1). The N-terminus of mTOR (residues
1-1482) contains∼20 tandem HEAT repeats, which are thought
to mediate protein-protein interactions. The centrally located
FAT domain (residues 1513-1910) is relatively conserved in the
PIKK family proteins and may act as a structural scaffold.
Immediately downstream of the FAT domain is the FRB domain
(residues 2015-2114), to which rapamycin, a specific mTOR
inhibitor, binds to forma complexwith auxiliary proteinFKBP12.
Following the FRB domain is a kinase catalytic domain (residues
2181-2484), which is highly homologous to that of phosphatidy-

linositol 3-kinase (PI3K). The C-terminus of mTOR contains
another FATdomain, designated as FATC (residues 2517-2549),
reported to be essential for mTOR activity (3).

In mammalian cells, mTOR exists in two structurally and
functionally distinct protein complexes, mTORC1 andmTORC2.
The mTORC1 complex consists of mTOR, Raptor, and mLST8.
Raptor associates with mTOR at multiple binding sites and has
been proposed to function as a scaffold protein to present sub-
strates to mTORC1 (4, 5). The interaction between mLST8 and
the mTOR kinase domain may regulate the stability of mTOR-
Raptor association in response to nutrient conditions (6). The
mTORC1 complex controls protein synthesis via phosphorylation
of eIF-4E binding protein 1 (4EBP1) and ribosomal protein S6
kinase 1 (S6K1), two key regulators of mRNA translation and
ribosome biogenesis. mTORC1 phosphorylates 4EBP1 at four
sites in a hierarchical manner, with phosphorylation of Thr37 and
Thr46 preceding that of Ser65 and Thr70 (7, 8). The phosphoryla-
tion of S6K1 by mTORC1 occurs on residue Thr389 within the
hydrophobic motif of S6K1 (9). In cells, mTORC1 is activated by
growth factors and insulin via a PI3K-regulated pathway, invol-
ving AKT-mediated phosphorylation and inhibition of TCS2 and
the subsequent activation of the small GTPase Rheb (10). In
addition, amino acids also stimulate the activity of mTORC1, and
accumulating evidence suggests a key role for Rag GTPase in this
event (11-13). The rapamycin/FKBP12 complex regulates this
pathway by acutely inhibiting mTORC1 activity in cells. The
inhibition of mTOR by rapamycin is suggested to occur at least in
part via dissociation of Raptor from mTOR, which uncouples
mTOR from its substrate proteins (14).
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ThemTORC2 complex consists ofmultiple proteins, including
mTOR,Rictor, Sin1, mLST8, and Protor1. BothRictor and Sin1
are required for the assembly and function of mTORC2 (15).
Protor1 binds specifically to Rictor (16), and its role in the
complex remains elusive. ThemTORC2 complex phosphorylates
AKT1 at residue Ser473 (17), which, along with PDK1-mediated
phosphorylation of Thr308, drives full activation of AKT1 (18).
Also, mTORC2 modulates cytoskeleton organization via reg-
ulation of PKC phosphorylation (19, 20). The activity of
mTORC2 is insensitive to acute rapamycin treatment; however,
prolonged treatment can affect mTORC2 assembly and inhibit
AKT1 signaling in certain cell lines through an unknown
mechanism (21).

Given the importance ofmTOR complexes in the regulation of
cell growth and proliferation, it is highly desirable to understand
themechanism of function and regulation of the enzyme complex
at the molecular level. However, because of the large size and the
complexity of the multiple protein components in the mTOR
complexes, the purification of recombinant mTOR complexes
has not yet been achieved. All previously reported biochemical
characterizations used the immune complex obtained from the
immunoprecipitation of mTOR and its partners, which does not
provide quantitative analysis of mTOR complexes. Conse-
quently, there is a lack of detailed enzyme kinetic parameters
of the mTOR complexes in the literature. A truncated form of
mTORcontaining the kinase domain has been overexpressed and
purified from mammalian cells and is often utilized in screening
for novel inhibitors (22). Careful evaluation of the effects of these
inhibitors on mTOR complexes is required to confirm the
inhibition and selectivity against mTORC1 andmTORC2. Here,
we describe the overexpression of recombinant humanmTORC1
and mTORC2 in HEK-293 cells and the purification by anti-
FLAG-M2 affinity chromatography. We report the steady-state
kinetic parameters of mTORC1 and compared them to those of
the truncated form of mTOR (residues 1360-2549) that retains
the FAT, FRB, kinase domain, and FATC. Kinase active site
inhibitors (PI103 and BEZ235) and an allosteric site inhibitor
(rapamycin) (Scheme 1) were tested with both mTORC1 and the
truncated mTOR containing the kinase domain. These results
provide the first detailed kinetic description and characterization
of inhibitors for mTOR complexes. We also report here the
identification of two novel mTOR autophosphorylation sites,
Ser2454 and either Thr2473 or Thr2474.

MATERIALS AND METHODS

Plasmids, Antibodies, and Other Biochemicals.HA-tagged
human mTOR, FLAG-tagged human Raptor, human mLST8,
FLAG-tagged mouse Rictor, human Sin1, human Protor1, and
GST-tagged human 4EBP1 plasmids were obtained from the
Division of Signal Transduction Therapy (University of Dundee,
Angus, U.K.). The details of these constructs were previously
described (16). The gene encoding 4EBP1 was amplified by poly-
merase chain reaction (PCR) using 4EBP1/pGEX as a template
and 50-GCCCCGGAATTCGCCCATATG-30 (forward) and 50-
GCTATGCGGCCGCTCGAG-30 (reverse) primers. The PCR
product was digested with NdeI and XhoI and ligated into the
corresponding restriction sites in pET-28b, such that the 4EBP1
produced carried an N-terminal hexahistidine tag (His6 tag).
Truncated mTOR protein (residues 1360-2549) was obtained
from Invitrogen. The Western blot antibodies for mTOR,
Raptor, mLST8, Rictor, Sin1, and Protor1 were obtained from

the Division of Signal Transduction Therapy, University of
Dundee. Anti-phospho-4EBP1 (Thr37/46), phospho-S6K1
(Thr389), and phospho-AKT1 (Ser473) antibodies were pur-
chased fromCell Signaling. PI103 and rapamycin were obtained
from Calbiochem. BEZ235 was obtained from Selleck. His6-
tagged human FKBP12 protein was purchased from BPS Bio-
science Inc. GST-tagged S6K1 (residues 1-421) was purchased
from Abcam. [γ-33P]ATP was purchased from PerkinElmer.
ATP, trichloroacetic acid (TCA), dimethyl sulfoxide (DMSO),
CHAPS, and Tween 20 were obtained from Sigma. All
general reagents used for buffers and assays were ACS grade
or better.
Overexpression and Purification of Human mTORC1

and mTORC2. Recombinant mTORC1 and mTORC2 were
overexpressed in HEK-293 cells by using the FreeStyle 293
expression system (Invitrogen) following the manufacturer’s
instructions. Suspension FreeStyle 293-F cells were maintained
in FreeStyle 293 expressionmedium in shaker flasks at 37 �Cwith
a humidified atmosphere of 8% CO2. For overexpression of
mTORC1, 1 L of cells was transiently cotransfected with 830 μg
of HA-mTOR, 430 μg of FLAG-Raptor, and 340 μg of mLST
constructs using 1.4 mL of FreeStyle MAX reagent at a cell
density of 1.0 � 106 cells/mL. For overexpression of mTORC2,
cells were transiently cotransfected with 830 μg of HA-mTOR,
340 μg of FLAG-Rictor, 340 μg of mLST, 240 μg of Sin1, and
150 μg of Protor1 constructs under the same conditions that were
used for the production of mTORC1. At 48 h post-transfection,
cells were harvested by centrifugation at 1000g for 15 min.

The cell pellet was lysed for 20 min in 70 mL of lysis buffer
containing 40 mM HEPES (pH 7.5), 120 mM NaCl, 1 mM
EDTA, 10 mM sodium pyrophosphate, 10 mM sodium glycer-
ophosphate, 50 mM sodium fluoride, 0.5 mM sodium orthova-
nadate, 0.2%CHAPS, and protease inhibitors (Roche). Insoluble
materials were removed by centrifugation at 20000g for 20 min.
To purify mTORC1 or mTORC2, 1.5 mL of pre-equilibrated
anti-FLAGM2 affinity gel (Sigma) was added to the clear lysate
and the mixture was incubated at 4 �C for 1 h with gentle shaking.
The gel was then washed with 15 mL of lysis buffer, followed by
15 mL of wash buffer [25 mM HEPES (pH 7.4) and 120 mM
NaCl]. The bound mTORC1 or mTORC2 was eluted with 6 mL
of 100 μg/mL 3�FLAGpeptide (Sigma) inwash buffer, followed
by concentration using anAmicon ultra YM-100 centrifugal filter

Scheme 1: Chemical Structures of mTOR Inhibitors PI103,
BEZ235, and Rapamycin
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device (Millipore). The purified mTORC1 and mTORC2 were
aliquoted, flash-frozen, and stored at -80 �C.

The protein components in each of the mTOR complexes were
confirmed by SDS-PAGE gel and Western blotting analysis.
The concentrations of commercially obtained truncated mTOR
(Invitrogen), recombinant mTORC1, and mTORC2 were deter-
mined on the basis of the intensity of the mTOR protein band on
the SDS-PAGE gel in reference to a standard curve of BSA.
Briefly, protein samples of truncated mTOR, mTORC1, and
mTORC2 alongwith a series of BSA dilutions with known quan-
tities were loaded on an SDS-PAGE gel. The gel was stained
with SYPRO Orange (Invitrogen) and read on a Storm Imager
(Molecular Dynamics) in blue fluorescence mode. The intensities
of the BSA bands were quantified using ImageQuant (Molecular
Dynamics) and were used to generate a standard curve of protein
concentration. Protein concentrations were determined on the
basis of the intensity of the protein band corresponding to
truncatedmTORormTORprotein inmTOR complexes in com-
parison to the BSA standard curve. The measured concentration
of truncated mTORwas similar to the concentration provided by
the vendor. The concentration of mTORC1 was also confirmed
by titration of mTORC1 with a tight binding inhibitor BEZ235,
which measured the catalytically active mTORC1 concentra-
tion. The active site titration revealed that 83% of the purified
mTORC1 was able to bind to inhibitor (Figure S1 of the
Supporting Information). The protein concentrations deter-
mined by protein band intensity on an SDS-PAGE gel were
used to calculate the protein specific activity for truncated
mTOR and mTOR complexes.

The formation of mTOR complexes was confirmed by molec-
ular mass analysis using TSK-Gel G4000SW (Tosoh Bioscience)
analytical size exclusion chromatography (Hitachi D-7000
HPLC system). The column was equilibrated with a running
buffer containing 25 mM HEPES (pH 7.4) and 100 mM NaCl.
The purified mTOR complexes were eluted with running buffer
at a flow rate of 0.7 mL/min for 30 min. The protein peaks were
monitored at 280 nm. The retention time corresponding to the
molecular mass was calibrated with gel filtration protein stan-
dards (Bio-Rad).
Overexpression and Purification of 4EBP1. The 4EBP1/

pET-28b plasmid was transformed into Escherichia coli BL21-
(DE3)pLysS (Invitrogen), and the transformantswere selected by
kanamycin (50 μg/mL) and chloramphenicol (35 μg/mL). An
overnight culture (1 mL each) was used to inoculate 4 L (in 4 �
1 L aliquots) of LB medium containing the selective antibiotics.
The cells were grown in LB medium at 37 �C until the OD600

reached 0.6. IPTG (final concentration of 0.2 mM) was then
added to induce the overexpression of 4EBP1. The cells were
allowed to grow at 37 �C for an additional 3 h and then harvested
by centrifugation (7000g for 10 min).

Cells were resuspended in lysis buffer [25 mM HEPES
(pH 7.4), 300mMNaCl, 10mM imidazole, and 1mM β-mercap-
toethanol]. Cells were then disrupted by being passed three times
through an Y110 microfluidizer (Microfluidics Corp.), followed
by centrifugation at 20000g for 20 min. The clarified cell lysate
was incubated with 10 mL of Ni-NTA resin (Qiagen) in a rotator
for 1 h. The resin was collected by centrifugation (800g for 5min),
transferred to a 25 mL column, and washed with 100 mL of lysis
buffer. The His6-tagged 4EBP1 was eluted from the column with
the HEPES buffer described above containing 0.25M imidazole.
The desired protein fractions were pooled and dialyzed against
three changes of 1 L of dialysis buffer [25 mMHEPES (pH 7.4),

120 mM NaCl, and 1 mM β-mercaptoethanol]. The purified
His6-tagged 4EBP1 was flash-frozen in liquid N2 and stored in
aliquots at -80 �C. The concentration of 4EBP1 protein was
determined by the Bradford assay (Bio-Rad).
Determination of Substrate Selectivity and Metal Pre-

ference of Truncated mTOR and mTOR Complexes by
Western Blotting Analysis. Reaction mixtures containing
truncated mTOR, mTORC1, or mTORC2 as the kinase and
GFP-tagged 4EBP1 (200 nM), GST-tagged S6K1 (200 nM,
truncated form, residues 1-421), or GFP-tagged AKT1 (400
nM) as the protein substrate were used in an assay buffer consisting
of 50 mM HEPES (pH 7.4), 10 mM MnCl2, 1 mM EGTA, and
0.01% Tween 20. This buffer was used for all the mTOR assays
reported in this study unless otherwise noted. Final concentra-
tions of 4 nM for truncated mTOR, 30 nM for mTORC1, and
12 nM formTORC2were used in these reactions. Reactions were
initiated via the addition of 20 μM ATP, mixtures incubated at
room temperature for 20 min, and then reactions quenched via
the addition of an equal volume of 2� SDS loading buffer.
Phosphorylation of the substrates was detected by Western
blotting using phospho-specific antibodies. The control lane
shows the reactionmixture without mTOR enzyme, representing
the background phosphorylation level of the substrate protein.
Enzyme activity was determined by quantification of the band
intensity on Western blot membranes using ImageJ. Enzyme
activity was then normalized to the concentration of mTOR
enzyme used in the reaction and expressed as the percentage of
activity of the truncated mTOR.

To study the metal cofactor preference for truncated mTOR,
mTORC1, and mTORC2, kinase reactions were performed as
described above, but with the variations of metal cofactor in the
assay buffer. In these reactions, either 10mMMn2þ, 5mMMn2þ

and 5 mM Mg2þ, or 10 mM Mg2þ was used. A control experi-
ment was conducted with 5 mM Mn2þ and 5 mM Mg2þ in the
absence of mTOR enzyme.
Radiometric Filtration Assay. The mTOR activity was

determined by measuring the amount of [γ-33P]phosphate from
ATP incorporated into the substrate protein. The assays were
performed in a volume of 20 μL in low-binding 384-well plates
(Costar) at 25 �C. The assay buffer contained 50 mM HEPES
(pH 7.4), 10 mM MnCl2, 1 mM EGTA, and 0.01% Tween 20.

To determine the kinetic parameters for ATP turnover, assays
contained 14.4 nM truncatedmTORor 29 nMmTORC1, 40 μM
His6-tagged 4EBP1, and various concentrations of ATP mixture
(0-250 μΜ) containing unlabeled ATP and [γ-33P]ATP (400
Ci/mol). To determine the kinetic parameters for 4EBP1 phos-
phorylation, assays were conducted in the presence of 4 nM
truncated mTOR or 6.7 nM mTORC1, a 300 μΜ ATP mixture
containing unlabeled ATP and [γ-33P]ATP (400 Ci/mol), and
various concentrations of 4EBP1 (0-90 μΜ). The reaction was
initiated via the addition of the ATPmixture. After incubation at
room temperature for 1 h, the reaction was quenched via the
addition of 20 μL of chilled 20%TCA. The reaction mixture was
then transferred to a 96-well PVDF filtration plate (Millipore)
and filtered through a PVDF membrane by vacuum. The PVDF
membrane was washed seven times with 100 μL of chilled 20%
TCA and dried under vacuum, followed by the addition of 50 μL
of a scintillation solution. The plate was sealed and counted
in a Packard Topcount NXT scintillation counter. The 33P
CPM (counts per minute) was converted into molar terms from
the specific activity of the initial ATP stock. The steady-state
kinetic parameters were obtained by fitting the initial rates to
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the Michaelis-Menten equation (eq 1) using GraphPad Prism
version 5.0 (GraphPad Inc.)

v0 ¼ vmax½S�
Km þ ½S� ð1Þ

where v0 is the initial reaction rate, vmax is the maximum reaction
rate, [S] is the substrate concentration, and Km is the substrate
concentration at the half-maximal rate.

To determine the potency of inhibitors, reaction mixtures
containing 10 nM truncated mTOR or 20 nM mTORC1 and
40 μΜ His6-tagged 4EBP1 in assay buffer were incubated with
various concentrations of inhibitors [final DMSO concentration
of 1% (v/v)] for 10min before the kinase assay was started via the
addition of 100 μΜ [γ-33P]ATP (1000 Ci/mol). IC50 values were
determined by fitting the data to eq 2 using GraphPad Prism
version 5.0

vi ¼ v0 þ vsð½I�=IC50Þ
1þ ½I�=IC50

ð2Þ

where v0 and vi are the reaction rates obtained in the absence and
presence of inhibitor, respectively, vs is the reaction rate at the
saturating inhibitor concentration, [I] is the inhibitor concentra-
tion, and IC50 is the inhibitor concentration that yields the half-
maximal inhibition. The Ki value is derived from the IC50 based
on eq 3 for the competitive inhibitor.

Ki ¼ IC50

1þ ½S�
Km

ð3Þ

For the tight binding inhibitor BEZ235, the data were fit to
the Morrison equation (eq 4), and the Ki values were calculated
using eq 5.

vi=v0 ¼ 1-
½Ε� þ ½Ι� þKi

app -
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð½Ε�þ½Ι�þKi

appÞ2 - 4½Ε�½Ι�
q

2½Ε�
ð4Þ

Ki
app ¼ Ki 1þ ½S�

Km

� �
ð5Þ

For the mTOR reaction using GFP-AKT1 as a substrate,
assay mixtures contained 40 nM truncated mTOR, 800 nM
GFP-AKT1, and a 100 μΜ ATP mixture of unlabeled ATP and
[γ-33P]ATP (1000 Ci/mol) in 20 μL of assay buffer. Autopho-
sphorylation of truncated mTOR or AKT1 was assessed under
identical conditions except in the absence of GFP-AKT1 or
truncated mTOR, respectively. The truncated mTOR-catalyzed
phosphorylation of GFP-AKT1was calculated by subtraction of
autophosphorylation of truncated mTOR and GFP-AKT1 from
the total phosphorylation.

To investigate themechanism ofmTORautophosphorylation,
the effect of mTOR concentration on the rate of autophosphor-
ylation was evaluated. Reaction mixtures containing various
concentrations of truncated mTOR (15, 30, or 60 nM) were
incubated with a 20 μM ATP mixture of unlabeled ATP and
[γ-33P]ATP (1000 Ci/mol) in 200 μL of assay buffer. The reac-
tions were initiated via the addition of ATP. Aliquots (20 μL)
were removed from the reaction mixture at various time points
and added to 20 μL of 20 mM EDTA to quench the reactions.
At the end of the incubation, 40 μL of chilled 20% TCA was
added to the quenched reaction mixtures, and the mixtures were

incubated for additional 10 min to allow the proteins to
precipitate. The filtration and scintillation counting steps follow
the procedures described above. The extent of autophosphoryla-
tionwas expressed as the number of phosphates incorporated per
truncated mTOR molecule.
TR-FRET Assay. The LanthaScreen TR-FRET mTOR

assay was performed using Costar low-binding 384-well plates
at room temperature according to the instructions of the manu-
facturer (Invitrogen). The supplied TR-FRET mTOR assay kit
contained recombinant, truncated mTOR (residues 1360-2549),
GFP-4EBP1,LanthaScreen terbium-labeled anti-phospho-4EBP1
(Thr46), and antibody dilution buffer. To determine the kinetic
parameters for ATP turnover, 1 nM truncated mTOR or 3 nM
mTORC1 was incubated with 200 nM GFP-4EBP1 and various
concentrations of ATP (0-250 μΜ) in 50 μL of assay buffer.
Reactions were initiated via the addition of ATP. Aliquots (10 μL)
were taken at five time points (0, 1.5, 3, 4.5, and 6 min) from the
incubationmixture, and the reactions were quenched by addition
of 10 μL of TR-FRET dilution buffer containing 20 mM EDTA
and 4 nM terbium-labeled anti-phospho-4EBP1 (Thr46) detec-
tion antibody. After incubation at room temperature for 1 h, the
plate was read using a Tecan 2 plate reader with an excitation
wavelength of 330 nm (20 nm bandpass) and emission wave-
lengths of 485 nm (20 nm bandpass), and 515 nm (20 nm
bandpass). The TR-FRET ratio for each sample was calculated
by dividing the emission signal at 515 nm by the emission signal
at 485 nm. The initial reaction velocities were expressed as
TR-FRET ratio per minute. The steady-state kinetic parameters
were obtained by fitting the initial reaction velocities to the
Michaelis-Menten equation (eq 1).

For inhibitor titration experiments, 1 nM truncated mTOR or
3 nMmTORC1 was incubated with 200 nM GFP-4EBP1, 4 μΜ
ATP, and various concentrations of inhibitors in 10 μL of
assay buffer. After incubation at room temperature for 15 min,
10 μL of TR-FRET dilution buffer containing 20 mM EDTA
and 4 nM terbium-labeled anti-phospho-4EBP1 (Thr46) anti-
body was added. All the following steps were performed as
described above.

For the TR-FRET mTOR assay using GFP-AKT1 as a sub-
strate, the reaction mixtures contained 5 nM truncated mTOR,
800 nM GFP-AKT1, and 20 μΜ ATP in 10 μL of assay buffer.
The same assay procedure described abovewas performed except
that the reaction was allowed to proceed for 1 h and a terbium-
labeled anti-phospho-AKT1 (Ser473) antibody was used for
detection of the phosphorylated product.
Identification of mTOR Autophosphorylation Sites by

LC-MS/MS. To identify the autophosphorylation sites in
mTOR, we first subjected truncated mTOR to the in vitro
autophosphorylation reaction. Truncated mTOR (1 μΜ) was
mixed with 250 μΜATP in 20 μL of assay buffer. The enzymatic
reaction was allowed to proceed at room temperature for 1 h. A
control was run under identical conditions except without ATP.
The reactions were stopped by the addition of 2� SDS loading
buffer, and the mixture was then resolved on a 4 to 12% SDS-
PAGE gel. After Coomassie blue staining, the protein band
corresponding to truncated mTOR was excised, washed, and
incubated with trypsin for in-gel digestion.

The digested peptides from truncated mTOR were analyzed
with a capillary LC-MS/MS system consisting of a Thermo
LTQ linear ion trap mass spectrometer coupled with an Eksigent
NanoLC 2D system through a Michrom ADVANCE Captive-
Spray source. The peptides were separated on a Michrom Halo
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0.2 mm � 100 mm capillary column with a 60 min gradient at a
flow rate of 1000 nL/min. The acquired data-dependent acquisi-
tion LC-MS/MS data were processed on an Agilent Spectrum-
Mill system against Swissprot (version 55.2) or human IPI
(version 3.39) databases.

To assess whether the autophosphorylation sites identified
from truncated mTOR represent the autophosphoylation sites of
mTORC1, a targeted LC-MS3 method was developed to ana-
lyze the in vitro autophosphorylated mTORC1 by use of the
parent ion inclusion list function of the data-dependent acquisi-
tion on the LTQ. The method targets three m/z values for
MS/MS (m/z 861.70 for the peptide containing phosphorylated
Ser2454, m/z 924.70 for the peptide containing phosphorylated
Thr2473 or Thr2474 and Ser2478 or Ser2481, andm/z 873.90 for
the peptide containing phosphorylated Ser1418), as well as three
transitions for MS3 experiments (m/z 861.70-979.50 for y18

2þ,
m/z 924.70-1116.31 for y20

2þ, and m/z 873.90-655.28 for y5).

RESULTS

Purification of Recombinant Human mTORC1 and
mTORC2. We overexpressed mTORC1 and mTORC2 in
HEK-293 cells transiently cotransfected with full-length mTOR,
FLAG-Raptor, mLST8 for mTORC1 or full-length mTOR,
FLAG-Rictor, mLST8, Sin1, and Protor1 for mTORC2. Re-
combinant mTORC1 and mTORC2 were purified by anti-
FLAG M2 affinity chromatography. The SDS-PAGE gel ana-
lysis showed that Raptor and mTOR were the major protein
bands for mTORC1 and Rictor and mTOR were the major
bands formTORC2 (Figure 1A,B). Other components of mTOR
complexes are also visible on the SDS-PAGE gel at the expected
molecular mass, although the staining intensities were much
weaker. The presence of these components was also confirmed by
trypsin in-gel digestion followed by MS analysis (data not
shown). Both mTORC1 andmTORC2 contained a contaminant
protein migrating at a molecular mass of approximately 70 kDa
(Figure 1A,B). MS analysis identified this band as the heat shock
protein Hsp70, a protein known to bind to FLAG resin non-
specifically with high affinity. All the overexpressed protein
components in themTOR complexes were confirmed byWestern
analysis (Figure 1A,B).

The expected molecular masses of recombinant mTORC1 and
mTORC2 are 475 and 620 kDa, respectively. Analytical SEC
analysis of recombinant mTORC1 and mTORC2 revealed two
protein peaks elutingwith the expected retention time (Figure 1C).
The protein components for the recombinant mTORC1 and
mTORC2 in the elution fraction of these two peaks were
confirmed by Western blotting analysis (data not shown). High-
molecular mass aggregates were observed for both mTORC1 and
mTORC2, with the aggregation of mTORC2 being more severe
(Figure 1C). Further evaluation of these aggregates found that
they were eluted at the void volume of a TSK gel G4000SW gel
filtration column (exclusion limit of 10000 kDa), suggesting a high
degree of oligomerization of mTORC1 and mTORC2.
Substrate Selectivity andMetal Preference of Truncated

mTOR and mTOR Complexes. The substrate selectivity of
recombinant truncated mTOR, mTORC1, and mTORC2 in
vitro was investigated using 4EBP1, AKT1, and S6K1 as sub-
strates. As shown in Figure 2A, all three versions of the mTOR
enzyme were able to phosphorylate 4EBP1 at Thr37 and Thr46,
AKT1 at Ser473, and S6K1 at Thr389; however, their speci-
fic activities differed. Truncated mTOR exhibited the highest

activity toward all the tested protein substrates under our
reaction conditions (Figure 2A, column chart). Purified mTOR
complexes exhibited distinct substrate selectivity, with mTORC1
favoring 4EBP1 as a preferred substrate, whereas mTORC2 was
more active towardAKT1.When 4EBP1was used as a substrate,
the activities of mTORC1 and mTORC2 were around 60 and
11% of the activity of truncated mTOR, respectively. With
AKT1 as a substrate, mTORC1 and mTORC2 exhibited 11
and 45% of the activity of truncated mTOR, respectively. The
substrate selectivity of purified mTOR complexes in vitro is
consistent with their substrate selectivity in cells. Although S6K1
is a well-established mTORC1 substrate in cells, our in vitro
results demonstrated that both mTORC1 and mTORC2 pos-
sessed a comparable activity toward truncated S6K1 (residues
1-421), which is ∼4% of that of truncated mTOR.

Previously, it was noted that mTOR itself prefers Mn2þ over
Mg2þ as a metal cofactor for autophosphorylation and phos-
phorylation of 4EBP1 (23). To investigate whether the metal
preference of mTOR is altered by the partner proteins and
whether it is substrate-dependent, the activities of mTORC1,
mTORC2, and truncated mTOR were measured using either
4EBP1 orAKT1as a substrate in the presence ofMn2þ,Mg2þ, or
both. As shown in Figure 2B, all three forms of mTOR enzymes
preferred Mn2þ over Mg2þ for maximal activity.
Steady-State Kinetics of TruncatedmTORandmTORC1.

The steady-state kinetics of truncatedmTORandmTORC1were

FIGURE 1: Characterization of recombinant human mTORC1 and
mTORC2. (A) SDS-PAGE gel showing purified mTORC1 (lane 2)
and molecular mass standards (lane 1) (left panel). Western analysis
with the appropriate antibodies confirms the presence of mTOR
(lane 1), Raptor (lane 2), and mLST8 (lane 3) in purified mTORC1
(right panel). (B) SDS-PAGEgel showing purifiedmTORC2 (lane 2)
and molecular mass standards (lane 1) (left panel). Western blotting
analysis with the appropriate antibodies confirms the presences of
mTOR (lane 1), Rictor (lane 2), Sin1 (lane 3), Protor1 (lane 4), and
mLST8 (lane 5) inpurifiedmTORC2 (rightpanel). (C)Analytical SEC
analysis of purified recombinant mTORC1 and mTORC2. The posi-
tions of mTORC1, mTORC2, and aggregates are marked.
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determined using His6-tagged 4EBP1 and [γ-33P]ATP as sub-
strates by a radiometric filtration assay. This method measured
the amount of [33P]phosphate incorporated into the substrate
protein. Phosphorylation of 4EBP1 bymTORoccurs atmultiple
residues; thus, incorporation of 33P into 4EBP1 should pro-
vide an index of the total phosphorylation at multiple sites. The
steady-state kinetic parameters of mTORC1 and truncated
mTOR are summarized in Table 1, and the representative
Michaelis-Menten plots are shown in Figure S2A,B of the
Supporting Information. It appears that mTORC1 is slightly
less active than truncated mTOR, as evidenced by a decreased
kcat (0.47 ( 0.07 min-1 for mTORC1 vs 0.91 ( 0.13 min-1 for
truncated mTOR), an increased Km for ATP (74 ( 6 μΜ for
mTORC1 vs 33( 7 μΜ for truncated mTOR), and a similarKm

for 4EBP1 (9.5 ( 1.5 μM for mTORC1 vs 6.1 ( 2.0 μM for
truncated mTOR). As a result, the catalytic efficiency, kcat/Km,
was 4.7-fold decreased for ATP and 3.1-fold decreased for
4EBP1.

The apparentKm values for ATP were also determined using a
TR-FRET assay, which monitors the FRET signal upon binding
of phosphorylated GFP-4EBP1 to terbium-labeled anti-phos-
pho-GFP-4EBP1 (Thr46). This assay offers the advantages of
higher screening throughput and higher sensitivity, requiring
>10-fold less enzyme. The apparent Km values for ATP were
determined to be 3.9( 0.4 and 4.1( 0.7 μMfor truncatedmTOR
and mTORC1, respectively (Table 2 and Figure S2C of the
Supporting Information). These values are 10-20-fold lower
than those obtained using the radiometric assay. The discrepancy

may be attributed to differences in the assay conditions. In the
radiometric filtration assay, theKm for ATP was determined at a
saturating concentration of 40 μM 4EBP1, while in TR-FRET
assay, the GFP-4EBP1 concentration was limited to 0.2 μM.
Attempts to determine the apparentKm value for ATP at 0.2 μM
4EBP1 using the radiometric filtration assay were not successful,
because of the weak “signal” (phosphorylation of 4EBP1 by
truncated mTOR) to “noise” (autophosphorylation of truncated
mTOR) ratio under these conditions. His6-tagged 4EBP1 and
GFP-4EBP1 showed no difference in the kinetic parameters
determined by the radiometric assay (data not shown).
Autophosphorylation of TruncatedmTOR andmTORC1.

Previous studies have demonstrated that mTOR is autopho-
sphorylated at Ser2481 in a hydrophobic region near the con-
served carboxyl-terminal mTOR tail (24). To provide further
insight into the mechanism of mTOR autophosphorylation, we
monitored the time course for the truncated mTOR autopho-
sphorylation reaction at three enzyme concentrations (15, 30, and
60 nM). The results (Figure 3) showed that the rate of truncated
mTOR autophosphorylation is independent of the enzyme
concentration, indicating that the reaction occurs by an intra-
molecular mechanism. The maximal extent of phosphate incor-
poration, expressed as the number of phosphates incorporated
per truncated mTOR molecule, was approximately the same,
yielding an average value of 3.7 ( 0.2 phosphates per truncated
mTOR molecule. This result indicates mTOR can autopho-
sphorylate at residues other than Ser2481, which is consistent
with the previous observation that an mTOR mutant with

FIGURE 2: Substrate selectivity and metal preference of mTOR complexes and truncated mTOR. (A) Truncated mTOR, mTORC1, and
mTORC2 have distinct protein substrate preferences. Phosphorylation of the substrates was detected byWestern blotting using phospho-specific
antibodies. Final concentrations of 4 nM for truncated mTOR, 30 nM for mTORC1, and 12 nM for mTORC2were used in these reactions. The
control lane shows the reactionmixture without the mTOR enzyme, representing the background phosphorylation level of the substrate protein.
The column chart shows quantification of Western blotting (average of the results from two independent experiments). Enzyme activity was
normalized to the concentration of enzyme and was expressed as the percentage of the activity of truncated mTOR. (B) Truncated mTOR,
mTORC1, and mTORC2 prefer Mn2þ to Mg2þ as the metal cofactor. Kinase reactions were performed with either 10 mMMn2þ, 5 mMMn2þ

and5mMMg2þ, or 10mMMg2þ as themetal cofactor as indicated.A control experimentwas conductedwith5mMMn2þ and5mMMg2þ in the
absence of mTOR.

Table 1: Steady-State Kinetic Parameters for Truncated mTOR and mTORC1 Determined by a Radiometric Assay

enzyme

Km (4EBP1)

(μM)

Km (ATP)

(μM)

kcat
(min-1)

kcat/Km (4EBP1)

(μM-1 min-1)

kcat/Km (ATP)

(μM-1 min-1)

4EBP1 phosphorylation truncated mTOR 6.1( 2.0 33 ( 7 0.91( 0.13 0.15( 0.05 0.028( 0.007

mTORC1 9.5( 1.5 74 ( 6 0.47( 0.07 0.049( 0.010 0.006( 0.001
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Ser2481 changed to alanine is still capable of autophosphoryla-
tion (24).

To identify the remaining autophosphorylation sites, trun-
cated mTOR was incubated in the presence and absence of ATP
and analyzed by LC-MS/MS. Two monophosphorylated pep-
tides (1407GPTPAILESLISINNK1422 and 2446TDSYSAGQSVE-
ILDGVELGEPAHK2469) and one diphosphorylated peptide
(2471TGTTVPESIHSFIGDGLVKPEALNK2495) were observed
in the ATP-treated sample (Figure 4 and Figure S3 of the
Supporting Information). The phosphorylation sites in the two
monophosphorylated peptides were identified as Ser1418 (Figure
S3 of the Supporting Information) and Ser2454 (Figure 4, top
panel), respectively. However, we were unable to determine un-
ambiguously which of the two sites were phosphorylated in the
diphosphorylated peptide (Figure 4, bottom panel), because of
the weakness of the ion series and the proximity of Ser and Thr
residues within this peptide. Nevertheless, the observed MS/MS
fragmentation pattern was consistent with one phosphorylation
site localized to either Thr2471, Thr2473, or Thr2474, while the
other was either Ser2478 or Ser2481 (Figure 4, bottom panel).
The phosphorylation of themTOR region of residues 2471-2474
has previously been reported in a MS-based kinome study but
could not be specifically identified because of a lack of fragmenta-
tion (25, 26). Our results were able to localize the autophosphor-
ylation sites because of a stronger signal. We performed MS3

experiments on the b5 and b5 - H3PO4 ions of the diphosphory-
lated peptide 2471TGTTVPESIHSFIGDGLVKPEALNK2495.
The b5 ion gave only further loss ofH3PO4, butMS3of b5-H3PO4

gave fragments that ruled out the possibility of the phosphate on
Thr2471 (Figure S4 of the Supporting Information). Fragment
ions specific to both Thr2473 and Thr2474 were observed,
indicating that both residues were phosphorylated (Figure S4
of the Supporting Information). The other phosphorylation

site (Ser2478 or Ser2481) detected in the diphosphorylated
peptide could be Ser2481, the autophosphorylation residue
reported in a previous study (24).

In the control sample (non-ATP-treated sample), only one
monophosphorylation peptide (1407GPTPAILESLISINNK1422)
was detected. The signal intensity of this phosphopeptide in the
control sample was comparable to that in the ATP-treated
sample. In addition, the phosphorylation of Ser2454, Thr2473
or -2474, and Ser2478 or -2481, but not Ser1418, was sensitive to
the inhibition by BEZ235 (data not shown). Together, these
results demonstrate that Ser2454, Thr2473 or -2474, and Ser2478
or -2481 are mTOR autophosphorylation sites in vitro, while
Ser1418 was most likely phosphorylated by a separate kinase
when expressed in insect cells.

To test whether the autophosphorylation at the specific sites
in truncated mTOR also occurs in the mTOR complex, the
recombinant mTORC1 was subjected to in vitro autophosphor-
ylation and then digested with trypsin in solution. Because the
peptide concentration of digested mTORC1 was low and present
in the matrix of many other peptides, initial efforts to detect the
phosphopeptides by LC-MS/MS were unsuccessful. We there-
fore developed a targeted LC-MS3 method (see Materials and
Methods for details) to specifically detect the potential phos-
phorylation of Ser2454, Thr2473 or -2474, and Ser2478 or -2481
in autophosphorylatedmTORC1. These results clearly show that
all these three residues were phosphorylated in ATP-treated
mTORC1 (Figures S5 and S6 of the Supporting Information).
Interestingly, these three sites are also phosphorylated in recom-
binant mTORC1 without ATP treatment, although the intensi-
ties of phosphopeptides were much lower than those detected
in the ATP-treated sample. These results suggest that phosphor-
ylation of these residues indeed occurs in cells. We also used the
targeted LC-MS3 method to investigate the phosphorylation
state of Ser1418 in both ATP-treated and non-ATP-treated
mTORC1. We found that Ser1418 was not phosphorylated in
either case.
Inhibition of Truncated mTOR and mTORC1 by ATP

Competitive Inhibitors and Rapamycin/FKBP12. The in-
hibition of truncated mTOR and mTORC1 by small molecules
was characterized by both a radiometric filtration assay and a
TR-FRETassay (Table 3). TheKi valueswere consistent between
the two methods. PI103 and BEZ235 exhibited nearly complete
inhibition of truncated mTOR and mTORC1, while rapamycin,
which binds to a unique site in the FRB domain, only partially
inhibited truncated mTOR and mTORC1 (Figure 5A,B and
Figure S7 of the Supporting Information). In addition, all three
compounds showed similar inhibitory potencies toward trun-
cated mTOR and mTORC1, suggesting that the presence of
mTOR partner proteins does not affect the binding of these
compounds.

To investigate whether rapamycin/FKBP12 inhibition of
mTOR activity is substrate-dependent, the effect of rapamycin/

FIGURE 3: Assay timecourseof truncatedmTOR-catalyzedautopho-
sphorylation conducted at three concentrations of truncated mTOR
(15, 30, and 60 nM) in the presence of [γ-33P]ATP. The 33P CPMwas
converted into molar terms according to the specific activity of the
ATP stock. The extent of autophosphorylation (y-axis) was expressed
as the number of phosphates incorporated per truncated mTOR
molecule. At saturation (180min), an average of 3.7( 0.2 phosphates
was incorporated into each truncated mTOR molecule.

Table 2: Steady-State Kinetic Parameters for Truncated mTOR and mTORC1 Determined by the TR-FRET Assay

enzyme

[rapamycin]

(nM)

Km
app (ATP)

(μM)

kcat
app

(FRET signal μM-1 min-1)

kcat
app/Km

app (ATP)

(FRET signal μM-2 min-1)

mTORC1 0 3.9( 0.4 83( 8 26( 4

truncated mTOR 0 4.1( 0.7 410 ( 15 100( 17

truncated mTOR 8 4.4( 0.7 300 ( 10 68( 11

truncated mTOR 20 5.6( 0.8 210 ( 7 38( 6

truncated mTOR 128 6.3( 1.1 140( 6 22( 4
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FKBP12 on the activity of truncated mTOR was also examined
with AKT1 as a substrate. As shown in Figure 5C and Figure S8
of the Supporting Information, both the radiometric assay and
the TR-FRET assay demonstrated that phosphorylation of
AKT1 by truncated mTOR was also partially inhibited by
rapamycin/FKBP12. In addition, rapamycin/FKBP12 also ex-
hibited partial inhibition of the autophosphorylation of trun-
cated mTOR (Figure 5D). Together, these results suggest that
rapamycin/FKBP12 might directly inhibit the intrinsic catalytic
activity of mTOR in vitro.

The mechanism of rapamycin/FKBP12 inhibition of mTOR
was further investigated using the TR-FRET assay with 4EBP1
as a substrate. The Michealis-Menten kinetic analysis was per-
formed in the presence of various concentrations of rapamycin
(Figure S9 of the Supporting Information). Within experimental
error, the apparent Km for ATP was unchanged by the addi-
tion of rapamycin/FKBP12 (Table 2). The turnover rate, kcat,
however, decreased with an increase in rapamycin concentra-
tion (Table 2), a pattern that is consistent with noncompetitive
inhibition with respect to ATP.

DISCUSSION

Previous biochemical studies using mTOR immune com-
plexes obtained from immunoprecipitation have suggested
that binding of Raptor to mTOR is necessary for the mTOR-

catalyzed phosphorylation of 4EBP1 (4), while the presence
of Rictor is required for the mTOR-catalyzed phosphoryla-
tion of AKT1 (17). Our activity assays using recombinant
mTORC1 and mTORC2 demonstrate that although these
two mTOR complexes possess a distinct substrate preference,
they also exhibit cross reactivity with the protein substrates.
It is noteworthy that although S6K1 has long been considered as
a mTORC1-specific substrate, our results demonstrate that
both recombinant mTORC1 and mTORC2 can phosphorylate
Thr389 of truncated S6K1 with comparable efficiency in vitro.
This is consistent with a previous study that reported that the
structure of S6K1 determines whether mTORC1 or mTORC2
phosphorylate its hydrophobic motif residue, and that
phosphorylation of Thr389 of S6K1 by mTORC2 depends
on the removal of the carboxyl-terminal domain of S6K1 (27).
In addition, truncated mTOR alone, without any mTOR
partner proteins, is able to phosphorylate both mTORC1-
specific substrates, 4EBP1 and S6K1, and the mTORC2-specific
substrate, AKT1. In cells, the phosphorylation of each of these
mTOR substrates might be contributed by all three forms of
mTOR enzyme, free mTOR enzyme, mTORC1, and mTORC2,
depending on the relative partitioning of mTOR into these
three forms. Determining whether the substrate cross reacti-
vity of mTOR complexes plays a significant role in cellular
mTOR signaling under certain circumstances requires further
investigation.

FIGURE 4: Identification of truncated mTOR autophosphorylation sites by LC-MS/MS. MS/MS spectrum showing phosphorylation of
Ser2454 (top). MS/MS spectrum showing phosphorylation of Thr2471, -2473, or -2474 and Ser2478 or -2481 (bottom).

Table 3: Inhibitory Potencies of PI103, BEZ235, and Rapamycin against Truncated mTOR and mTORC1

truncated mTOR mTORC1

PI103 BEZ235 rapamycin PI103 BEZ235 rapamycin

Parameters Determined by a Radiometric Assay

IC50 (nM) 82( 12 9.6( 0.9 9.6 ( 1.0 42( 5 8.0( 0.8 6.4 ( 1.2

Ki (nM) 20( 3 2.5( 0.2 not available 18( 2 3.2( 0.2 not available

Parameters Determined by a TR-FRET Assay

IC50 (nM) 38( 6 3.9( 0.2 13 ( 3 42( 4 4.2( 0.4 13 ( 3

Ki (nM) 19( 3 1.7( 0.2 not available 21( 2 1.5( 0.2 not available
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Our detailed kinetic analysis revealed that recombinant
mTORC1 exhibited a lower catalytic efficiency toward ATP
and 4EBP1 compared to that of truncatedmTOR. Because of the
low yield and low activity of purified mTORC2, it was not
feasible to perform satisfactory kinetic studies ofmTORC2under
our reaction conditions, yet we found by Western analysis that
truncated mTOR was also more active than mTORC2 toward
AKT1 phosphorylation. Several factors could account for the
lower activity of recombinant mTORC1 compared to that of
truncated mTOR. One possibility is that N-terminal HEAT
repeats of mTOR, postulated to be involved in protein-protein
recognition with mTOR partner proteins, could interact with
the kinase domain in the context of full-length molecules so that
itmight repressmTORcatalytic activity. Indeed, previous studies
by Western analysis have suggested that truncated mTOR is
slightly more active than full-length mTOR (22). Alternatively,
Raptor could have a negative regulatory role for mTOR activity.
This is supported by the finding that a strong association bet-
ween mTOR and Raptor actually leads to inhibition of mTOR
catalytic activity (5). Taken together, we propose that it is
possible that the mTOR complex with multiple proteins as-
sembled together achieves substrate selectivity at the cost of
catalytic activity.

Our results show that the ATPKm values for truncatedmTOR
and mTORC1 were 33 ( 7 and 74 ( 6 μΜ, respectively. These
values are close to the result (50 μΜ) generated by Toral-Barza
et al. (22) but are significantly lower than theKm value (>1mM)
estimated byWestern blotting analysis byDennis et al. (28). Both
the report by Toral-Barza et al. and our studies utilized Mn2þ as
the metal cofactor in the mTOR assays, while Dennis et al. used
Mg2þ in their assays. We also tested Mg2þ in our assays. How-
ever, because both truncated mTOR andmTOR complexes have
much lower activity toward MgATP than MnATP (Figure 2B),

we were not able to determine the Km for MgATP with either
the TR-FRETassay or the radiometric filtration assay because of
the low signal to noise ratio. Determining whether the discre-
pancies in the reported ATP Km values for mTOR are caused by
the utilization of different metal cofactors requires further
investigation.

Truncated mTOR is commonly used in the screening of
inhibitors because of its commerical availability. The question
of whether the inhibitor potency measured with the truncated
mTOR remains the same against mTOR complexes arises. Our
studies showed that the Ki values for all three inhibitors tested
were in excellent agreement between truncated mTOR and
mTORC1, suggesting a similar sensitivity of truncated mTOR
and mTORC1 to the inhibition by small molecules, albeit with
different substrate selectivities.

It was previously hypothesized that rapamycin inhibits
mTORC1 through a mechanism in which Raptor is dissociated
frommTOR, affecting the binding of substrate to mTOR (5, 14).
However, a study by Jacinto et al. (29) showed that Raptor
copurified with mTOR on immobilized FKBP12 in the presence
of rapamycin, implying rapamycin does not cause the dissocia-
tion of the complex. Studies by Soliman et al. (30) agree well with
those of Jacinto et al. in showing that rapamycin reduces the level
ofmTORC1-associatedmTORautophosphorylation, a read-out
of mTORC1 intrinsic catalytic activity. During the revision of
this work, Yip et al. (31) reported a cryo-EM structure of human
TORC1 and proposed that binding of rapamycin to mTORC1
disintegrated the dimeric mTORC1 complex in a stepwise
manner, leading to a time-dependent inhibition of 4EBP1. They
also suggested that the binding of rapamycin to mTORC1 might
block the access of a large-sized substrate S6K1 to the active site;
therefore, a rapid inhibition of phosphorylation of S6K1 by
rapamycin was observed. Our data demonstrate that rapamycin

FIGURE 5: Inhibition of truncated mTOR and mTORC1 activities by BEZ235 and rapamycin/FKBP12. The percentage notations reflect the
percentage of enzyme activity comparedwith no inhibitor controls. For rapamycin treatment, 200 nMFKBP12was also included as an auxiliary
protein. (A) Dose-response curves of the effects of inhibitors on the activities of truncated mTOR and mTORC1, as determined using a
radiometric filtrationassaywith 4EBP1 as the protein substrate. (B)Dose-response curves of the effects of inhibitors on the activities of truncated
mTORandmTORC1, as determined using aTR-FRET assaywithGFP-4EBP1 as the protein substrate. (C)Dose-response curves of the effects
of rapamycin/FKBP12 on the truncated mTOR-catalyzed AKT1 phosphorylation. (D) Dose-response curves of the effects of rapamycin/
FKBP12 on truncated mTOR-catalyzed autophosphorylation.
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inhibits truncated mTOR-catalyzed phosphorylation of 4EBP1
and AKT1 as well as autophosphorylation of truncated mTOR,
suggesting that rapamycin might directly inhibit the catalytic
activity of the mTOR enzyme. This inhibition by rapamycin was
partial and noncompetitive against ATP, consistent with recent
reports that rapamycin is only a partial antagonist of mTORC1
in cells (32, 33). Interestingly, the concentrations of rapamycin
that were effective in inhibiting mTOR kinase activity in our
biochemical studies (IC50=10 nM) were higher than those in
blockingmTOR function in cells (IC50=1nM) (34-36). In cells,
additional factors could contribute to the inhibitory effects of
rapamycin onmTOR function in addition to the direct inhibition
of the catalytic activity. For instance, rapamycin may inhibit
mTOR substrate phosphorylation by activation of PP2A phos-
phatase (37). Alternatively, the potent inhibitory effect of rapa-
mycin in cells may arise from the blockage of mTOR activation
by phosphatidic acid (PA) binding (38), which is supported by the
solution structure of the FRB-PA complex where the residues
interacting with PA closely match the sites responsible for
rapamycin binding (39).

Autophosphorylation is a salient feature shared by many
protein kinases and may represent an important mechanism in
the modulation of kinase activities as well as their cellular
functions (40). Previously, it was reported that mTOR catalyzes
autophosphorylation both in vitro and in vivo, and the autopho-
sphorylated residue was identified as Ser2481, a site near the
conserved carboxyl-terminal tail (24, 30). In our study, two novel
autophosphorylation sites, Ser2454 and either Thr2473 or
Thr2474, were found to be phosphorylated in truncated mTOR
in the presence ofATP, but not in the absence ofATP, suggesting
that these modifications are a result of autophosphorylation.
These two residues were also phosphorylated in recombinant
mTORC1 produced from mammalian cells, consistent with
recent MS-based kinome studies (25, 26, 41). The phosphoryla-
tion of these two residues in cells could be a result of autopho-
sphorylation or could be performed by another kinase. Neverthe-
less, our MS studies indicate the intensities of phosphopeptides
are much higher in ATP-treated mTORC1 than those in non-
ATP-treatedmTORC1, providing supporting evidence that these
two residues could be autophosphorylated by mTORC1 as well.
Interestingly, Thr2473 or Thr2474 is in the proximity of the
previously identified autophosphorylation residue Ser2481, and
Ser2454 is near a region that plays an important role in mTOR
activity regulation. Deletion of this region leads to elevated
mTOR activity both in vitro and in cells (42, 43). In the vicinity
of Ser2454, phosphorylation of Thr2446 and Ser2448, mediated
by AMPK (44) and S6K1 (45), respectively, is regulated by
nutrient status and growth factors. It remains to be determined
whether phosphorylation of Ser2454 and Thr2473 or Thr2474 is
regulated by hormones and growth factors, and whether this
event plays a regulatory role in mTOR action. Nevertheless, no
initial lag phase was observed in the time course of the truncated
mTOR-catalyzed reaction, suggesting that autophosphorylation
of mTORmight not play a role in activating its enzyme catalytic
activity. Another interesting observation is that Ser1418, a resi-
due within the FAT domain of mTOR, is phosphorylated in
recombinant truncated mTOR overexpressed in insect cells, but
not in recombinant mTORC1 overexpressed in HEK-293 cells.
The question ofwhether the partner proteins inmTORC1protect
the recognition of this residue by the kinase or phosphorylation
of this residue is of any physiological significance needs further
investigation.

In summary, this study sought to provide an improved under-
standing of the biochemical properties of the mTOR enzyme
and its complexes. We have demonstrated that recombinant
mTORC1, mTORC2, and truncated mTOR possess cross re-
activity toward different protein substrates along with distinct
protein selectivity and similar metal preference for Mn2þ over
Mg2þ. We found that compared to truncated mTOR, recombi-
nant mTORC1 had reduced catalytic activity because of both
weaker ATP binding affinity and lower kcat values. The presence
of mTOR partners does not affect the sensitivities of mTOR for
the ATP competitive inhibitors, PI103 and BEZ235, or the
allosteric inhibitor rapamycin. In addition, we identified two
novel mTOR autophosphorylation sites, Ser2454 and either
Thr2473 or Thr2474, by MS analysis. The significance of the
novel autophosphorylation sites in the regulation of mTOR
function remains to be investigated.
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