










hydrophobic or charged residues promoted or
decreased, respectively, mTORC1 activity toward
them (Fig. 3A). In addition, substitution of the
phosphoacceptor serine with threonine (Grb10

S150T) strongly reduced mTORC1 activity toward
this peptide (Fig. 3A and fig. S3). The prefer-
ences gleaned from modifying the Grb10 S150
peptide were applicable to other mTORC1 sub-

strates. For example, elimination of glutamate and
lysine from the 4E-BP1 S65 peptide boosted its
phosphorylation by mTORC1 (fig. S4), which led
us to notice that poor mTORC1 phosphorylation
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Fig. 3. Conservative modifications to mTORC1 phosphorylation sites
are sufficient to alter their sensitivity to rapamycin within cells. (A)
In vitro kinase activity of mTORC1 toward peptides containing indicated
modifications to the Grb10 S150 site were analyzed by autoradiography
(representative example shown). Phosphorylation levels of the specified
peptides were quantified by densitometry. Data are means T SD (n = 3 to 5)
(*P< 0.05). (B) In vitro kinase activity of mTORC1 toward peptides encom-
passing the hydrophobic motif phosphorylation sites of indicated kinases was
analyzed by autoradiography as in (A). Data are means T SD (*P< 0.05). (C)
Time-dependent responses of wild-type and mutant T389S S6K1 to rapamycin.
S6K1–/–S6K2–/– MEFs stably expressing wild-type or T389S S6K1 were treated
with 5 nM rapamycin for up to 2 hours. Cell lysates were analyzed by immu-
noblotting for the levels and phosphorylation states of the specified proteins.
Phosphorylation levels of the specified proteins were quantified by den-
sitometry (graphs). Experiments were performed at least three times, and a
representative example is shown. (D) Concentration-dependent responses
of wild-type and mutant S6K1 to rapamycin. S6K1–/–S6K2–/– MEFs stably
expressing FLAG-tagged wild-type or T389S S6K1 were treated with increasing
concentrations of rapamycin for 20 min and analyzed as in (C). (E) Effects
of rapamycin on in vitro kinase activities of wild-type and mutant T389S
S6K1. HEK-293T cells expressing FLAG-tagged wild-type or T389S S6K1

were treated with 50 nM rapamycin or vehicle for 15 min, and the recom-
binant protein was purified from lysates using FLAG M2 agarose. Sub-
sequently, in vitro kinase activity of wild-type or T389S S6K1 toward a S6
peptide containing the T235 and T236 phosphorylation sites was analyzed
by autoradiography and quantified by densitometry. Data are means T SD
(n = 3) (*P< 0.05). (F) S6K1–/–S6K2–/– MEFs stably expressing wild-type or
T389S S6K1 were treated with 1 mM Torin1 for indicated time points. Cell
lysates were analyzed as in (C) (representative example shown). Data are
means T SD (n = 3). (G) In vitro kinase activity of mTOR toward peptides
containing indicated modifications to the ULK1 S758 site were analyzed as
in (A). The high level of activity of mTORC1 toward the wild-type ULK1
peptide reflects the fact that it contains more than one site phosphorylated
by mTORC1. Data are means T SD (n = 3) (*P< 0.05). (H) Time-dependent
responses of wild-type and mutant S758T ULK1 to rapamycin. Experiment
was performed and analyzed as in (C) with ULK1–/– MEFs stably expressing a
short hairpin RNA against endogenous ULK2, as well as FLAG-tagged wild-
type or S758T ULK1. (I) Concentration-dependent responses of wild-type and
mutant S758T ULK1 to rapamycin. Experiment was performed and analyzed
as in (D) for 2 hours with ULK1–/–ULK2–/– MEFs stably FLAG-tagged wild-type
or S758T ULK1. Note: For all peptide sequences, phosphoacceptor sites are
in red text and modified residues in yellow highlight.
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sites tend to have several charged residues
(Fig. 1C and fig. S2). Most interestingly, however,
the preference for serine over threonine as the
phosphoacceptor was even stronger within the
context of the S6K1 T389 peptide, such that
the T389S mutant was a much better mTORC1
substrate than the wild-type peptide (Fig. 3B
and fig. S5). Consistent results were obtained
for serine-to-threonine changes in the peptides
for Akt1 S473 or SGK1 S422, which are mTORC2
substrates within cells but, in peptide form,
are phosphorylated by mTORC1 (Fig. 3B).
Thus, analysis of the sequence motif specificity
of mTORC1 revealed a simple way to test the
hypothesis that we can increase the rapamycin
resistance of a site by making it a better sub-
strate for mTORC1.

Manipulation Within Cells of the
Rapamycin Sensitivity of mTORC1
Substrate Phosphorylation Sites
To do so we stably expressed wild-type or
T389S S6K1 in MEFs lacking S6K1 and S6K2
[S6K1–/–S6K2–/– MEFs (32)] and monitored the
effects of various treatment durations or concen-
trations of rapamycin on the phosphorylation of
T/S389 with a phosphospecific antibody that
recognizes either site equally well (fig. S6). Upon
rapamycin treatment, S389 S6K1 was dephos-
phorylated with slower kinetics and at higher
doses than wild-type S6K1 (Fig. 3, C and D).
Moreover, in mutant-expressing cells, the phos-
phorylation of S6 and rictor, established S6K1
substrates (33–38), was also more resistant to
rapamycin (Fig. 3, C and D), which is consistent
with the mutant S6K1 retaining more kinase ac-
tivity than its wild-type counterpart in rapamycin-
treated cells (Fig. 3E). In response to Torin1,
wild-type and T389S S6K1 were dephosphoryl-
ated with very similar kinetics, which indicated
that the phosphatases that act on this site were
unaffected by the T389S mutation (Fig. 3F). The
serine mutation did not confer complete resist-
ance to rapamycin, perhaps because it does not
sufficiently increase the activity of mTORC1
toward S6K1. In addition, it is likely that the
intrinsic activity of mTORC1 toward a phospho-
rylation site is only one of several determinants
of its rapamycin sensitivity. Other properties that
may have a role include the exact position of the
site on the intact protein substrate, the secondary
interactions the protein substrate makes with the
kinase, and even perhaps its subcellular localiza-
tion. Nevertheless, a single conservative change
to an mTORC1 phosphorylation site is sufficient
to alter its response to rapamycin and that of the
downstream events the site controls.

We also tested whether making a site a poorer
mTORC1 substrate increases its sensitivity to ra-
pamycin within cells. We used ULK1, an inducer
of autophagy that mTORC1 negatively regu-
lates, in part by directly phosphorylating it on
S758 (39–41). The ULK1 S758 peptide is an ex-
ceptionally good substrate in vitro for mTORC1,
likely because it contains more than one phos-

phorylation site (Fig. 3G). Still, a S758T muta-
tion was sufficient to strongly reduce the activity
of mTORC1 toward the peptide (Fig. 3G and fig.
S5). Thus, we reconstituted MEFs lacking ULK1
and ULK2 (42, 43) with wild-type or the S758T
ULK1 mutant and examined the extent of S/T758
phosphorylation in response to rapamycin, vary-
ing either the treatment time or dose of the drug.
The phosphospecific S758 antibody recognizes
phosphorylation at position 758 when either ser-
ine or threonine is the phosphoacceptor (fig.
S6). Although the phosphorylation of wild-type
ULK1 was, as expected, largely resistant to ra-
pamycin (Fig. 1A), that of the mutant was much
more sensitive to rapamycin (Fig. 3H and I).
Moreover, in the mutant-expressing cells, rapa-
mycin caused a stronger activation of autopha-
gy, as detected by a greater decrease in p62 and
a greater accumulation of LC3-II, than in cells
with wild-type ULK1 (Fig. 3, H and I, and figs.
S7 and S8) (44). Hence, as with S6K1, a con-
servative change to the ULK1 phosphorylation
site is sufficient to alter its sensitivity to rapa-
mycin, as well as that of downstream signaling
events, in this case, autophagy induction. These
results indicate that the inherent capacity of a
phosphorylation site to serve as an mTORC1
substrate (its “substrate quality”) affects how it
responds to the partial inhibition of mTORC1
caused by rapamycin. The same may be true for
mTORC2 because phosphorylation of position
473 of Akt1 was more sensitive to low doses of
Torin1 when the normal serine was changed to
threonine (fig. S9).

Substrate Quality Is a Determinant of the
mTORC1-Regulated Starvation Program
As rapamycin is a pharmacological regulator of
mTORC1, we wondered whether mTORC1 phos-
phorylation sites respond differentially to the
physiological inputs that control mTORC1, such
as nutrients and growth factors. Note that we
found that the same mTORC1 phosphorylation
sites that were rapamycin-sensitive were also more
sensitive to a partial decrease in the concentra-
tion of amino acids in the cell media. For ex-
ample, the phosphorylation of T389 S6K1, which
is extremely rapamycin-sensitive, was strongly re-
duced when cells were placed in medium with
20% of the normal levels of amino acids (Fig. 4A
and fig. S10). In contrast, the same medium
did not affect the phosphorylation of S150
Grb10, which is also resistant to rapamycin,
and phosphorylation of this site became par-
tially inhibited only when cells were fully de-
prived of amino acids (Fig. 4A and fig. S10).
We obtained analogous results when we varied
the amount of serum to which the cells were ex-
posed or when we varied the duration of complete
amino acid starvation (Fig. 4, A and B, and fig.
S10). Thus, bona fide mTORC1 substrates vary
greatly in their responses to the same mTORC1-
regulating signals.

To test whether differences in substrate qual-
ity might underlie these differences in sensitivity

to upstream signals, we used MEF lines express-
ing the wild-type or the mutant versions of S6K1
or ULK1. Phosphorylation of the T389S S6K1
mutant, which was partially resistant to rapamy-
cin, was also strongly resistant to a reduction in
amino acid concentrations, and this resistance
was reflected, as before, in the phosphoryl-
ation states of the S6K1 substrates S6 and rictor
(Fig. 4C). Similarly, the phosphorylation of the
S758T ULK1 mutant, which was sensitive to
rapamycin, was also sensitive to a reduction in
amino acid concentrations and to complete amino
acid starvation, as were amounts of p62 and
LC3-II (Fig. 4D and figs. S11 and S12). For
both kinases, we obtained analogous results when
we manipulated serum concentrations (fig. S13).
Thus, the substrate property that we call substrate
quality affects how mTORC1 substrates respond
to both pharmacological and natural regulators
of the kinase. Moreover, in a competitive pro-
liferation assay in media containing low con-
centrations of amino acids, the MEFs expressing
T389S S6K1 outcompeted those expressing
wild-type S6K1 (Fig. 4E), which indicated that
a change in substrate quality can also affect cell
behavior.

We conclude that the sequence composition
of an mTORC1 phosphorylation site, including
the presence of serine or threonine as the phos-
phoacceptor, is one of the key determinants of
whether the site is a good or poor mTORC1 sub-
strate within cells. Even though the phosphoryl-
ation of mTORC1 sites is undoubtedly subject to
varied regulatory mechanisms, we propose that
differences in substrate quality are one mechanism
for allowing downstream effectors of mTORC1
to respond differentially to temporal and inten-
sity changes in the levels of nutrients and growth
factors, as well as pharmacological inhibitors
such as rapamycin (Fig. 4F). Such differential re-
sponses are likely important for mTORC1 to
coordinate and appropriately time the myriad
processes that make up the vast starvation pro-
gram it controls. Last, it is likely that the form of
hierarchical regulation we describe for mTORC1
substrates also exists in other kinase-driven sig-
naling pathways.

Materials and Methods

Materials
Reagents were obtained from the following sources:
antibodies to phospho-T389 S6K1, phospho-S235/
S236 S6, phospho-T37/T46 4E-BP1, phospho-S65
4E-BP1, phospho-S70 4E-BP1, phospho-T183
PRAS40, phospho-S758 ULK1, phospho-S150
Grb10, phospho-S476 Grb10, phospho-S106
Lipin1, phosphor-S472 Lipin1, phosphor-S1135
rictor, S6K1, 4E-BP1, PRAS40, FLAG, S6, and
Rictor from Cell Signaling Technology; an anti-
body to Grb10 and horseradish peroxidase–
labeled antibody against mouse and secondary
antibody against rabbit antibody from Santa Cruz
Biotechnology; an antibody to p62 from Progen;
antibodies to ULK1, FLAG, and b-actin (clone
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AC-15), FLAG M2 affinity gel, ATP, FKBP12,
amino acids, and insulin from Sigma-Aldrich;
[g-32P]ATP from Perkin-Elmer; FuGENE 6,
PhosSTOP, and Complete Protease Cocktail
from Roche; rapamycin from LC Laboratories;
Dulbecco’s modified Eagle’s medium (DMEM)

from SAFC Biosciences; inactivated fetal calf
serum (IFS), fetal bovine serum (FBS), and
SimplyBlue Coomassie G from Invitrogen; amino
acid–free Roswell Park Memorial Institute (RPMI)
medium from U.S. Biological; Superose 6 10/300
GL from GE Healthcare; bicinchoninic acid assay

(BCA assay) reagent, protein G–Sepharose, strep-
tavidin agarose, and immobilized glutathione beads
from Thermo Scientific; Whatman grade P81 ion-
exchange chromatography paper from Fisher Sci-
entific; QIAamp DNAMini Kit, QuikChange XLII
mutagenesis kit, and XL10-Gold Competent

Fig. 4. The sequence com-
position of mTORC1 phos-
phorylation sites encodes
their sensitivity to physio-
logical signals that regulate
mTORC1. (A) Differential re-
sponses of established mTORC1
phosphorylation sites to par-
tial amino acid or serum starva-
tion. p53–/– MEFs were placed
in media with 100, 20, or 0%
of the normal levels of amino
acids or 10, 2, or 0% FBS for
30 min. Cell lysates were ana-
lyzed by immunoblotting for
the levels and phosphorylation
states of the specified proteins.
(B) Differential responses of es-
tablished mTORC1 phosphoryl-
ation sites to complete amino
acid starvation. p53–/– MEFs
were placed in 0% amino acid
media for the indicated time
points. Cell lysates were ana-
lyzed as in (A). Phosphorylation
levels of the specified proteins
were quantified by densitom-
etry (graph). (C) Differential
concentration-dependent re-
sponses of wild-type and mutant
T389S S6K1 to partial amino
acid starvation. S6K1–/–S6K2–/–

MEFs stably expressing FLAG-
tagged wild-type or T389S
S6K1 were placed in media with
100, 50, 20, 10, 5, or 0% of the
normal levels of amino acids for
20 min. Cell lysates were ana-
lyzed as in (A). Phosphorylation
levels of the specified proteins
were quantified by densitom-
etry (graph). (D) Differential
concentration-dependent re-
sponses of wild-type and mutant
S758T ULK1 to partial amino
acid starvation. Experiment was
performed and analyzed as
in (C) for 2 hours under par-
tial amino acid starvation with
ULK1–/–ULK2–/– MEFs stably
expressing FLAG-tagged wild-
type or S758T ULK1. (E) A con-
servative change to the mTORC1
phosphorylation site S6K1 T389
is sufficient to alter the pro-
liferation rate of cells cultured under partial amino acid starvation. S6K1–/–

S6K2–/– MEFs stably expressing barcoded wild-type and T389S S6K1 were
mixed in equal number and cultured in either 100% amino acid RPMI with
10% FBS and antibiotics or 20% amino acid RPMI with 10% dialyzed FBS
and antibiotics. After 32 population doublings, cells were harvested, and

genomic DNA was isolated and analyzed by quantitative real-time PCR.
(F) Model for the role of substrate quality in the regulation of mTORC1
phosphorylation sites. Substrate quality is an important determinant of how
mTORC1 substrates respond to pharmacological and natural regulators of
the kinase.
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cells from Stratagene; SYBR Green polymer-
ase chain reaction (PCR) Master Mix from AB
Applied Biosystems; and SAM2 biotin cap-
ture membrane from Promega. Torin1 was pro-
vided by Nathanael Gray (Harvard Medical
School) (18).

Cell Lines and Tissue Culture
HEK-293E and MEFs were cultured in DMEM
with 10% FBS and antibiotics. HEK-293T was
cultured in DMEM with 10% IFS and anti-
biotics. HEK-293Es were generously provided
by John Blenis (Harvard Medical School), p53–/–

MEFs by David Kwiatkowski (Harvard Medical
School), S6K1+/+S6K2+/+ and S6K1–/–S6K2–/–

MEFs by Mario Pende (INSERMU845, Medical
School, Paris Descartes University), ULK1+/+ and
ULK1–/– shULK2 MEFs by Reuben Shaw (Salk In-
stitute), and ULK1+/+ULK2+/+ and ULK1–/–ULK2–/–

MEFs by Craig Thompson (Memorial Sloan-
Kettering Cancer Center).

To generate stable cell lines, mRNA-encoding
plasmids were cotransfected with Delta VPR
(pLJM60/61 lentivirus) or Gag-pol envelope
(pQCXIP/N retrovirus) and cytomegalovirus–
vesicular stomatitis virus glycoprotein CMV
VSVG) packaging plasmids into actively grow-
ing HEK-293T using FuGENE 6 transfection
reagent as previously described (45). Virus par-
ticles containing supernatants were collected at
48 hours posttransfection and spun in a centri-
fuge to eliminate floating cells, and target cells
(100,000 to 1,000,000) were infected in the pres-
ence of 8 mg/ml polybrene. The cells were given
or split 24 hours postinfection into fresh medium
containing, per milliliter, 2 mg puromycin or 1 mg
neomycin. mRNA-expressing cells were analyzed
2 to 7 days postinfection.

cDNA Manipulations and Mutagenesis
The mTOR truncation mutant (1295–2549) and
LARP1 cDNAs were amplified by PCR, and the
products were subcloned into the Sal I and Xho I
sites of the FLAG-tagged pQCXIP (puromycin-
resistant) retroviral vector for stable expression.
The mLST8 cDNA was amplified by PCR, and
the product was subcloned into the Not I and
Eco RI sites of the pQCXIN (neomycin-resistant)
vector for stable expression. The S6K1 and ULK1
cDNAs were amplified by PCR, and the products
were subcloned into the Sal I and Not I sites of
the pLJM60 (puromycin-resistant) or pLJM61
(neomycin-resistant) lentiviral vector for stable
expression. The pLJM60 S6K1, pLJM60/61 ULK1,
and pRK5 glutathione S-transferase (GST)–tagged
mouse Akt1 plasmids were mutagenized with
the QuikChange XLII mutagenesis kit with oligo-
nucleotides obtained from Integrated DNA Tech-
nologies. The S6K1, ULK1, and Akt1 mutants
used in our experiments were T389S, S758T, and
S473T, respectively. For barcoding pLJM60 S6K1
constructs, GGATCC (BamH I) and GGTACC
(Kpn I) sequences were inserted in front of the
start codons of wild-type and T389S S6K1, re-
spectively, by using the QuikChange XLII

mutagenesis kit with oligonucleotides obtained
from Integrated DNA Technologies.

Cell Treatments and Lysis
and Immunoprecipitations
For rapamycin and Torin1 treatments, 70 to 80%
confluent cells were treated with dimethyl sulf-
oxide (DMSO) or inhibitors as indicated in figure
legends. Amino acids and serum were titrated as
indicated in figure legends. Cells rinsed once
with ice-cold phosphate-buffered saline (PBS)
and lysed in ice-cold lysis buffer [50 mM HEPES
pH 7.4, 40 mM NaCl, 2 mM EDTA, 1 mM or-
thovanadate, 50 mM NaF, 10 mM pyrophosphate,
10 mM glycerophosphate, and 1% Triton X-100
or 0.3% CHAPS (for immunoprecipitations)] with
one PhosSTOP tablet and one tablet of EDTA-free
protease inhibitors per 25 ml. The soluble fractions
of cell lysates were isolated by centrifugation at
13,000g for 10 min. For FLAG immunoprecipi-
tations, 50% slurry of FLAG M2 affinity agarose
was added to the lysates, and the mixtures were
incubated with rotation for 2 to 6 hours at 4°C.
Immunoprecipitates were washed three times
with lysis buffer containing 150 mM NaCl. Im-
munoprecipitated proteins were denatured by
the addition of sample buffer, boiled for 5 min,
resolved by SDS–polyacrylamide gel electro-
phoresis (SDS-PAGE), and analyzed by immu-
noblotting as previously described (28).

Purifications of mTORC1 and Truncated mTOR
mTORC1 purification from HEK-293T cells stably
expressing FLAG-raptor was performed as de-
scribed previously (29). Purification of the trun-
cated mTOR mutant from HEK-293T cells stably
expressing FLAG-mTOR (1295–2549) and
mLST8 was also performed as described pre-
viously without a gel filtration step (29). Puri-
fied recombinant proteins were aliquoted and
stored at –80°C.

In Vitro Kinase Assays
Individual peptide substrates [GYXXXX(S/T)
XXXXGRRRRR] were synthesized by the MIT
Koch Institute Biopolymers and Proteomics Core
Facility and purified by reversed-phase high-
performance liquid chromatography (HPLC). In
vitro kinase activity of mTORC1 or truncated mTOR
toward peptides was determined by incubating
0.1 to 0.2 mM peptide with ~100 ng mTORC1
or ~20 ng truncated mTOR in reaction buffer
(25 mM HEPES pH 7.4, 50 mM KCl, 5 mM
MgCl2, and 5 mM MnCl2) containing 50 mM
cold ATP and 2 to 5 mCi [g-32P]ATP for 20 to
30 min at room temperature. Aliquots (3.3 ml) of
each reaction were spotted onto P81 ion-exchange
chromatography paper in triplicates and quenched
in 0.42% H3PO4. Paper was washed 8 to 10 times
in same solution and dried. Resulting radioactivity
was determined by a phosphoimaging device.
For kinase assays with rapamycin, 100 nM rapa-
mycin was preincubated with 50 ng FKBP12
for 30 min and added to reaction mixtures.
FKBP12 was added in excess to ensure that most

of rapamycin would be in an FKBP12-rapamcyin
complex.

For S6K1 kinase assays, recombinant S6K1
proteins were purified from HEK-293T stably ex-
pressing WTor T389S S6K1 using the same meth-
od as for truncated mTOR. S6 peptide substrate
(AKRRRLSSLRA) was incubated in 20 ml of
reaction mixture consisting of kinase assay buf-
fer (25 mM HEPES, pH 7.4, 50 mM KCl, 5 mM
MgCl2, and 5 mM MnCl2), recombinant S6K1,
50 mMATP, and 2 to 5 mCi [g-32P]ATP for 30 min
at room temperature. Aliquots (3.3 ml) of each re-
action were spotted onto P81 ion-exchange chro-
matography paper in triplicates and quenched in
0.42% H3PO4. Paper was washed 8 to 10 times
in same solution and dried. Resulting radioactiv-
ity was determined by Phosphoimager.

Pull-Down Assay with Biotinylated Peptides
Biotinylated peptides were dissolved in kinase
assay buffer, and soluble fractions of cell lysates
were collected by centrifugation at 17,000g for
10 min. Preincubated mixtures of peptides and
50% slurry of streptavidin-agarose were added to
FLAG-tagged mTOR (1295–2549) and incubated in
the presence of 500 nM adenylyl-imidodiphosphate
(AMP-PNP) for 4 to 12 hours at 4°C. Pull-down
mixtures were washed three times with lysis buf-
fer containing 150 mMNaCl. Recombinant mTOR
protein was denatured by addition of sample buf-
fer, boiled for 5 min, resolved by SDS-PAGE,
and analyzed by immunoblotting as previously
described (28). For pull-down assays with rapa-
mycin, 100 nM rapamycin was preincubated with
50 ng FKBP12 for 30 min and added to pull-
down mixtures.

Steady-State Kinetic Measurements
To determine the kinetic parameters for peptide
phosphorylation, assays were conducted in the
presence of 40 nM mTORC1, various concentra-
tions of peptide substrates (0, 10, 100, 250, 500,
and 1000 mΜ) and an ATP mixture containing
500 mM cold ATP (at least 10-fold above Km),
and 2 to 5 mCi [g-32P]ATP in a 30-ml reaction mix-
ture. The reaction was initiated by the addition
of the ATP mixture. After incubation at room
temperature, aliquots (3 ml) of each reaction were
spotted onto P81 ion-exchange chromatography
paper and quenched in 0.42% H3PO4. The paper
was washed 8 to 10 times in same solution and
dried. Resulting radioactivity was determined by
phosphoimager. For kinetic measurements with
rapamycin, 100 nM rapamycin was preincubated
with 50 ng FKBP12 for 30 min and added to
reaction mixtures. The steady-state kinetic param-
eters were obtained by fitting the reaction rates to
the Michaelis-Menten equation using GraphPad
Prism version 5.0 (GraphPad Inc.)

Mass Spectrometric Analyses
LARP1 phosphorylation sites were identified by
mass spectrometric analysis of trypsin-digested
FLAG-LARP1 purified from HEK293T cells sta-
bly overexpressing FLAG-LARP1. The amino acid
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positions of all LARP1 phosphorylation sites
were numbered according to National Center for
Biotechnology Information. Label-free quantifi-
cation of LARP1 phosphorylation sites was per-
formed with BioWorks Rev3.3 software according
to the methodology previously described (31, 46).

Positional Scanning Peptide Library Screening
and PWM Generation
Positional scanning peptide library (PSPL) screen-
ing was performed. The resulting peptides were
analyzed with the truncated mTOR mutant as
previously described (47–49).

Phosphopeptide Recognition by
Phosphospecific Antibodies
Biotinylated phosphopeptides (1 ml) at the indi-
cated concentrations were spotted on a SAM2
Biotin Capture Membrane (Promega) and washed
three times in PBST (PBS with Tween-20). Subse-
quently, the washed membrane was analyzed
by immunoblotting as previously described (28).
Phosphopeptide sequences used are as follows:

T389 S6K1: GGYFLGF[pT]YVAPGRRRRR
T389S S6K1: GGYFLGF[pS]YVAPGRRRRR
S758 ULK1: GGYFTVG[pS]PPSGGRRRRR
S758T ULK1: GGYFTVG[pT]PPSGGRRRRR

Competitive Proliferation Assay
S6K1–/–S6K2–/– MEFs stably expressing bar-
coded wild-type and T389S S6K1 were mixed
in equal numbers (100,000) and placed in 10-cm
culture dishes. The mixture of cells was cultured
in either 100% amino acid RPMI with 10%
FBS and antibiotics or 20% amino acid RPMI
with 10% dialyzed FBS and antibiotics. After
32 population doublings, cells were harvested
and genomic DNA was isolated using QIAamp
DNA Mini Kit. The concentration and purity of
DNA were determined by absorbance at 260 to
280 nm. Primers for real-time PCR were obtained
from Integrated DNATechnologies. Reactions were
run on an Applied Biosystems Prism machine
using SYBR Green Master Mix (Applied Biosys-
tems), and the relative abundance of wild-type and
T389S S6K1 was calculated. Primer sequences
used to produce bar code–specific amplicons are
as follows:

WT S6K1 forward:
GTGGTGGTGCGTCGACGGGAT
WT S6K1 reverse:
CACAATGTTCCATGCCAAGT
T389S S6K1 forward:
GTGGTGGTGCGTCGACGGGTA
T389S S6K1 reverse:
CACAATGTTCCATGCCAAGT
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