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The mechanistic target of rapamycin complex 1 (mTORC1)
coordinates cell growth with its nutritional, hormonal, energy,
and stress status. Amino acids are critical regulators of
mTORCI that permit other inputs to mTORC]1 activity. How-
ever, the roles of individual amino acids and their interactions in
mTORCI activation are not well understood. Here we demon-
strate that activation of mTORC1 by amino acids includes two
discrete and separable steps: priming and activation. Sensitizing
mTORCI activation by priming amino acids is a prerequisite for
subsequent stimulation of mTORCI1 by activating amino acids.
Priming is achieved by a group of amino acids that includes L-as-
paragine, L-glutamine, L-threonine, L-arginine, L-glycine, L-pro-
line, L-serine, L-alanine, and L-glutamic acid. The group of acti-
vating amino acids is dominated by L-leucine but also includes
L-methionine, L-isoleucine, and L-valine. L-Cysteine predomi-
nantly inhibits priming but not the activating step. Priming and
activating steps differ in their requirements for amino acid con-
centration and duration of treatment. Priming and activating
amino acids use mechanisms that are distinct both from each
other and from growth factor signaling. Neither step requires
intact tuberous sclerosis complex of proteins to activate
mTORCI1. Concerted action of priming and activating amino
acids is required to localize mTORCI to lysosomes and achieve
its activation.

The mTORCI1? complex, composed of the protein kinase
mTOR and accessory proteins, coordinates cell growth with the
extra- and intracellular environments. In its active form,
mTORCI1 promotes synthesis of proteins, lipids, and nucleo-
tides for cell growth by phosphorylating multiple downstream
targets, including the p70 ribosome protein S6 kinase (S6K1),
the eukaryotic translation initiation factor 4E-binding protein
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(4E-BP1), and the autophagy-associated kinase ULK1 (Atgl)
(1-3). Metabolic resources such as amino acids and energy
sources, growth factors, cytokines, and hormones coordinately
promote cell growth by causing the phosphorylation of the
mTOR kinase and thereby activating mTORCI1.

mTORCI is composed of the protein kinase mTOR and sev-
eral associated proteins: Raptor (regulatory associated protein
of mTOR), mLST8 (mammalian lethal with Secl3 protein 8,
also known as GBL), PRAS40 (proline-rich AKT substrate 40
kDa), and Deptor (DEP domain-containing mTOR-interacting
protein) (4). Deptor binds and inhibits mTOR in the absence of
stimuli; upon stimulation Deptor quickly dissociates from
mTOR and is subsequently degraded (5- 8). In contrast, Raptor
activates mTOR within the complex when it is phosphorylated
in response to stimuli (9).

The activity of mTORCI1 is further modulated by multiple
inhibitory and stimulatory proteins. Signals from diverse
growth factors and hormones, detected by their receptor tyro-
sine kinases, regulate mTORC1 through a well characterized
PISK-AKT pathway that ultimately terminates at Rheb (RAS
homolog enriched in brain), a small G protein activator of
mTOR (10). Rheb binds mTORCT1 at the surface of lysosomes
and promotes its phosphorylation to increase its kinase activity
(11-13). Proximally, Rheb is negatively regulated by TSC2, a
GTPase-activating protein for Rheb that is a component of the
tuberous sclerosis complex. TSC2 is itself negatively regulated
within the TSC by phosphorylation by the protein kinase AKT.
Phosphorylation causes TSC to dissociate from the surface of
lysosomes where Rheb and mTORCI1 are localized for activa-
tion (14—16). Growth factors and hormones therefore stimu-
late mTORC]1 by blocking inhibition of Rheb by TSC.

The lysosomal membrane is also the site where mTORC1
regulation by amino acids and growth factors converge because
amino acids drive mTORCI1 localization to lysosomes (17).
Amino acids and growth factors are thus both required to
achieve maximal mTORCI1 stimulation. To localize mTORC1
to lysosomes, amino acids rely on lysosome-bound het-
erodimers of the Rag proteins, Rag A or B and Rag C or D.
Amino acids promote the GTP-loaded state of the RagA/B sub-
unit and GDP-loaded state of the RagC/D subunits and thus
drive Rag heterodimer binding to the Raptor subunit of
mTORC1 with consequent mTORC1 recruitment to lyso-
somes (12, 18).

Although amino acids are thought to promote mTORC1
localization to lysosomes and consequent activation through
the Rag pathway, the identity of the amino acid sensors and the
cellular sites of amino acid recognition in this process are still
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being identified. Proposed mechanisms include cytoplasmic
sensing by the leucine-binding protein sestrin or leucyl-tRNA
synthetases, intralysosomal sensing by the V-ATPases or
SLC38A09 transporters, and extracellular sensing by taste recep-
tors TIR1/T1R3 or SLC1A5 amino acid transporters (19 -25).
The amino acid specificity of mTORCI regulation is also
unclear. Leu and, to a smaller degree, Ile are effective activators
of mMTORC]1 in a variety of mammalian systems. Leu binds cyto-
plasmic sestrin 2, which has been recently implicated in lyso-
somal localization and activation of mMTORC1 (19, 26). It is also
possible that mTORCI senses Leu accumulated in the lyso-
somal lumen through the V-ATPase (27). Gln has been impli-
cated in mTORC1 activation indirectly by promoting Leu
uptake (20) or by supplying energy through glutaminolysis (28).
Gln can also activate mTORCI directly after prolonged incu-
bations by a mechanism that apparently does not involve Leu
(27). A third amino acid important for mTORCI] activation is
Arg (22, 23, 29). Recently described regulation of Rag complex
by the SLC38A9 transporter of Gln and Arg further supports a
role of these amino acids in mTORCI1 activation (22, 23).

Rag-independent modes of amino acid to mTORCI signal-
ing may exist. For example, Gln can activate mTORCI at lyso-
somes in Rag-deficient cells via the small GTPase Arf1 (27). Amino
acids can also activate mTORC]1 independently of the Rags at the
Golgi via another small GTPase Rab1A (30). Exact roles of each
amino acid and their interplay in mTORCI activation are not well
understood. In this study we examine the mechanism by which
amino acids activate mTORC1. We identify two distinct and
sequential steps in mTORC1 activation by amino acids and classify
amino acids based on their importance for each step of the activa-
tion process. For Leu and some other amino acids to activate
mTORCI, cells first have to be primed by one of several priming
amino acids, a group that includes Gln, Ser, Asn, and Arg. We also
found that one amino acid, Cys, predominantly inhibits the prim-
ing step of mMTORCI1 activation by amino acids. Priming is inde-
pendent of TSC and insulin and provides evidence of a new axis for
nutrient to mMTORCI signaling.

Experimental Procedures

Cell Culture and Treatment—HeLa and HEK293T cells were
cultured in DMEM supplemented with 10% fetal bovine serum
with no antibiotics under 5% CO,. TSC2"/" (p53~/~) MEFs
and TSC2 /™ (p53 /") MEFs were a kind gift from James Bru-
garolas. The p53 knock-out in these cells was used to increase
viability (31). COS7 cells and MEFs were cultured in DMEM
supplemented with penicillin and streptomycin at 37 °C, and
MEFs were held in a 2% O,/5% CO, atmosphere. For amino
acid starvation experiments, the cells were placed in Krebs-
Ringer’s solution (pH 7.4) (KRBH), supplemented with 4.5 mm
glucose, 0.1% bovine serum albumin, and 1 mm sodium pyru-
vate for 1 or 2 h. Amino acids were diluted in KRBH, and the
resulting solutions were adjusted to pH 7.4. All amino acids are
the L-isomer. The cells were stimulated with individual amino
acids or their combinations or with an amino acid mixture that
includes 15 amino acids (Gly, Arg, cystine, Gln, His, Ile, Leu,
Lys, Met, Phe, Ser, Thr, Trp, Tyr, and Val) at the concentrations
contained in DMEM. For amino acid screening experiments
(see Figs. 1-3), amino acids were added to the starvation
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medium in the order described in the text. For all other exper-
iments, the cells were washed twice with KRBH between incu-
bation with priming and stimulating amino acids.

Immunoblotting—The cells were rinsed with ice-cold PBS
and lysed in SDS loading buffer (50 mm Tris-Cl, pH 6.8, 2% SDS,
6% glycerol, 0.005% bromphenol blue, 10 mm DTT). Lysates
were homogenized by five passages through a 25-gauge needle
and centrifuged for 5 min at 16,000 X g at 4 °C, and superna-
tants were heated at 100 °C for 5 min. Proteins were separated
by SDS-PAGE and transferred to nitrocellulose for immuno-
blotting. Antibodies used for immunoblotting included rabbit
anti-S6K (CS9202S), mouse anti-pS6K (T389) (CS9206) or rab-
bit anti-pS6K (T389) (CS9234), mouse anti-S6 ribosomal pro-
tein (CS2317S), rabbit anti-pS6 ribosomal protein (S240/
244)(CS2215), rabbit anti-4EBP1 (CS9644), rabbit anti-p4EBP1
(T37/46) (CS2855), rabbit anti-ULK1 (CS8054), rabbit anti-
pULK1 (S757) (CS6888), rabbit anti-mTOR (CS2972), and rab-
bit anti-phospho-mTOR (52448) (CS2971S) from Cell Signal-
ing Technology and mouse anti-B-actin (sc-47778) from Santa
Cruz Biotechnology. Secondary antibodies were donkey anti-
rabbit IRDye 680RD and donkey anti-mouse IRDye 800CW
from LiCor. Blots were stripped between incubations using
LiCor NewBlot stripping buffer. Imaging of immunoblots was
performed using the LiCor Odyssey system. Protein bands were
quantitated using “draw a rectangle” function of Image Studio soft-
ware with median background subtraction (top and bottom). For
each sample, the ratio of intensity of the anti-phosphoprotein
band to that of the anti-protein band was calculated (“phospho/
total”). For each experiment, one condition was then chosen as a
reference and the average of the phospho/total ratios of duplicate
samples was set to 100%. Phospho/total ratios of all other bands
were then expressed as a percentage of that value. The calculated
data are the means of all data from the number of experiments
shown with errors calculated as standard deviations. Actin loading
controls were included in all experiments to exclude grossly aber-
rant samples but were not used in evaluating relative phosphory-
lation except in Fig. 10, as shown.

Immunoprecipitation—For immunoprecipitation of Raptor-
associated mTORCI1 proteins, HeLa cells were lysed in buffer
containing 50 mm NaHepes (pH 7.7), 150 mMm NaCl, 1.5 mm
MgCl,, 1 mm EGTA, 10% (v/v) glycerol, 100 mm NaF, 0.2 mm
NaVO,, 50 mm p-glycerophosphate, 0.3% CHAPS, 1X
phosSTOP phosphatase inhibitor mixture (Roche), 0.1 um
phenylmethylsulfonyl fluoride, and 10 pwg/ml each N-a-p-tosyl-
L-lysine chloromethyl ester, N-a-p-tosyl-L-arginine methyl
ester, N-a-p-tosyl-L-lysine chloromethyl ketone, leupeptin, and
pepstatin A. Lysates were cleared by centrifugation at 20,000 X
g for 20 min at 4 °C. Proteins were immunoprecipitated from
750 ug of soluble lysate protein with 5 ul of anti-Raptor anti-
body (Millipore 05-1470) for 4 h at 4 °C. Antibodies were col-
lected with 15 ul of protein A-Sepharose (GE Healthcare) fol-
lowing a 2-h incubation at 4 °C. The immunoprecipitates were
washed three times with lysis buffer and once with Tris-HCl
(pH 7.5). Proteins were eluted with SDS loading buffer and sub-
jected to SDS/PAGE (4-20% Tris/glycine gel; Invitrogen) fol-
lowed by immunoblotting.

Immunofluorescence Microscopy—HeLa cells were washed
twice with PBS; fixed with 4% paraformaldehyde (v/v) in 60 mm
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FIGURE 1. Individual amino acids have little effect on mTORC1 activity. A and B, Hela cells starved in KRBH for 1 h were incubated in the absence (=) or in the
presence of indicated amino acids for 40 min. Alternatively, starved cells were preincubated in the presence of Ser for 20 min followed by Leu for 20 min (S/L). A, the
phosphorylation of S6K (Thr*®%), ULK1 (Ser’?), S6 (Ser**®24%), and total S6K, ULK1, S6, and actin was analyzed by immunoblotting. B, the means of pS6K/S6K,
pULK1/ULK1, and pS6/S6 are expressed as percentages compared with S/L-treated cells. The data shown are averages of two independent experiments (n = 4) = S.D.
Asterisks denote values significantly different from cells treated in the absence of amino acids. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****,p < 0.0001 (Tukey's test). C,
starved cells were preincubated in the absence (—) or in the presence of GIn, Asn, Ser, or Val at 5 mm for 120 min (light bars) or at 20 mm for 30 min (dark bars) followed
by incubation in the absence or in the presence of 5 mm Leu for another 20 min. The means of pS6K/S6K values from immunoblots are expressed as fold increase

compared with starved cells. The data shown are averages of two independent experiments performed in duplicate (n = 4) = S.D.

NaPipes, 25 mm NaHepes (pH 6.9), 10 mm EGTA, and 2 mMm
MgCl, for 15 min; and washed twice for 5 min with PBS. The
cells were permeabilized with 0.1% Triton X-100 in PBS at 4 °C
for 5 min, washed three times as above, incubated with 10%
normal goat serum (v/v) at room temperature for 30 min, and
then incubated with rabbit anti-mTOR antibody (Cell Signaling
CS$2983, 1:100) and mouse anti-LAMP2 antibody (Abcam
25631, 1:400) at 4 °C overnight. The cells were washed six times
with PBS, incubated with Alexa Fluor-conjugated secondary
antibodies at room temperature for 1 h, washed as above,
mounted in DAPI Fluoromount-G (Southern Biotech), and
imaged. Three-channel fluorescence z stacks were taken at each
time point of each experiment using a Deltavision pDV micro-
scope with a 60X/1.42NA objective (Applied Precision). Acqui-
sition settings were identical for all data sets to allow results
from different time points and conditions to be compared
quantitatively. The z stacks were deconvolved using the blind
deconvolution algorithm of Autoquant X (Media Cybernetics).
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Individual cells were selected for analysis using the crop3D
module of Imaris (Bitplane/Andor). Co-localization was evalu-
ated quantitatively using the coloc module of Imaris to deter-
mine Mander’s coefficient. Intensity thresholds were set auto-
matically using the method of Costes et al. (32).

Statistical Analyses—The data were statistically analyzed
using analysis of variance followed by Tukey’s test to validate
specific actions. Complete statistical information on experi-
mental data shown in bar graphs or summarized in the text are
available upon request.

Results

A mixture of amino acids at concentrations present in typical
growth medium stimulates mTORCI in variety of cells. To
understand the significance of individual amino acids in this
response, we added single amino acids to starved HeLa cells, a
widely used human cell line, and assessed the phosphorylation
of the direct mTORC1 substrates S6K1 (S6K) and ULK1 (3). We
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FIGURE 2. Individual amino acids differentially affect Leu-stimulated mTORC1 activity. Hela cells starved in KRBH for 1 h were preincubated in the
absence (—) or in the presence of indicated amino acids for 20 min followed by the incubation in the absence (=) or in the presence of Leu (L) for another 20
min. A, the phosphorylation of S6K (Thr*8%), ULK1 (Ser’®’), S6 (Ser®*%2#%), and total S6K, ULK1, S6, and actin were analyzed by immunoblotting. B, the means of
pS6K/S6K, pULK1/ULK1, and pS6/S6 are expressed as percentage compared with cells preincubated with Asn (N) followed by Leu. The data shown are averages
of two independent experiments (n = 4) = S.D. Asterisks denote values significantly different from cells treated with Leu alone. *, p < 0.05; **,p < 0.01; ***,p <

0.001; **** p < 0.0001 (Tukey's test).

also measured phosphorylation of serines 240/244 on ribo-
somal subunit S6, which is phosphorylated in an mTORC1-de-
pendent manner by S6K and thus indicates mTORC]1 activity
(33). As shown in Fig. 1, most individually applied amino acids
had little effect on the phosphorylation of mMTORCI substrates
S6K or ULK1 (Fig. 1). Only Leu and, to a lesser extent, Met
increased phosphorylation of S6K, ULK1, and S6 (Fig. 1). Cys-
tine promoted phosphorylation of S6K and S6 but not ULK1
(Fig. 1). These effects of individual amino acids were small com-
pared with the effect of a combination of Ser and Leu (Fig. 1) or
of a complete amino acid mixture (17) (confirmed in this study).

Because Leu had the greatest effect on mTORCI activity
among the individual amino acids, we further assessed the
effects of combining Leu with different amino acids in starved
HeLa cells. Several amino acids dramatically promoted phos-
phorylation of direct and indirect mTORC1 substrates when
added to the medium prior to Leu (Fig. 2). In addition to Gln,
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which is well known for its ability to promote Leu-dependent
mTORCI1 activation (20, 28), we also found that Asn, Arg, Thr,
Gly, Pro, Ser, Ala, and Glu potentiated Leu-induced phosphor-
ylation. Because these amino acids did not promote mTORC1
activation by themselves, the data suggest that they do not acti-
vate mTORC]1 directly but rather prime cells for subsequent
activation of mTORCI1 by Leu.

To further differentiate among the amino acids that either
activate mTORCI or prime for activation, we tested effects of
each amino acid in cells that had been preincubated with the
priming amino acid Ser. After Ser pretreatment, Leu still had
the strongest activating effect on mTORCI1, followed by Met,
Ile, and Val (Fig. 3A). Similar results were obtained when cells
were primed with Gln rather than Ser (Fig. 3B).

The data above identify a group of eight priming amino acids
(Asn, Gln, Arg, Thr, Gly, Pro, Ser, Ala, and Glu) and a smaller
group of activating amino acids (Leu, Met, Ile, and Val). We
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FIGURE 3. Activation of mTORC1 by individual amino acids in cells preincubated with Ser or GIn. Hela cells starved in KRBH for 1 h were preincubated in
the absence (—) or in the presence of Ser (A) or GIn (B) for 20 min followed by the incubation in the absence (—) or in the presence of indicated amino acids for
another 20 min. The phosphorylation of S6K (Thr®%®), ULK1 (Ser”®”), S6 (Ser?*®244), and total S6K, ULK1, and S6 were analyzed by immunoblotting. The means
of pS6K/S6K, pULK1/ULK1, and pS6/S6 are expressed as percentages compared with cells preincubated with Ser followed by Leu. The data shown are averages
of two independent experiments (n = 4) =+ S.D. Asterisks denote values significantly different from cells treated with Ser alone (A) or GIn alone (B). *, p < 0.05;

** p <0.01; ***,p < 0.001; **** p < 0.0001 (Tukey's test).

next tested whether the two-step priming-activation process
mimics the well described starvation-recovery behavior of
mTORCI in the context of otherwise complete DMEM. The
cells were first starved in amino acid-free DMEM, then incu-
bated in DMEM that contained five priming amino acids (Gly,
Arg, Gln, Ser, and Thr), and finally placed in DMEM that con-
tained activating amino acids only (Leu, Met, Ile, and Val). As
shown in Fig. 4, sequential exposure to priming amino acids
followed by activating amino acids replicated the typical proto-
col of amino acid withdrawal and readdition. Neither the acti-
vating nor priming group by itself caused significant S6K phos-
phorylation, and restoration of all amino acids had no greater
effect than the two-step procedure. Thus priming and activat-
ing amino acids are both necessary to sustain amino acid-de-
pendent mTORCI1 activity in cells and are in sequence suffi-
cient for full mMTORC1 activity.

Phosphorylation of the several mTORCI targets monitored
here is generally used to establish phosphorylation and activa-

22418 JOURNAL OF BIOLOGICAL CHEMISTRY

tion of mTOR specifically in the mTORC1 complex. To con-
firm that two-step mTORCI activation by amino acids corre-
sponds to mTOR phosphorylation at the key regulatory site
Ser***8, we monitored phospho-mTOR accumulation directly
after priming cells with Gln, Asn, or Ser and subsequent Leu
activation. The two-step activation protocol increased total
mTOR phosphorylation at Ser***® roughly in parallel with phos-
phorylation of the mTORC]1 target S6K, whereas neither Leu
alone nor the priming amino acids had an effect (Fig. 54). The
incremental mTOR phosphorylation seen here is relatively
small compared with basal phosphorylation, probably reflect-
ing the presence of substantial phospho-mTOR either free or in
mTORC2. To selectively quantify the effect of two-step prim-
ing and activation on phosphorylation of mTOR in the
mTORCI complex, we used anti-Raptor antibody to immuno-
purify the Raptor/mTORC1-associated portion of mTOR prior
to measuring mTOR phosphorylation (Fig. 5, Band C). Priming
with Asn followed by Leu activation promoted phosphorylation
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FIGURE 4. Priming and activating amino acids sustain mTORC1 activity in
growth medium. Hela cells were starved for 1 h in amino acid-free DMEM
(—AA) or in DMEM that lacks the activating amino acids Leu, Met, lle, and Val
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orin the presence of the priming amino acids Gly, Arg, GIn, Ser,and Thr (Pr AA)
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lle, and Val (Act AA); or in complete medium (Compl). Control cells were kept
continuously in complete DMEM. The phosphorylation of S6K (Thr*®) and
total S6K were analyzed by immunoblotting. The means of pS6K/S6K are
expressed as percentages compared with the control cells in complete
medium. The data shown are averages of two independent experiments (n =
6) = S.D. Means with different letters are significantly different (p < 0.05;
Tukey's test).

of mTORCI1-bound mTOR compared with untreated cells or
cells treated with either Asn or Leu alone (Fig. 5C). The phos-
phorylation of mTORCI1 substrates following two-step activa-
tion by priming and activating amino acids thus corresponds to
the phosphorylation of mTOR in the mTORC1 complex. Inter-
estingly, the phosphorylation of Raptor-bound mTOR was
lower in non-starved controls compared with cells treated with
Asn followed by Leu. This behavior is consistent with the tran-
sient nature of mTORC1 activation suggested by the time
course of S6K phosphorylation (Figs. 5C and 6B).

To better understand the basis of the two-step activation of
mTORC1 by the different amino acids, we compared the
requirements for duration of exposure and amino acid concen-
tration for both the priming and activating phases. Priming by
Gln, Asn, or Ser reached a maximum at ~20 min and then
remained stable for at least 2 h (Fig. 6A). Because the priming
amino acids had little effect alone even after prolonged incuba-
tion (Figs. 1 and 6A), the failure of a single amino acid alone to
activate mTORC]1 is not merely the result of a slow response.
After priming, activation of mTORC1 by Leu was clearly
detectable at 2 min, reached maximum at ~20-fold activation
at ~20 min, and then declined toward the baseline over 2 h (Fig.
6B). Without priming, activation by Leu alone was less than
3-fold at any time within 2 h and with no obvious time depen-
dence. The kinetics of priming and activation are thus clearly
different, with priming remaining essentially tonic and activa-
tion being transient and followed by desensitization.

Concentration dependence for priming and subsequent acti-
vation by Leu were somewhat different but were all in the phys-
iological range. Depending on the amino acid, priming dis-
played an EC,, of ~0.5 mM and reached a maximum by about 5
mM (Fig. 6C). Although the concentration of individual priming
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FIGURE 5. Phosphorylation of mTOR during priming and activation of
mTORC1 by amino acids. A, starved Hela cells were preincubated in the
absence (—) or presence of the indicated amino acids (Gln, Asn, Ser, or Val) for
20 min, washed to remove amino acids, and incubated for 20 min more in the
presence (L) or absence (—) of Leu. The phosphorylation of S6K (Thr*®°) and
mTOR (Ser***®) and total S6K and mTOR were analyzed by immunoblotting.
The means of pS6K/S6K and p-mTOR/mTOR are expressed as percentages
compared with cells preincubated with Asn followed by Leu. The data shown
are averages of two independent experiments (n = 3) = S.D.Band C, starved
HelLa cells were preincubated in the absence (—) or presence (N) of Asn for 40
min, washed, and incubated for 20 min in the absence (—) or presence (L) of
Leu. Alternatively, the cells were maintained in complete medium. mTORC1
was immunoprecipitated from whole cell lysates with anti-RAPTOR antibod-
ies. B, the phosphorylation of mTOR (Ser**®) and total mTOR was analyzed by
immunoblotting of the immunoprecipitates. The phosphorylation of S6K
(Thr®®°) and total S6K was analyzed by immunoblotting of the cell lysates. C,
the means of pS6K/S6K and p-mTOR/mTOR are expressed as percentages
compared with cells preincubated with Asn followed by Leu. The data shown
are averages of two independent experiments (n = 4) + S.D. Asterisks denote
values significantly different from cells treated in the absence of amino acids.
*,p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001 (Tukey's test).

O mTOR

amino acids in DMEM is below saturation, DMEM contains
eight priming amino acids and priming is probably maximal
during growth. Leu was somewhat more potent during the acti-
vation step, with EC;, < 0.2 mm, and reaching a maximum by 2
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independent experiments performed in duplicate (B) or triplicate (A, C, and D). The data with error bars represent means = S.D.

mM (Fig. 6D). Thus mTORC1 priming and activation differ in
their amino acid specificities, concentration dependences, and
kinetics.

Antagonism by non-activating ligands is frequently observed
in signaling pathways. During preliminary experiments, we
found that a mixture of all 12 essential amino acids (EAAs)
activated mTORC]1 less effectively than a mixture of only Leu,
Met, and lle, suggesting that one or more of the EAA(s) antag-
onizes mTORC1 activation. We found that cystine, but not
other EAAs in the mixture, inhibits mTORCI1 activation by Leu
after priming with Asn or Ala (Fig. 7). Cystine is a disulfide-
linked dimer of Cys that is used in place of Cys in commercial
growth media. It is quickly converted to Cys inside the cell (49).
We therefore compared Cys and cystine for their effects on
mTORCI1 activation. Both Cys and cystine inhibited mTORC1
activation by Leu after priming with Asn (Fig. 7A). Inhibition
was strongest, >80%, when Cys or cystine were applied during
the priming phase. Inhibition was weaker when they were
applied during the activation phase together with Leu (Fig. 7A),
suggesting that their major effect was to block the priming pro-
cess. To test whether Cys or cystine alters mTORCI1 activity in
non-starved cells, we added excess (5 mM) amino acids to cells
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in DMEM, which contains 0.1 mMm cystine, complete with 10%
serum. Both Cys and cystine inhibited mTORCI activity in
these cells within 20 — 40 min (Fig. 7B). Together, the data dem-
onstrate that Cys and cystine prevent mMTORC]1 activation both
by inhibiting amino acid-dependent priming in starved cells
and by suppressing mTORCI activity in the tonic presence of
amino acids and growth factors. Such behavior is consistent
with the persistence of priming (Fig. 6) and suggests that Cys
may be important as a negative regulator of mTORC]1 in cells
growing under normal conditions.

To test whether a two-step, priming-activation process is
generally required for mTORCI1 activation by amino acids, we
measured this response in HEK293T and COS7 cells, two other
widely used cell lines. In addition to S6K and ULK1 phosphor-
ylation, we also measured phosphorylation of 4E-BP1, an addi-
tional direct mTORCI substrate that is easily detectable in
these cells. In general, the priming effect was clear in both
HEK293T and COS7 cells, although it varied quantitatively
with cell type and with mTORCI1 substrate (Fig. 8). Relative
activities of the priming amino acids were similar to those
observed in HeLa cells, suggesting that a single priming mech-
anism is conserved. Responses of the 293T cells to priming and
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FIGURE 7. Cysteine and cystine inhibit priming step of mMTORC1 activation
by amino acids. A, Hela cells were starved in KRBH for 1 h and then incubated
in the absence (—) or in the presence of T mm Asn (N), Cys (C), L-cystine (C,), or
combinations of Nand Cor of Nand C, for 15 min. The cells were washed with
KRBH twice followed by incubation in the absence (—) or in the presence of 1
mm Leu (L), or combinations of L and C or of L and C, for another 15 min. The
phosphorylation of S6K (Thr*®®) and total S6K were analyzed by immunoblot-
ting. The means of pS6K/S6K are expressed as percentages compared with
cells preincubated with Asn followed by incubation with Leu. The data shown
are averages of two independent experiments performed in duplicate (n =
4) = S.D. Means with different letters are significantly different (p < 0.05;
Tukey's test). B, Hela cells in complete growth medium (DMEM supple-
mented with 10% FBS) were supplemented with 5 mm C or C, for indicated
lengths of time. The phosphorylation of S6K (Thr*®®) and total S6K were ana-
lyzed by immunoblotting. The means of pS6K/S6K are expressed as percent-
ages compared with their respective no supplement controls. The data
shown are averages of two independent experiments (n = 4) = S.D. Asterisks
denote values significantly different from no treatment controls. *, p < 0.05;
** p <0.01;***, p < 0.001; **** p < 0.0001 (Tukey's test).

activating amino acids were similar to what was observed in
HelLa cells (Fig. 8). Phosphorylation of ULK1 generally paral-
leled that of 4E-BP1, and relative phosphorylation was greater
for S6K. The effect of priming in COS7 cells was smaller, par-
ticularly as reported by phosphorylation of 4E-BP1 and ULKI.
This difference primarily reflected an increased effect of Leu by
itself. Relative effectiveness of Leu and the priming amino acids
were similar in COS7, however, suggesting that the same two
processes are in place but that COS7 cells have a higher basal
level of priming for stimulation by Leu (Fig. 8). In addition to
HeLa, COS7 and HEK293T cells, we also found that Ala and Ser
prime both MING6 insulinoma cells and several lines of mouse
embryo fibroblasts for activation of mTORCI1 in response to
Leu. Amino acids use the Rag GTPases to recruit mTORCI to
lysosomal membranes where it can be activated by the Rheb
GTPase. The lysosomal surface thus serves as a platform that
coordinates inputs from amino acids and growth factors for
mTORCI activation (12, 34). To assess whether amino acid
priming or subsequent activation by Leu involves the lysosomal
localization of mMTORC1, we measured mTOR recruitment to
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lysosomes in response both to the priming amino acids and to
Leu before or after priming. The cells were treated with Asn,
Ser, or Leu alone or with Leu after priming with Asn or Ser as
described above. They were then fixed for immunofluorescent
localization of mTOR and the lysosome marker LAMP?2 (Fig. 9).
Differential co-localization of mTOR and LAMP2 was evalu-
ated using Mander’s coefficient, the fraction of mTOR-positive
image voxels that also contain LAMP2 (32). This value indicates
the fraction of mTOR that is associated with lysosomes.
Because lysosomes themselves move and change shape during
mTORC1 activation (35), this method indicates total,
morphology-independent lysosomal localization of mTOR. As
shown in Fig. 94, mTOR localized to lysosomal membranes in
cells treated with total amino acids compared with untreated
cells. Quantitation of such images (Fig. 9B) indicates that none
of the three amino acids alone drives mTOR translocation to
lysosomes, but that priming with either Asn or Ser followed by
Leu activation is as efficient as exposure to the amino acid mix-
ture. Thus priming and subsequent activation are both required
to localize mTORC1 to lysosomal surface and to promote
mTOR phosphorylation and its consequent activation.

Amino acid-dependent recruitment of mTORC1 to lyso-
somes is necessary but not sufficient for its activation (17, 34).
Activation of mTORC1 also requires dissociation of the
mTORCI1 inhibitor TSC from lysosomes, which is promoted by
activation of phosphatidylinositol 3-kinase type I pathways in
response to insulin and other growth factors. Growth factors
and amino acids thus combine to drive mTORCI activation at
the lysosomal surface (17, 34). To determine whether mTORC1
regulation by priming or activating amino acids shares mecha-
nism(s) with the growth factors, we exposed serum-deprived
and amino acid-starved HeLa cells to combinations of these
stimuli and then quantitated S6K phosphorylation as a measure
of mTORCI1 activation. We first assessed the effect of Ala, a
priming amino acid, and Leu on insulin-induced phosphoryla-
tion of S6K in HeLa cells. Insulin alone or in combination with
Ala was insufficient to promote S6K phosphorylation in serum-
starved cells (Fig. 10, A and B), but either insulin or Ala primed
the cells for mTORCI1 activation by Leu (Fig. 10, A and B).
Priming by Ala plus insulin was more effective compared with
that by insulin or Ala alone (Fig. 10, A and B). These data sug-
gest that Ala and insulin prime cells for mTORC1 activation by
Leu through independent mechanisms, but simple additivity of
priming by insulin and amino acids is not conclusive from these
experiments. To determine whether insulin-driven dissocia-
tion of TSC is independently involved in the priming process,
we used MEFs derived from TSC2 /'~ (p53~/7) knock-out
mice to eliminate any effect of TSC on priming (31, 36). In both
control (TSC2*'" (p537/7)) and knock-out (TSC2™ '~
(p53~/7)) MEFs, mTORC1 was stimulated by Leu after prim-
ing with Ala (Fig. 10, C and D). As noted previously (34), the
control MEFs also required insulin for maximal mTORC1
stimulation because of the inhibitory action of TSC2,
whereas insulin was not required in the TSC2~/~ MEFs
because blocking TSC2 inhibition is unnecessary (15, 16). In
the TSC2~/~ MEFs, the priming step remained critical for
maximal activation by Leu with or without insulin, and the
Ala/Leu sequence activated mTORCI, as well as in HeLa
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with Mets alone. ¢,p <0.05; ¢ ¢,p <0.01; ¢ ¢ ¢,p <0.001; ¢ & & &, p <0.0001 (Tukey's test).

cells (Fig. 10, Cand D). The two-step activation of TORC1 by
priming and activating amino acids is thus independent of
the growth factor/TSC pathway.

Discussion

The results reported here support a two-step mechanism
for the activation of mTORC1 by amino acids, in which sensi-
tization by priming amino acids is required for subsequent acti-
vation by activating amino acids. Priming and activating amino
acids use distinct signaling mechanisms and fall into two essen-
tially non-overlapping groups. The concerted events of priming
and activation bypass TSC and growth factor pathways and are
required both for phosphorylation of mTOR at Ser***® and for
lysosomal localization of mTORCI1.

22422 JOURNAL OF BIOLOGICAL CHEMISTRY

Soon after the discovery of amino acid signaling to mTORC1,
it became evident that a mixture of amino acids at concentra-
tions typically present in growth medium effectively activates
mTORCI, but individual amino acids do not (29). Effects of
omitting single amino acids from the medium indicated the
involvement of Leu, Ile, and Arg (23, 28, 29, 34, 37, 38), but
using amino acid mixtures masked both redundancy among
amino acids with similar activities and distinct signaling effects
of particular amino acids. It also became apparent that different
amino acids promote mTORCI activation by different mecha-
nisms, and multiple mechanisms have been proposed (20, 22,
23,26-28, 38).

To identify independent stimulatory paths from amino acids
to mTORCI, we used paired combinations of amino acids
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with above-threshold fluorescence for mTOR. The data shown are averages of two independent experiments (24 -30 cells each) = S.D.

delivered sequentially to pinpoint their roles in mTORCI acti-
vation. Our data demonstrate an obligate two-step activation
process. First, one or more hydrophilic amino acids (Asn, Gln,
Thr, Arg, Gly, Pro, Ser, Ala, and Glu) sensitize or prime cells for
mTORCI stimulation. After priming, a hydrophobic activating
amino acid (Leu, Met, Ile, and Val) promotes mTORC]1 activa-
tion through mTOR phosphorylation. The priming amino
acids cause little if any mTORCI activation by themselves, and
in most cells tested, the activating amino acids are highly de-
pendent on initial priming for their stimulatory activity. Thus,
although the priming and activation reactions presumably take
place concurrently in cells grown in amino acid-replete
medium or in vivo, the two-step protocol used here demon-
strates their independent importance.

Many of these amino acids have been previously implicated
in mTORCI1 signaling. Leu, Arg, and Gln regulate mTORC1
activity in many cell types (29, 39, 40). Synthesis of another
priming amino acid, Ser, is up-regulated in cancer cells to sus-
tain high mTORC1 activity (41). Itis perhaps due to the absence
of Asn and some other priming amino acids from typical
growth medium that their role in mTORCI1 activation has been
largely overlooked.

In agreement with results for amino acid mixtures, we found
that Ala does not require the TSC pathway for the priming stage
of mTORCI1 activation (17). This is in contrast to a recent
report by Carroll et al. (37) that Arg, another priming amino
acid, promotes the dissociation of TSC from lysosomes,
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although these authors starved cells for Arg in the presence of
all the other amino acids, which would cloud the result. Fur-
thermore, we found that the priming amino acids and insulin
do not substitute for each other but rather have additive effects
on subsequent mTORC]1 activation by Leu. Our data thus sug-
gest a new signaling axis from priming amino acids to mMTORC1
in addition to the recognized pathways from growth factors
through PI3K-TSC and from Leu through RAGs. We do not yet
know the mechanism of priming, but it may involve modifica-
tion of mTORCI1 subunits or their interactions, similar to what
has been shown for mitogens (8, 9). Priming amino acids may
also aid in Leu uptake from the medium, as demonstrated for
Gln (20), although the prolonged time course of the primed
state (2 h; Fig. 6) is somewhat hard to reconcile with such a
mechanism.

Distinct amino acid selectivities, time courses, and concen-
tration dependences, as well as selective inhibition of priming
by Cys, argue that priming and activation act through distinct
pathways. Sestrins 1 and 2 are candidate sensors for the activat-
ing amino acids. They preferentially bind Leu but not the prim-
ing amino acids, and their biochemical actions are consistent
with this role (26, 27). In contrast, priming amino acids Arg and
Gln are sensed by the recently identified lysosomal membrane
amino acid transporter SLC38A9 (22, 23). SLC38A9 deficiency
abolishes mTORCI1 stimulation by Arg but not Leu. SLC38A9
deficiency does not obstruct mTORCI binding to lysosomes
(22,42), in agreement with our observation that priming amino
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(+) of 5 ug/mlinsulin for 2 h followed by treatment in the absence (—) or in the presence (+) of 5 mm Ala for 30 min followed by final treatment in the absence (—) or
inthe presence (+) of 5 mm Leu for 20 min. C, phosphorylation of S6K (Thr*®%) and total S6K and actin were analyzed by immunoblotting. D, pS6K/actin ratios are shown
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acids do not promote mTORCI1 binding to lysosomes (Fig. 9). blood are associated with lower risk of different cancers

The GIn transporter SLC1A5 in the plasma membrane is
another candidate sensor for priming amino acids. Its activity is
in some cells required for Gln to promote mTORCI activation
by Leu (20), possibly by supplying cytoplasmic Gln for Gln/Leu
antiport (20, 43).

Perhaps most intriguing was the finding that Cys has a
unique function among the L-amino acids by inhibiting the
amino acid priming step in mTORCI activation. Cys inhibits
cellular mTORCI1 activity in the presence of amino acids and
growth factors. Hyperactive mTORCI is strongly linked to can-
cer, as well as aging and diabetes, and is therefore a target for
drug development (44, 45). Findings that higher levels of Cys in
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encourage further studies of the mTORC]1 inhibitory and anti-
cancer properties of Cys for drug development (46 —48).
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