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Mammalian target of rapamycin (mTOR) is a kinase that plays
a key role in a wide array of cellular processes and exists in two
distinct functional complexes, mTOR complex 1 (mTORC1)
and mTOR complex 2 (mTORC2). Although mTORC?2 is pri-
marily activated by growth factors, mTORCI1 is regulated by
numerous extracellular and intracellular signals such as nutri-
ents, growth factors, and cellular redox. Previous study has
shown that cysteine oxidants sufficiently activate mTORC1 activity
under amino acid-depleted conditions and that a reducing agent
effectively suppresses amino acid-induced mTORC1 activity,
thereby raising the possibility that redox-sensitive mechanisms
underlie amino acid-dependent mTORC1 regulation. However,
the molecular mechanism by which redox regulates mTORC1
activity is not well understood. In this study, we show that the
redox-sensitive regulation of mTORC1 occurs via Rheb but not
the Rag small GTPase. Enhancing cellular redox potential with
cysteine oxidants significantly increases Rheb GTP levels.
Importantly, modulation of the cellular redox potential with a
cysteine oxidant or reducing agent failed to alter mTORC1
activity in TSC1™/~ or TSC2™/~ mouse embryonic fibroblast
cells. Furthermore, a cysteine oxidant has little effect on mTOR
localization but sufficiently activates mTORCI1 activity in both
p18~/~ and control mouse embryonic fibroblast cells, suggest-
ing that the redox-sensitive regulation of mMTORCI1 occurs inde-
pendent of the Ragulator-Rag complex. Taken together, our
results suggest that the TSC complex plays an important role in
redox-sensitive mTORCI regulation and argues for the activa-
tion of mTORCI1 in places other than the lysosome upon inhibi-
tion of the TSC complex.

The mammalian target of rapamycin (mTOR)” belongs to
the family of phosphatidylinositol 3-kinase (PI3K)-related
kinases and shares high sequence similarity to PI3K despite
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possessing protein kinase activity (1). mTOR is an evolution-
arily conserved protein kinase that forms two distinct func-
tional complexes termed mTOR complex 1 and mTOR com-
plex 2 (mTORC1 and mTORC2, respectively) (2—4). mTORC1
is known to be a rapamycin-sensitive complex that regulates a
wide array of cellular processes such as cell growth and
autophagy, whereas mTORC?2 is known to be rapamycin-resis-
tant and involved in the regulation of cell survival as well as
cytoskeletal reorganization. Although mTORC2 activation is
primarily mediated by growth factors, mTORC1 activation can
be achieved by multiple inputs such as amino acids, growth
factors, glucose, and oxidative stress (5, 6).

Recent studies have shown that two small GTPases, Rheb
and Rag, play an essential role in the regulation of mTORC1
activation (7—10). Rheb interacts with and activates mTORC1,
whereas Rag small GTPases function as essential spatial regu-
lators of mTORC1 localization (8, 11-13). The Rag small
GTPases function as heterodimers formed between RagA/B
and RagC/D and bind to the MP1-p14+p18 complex (Ragulator),
which is predominantly expressed on the lysosomal membrane
(12, 14). Upon amino acid stimulation, the Rag heterodimer is
activated and subsequently recruits mTORC1 to the lysosomal
membrane, where it is activated by growth factor-regulated
Rheb (8, 15). Rheb activity is tightly regulated by TSC2, a tumor
suppressor protein containing a GTPase-activating protein
(GAP) domain in its carboxyl terminus (15-20). TSC2 forms a
physical and functional complex with TSC1 (21), and muta-
tions in either TSC2 or TSC1 result in tuberous sclerosis com-
plex (TSC), an inherited hamartoma syndrome characterized
by the formation of benign tumors in multiple organs (22, 23).
In response to growth factors, multiple kinases such as Akt and
extracellular signal-regulated kinase (ERK) phosphorylate
TSC2 and may inhibit its GAP activity toward Rheb, thereby
activating mTORCI1 (24-26). In contrast, suppression of
mTORCI1 activity occurs upon reduction of cellular energy lev-
els via phosphorylation of multiple proteins such as TSC2, Rap-
tor, and mTOR by the AMP-activated kinase (AMPK) (27-29)
and Rheb by the p38-regulated/activated kinase (PRAK) (30).

Changes in intracellular energy levels as well as nutrient
availability have been known to influence and modify the func-
tionality of proteins regulated by redox potential (31, 32). Both
redox sensing and redox signaling use sulfur switches, particu-
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larly Cys residues that are sensitive to reversible oxidation (31,
33). A previous study by Sarbassov and Sabatini (34) first dem-
onstrated that cysteine oxidants such as phenylarsine oxide
(PAO) and diamide activated mTORCI1 activity in vivo and in
vitro. Interestingly, cysteine oxidants were able to enhance S6K
phosphorylation even in the absence of amino acids in culture,
and a reducing agent effectively suppresses amino acid-induced
mTORCI1 activation (34). Furthermore, cysteine oxidants
destabilized the mTOR-Raptor interaction but not the mTOR-
Rictor interaction. These observations suggest that a redox-
sensitive mechanism may underlie amino acid-dependent
mTORCI1 regulation, which is regulated by the Rag-Ragulator
system (12, 34). Given the observation that cysteine oxidants
enhance mTORCI activity in vitro, it has been postulated that a
component of mMTORCI or mTOR itself may sense redox
potential to regulate mTORCI function in response to extra-
cellular amino acids (34 -36). In this study, we show that cys-
teine oxidants specifically activate mTORC1 but not mTORC2.
Moreover, our study indicates that the TSC-Rheb pathway, but
not the Rag-Ragulator, plays an essential role in mTORCI reg-
ulation in response to cellular redox potential. We also discuss
redox-sensitive mTORC1 regulation by spatial activation of
Rheb in places other than the lysosome.

EXPERIMENTAL PROCEDURES

Reagents, Antibodies, and Plasmids—PAQ, British anti-Lew-
isite (BAL, also known as 2,3-dimercapto-1-propanol),
diamide, 2-deoxyglucose (2-DG), U0126, and rapamycin were
obtained from Sigma-Aldrich. HBSS was obtained from Invit-
rogen. No-Glucose Dulbecco’s modified Eagle’s medium (No-
Glucose DMEM, Invitrogen) was used for glucose starvation
treatment. [**P]Orthophosphate was obtained from MP Bio-
medicals. Mouse LAMP2 (H4B4) and rat LAMP2 antibodies
(GL2A7) were obtained from the Developmental Studies
Hybridoma Bank at the University of lowa and Abcam, respec-
tively. HA and Myc antibodies were from Covance. AMPKa
antibody was from Bethyl Laboratories. The p18 antibody was
described previously (11). Other all antibodies used in this
study were obtained from Cell Signaling. HA-S6K, Myc-Rheb,
HA-TSC1, HA-TSC2, HA-RagA(QL), Myc-RagC(SN), HA-
RagA(TN), and HA-RagC(QL) expression plasmids were
described previously (7, 29). Lipofectamine (Invitrogen) was
used for plasmid transfection according to the product manual.

Cell Culture and Treatments—HEK293T, HeLa, and mouse
embryonic fibroblast cell lines (wild-type, TSC1~/~, TSC2™ /",
p18 /7, and p18™ cells) were cultured in high glucose DMEM
(Invitrogen) containing 10% fetal bovine serum (FBS, HyClone
Laboratories) and penicillin/streptomycin (Invitrogen) (11).
For amino acid stimulation assays, cells were treated with HBSS
for 1 h and then cultured in low glucose DMEM for another 15
min. For cysteine oxidant or reducing agent treatment, cells
were treated with HBSS for 1 h and then incubated in the rea-
gent solution for 15 min under the following conditions: 5 um
PAO for HEK293T cells, 0.1 um PAO for MEF cells, 250 uMm
diamide, and 0.5 mm BAL in HBSS. For the amino acid or glu-
cose starvation treatments, cells were incubated in HBSS or
No-Glucose DMEM for 1 h, respectively. 2-DG was added
directly to the cell medium to a final concentration of 50 mwm,
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and cells were incubated for 1 h. For rapamycin treatment, cells
were preincubated with 20 nM rapamycin for 15 min before
oxidant or reducing agent treatment.

Immunoblot and Immunoprecipitation—Cells were lysed on
ice for 5 min in ice-cold lysis buffer (40 mm HEPES (ph 7.5), 120
mMm NaCl, 1 mm EDTA, 10 mm pyrophosphate, 10 mum glycero-
phosphate, 50 mm NaF, 1.5 mm Na;VO,, 0.3% CHAPS, and a
mixture of protease inhibitors (Roche Applied Science)). After
centrifugation at 13,000 X g for 15 min, the supernatant was
mixed with 5X SDS sample buffer and boiled for 5 min. The
samples were subjected to SDS-PAGE and immunoblotted
with the indicated antibodies. For immunoprecipitations,
lysates were incubated with 1 ug of the indicated antibody for
2 h and precipitated with protein G/L-Sepharose.

In Vivo GTPase Assay—In vivo GTPase assays were per-
formed as reported previously (17, 37). Briefly, cells were
washed once with phosphate-free DMEM and incubated with
0.5 mCi/ml [**P]orthophosphate for 4 h. Cells were then lysed
with lysis buffer (50 mm Tris, pH 7.5, 100 mm NaCl, 10 mm
MgCl,, 1 mm DTT, 0.5% Nonidet P-40, and protease inhibi-
tors). Tagged small GTPase protein was immunoprecipitated
with Myc or HA antibody. Immunoprecipitates were washed
three times each with washing buffer I (50 mm Tris, pH 8.0,0.5%
Triton X-100, 500 mm NaCl, 5 mm MgCl,, 1 mm DTT) and
buffer IT (50 mM Tris, pH 8.0, 0.1% Triton X-100, 100 mm NaCl,
5mm MgCl,, 1 mm DTT). The GTPase-bound nucleotides were
eluted with elution buffer (2 mm EDTA, 0.2% SDS, 1 mm GDP,
1 mMm GTP) at 68 °C for 15 min. Eluted nucleotides were sepa-
rated on polyethyleneimine cellulose plates (Baker-Flex) in
0.75 m KH,PO,, pH 3.4.

SiRNA  Transfections—Effectene (Qiagen) was used to
transfect 0.8 million HeLa cells in 6-cm dishes with siRNA oli-
gonucleotides to TSC1 (SMARTpool, Dharmacon). 72 h after
transfection, the cells were rinsed once with cold phosphate-
buffered saline, lysed in ice-cold lysis buffer, and analyzed by
immunoblotting as above.

Immunofluorescence Staining—Cells were fixed for 15 min
with 4% paraformaldehyde. The fixed cells were rinsed three
times with PBS and then permeabilized with 0.2% Triton X-100
in PBS for 10 min and blocked with 2% BSA-TBS for 30 min at
room temperature. After rinsing three times with TBS contain-
ing 0.05% Tween (TBS-T), samples were incubated with pri-
mary antibodies in PBS for 1 h at room temperature, rinsed
three times with TBS-T, incubated with secondary antibodies
for 1 h at room temperature, washed two times with TBS-T, and
rinsed two times with water. Samples were mounted on micro-
scope slides using Prolong Gold anti-fade reagent (Invitrogen).
Antibodies were used at the following dilutions: mTOR (1:400),
RagC (1:200), LAMP2 (1:200), Alexa Fluor 488 anti-rat IgG
(1:500), Alexa Fluor 594 anti-rabbit IgG (1:500), Alexa Fluor
488 anti-rabbit IgG (1:500), and Alexa Fluor 594 anti-mouse
IgG (1:500). Images were obtained by the Fluoview 300 confocal
microscope (Olympus) with 60X objective lenses. Observa-
tions were carried out three times with different samples pre-
pared independently, and representative images were pro-
cessed in the same manner using Adobe Photoshop CS3.
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FIGURE 1. Redox specifically regulates mTORC1 but not mTORC2. A, PAO stimulates S6K phosphorylation, which is abolished by BAL treatment. HEK293T
cells were pretreated with HBSS, 2-DG, or glucose-free DMEM for 1 h and then stimulated with PAO or BAL for 15 min before harvest. Lysates were analyzed by
immunoblotting with phospho-S6K (p-S6K) (Thr-389), S6K, phospho-Akt (p-Akt) (Ser-473), and Akt antibodies. B, PAO treatment enhances both S6K1 and 4EBP1
phosphorylation under amino acid starvation conditions. HEK293T cells were treated with HBSS for 1 h and then stimulated with amino acid or PAO for 15 min.
Cell lysates were prepared and analyzed by immunoblotting with the indicated antibodies. p-4EBP1, phospho-4EBP1; p-Erk1/2, phospho-Erk1/2; p-AMPKc,
phospho-AMPKea. C, MEK inhibitor (U0126) has little effect on PAO-induced S6K phosphorylation. HEK293T cells were treated with HBSS for 1 h and then

stimulated with PAO for 15 min in the absence or presence of BAL or U0126. 10 um U0126 was added 30 min before PAO treatment.

Statistical Analysis—All data were analyzed by analysis of
variance with Scheffe’s post hoc tests. Asterisks in Figs. 2 and 7
represent statistical significance (p value <0.05).

RESULTS

mTORCI, but Not mTORC2, Is Activated by Cysteine
Oxidant—PAQO is a cell-permeable oxidizing reagent that
cross-links vicinal thiol groups and has been widely used as a
cysteine oxidant (38 —40). In contrast, BAL is a reducing agent
that efficiently reverses oxidation reactions induced by PAO
(41, 42). As reported previously, PAO treatment induced the
phosphorylation of endogenous S6K (Thr-389), a substrate of
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mTORC]I, in HEK293T cells (Fig. 14) (34). BAL completely
blocked the stimulatory effect of PAO on S6K phosphorylation,
confirming that it is the oxidizing activity of PAO that is
responsible for S6K phosphorylation. Interestingly, PAO
decreased the phosphorylation of the AKT hydrophobic site
(the site catalyzed by mTORC?2), suggesting that PAO specifi-
cally activates mTORCI, but not mTORC2, and that cysteine
oxidants may not directly enhance mTOR kinase activity. Fur-
thermore, PAO induces the phosphorylation of S6K, the site
catalyzed by mTORC], in a manner independent of AKT acti-
vation. Amino acids are known to be required for insulin-me-
diated stimulation of TORC1 (43), but amino acids are not
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required for PAO to phosphorylate S6K (Fig. 1A). Pretreatment
with 2-deoxyglucose, a compound that causes energy starva-
tion by blocking glucose utilization, however, diminished PAO-
induced S6K phosphorylation. Furthermore, in the absence of
glucose, S6K activation by PAO was consistently compromised
(Fig. 1A). These data suggest that glucose starvation may inhibit
a step in the mTORC1 pathway downstream or parallel to PAO
signaling. To validate the fact that PAO stimulates S6K phos-
phorylation via mTORCI1 activation, we examined the effect of
PAO on the phosphorylation of 4EBP1, another important
TORCI1 substrate under amino acid starvation conditions (44,
45). Consistent with the effect of PAO on S6K phosphorylation
under amino acid starvation conditions, PAO treatment also
induced 4EBP1 phosphorylation (Fig. 1B). To investigate the
mechanism by which mTORCI activity is enhanced by PAO,
we also examined the activities of major upstream kinases such
as AKT, ERK1/2, and AMPK under the same conditions. Con-
sistent with the result shown in Fig. 14, the phosphorylation of
AKT, a major upstream positive regulator of mMTORC], is sup-
pressed by PAO treatment under amino acid starvation condi-
tions (Fig. 1B). We also found that the phosphorylation of both
ERK and AMPK was enhanced by PAO treatment (Fig. 1B).
Previous studies have determined that AMPK is a negative reg-
ulator for the mTORC1 pathway. Thus, the result suggests that
PAO also acts downstream of AMPK to overcome its inhibitory
effect on the mTORCI activation. It has been reported that
ERK stimulates mTORC1 activity by inhibiting the TSC2
tumor suppressor. To determine whether PAO-induced
mTORCI activation requires ERK1/2 activities, we examined
the effect of the MEK inhibitor (U0126) on PAO-induced S6K
phosphorylation. Interestingly, the MEK inhibitor had no effect
on PAO-induced S6K phosphorylation, although it completely
abolished PAO-induced Thr/Tyr phosphorylation on ERK1/2,
the sites required for ERK1/2 activity (Fig. 1C). These results
indicate that PAO does not require ERK1/2 activity to induce
mTORCI activation. Together, these data suggest that PAO
does not require these regulatory kinases to stimulate
mTORCI activity.

PAO Stimulates mTORCI in a Manner Independent of Rag
Small GTPases—Cysteine oxidants are able to stimulate
mTORCI under amino acid starvation conditions. This raises
the possibility that increased redox potential may activate Rag
small GTPases because Rags are specific modulators for
mTORCI1 localization and because active Rags are able to
induce mTORCI1 activity under conditions of amino acid star-
vation (7, 8). To test this hypothesis, we examined the effect
of a dominant negative form of the Rag complex
(RagA(TN)-RagC(QL)) on PAO-induced S6K phosphorylation.
Because transfection efficiency in HEK293T cells is ~50% in
our system, HA-tagged S6K1 (HA-S6K) was co-transfected
with RagA(TN)-RagC(QL), and its phosphorylation was mea-
sured. For this aim, we first tested the effects of PAO and BAL
on transfected HA-S6K. The results showed that transfected
HA-S6K behaved similarly to the endogenous protein (Fig. 24).
PAO treatment enhanced the phosphorylation of HA-S6K,
whereas BAL abolished PAO-induced S6K phosphorylation. If
PAO enhances S6K phosphorylation by inhibiting a phospha-
tase, then rapamycin would not cause a dramatic decrease of
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S6K Thr-389 phosphorylation. In fact, as expected, rapamycin
completely blocked S6K Thr-389 phosphorylation stimulated
by PAO, indicating that PAO stimulates S6K phosphorylation
by acting upstream of mTORCI. Consistent with previous
observations, overexpression of dominant negative Rag com-
ponents significantly reduced amino acid-induced S6K phos-
phorylation (Fig. 2B) (7, 8). However, similar levels of
RagA(TN)-RagC(QL) expression failed to reduce PAO-induced
S6K phosphorylation, suggesting that PAO may induce
mTORCI activation in a manner independent of Rag GTPases
(Fig. 2C).

PAO-induced mTORCI Activation Is Independent of Rag-
Ragulator System—Translocation of mMTORCI1 to lysosomes is
a critical step for amino acid-induced mTORCI activation,
where Ragulator (MP1-p14-p18 complex) plays a crucial role in
anchoring Rag small GTPases on the lysosomal membrane (11,
12, 46). Sancak et al. (12) showed that amino acid stimulation
failed to induce S6K phosphorylation and mTOR translocation
to the lysosome in Ragulator-deficient cells. To further investi-
gate the role of Rag in PAO-induced mTORC]1 activation, we
tested whether PAO stimulates S6K phosphorylation in Ragu-
lator-deficient cells. p18 /" cells and p18 /" cells reconsti-
tuted with wild-type p18 (p18") cells were used as Ragulator-
deficient and control cells, respectively (12). Consistent with
previous observations, amino acid stimulation failed to induce
S6K phosphorylation in p18~/~ cells. However, PAO was able
to stimulate S6K phosphorylation in p18 '~ cells, further con-
firming a dispensable role of the Rag-Ragulator in PAO-in-
duced mTORCI1 activation (Fig. 34). We also examined the
effect of PAO and amino acid stimulation on mTOR and RagC
localization in p18 /~ and p18™ cells. As reported previously,
mTOR was diffusely expressed around the nucleus without co-
localizing with LAMP?2 (late endosome or lysosome marker) in
both p18~/~ and p18™ cells under amino acid starvation con-
ditions (Fig. 3B, upper panels) (12). Upon amino acid stimula-
tion, mTOR perfectly co-localized with LAMP2 in p18™ cells
but not in p18 /" cells (Fig. 3B, middle panels). However, we
found that PAO failed to stimulate mTOR-LAMP2 co-localiza-
tion in p18™Y cells (Fig. 3B, bottom panels), indicating that
PAO-induced mTORC1 activation is not associated with
mTORCI localization at the lysosome. RagC was always co-lo-
calized with LAMP2 in p18™" cells but was expressed diffusely
throughout the cytoplasm in p18~'~ cells regardless of the
presence or absence of amino acids or PAO stimulation (Fig.
3C). Consistently, similar observations were seen in HEK293T
cells (Fig. 3D).

To further examine the relationship between redox potential
and Rag-induced mTORCI activation, we tested the effect of
BAL treatment on S6K phosphorylation induced by the active
Rag complex (RagA(QL)-RagC(SN)). Consistent with results
shown in Figs. 14 and 24, the levels of S6K phosphorylation
were significantly reduced by BAL treatment under growth
conditions (Fig. 4, lane I versus lane 5). However, BAL-induced
reduction of S6K phosphorylation was attenuated when the
active Rag complex was expressed (Fig. 4, lane 2 versus lane 6
and lane 4 versus lane 8). Together, these results support our
hypothesis that cysteine oxidants induce mTORCI1 activation
in a manner independent of Rag-Ragulator function.
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FIGURE 2. PAO-induced S6K phosphorylation is resistant to the inactive Rag small GTPases. A, PAO induces phosphorylation of overexpressed HA-S6K.
HEK293T cells were transfected with HA-S6K. After a 48-h transfection, the cells were treated with the combination of PAO, dimethyl sulfoxide (DMSO), MeOH,
BAL, and rapamycin treatments as indicated. The cell lysates were analyzed by immunoblotting with phospho-S6K (pS6K) (Thr-389) and HA antibodies. B,amino
acid-induced S6K phosphorylation was blocked by inactive Rag small GTPases (RagA(TN)-RagC(QL)). HA-S6K with or without HA-RagA(TN) and HA-RagC(QL)
was transfected into HEK293T cells. Transfected cells were treated with HBSS for 1 h and then stimulated with amino acid in the presence or absence of BAL for
15 min. The cell lysates were analyzed by immunoblotting with phospho-S6K (Thr-389) and HA antibodies. Signal intensities (phospho-S6K and HA-S6K) from
each immunoblot were quantified, and the relative ratio (phospho-S6K/HA-S6K) was shown. The data were expressed as mean = S.E. (¥, p < 0.05, n = 3).
C, PAO-induced S6K phosphorylation was not blocked by inactive Rag small GTPases (RagA(TN)-RagC(QL)). HEK293T cells were transfected as in the same

manner as B. After 1 h HBSS treatment, the cells were treated with PAO in the presence or absence of BAL for 15 min. N.S., not significant.

TSC1 and TSC2 Are Required for Redox Regulation of
mTORCI—A question that arises from the above observations
is how mTORC]1 activity is up-regulated by cysteine oxidants
under conditions of amino acid depletion in a Rag GTPase-
independent manner. To address this question, we investigated
the role of TSC-Rheb signaling in redox-dependent mTORC1
regulation. We first monitored the effects of PAO and BAL on
S6K phosphorylation under conditions of Rheb or TSC1-TSC2
overexpression (Fig. 54). As expected, Rheb overexpression
caused a strong enhancement of S6K phosphorylation. Inter-
estingly, we found that Rheb-induced S6K phosphorylation was
insensitive to both PAO and BAL treatment (Fig. 54). More-
over, PAO-induced S6K phosphorylation was diminished by
overexpression of TSC1-TSC2. These data suggest that PAO
and BAL may act upstream of TSC1-TSC2 and Rheb.

To further test the function of the TSC complex in redox-
induced mTORCI1 regulation, we examined the effects of PAO
and BAL in TSC1™/~ and TSC1*/* MEF cells. Consistent with
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previous observations, TSC1 ™/~ cells showed a higher level of
S6K phosphorylation than TSC1"/* cells. As seen in HEK293T
cells, PAO strongly enhanced S6K phosphorylation, whereas
BAL abolished itin TSC1*/* cells (Fig. 5B). However, we found
that enhanced S6K phosphorylation in TSC1 ™/~ cells was
resistant to both PAO and BAL treatments but completely
inhibited by rapamycin treatment (Fig. 5B). We also performed
similar experiments in TSC2 /" cells. Results identical to those
in TSC1~/~ cells were also observed in TSC2 ™/~ cells (Fig. 5C).
PAO did not further increase S6K phosphorylation in the
TSC2 /" cells, whereas it enhanced S6K phosphorylation in
the control TSC2*/" cells. Consistently, BAL did not inhibit
S6K phosphorylation in the TSC2 ™/~ cells, whereas it inhibited
S6K phosphorylation in the TSC2*/" cells, further supporting
arole of TSC1-TSC2 in the redox regulation of mTORC1.

The functional importance of the TSC complex in redox reg-
ulation was further examined in cells with transient TSC1
knockdown (Fig. 5D). Expression of TSC1 was efficiently down-
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FIGURE 3. PAO induces S6K phosphorylation in a manner independent of Rag-Ragulator function. A, PAO induces S6K phosphorylation in p18 ™/~ cells.
p18~/ cellsand p18™" cells were used as Ragulator-deficient and control cells, respectively. The cells were treated with HBSS for 1 h and then stimulated with
amino acid or PAO for 15 min. The cell lysates were analyzed by immunoblotting with the indicated antibodies. B, amino acids but not PAO stimulate
co-localization of mTOR and LAMP2 in p18™" cells. p18 /" cells and p18™" cells were treated in the same manner as A. mTOR and LAMP2 co-localization was
examined by immunocytochemistry. Scale bars represent 10 um. C, co-localization of RagC and LAMP2 were examined as in the same manner as B. D, amino
acids but not PAO stimulate co-localization of mTOR and LAMP2 in HEK293T cells. Similar experiments were performed in the same manner as B in HEK293T

cells.

regulated by siRNA targeting TSC1 in HeLa cells and con-
firmed by anti-TSC1 immunoblotting. As expected, TSC1
knockdown simultaneously decreased TSC2 protein levels
because TSC2 is stabilized in a complex with TSC1. In control
siRNA-treated cells, PAO and BAL treatments resulted in an
increase and a decrease of S6K phosphorylation, respectively.
Importantly, knockdown of TSC1 in HelLa cells significantly
diminished the effect of PAO or BAL on S6K phosphorylation.
Together, these data suggest a model in which redox acts
upstream of TSC1-TSC2 to regulate the mTORCI pathway.
Effects of Redox on the Integrity of mTOR Complexes—It has
been reported that nutrients, such as amino acids, and cysteine
oxidants affect the association between mTOR and Raptor
under specific lysis conditions (9, 34, 47). We also observed that
PAO treatment reduced the affinity between mTOR and Rap-
tor and that this effect was attenuated by BAL (Fig. 6A4). In
contrast, PAO and/or BAL had no effect on the interaction
between mTOR and Rictor, supporting a specific role of redox
regulation in mTORCI. Subsequently, we examined the effect
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of Rheb on the interaction between mTOR and Raptor. Over-
expression of Rheb also reduced the interaction between
endogenous mTOR and Raptor with a concomitant increase in
S6K phosphorylation (Fig. 6B). PAO treatment further dimin-
ished the interaction between mTOR and Raptor. These results
suggest that PAO may activate Rheb, thereby decreasing the
affinity between mTOR and Raptor.

PAO Activates Rheb—The activity of Rheb in vivo can be
assessed by measuring the ratio of GTP- to GDP-bound forms
(17,48). To test our assumption that the cysteine oxidant mod-
ulates the TSC-Rheb pathway, we examined the effects of PAO
and/or BAL on the Rheb GTP/GDP ratio. We found that PAO
treatment significantly increased Rheb in the GTP-bound state
by ~2-fold (Fig. 7A). BAL treatment alone did not decrease the
overexpressed Rheb GTP level but did effectively attenuate the
stimulating effect of PAO. This is consistent with the observa-
tion that BAL treatment fails to inhibit enhanced S6K phosphor-
ylation under the condition of Rheb overexpression (Fig. 54).
The effect of PAO on guanine nucleotide loading was specific to
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FIGURE 4. Active Rag small GTPase-induced S6K phosphorylation is
not inhibited by BAL treatment. HA-S6K with or without HA-RagA(QL)
and Myc-RagC(SN) were transfected into HEK293T cells. Cells were incu-
bated with or without amino acids for 1 h and treated with or without BAL
for another 15 min. Cell lysates were analyzed by immunoblotting with
phospho-S6K (pS6K) (Thr-389), HA, and Myc antibodies. Signal intensities
(phospho-S6K and HA-S6K) from each immunoblot were quantified, and
the relative ratio (phospho-S6K/HA-S6K) was determined. The data were
expressed as mean = S.E. (n = 3). (LE) and (SE) indicate long and short
exposure, respectively.

Rheb as PAO did not affect the Ras GTP/GDP ratio (Fig. 7B).
We also examined the effect of diamide, another cysteine oxi-
dant. Diamide similarly enhanced the level of GTP-bound
Rheb, and this effect was blocked by BAL (Fig. 7C). Therefore,
our data indicate that PAO treatment specifically induces Rheb
activity.

DISCUSSION

mTORCI1 plays an essential role in a wide array of cellular
processes such as translation and autophagy. The mecha-
nism by which mTORCI activity is regulated in response to
various growth-promoting and inhibitory signals is an area
of intense study. Multiple components such as kinases and
small GTPases are implicated in temporal and spatial regu-
lation of mTORCI activity. Recent studies have highlighted
that two small GTPases, Rheb and Rag, play crucial roles in
growth factor- and amino acid-induced mTORCI1 activation
(49). Upon amino acid stimulation, Rag, anchored by Ragu-
lators on the lysosome membrane, can be activated by an
unknown mechanism and subsequently recruit mTORCI.
On the lysosomal membrane, mTORCI1 is activated by Rheb,
whose activity is enhanced by growth factor signaling. This
model nicely explains how amino acid and growth factor
signals produce maximal activation of mTORCI1 in a coordi-
nate manner at the lysosome by active Rag and Rheb small
GTPases. Because cysteine oxidants activate mTORCI1
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under conditions of amino acid depletion, we originally
hypothesized that cysteine oxidants might activate Rag small
GTPases because constitutively active Rag mutants are able
to activate mTORCI1 even in amino acid-depleted conditions
(7, 8). Our study, however, has revealed that cysteine oxi-
dants activate mTORC1 through Rheb activation. It is likely
that the TSC complex itself may be a major target of cysteine
oxidation to activate mTORCI1 for the following reasons.
Firstly, cysteine oxidants significantly increase the GTP/
GDP ratio of Rheb. Secondly, the effects of both oxidant and
reducing agents on mTORC1 activity are largely compro-
mised in the absence of a functional TSC complex. Finally,
the activity of major upstream regulators of the TSC com-
plex does not account for cysteine oxidant-induced
mTORCI activation.

Blocking the glycolytic pathway with non-metabolized glu-
cose (2-D@G) treatment decreases cellular energy, thereby acti-
vating AMPK in HEK293 cells. AMPK phosphorylates multiple
proteins in the mTORC1 signaling such as TSC2 and sup-
presses mTORC1 activity (29, 50). Besides AMPK activation,
prolonged 2-DG treatment also activates p38-regulated/acti-
vated kinase that directly phosphorylates and inhibits Rheb
activity by reducing its guanidine nucleotide interaction (30).
Consistently, our data show that preincubation of 2-DG for 1 h
significantly attenuated PAO-induced mTORC1 activation.
Interestingly, Sarbassov and Sabatini (34) demonstrated that
preincubation of PAO prevented 2-DG (15-min treatment)-
induced mTORCI1 inactivation. This result also supports our
model that cysteine oxidants may inhibit the TSC complex
because short term 2-DG treatment may not be able to block
mTORCI1 activation when the TSC complex is already under
inhibition by PAO.

Given that PAO is known to react with the sulfthydryl groups
of 2 adjacent cysteine residues, it might affect the structure of
the TSC complex, resulting in the down-regulation of its GAP
activity. The CXXC motif is utilized by many redox proteins for
the formation, isomerization, and reduction of disulfide bonds
(31). The C- or N-terminal cysteine in this motif can be
replaced by serine or threonine (CXX(S/T) or (S/T)XXC),
thereby modifying the functional repertoire of redox proteins
(33). Indeed, mammalian TSC1 and TSC2 have 12 and 31 cys-
teine residues, respectively. In TSC1, 2 of these cysteines form a
CXXS and TXXC motif. In TSC2, 9 cysteines form all CXXC,
CXX(S/T), and (S/T)XXC motifs. It would be intriguing to test
whether these motifs are indeed targets of cysteine oxidants
and whether they have functional importance as regulatory res-
idues for TSC2 GAP activity.

Although our study shows an important role of the TSC-
Rheb pathway in the redox-sensitive mTORCI regulation, the
molecular mechanisms by which active endogenous Rheb
induced by cysteine oxidants stimulates mTORCI1 activity
under amino acid-depleted conditions remain unclear. Two
possible mechanisms can be proposed from our observations.
Firstly, endogenous Rheb activated by the cysteine oxidant is
also able to stimulate mTORCI1 in places other than the lyso-
some. In this model, n'TORC1 may move to the lysosome along
with endogenous Rheb. Supporting this model, ectopic expres-
sion of Rheb is able to activate mTORC1 under conditions of
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FIGURE 5.TSC1 and TSC2 are essential for redox-sensitive mTORC1 regulation. A, redox-sensitive S6K phosphorylation is disordered by the overexpression
of Rheb or TSC1-TSC2. HA-S6K was transfected into HEK293T cells with or without Rheb (Myc-Rheb) or TSC1-TSC2 (HA-TSC1 and HA-TSC2). Cells were treated
with or without PAO or BAL for 15 min. Cell lysates were analyzed by immunoblotting with phospho-S6K (pS6K) (Thr-389), HA, and Myc antibodies. Band C, loss
of redox-sensitive mTORC1 regulation in TSC1~/~ or TSC2~/~ MEF cells. TSC1~/~ and TSC1™/* MEF cells (B) or TSC2~/~ and TSC2 /" MEF cells (C) were treated
with PAO or BAL with or without rapamycin (+Rapa) for 15 min. Cell lysates were analyzed by immunoblotting with the indicated antibodies. (LE) and (SE)
indicate long and short exposure, respectively. D, transient knockdown of TSC1 reduces redox effect on S6K phosphorylation. HeLa cells with siRNA against
human TSC7 or GFP1 (as control) were treated with or without PAO or BAL. Cells lysates were analyzed by immunoblotting with indicated antibodies. Arrow
indicates TSC1.
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FIGURE 6. Effect of redox and Rheb on the integrity of mTOR complexes. A, redox modulates the Raptor-mTOR interaction. HEK293T cells were treated with
or without PAO and/or BAL for 15 min. Cell lysates were prepared, and immunoprecipitation (/P) with mTOR antibody was performed. Lysates and immuno-
precipitates were analyzed by immunoblotting with mTOR, Rictor, and Raptor antibodies. B, overexpression of Rheb also reduced the interaction between
endogenous mTOR and Raptor. HEK293T cells transfected with or without Myc-Rheb were treated with PAO and/or BAL for 15 min as indicated. Cell lysates
were analyzed in the same manner as in panel A. pS6K, phospho-S6K.

amino acid starvation (17, 51, 52). Furthermore, mTORC1
interacts with not only active Rheb but also with inactive Rheb
(52, 53).

Secondly, it is possible that a small portion of mTORC1
may still remain on the lysosomal membrane even under
amino acid starvation conditions and that the remaining
mTORCI can be maximally stimulated by a cysteine oxidant
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through Rheb activation at the lysosome. If this model is
correct, reduction of endogenous Rheb activity on the lyso-
some should inhibit active Rag-induced mTORC]1 activation
under amino acid starvation conditions. However, our data
show that BAL has little effect on mTORCI activation
induced by active Rag under amino acid starvation condi-
tions, indicating that redox-sensitive mTORC1 regulation
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FIGURE 7. PAO activates Rheb. A and B, PAO specifically induces GTP-Rheb in vivo. Myc-Rheb (A) or HA-Ras (B) was transfected into HEK293T cells and labeled
with [*?P]orthophosphate. Cells were treated with PAO and/or BAL for 15 min as indicated. Radiolabeled Myc-Rheb or HA-Ras was immunoprecipitated with
Myc or HA antibody, and bound nucleotides were eluted and separated on the polyethyleneimine cellulose plates. The ratio of GTP/GDP was calculated by the
formula GTP counts/3 divided by GDP counts/2 and shown at top of each lane. In panel A, data were expressed as -fold increase of Rheb GTP/GDP ratio from
three independent experiments (¥, p < 0.05 versus other groups, mean = S.E., n = 3). C, diamide also induces Rheb activity. The effect of diamide on GTP/GDP

ratio of Rheb was examined in the same manner as in panel A.

does not occur on the lysosomal membrane. Although our
study supports the former model in which redox-dependent
mTORCI1 regulation occurs at sites other than the lysosome,
our data raise the possibility that the TSC complex is unable
to suppress active Rheb once mTORCI1 engages the lyso-
somal membrane.

Nutrient availability and oxygen pressure modulate the
generation of both ATP and reactive oxygen species via oxi-
dative phosphorylation in mitochondria as well as the glycol-
ysis pathway (54). Although it has been documented that the
levels of intracellular ATP or AMP are critical for the regu-
lation of mMTORC]1 activity (29), the reactive oxygen species-
mediated redox potential can also be a potential regulator of
mTORCI. Especially in physiological and pathophysiologi-
cal settings, it has been postulated that excess production of
free radicals/reactive oxygen species may contribute to the
progression of aging (from lower organisms to mammals) as
well as the development of several cancers (55, 56). Given
that rapamycin treatment extends life span and prevents
cancer development, redox potential-mediated mTORC1
activation might play a role in the process of aging and can-
cer development.

In summary, we have demonstrated the role of redox
potential in the regulation of the TSC-Rheb-mTORCI1 path-
way. Our data show that cysteine oxidants are able to acti-
vate mTORC1 via Rheb but not Rag activation in cells
deprived of external amino acids. Furthermore, our study
suggests that cysteine oxidant-induced GDP-GTP conver-
sion of Rheb via TSC complex inactivation and concomitant
activation of mTORC1 may occur at sites other than the
lysosome. We note that the effects of cysteine oxidants and
reducing agents used in this study may be beyond the phys-
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iological extent of cellular redox regulation in the mTOR
signaling pathway. However, an understanding of such spec-
ificities toward Rheb and mTORC1 within mTOR signaling
is a valuable tool to potently and transiently inhibit the func-
tion of the endogenous TSC complex in the context of tem-
poral as well as spatial regulation of the mTORC1 pathway.
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