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Abstract
Oxidants are well-recognized for their capacity to reduce the phosphorylation of the mammalian
target of rapamycin (mTOR) substrates, eukaryotic initiation factor 4E-binding protein 1 (4E-BP1)
and p70 S6 kinase 1 (S6K1), thereby hindering mRNA translation at the level of initiation. mTOR
functions to regulate mRNA translation by forming the signaling complex mTORC1 (mTOR, raptor,
GβL). Insulin signaling to mTORC1 is dependent upon phosphorylation of Akt/PKB and the
inhibition of the tuberous sclerosis complex (TSC1/2), thereby enhancing the phosphorylation of 4E-
BP1 and S6K1. In this study we report the effect of H2O2 on insulin-stimulated mTORC1 activity
and assembly using A549 and bovine aortic smooth muscle cells. We show that insulin stimulated
the phosphorylation of TSC2 leading to a reduction in raptor-mTOR binding and in the quantity of
proline-rich Akt substrate 40 (PRAS40) precipitating with mTOR. Insulin also increased 4E-BP1
co-precipitating with mTOR and the phosphorylation of the mTORC1 substrates, 4E-BP1 and S6K1.
H2O2, on the other hand, opposed the effects of insulin by increasing raptor-mTOR binding and the
ratio of PRAS40/raptor derived from the mTOR immunoprecipitates in both cell types. These effects
occurred in conjunction with a reduction in 4E-BP1 phosphorylation and the 4E-BP1/raptor ratio.
siRNA-mediated knockdown of PRAS40 in A549 cells partially reversed the effect of H2O2 on 4E-
BP1 phosphorylation but not on S6K1. These findings are consistent with PRAS40 functioning as a
negative regulator of insulin-stimulated mTORC1 activity during oxidant stress.

Introduction
High concentrations of oxygen-derived free radicals generated in the cellular
microenvironment during inflammatory processes have the capacity to alter vital metabolic
processes including protein synthesis. Reports from our laboratory and others indicate that
reactive oxygen species (ROS) modulate mRNA translation at the level of initiation by
influencing the formation of the eukaryotic initiation factor complex 4F (eIF4F), a
heterotrimeric complex of the cap-binding protein eIF4E, the large scaffolding protein, eIF4G,
and the RNA helicase eIF4A [1–4]. This complex facilitates the binding of the 40S ribosomal
subunit to the 7-methyl-GTP cap at the 5′ terminus of the mRNA [5]. Under nutrient poor
conditions, eIF4E is sequestered by eIF4E-binding proteins (4E-BPs), which compete with
eIF4G for a common eIF4E binding site[6]. Upon nutrient and growth factor stimulation, 4E-
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BP1 is phosphorylated in a canonical fashion by the serine/threonine kinase mammalian target
of rapamycin (mTOR), thereby releasing eIF4E to foster cap-dependent initiation [6].

Functional activation of mTOR is dependent upon its ability to form the multi-protein
complexes mTORC1 and mTORC2. The composition of mTORC1 includes raptor and GβL,
while mTORC2 replaces raptor with rictor and adds SIN1 in addition to GβL [7]. Within
mTORC1, raptor serves as a scaffolding protein, allowing the binding of substrates and
facilitating their phosphorylation [8]. Notable mTORC1 substrates include the eIF4E-binding
proteins (4E-BP1-3) and S6 kinase 1 (S6K1) which bind raptor through conserved TOR
signaling (TOS) motifs [7]. Insulin signaling to mTORC1 involves cell surface insulin
receptors and the subsequent activation of the phosphatidylinositol-3′ kinase-Akt (also known
as protein kinase B, PKB) pathway. Stimulation of Akt/PKB, in turn, phosphorylates and
inactivates the tuberous sclerosis complex (TSC1–TSC2), reducing GTPase activity toward
Rheb (Ras homologue enhanced in brain) [9]. GTP-bound Rheb, in turn, activates mTORC1
through a yet to be defined mechanism [10]. This complex interplay of signaling events is
represented diagrammatically in Figure 1.

Unlike insulin, amino acid-mediated stimulation of mTORC1 activity is independent of Akt/
PKB and TSC1/2. Although previous evidence suggested Vps34 and MAP4K3 (mitogen-
activated protein kinase kinase kinase kinase 3) as actuators of amino acid effects under specific
conditions, the recent report that Rag proteins are both essential and sufficient for mTORC1
activation appears to have clarified the mechanism [11–13]. These small GTPases appear to
bind mTORC1 and mediate its localization. Stimulation of Rag activity brings the mTORC1
complex in proximity to membranes containing GTP-bound Rheb, thereby facilitating Rheb
binding and mTORC1 activation [13].

Further complexity of mTORC1 regulation was added with the identification of the proline-
rich Akt substrate of 40 kDa (PRAS40) as a component of mTORC1 and potential competitive
inhibitor of substrate binding [14,15]. Like 4E-BP1 and S6K1, PRAS40 contains a TOS motif
and binds raptor [15]. Insulin stimulation in the presence of amino acids leads to Akt/PKB-
dependent phosphorylation of PRAS40 at Thr246 by Akt/PKB leading to its dissociation from
raptor (See Fig. 1) [15,16]. Decreasing PRAS40 expression with shRNA increases 4E-
BP1:raptor binding while PRAS40 overexpression has the opposite effect [15]. These
observations have nurtured the theory that insulin-stimulated release of PRAS40 from
mTORC1 “frees” TOS binding sites to allow increased 4E-BP1 and S6K1 binding [15,17].
The recent observation that phorbol esters activate mTORC1 independent of changes in
PRAS40 phosphorylation and raptor binding suggests that control of mTORC1 activity is likely
to be stimulus specific [18].

Although all aerobic organisms are exposed to ROS, during pathologic conditions such as
ischemia-reperfusion and stroke, atherosclerosis, diabetes mellitus, and lung injury, oxidant
concentrations may exceed endogenous scavenging capacity leading to cell injury or death.
With respect to H2O2,concentrations within the local cellular microenvironment have been
estimated to exceed 300 μM during ischemia-reperfusion [19]. Similar levels have been found
to reduce mTORC1 activity in cultured cells [3]. The initial down-regulation of mTORC1
activity may be beneficial through conservation of cellular energy necessary for the repair of
oxidative damage. When sufficiently prolonged or severe, however, diminished mTORC1
activity may stimulate apoptosis [20].

Despite current evidence indicating that oxidants reduce mTORC1 activity downstream of
TSC1–TSC2, the mechanism remains unclear [3]. As such, we designed the present study to
delineate the impact of H2O2 on insulin- and leucine-stimulated mTORC1 activity and
mTORC1/2 assembly and substrate phosphorylation. Our results reveal that H2O2 impairs
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insulin-stimulated mTORC1 assembly in both the human lung epithelial cell line, A549, and
in normal bovine aortic smooth muscle cells. Moreover, our findings suggest that H2O2 reduces
4E-BP1 phosphorylation, in part, by fostering the competitive binding of PRAS40 with raptor.

Materials and Methods
Reagents and Supplies

Antibodies were purchased from the corresponding suppliers: 4E-BP1, non-phosphorylated
Thr46 4E-BP1, S6K1, S6K1 (Thr389), mTOR, mTOR (Ser2448), S6rp, S6rp (Ser235/236), Akt,
Akt (Ser473), Akt (Thr308), raptor, TSC1, and, TSC2 (Thr1462), TSC2 from Cell Signaling
Technologies (Beverly, MA); S6K1, mTOR, rictor, raptor (immunoprecipitation-specific) and
SIN-1 from Bethyl Laboratories (Montgomery,TX); PRAS40 and PRAS40 (Thr246) from
Invitrogen/Biosource (Carlsbad, CA); TSC2 and α-tubulin from Santa Cruz Biotechnology
(Santa Cruz, CA); and β-actin from Sigma Chemical (St. Louis, MO). Anti-mouse and rabbit
HRP-IgG and chemiluminescence detection was obtained from GE Healthcare Bio-Science
(Piscataway, NJ). Pre-cast gels were purchased from Invitrogen or Jule Biotechnologies
(Milford, CT). Complete, EDTA-free protease inhibitor tablets were purchased from Roche
Applied Science (Indianapolis, IN). The remaining chemicals were obtained from Fisher
Scientific (Pittsburgh, PA).

Cell culture and conditions
The human lung adenocarcinoma cell line, A549, (American Type Culture Collection,
Manassas, VA) were grown in Dulbecco’s Minimal Essential Medium (DMEM; Invitrogen)
supplemented with 10% FBS, 50 IU/ml of penicillin, 50 μg/ml streptomycin, and 2 mM
glutamine. Early passage (p3–5) bovine aortic smooth muscle cells (a gift from Dr. Kathleen
Martin) were established as previously described and grown in DMEM + 10% FBS + 50 IU/
ml of penicillin + 50 μg/ml streptomycin + 2 mM glutamine [21]. Both cell types were seeded
into 6-well plates at a density of 20k/cm2 and allowed to attach overnight. The following day,
medium was replaced with leucine- and serum-free DMEM (Millipore; Billerica, MA). Twenty
four hours later, wells were treated varying concentrations of H2O2 followed by stimulation
with 174 nM insulin, 0.8 mM leucine (1X for DMEM), or both for the times listed.

Immunoblotting
Cell monolayers were rinsed with PBS, trypsinized, and lysed in RIPA lysis buffer [50 mM
Tris-HCl, pH 7.5; 150 mM NaCl; 1 mM Na2EDTA; 0.5% NP-40; 1 mM Na3VO4; 1 mM PMSF
(final concentrations); EDTA-free protease inhibitors]. Lysates were briefly sonicated on ice,
supernatants collected following centrifugation at 1000 × g, and total protein determined by
the bicinchoninic acid assay. Equal amounts of protein were resolved on either bis-Tris or Tris-
glycine gels. Resolved proteins were transferred to PVDF membranes and incubated overnight
at 4°C with primary antibodies [all at 1:1000, except Akt (Ser308 1:500); non-phosphorylated
Thr46 4E-BP1 (1:2000), S6rp (1:2000), α-tubulin (1:5000), and β-actin (1:5000)] in 5% non-
fat dry milk blocking buffer. Following rinsing, membranes were incubated with the
corresponding HRP-conjugated secondary antibody (1:5000) and the signal detected by
chemiluminescence. Values were normalized to β-actin or α-tubulin expression.

Immunoprecipitation
Following treatment, monolayers were rinsed in cold PBS and lysed in CHAPS buffer [0.3%
CHAPS; 40 mM HEPES, pH 7.5; 120 mM NaCl; 1 mM Na2EDTA; 10 mM
Na4HP2O7.10H2O; 10 mM glycerophosphate; 50 mM NaF; 1.5 mM Na3VO4; 1 mM PMSF
(final concentrations); EDTA-free protease inhibitors] on ice. Lysates were subsequently
prepared in a manner analogous to that for immunoblotting without sonication. Goat anti-rabbit
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BioMag beads (300 μl - Qiagen; Valencia, CA) were mixed with 3.5 μl mTOR (Cell Signaling)
or 6 μl TSC2 (Santa Cruz) antibodies or equivalent quantities of rabbit IgG for 4 hours at 4°
C. Beads were rinsed with 3 volumes of elution buffer and then boiled in sample buffer to
dissociate complexed proteins. Immunoprecipitates were loaded onto Tris-glycine gels and
separated by electrophoresis. Control studies illustrated that substitution of mTOR or TSC2
primary antibodies with rabbit IgG eliminated precipitation of mTOR and TSC2 proteins and
co-precipitating proteins.

Cell transfection
A549 cells in DMEM at 80% confluency were used for transfection. Cells were trypsinized,
centrifuged, and suspended in Nucleofector T (1×106 cells/100 μl; Amaxa). For each 100 μl
of cells, 1 μg of siRNA directed against PRAS40 [Sense: r(GGG CAU UAG UGA UAA UGG
A)dTdT and antisense r(UCC AUU AUC ACU AAU GCC C)dAdG; Qiagen], pmax GFP
(Amaxa), or scrambled siRNA (Qiagen) was added. Cells were electroporated in the Amaxa
Nucleofector I device using program X-01 designed for A549 cells. Cells were then reseeded
into 6-well plates and returned to the incubator. Control studies revealed >80% GFP
transfection and minimal cell death using 1–3 μg siRNA.

Statistics
All studies were performed a minimum of 3 times. The effects of leucine, insulin, time, and
H2O2 and potential interactions were tested with 2- or 3-way analysis of variance (ANOVA)
with Fisher’s LSD post-hoc analysis to determine individual differences. Data are listed as
mean ± standard error and the level of significance set at p<0.05.

Results
Leucine and insulin-stimulated mTORC1 activity is suppressed by H2O2

To study the effects of oxidants on mTOR activity, we first conducted experiments to determine
the sensitivity of A549 cells to leucine withdrawal. Using the phosphorylation of 4E-BP1 and
S6K1 as functional readouts of mTORC1 activity, we found that A549 cells were resistant to
leucine-deprivation, requiring a 24-hour withdrawal period in order to observe a consistent
decrease in 4E-BP1 and S6K1 phosphorylation with deprivation. Following the starvation
period, incubation with leucine induced a rapid increase in the phosphorylation of mTOR at
Ser2448 and the mTORC1 substrate, 4E-BP1 (decreased intensity using the non-phosphorylated
Thr46 4E-BP1 antibody), without altering Akt or S6K1 phosphorylation or total kinase
expression. This effect was transient, reaching a maximum between 5 and 15 minutes. Insulin
stimulation was conducted using the 174 nM concentration commonly found in standard cell
culture supplements. Addition of insulin, alone or in conjunction with leucine increased mTOR,
4E-BP1, S6K1, S6rp, and Akt phosphorylation within 5–15 minutes resulting in sustained
activation for at least 60 minutes, again without altering the total protein expression of each
kinase (See Fig 2A).

We next sought to determine the concentrations of H2O2 necessary to alter leucine and insulin-
induced mTORC1 activation. Preliminary studies indicated that 75 μM was required to
minimally reduce insulin-stimulated 4E-BP1 phosphorylation at 30 minutes, but that
concentrations in excess of 100 μM were required to diminish the leucine+insulin-induced
phosphorylation of 4E-BP1 and S6K1 (Fig 2B). Changes in phosphorylation at 5 minutes were
only observed using concentrations of at least 250 μM (not shown). In order to best study the
effects of oxidant stress on mTORC1 activity, all subsequent experiments were conducted with
250 μM H2O2. As anticipated, leucine, insulin, and leucine+insulin significantly enhanced the
phosphorylation of mTOR, S6K1, and 4E-BP1. We also observed that H2O2 reduced the
phosphorylation of 4E-BP1 and S6K1 in a time-dependent manner (p<0.05). Post-hoc analysis
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revealed that H2O2 reduced leucine-induced phosphorylation of 4E-BP1 at 5 and 30 minutes
without altering the phosphorylation of mTOR or S6K1. In cells stimulated with insulin or
leucine+insulin, H2O2 decreased the phosphorylation of 4E-BP1 and S6K1 at 30 minutes,
while leucine+insulin, but not insulin alone, decreased mTOR phosphorylation. Peroxide failed
to inhibit insulin-induced phosphorylation of Akt at Thr308 at either time point (Fig 3).

H2O2 fails to hinder insulin-stimulated TSC1/TSC2 binding
Akt phosphorylation is dependent upon phosphorylation at both Ser473 by mTORC2 and at
Thr308 by 3-phosphoinositide-dependent protein kinase-1 [22]. Once activated, Akt directly
phosphorylates TSC2 on Thr1462, repressing the GAP activity of TSC2 and increasing Rheb-
GTP levels [23,24]. The integrity of TSC2-TSC1 complexes also regulates Rheb-GAP activity
and recent information indicates that ERK activation leads to TSC1–TSC2 dissociation and
enhanced mTORC1 activity [25]. Given that our laboratory has previously shown that peroxide
potently augments ERK 1/2 activity and phosphorylation in A549 cells, we were interested in
the potential for TSC1/2 to modulate mTORC1 activity in response to oxidant stress [1]. Using
both immunoblotting and immunoprecipitation, we observed that leucine failed to alter TSC2
phosphorylation at Thr1462 or TSC1/2 binding (Fig 4A). Insulin and insulin combined with
leucine, however, dramatically increased TSC2 phosphorylation without altering TSC1/2
binding ratios. Treatment of cells with H2O2 increased TSC2 phosphorylation and reduced
TSC1/2 binding under all conditions, with cells treated with leucine+insulin demonstrating
greater decline in TSC1/2 binding than in control cells (Fig 4B). Although not true activity
assays per se, these results indicate that H2O2 actually represses TSC1/2, a process which
should augment Rheb.GTP levels and enhance mTORC1 function.

H2O2 impairs insulin-stimulated mTORC1 assembly
mTOR kinase activity is dependent upon the formation of two complexes, mTORC1 (mTOR,
raptor, GβL) and mTORC2 (mTOR, rictor, GβL). Within mTORC1, raptor binds 4E-BP1 and
S6K1 through the TOR signaling motif (TOS), an event required for the canonical
phosphorylation of 4E-BP1 and the activation of S6K1 [26,27]. In preliminary studies, we
found that rapamycin reduced raptor-mTOR binding in insulin-stimulated A549 cells but had
no effect of rictor-mTOR binding. To assess changes in mTORC1/2 formation attributable to
peroxide, cells were stimulated with leucine, insulin, or both for 30 minutes. As illustrated in
Figure 5, insulin and leucine+insulin reduced the amount of raptor co-precipitating with mTOR
when compared with control and leucine stimulated cells. When cells were treated with
H2O2, the effects of insulin appeared blunted, but remained less than in control or leucine
treated cells. Within mTORC2, the association of rictor with mTOR was unresponsive to
leucine, insulin or both or to the presence of H2O2. The rictor binding partner, stress-activated
protein kinase interacting protein 1 (SIN1), has been shown to be required for mTORC2
function on Akt phosphorylation at Ser473 [28]. In the current study, the rictor-SIN1 association
was somewhat variable, but statistically unchanged by leucine, insulin, or the combination or
the presence of H2O2.

H2O2 alters insulin-stimulated mTOR-substrate associations
Recent work has shown that PRAS40 functions as a negative regulator of mTORC1 by binding
to raptor through a TOS motif [15,17,29]. Evidence further suggests that PRAS40 competes
for raptor binding with 4E-BP1 and S6K1 and that these events may be due in part to alterations
in Akt induced phosphorylation of Thr246 in response to insulin [15,29]. In an effort to
determine if H2O2-induced reductions in insulin-stimulated 4E-BP1 and S6K1
phosphorylation could be regulated by PRAS40, we determined the impact of H2O2 on
PRAS40 phosphorylation and on PRAS40, S6K1, and 4E-BP1 content in mTOR
immunoprecipitates. For each mTOR immunoprecipitate, the ratio of PRAS40 and 4E-BP1
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relative to mTOR-precipitated raptor was determined to assimilate the substrate content within
mTORC1. As shown in Figure 6A, insulin and leucine+insulin increased PRAS40
phosphorylation at Thr246 compared to vehicle control and leucine while pre-treatment with
H2O2 partially blunted this effect. Insulin and leucine+insulin also increased S6K1/raptor and
4E-BP1/raptor ratios and the relative phosphorylation of bound 4E-BP1 (β/α+β bands) within
mTORC1 (Fig. 6B). Pre-treating cells with 250 μM H2O2 attenuated these effects. Peroxide
also reduced the 4E-BP1/raptor quotient by nearly half in response to insulin and leucine
+insulin; an effect accompanied by diminished 4E-BP1 phosphorylation. Likewise, H2O2
increased the PRAS40/raptor ratio 2–3 fold in insulin and leucine+insulin-stimulated cells.
Statistical analysis further revealed a significant interaction between the stimuli (leucine,
insulin, leucine+insulin) and H2O2, demonstrating that H2O2 reversed insulin-mediated
decreases in PRAS40 binding (p<0.001). Little, if any, change was observed in the S6K1/raptor
ratio in response to H2O2.

Because A549 cells are a transformed, malignant cell line, we repeated the analysis of key
signaling events using early passage, primary bovine aortic smooth muscle cells (BASMC).
As shown in Figure 7A, 250 μM H2O2 reduced the phosphorylation of the mTORC1 substrates,
4E-BP1 and S6K1, and the phosphorylation of PRAS40. The phosphorylation of TSC2, on the
other hand, was minimally effected by H2O2, in contrast to our observation in A549 cells.
Nonetheless, both insulin and leucine+insulin reduced the amount of raptor co-precipitating
with mTOR while the pre-treatment with H2O2 blunted this effect (Fig. 7B). In each of the
three trials performed, H2O2 also increased the quantity of PRAS40, and diminished S6K1 and
4E-BP1, co-precipitating with raptor. As observed in A549 cells, H2O2 also appeared to
decrease the relative phosphorylation of 4E-BP1 within mTORC1 in BASMC. In summary,
these findings illustrate that H2O2 impairs insulin-stimulated mTORC1-substrate associations
in addition to mTORC1 assembly.

PRAS40 knockdown enhances the phosphorylation of 4E-BP1
Based upon our immunoprecipitation data, we sought to determine if reductions in PRAS40
content would restore insulin-stimulated mTORC1 activity. To this effect, we transfected cells
with siRNA directed against PRAS40 using a sequence previously shown to inhibit PRAS40
expression [29]. Our preliminary studies indicated that 1 and 3 μg of siRNA effectively reduced
PRAS40 expression by approximately 80% compared to non-transfected cells. By comparison,
cells transfected with transfection reagent alone or siRNA without transfection reagent showed
no identifiable change in PRAS40 expression. In addition, neither scrambled nor PRAS40
siRNA altered insulin-induced Akt phosphorylation (not shown). As illustrated in Figure 8,
transfection with PRAS40 siRNA potently reduced PRAS40 protein and decreased the degree
of insulin- and leucine+insulin-mediated PRAS40 phosphorylation at Thr246 compared to
scrambled siRNA controls. Knockdown of PRAS40 partially restored H2O2-mediated
reductions in 4E-BP1 phosphorylation at Thr46 as demonstrated by a decrease in density of the
immunoreactive band representing non-phosphorylated (Np) 4E-BP1 (Thr46). In agreement
with previous studies, PRAS40 knockdown also diminished insulin-stimulated S6K1
phosphorylation regardless of the presence of H2O2 [15,17].

Discussion
Oxygen-derived free radicals are well-recognized suppressors of global protein synthesis.
Several reports have documented the capacity for high concentrations of H2O2 to inhibit mRNA
translation at the level of initiation, in part by reducing the phosphorylation and activity of the
eIF4E repressor protein, 4E-BP1 [2,30,31]. mTOR, when complexed with raptor within the
mTORC1 complex, is the only known kinase for 4E-BP1. mTORC1 function is sensitive to
both direct stimulation by amino acids (leucine) and to receptor-mediated signaling from
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growth factors such as insulin. Amino acids signal to mTORC1 downstream of TSC1/2, by
stimulating Rag GTPases to bind raptor and alter the intracellular localization of mTORC1
with respect to Rheb [13]. Insulin, through activation of the PI3K-Akt pathway, leads to
phosphorylation and inactivation of TSC2, thereby promoting Rheb.GTP cycling to activate
mTORC1 [10]. In turn, activation of mTORC1 increases the binding of 4E-BP1 and S6K1 to
raptor thereby promoting phosphorylation of these substrates [32,33]. The current study
demonstrates that H2O2 impairs insulin-stimulated mTORC1 assembly and the association of
mTOR with 4E-BP1.

Low to moderate concentrations of H2O2 commonly induce the phosphorylation of Akt at
Ser473 [34]. In the A549 cells utilized in the present investigation, 250 μM H2O2 failed to alter
insulin-induced Akt phosphorylation, despite inhibiting both 4E-BP1 and S6K1
phosphorylation. Maintenance of insulin-stimulated TSC2 phosphorylation and reduced
TSC1/2 complex assembly indicates that H2O2 does not impede insulin signaling upstream
mTORC1 signaling, akin to the previous report that H2O2 effects on 4E-BP1 are independent
of TSC2 [35]. Aside from Akt, TSC2 activity is also regulated by adenosine monophosphate-
activated kinase (AMPK), an energy sensing enzyme responsive to changes in AMP:ATP
concentrations. While H2O2 was been found to promote AMPKα phosphorylation in an LKB1-
dependent manner in human skin keratinocytes, A549 cells lack functional LKB1, indicating
that changes in peroxide-mediate alterations in TSC1/2 activity are unlikely to involve AMPK
[20,36].

Nutrient signaling to mTORC1 is responsive to the branched chain amino acid leucine.
Withdrawal of leucine from culture medium for 24 hours in the A549 cells produced only minor
decreases in 4E-BP1 and mTOR phosphorylation and no discernable change in S6K1
phosphorylation. Although subsequent experiments confirmed the capacity of A549 cells to
augment the phosphorylation of both mTORC1 substrates upon re-addition of all essential
amino acids, the reason for the relative resistance to leucine withdrawal in these cells is unclear.
Nevertheless, despite the small increase in 4E-BP1 phosphorylation in response to leucine,
phosphorylation at Thr46 was still diminished in the presence of H2O2. According to previous
studies, leucine stimulation would be anticipated to weaken raptor-mTOR interactions while
H2O2 would do the opposite [37,38]. In leucine-stimulated A549 cells, changes in raptor-
mTOR binding were not consistently observed with or without H2O2. This suggests that
H2O2 alters leucine-stimulated mTORC1 activity independent of changes in raptor binding, or
alternatively, that additional mechanisms, such as phosphatase activation are involved.
Peroxide-induced PKCα activation has recently been demonstrated to stimulate PP2A activity
and 4E-BP1 dephosphorylation independent of Akt/PKB in intestinal epithelial cells [39].
Whether PP2A activity participates to H2O2-mediated reductions in nutrient-stimulated 4E-
BP1 and S6K1 phosphorylation is currently being investigated within our laboratory.

As anticipated, insulin stimulation produced a marked increase in 4E-BP1, S6K1, and PRAS40
phosphorylation and in the association of 4E-BP1 and S6K1 with mTOR. Simultaneously,
insulin lead to a reduction in the amount of PRAS40 precipitating with mTOR analogous to
the effect previously reported in 3T3-L1 adipocytes [16,32]. Insulin also increased the fraction
of highly phosphorylated 4E-BP1 in the immunoprecipitates. While we did not assess the
individual 4E-BP1 phosphorylation sites, others have suggested that raptor binds most tightly
to poorly phosphorylated 4E-BP1 and that the sequential phosphorylation of Thr37/46 and then
Thr70 is required for dissociation from raptor [8,26]. This suggests that the increased 4E-BP1
precipitating with mTOR is likely to reflect the reduced quantity of raptor with the complex
rather than the increased affinity of highly phosphorylated 4E-BP1.

Previous results indicate that H2O2 enhances raptor-mTOR interactions [37]. In the present
study, our experiments produced similar findings in A549 cells in insulin-stimulated cells, but
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also identified specific alterations in the amount of the mTORC1 substrates co-precipitating
with mTOR. In opposition to the effects of insulin, H2O2 pre-treatment increased the PRAS40/
raptor ratio derived from the mTOR immunoprecipitations while diminishing the 4E-BP1/
raptor ratio. The effect of H2O2 on theS6K1/raptor ratio, on the other hand, was negligible.
Knockdown of PRAS40 using siRNA partially restored insulin-stimulated 4E-BP1
phosphorylation in the presence of H2O2, but reduced S6K1 phosphorylation independently
from H2O2. These findings are consistent with PRAS40 serving as a direct inhibitor of 4E-BP1
binding as proposed by Wang et al [15]. Theoretically, insulin causes the release of PRAS40
from the substrate binding site on raptor and in so doing, promotes the binding of 4E-BP1 via
the TOS motif [15]. Peroxide, on the other hand, reduces insulin-stimulated PRAS40
phosphorylation at Thr246. This process would be anticipated to reduce the binding of PRAS40
to 14-3-3 proteins (phosphoprotein binding proteins), allowing PRAS40 to re-associate with
raptor at the expense of 4E-BP1 [17,40]. Since PRAS40 not only binds raptor via the TOS
motif, but also mTOR-raptor via the KSLP region, PRAS40 is speculated to have stronger
substrate binding affinity for mTORC1 than 4E-BP1 or S6K1 [15].

Despite consistency with the published literature, the competitive inhibitor mechanism cannot
fully account for the failure of H2O2 to reduce insulin-stimulated S6K1 phosphorylation. S6K1
and 4E-BP1 contain non-identical TOS motif sequences [41]. 4E-BP1 also possesses a RAIP
(Arg-Ala-Ile-Pro) motif that binds raptor [41]. This region, however, is believed to play only
an accessory role in mTORC1-mediated phosphorylation [26,41]. Given that the binding
affinity of S6K1 for raptor-mTOR appears weaker than for 4E-BP1, H2O2-induced
modifications to RAIP motif function could account for differences in S6K1- and 4E-BP1-
raptor binding [8]. Reductions in S6K1 phosphorylation, then, may be secondary to activation
of PP2A, as previously discussed, or to H2O2-mediated activation of alternate mTORC1
signaling pathways such as extracellular-signal-regulated kinase (ERK) and/or p90 ribosomal
S6 kinase (RSK) - kinases strongly activated by H2O2 [18].

Although the findings presented in this study indicate that H2O2 impairs insulin-stimulated
mTORC1 assembly and substrate associations, some caveats to the data are noteworthy. First,
insulin-mediated reductions in raptor-mTOR binding have not been reported in the literature
at concentrations ranging from 0.6–100 nM [14,15,17]. Aside from cell-type specific
differences, an alternative explanation for the findings is that high insulin concentrations
activate a negative feedback loop involving IRS-1 [42]. Consequences of IRS-1 degradation
may include time-dependent reductions in Akt, 4E-BP1, or S6K1 phosphorylation, events we
did not observe. Nonetheless, because we did not study mTORC1 assembly prior to 30 minutes,
we cannot exclude the possibility that rapid mTORC1 activation occurred in the absence of
insulin-mediated reductions in raptor-mTOR binding. We were also unable to measure Rheb-
mTOR and therefore cannot firmly conclude that peroxide-mediated alterations in Rheb
binding or Rheb.GTP loading may impact some of our results. Likewise, it is interesting to
note that the reduction in S6K1 phosphorylation in presence of H2O2 remained following
PRAS40 siRNA transfection, albeit to a lesser degree. PRAS40 knockdown-associated
reductions in insulin-stimulated S6K1 phosphorylation have been previously documented by
two independent laboratories using different cell types [15,17]. The finding that S6K1
phosphorylation is the not solely mediated by raptor binding in response to oxidants raises
speculation that PRAS40 possesses S6K1-specific regulatory activity distinct from mTORC1,
perhaps through interactions with eIF3 as proposed by Wang and colleagues [15].

Finally, although our study indicates that H2O2 alters the stoichiometry of mTORC1, it does
not delineate the precise target or targets of peroxide. The demonstration of the redox-sensitive
nature of the mTOR-raptor interaction suggests that oxidants could directly modify cysteine-
thiols that form the basis of mTORC1 interactions [43]. In addition, peroxide may alter the
phosphorylation state of mTORC1 components, such as raptor, which has recently been shown
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to inhibit mTORC1 function when phosphorylated on Ser722/Ser792 [44]. Future investigation
must include study of these potential oxidant-induced protein modifications and their
contributions to mTORC1 assembly and function.

In summary, our findings illustrate that H2O2-mediated reductions in insulin-stimulated
mTORC1 activity coincide with impaired mTORC1 assembly and reciprocal changes in ratios
of PRAS40/raptor and 4E-BP1/raptor derived from mTOR immunoprecipitation. We speculate
the raptor ratios reflect changes in raptor substrate binding within mTORC1 consistent with a
competitive inhibition mechanism.
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Fig. 1.
mTOR signaling cascade. Insulin combines with the insulin receptor (IRS1) to recruit and
activate phosphatidylinositol-3′kinase (PI3K). PI3K phosphorylates Akt at Thr308, which when
fully activated, relieves the tonic repression of the TSC1/2 complex, reducing its GTPase
activity for Rheb. GTP-loaded Rheb in turn, activates mTORC1 (mTOR, raptor, GβL) enabling
the phosphorylation of 4E-BP1 and S6K1 and promoting mRNA translation. PRAS40, an
insulin-sensitive component of mTORC1, may compete with 4E-BP1 and S6K1 for raptor
binding, and in so doing, repress mTORC1 activity. Amino acid-mediated stimulation of
mTORC1 bypasses the PI3K-Akt pathway, utilizing Rag proteins, Vps34, and MAP4K3 to
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stimulate mTORC1 activity distal to TSC1/2. The complex, mTORC2 (mTOR, rictor, GβL),
phosphorylates Akt on Ser473, contributing to the full activation of Akt.
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Fig. 2.
mTORC1 signaling and activity in response to leucine, insulin, and H2O2. (A) Time course of
nutrient-mediated mTORC1 signaling. Serum and leucine-starved A549 cells were incubated
with 0.8 mM leucine, 174 nM insulin, or both for 5–60 min. Equal amounts of whole cell
lysates were separated by SDS PAGE, transferred to PVDF membranes, and immunoblotted
with phosphorylation (p)-specific antibodies. Figure is illustrative of immunoblots from three
independent experiments. Basal levels of phosphorylation (no insulin or leucine) were
unchanged over the course of the experiment and therefore represented only at 5 min. Np-4E-
BP1 = non-phosphorylated 4E-BP1 at Thr46. (B) Effect of H2O2 on the phosphorylation of
downstream mTORC1 targets. Serum and leucine-starved cells were incubated with varying
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concentrations of H2O2 15 min prior to the addition of leucine and insulin for an additional 30
min. Whole cell lysates were separated by SDS-PAGE, transferred to PVDF membranes, and
immunoblotted with S6K1, S6K1 Thr389 (p-S6K1), 4E-BP1, and Np-4E-BP1 antibodies.
Immunoblot is representative of three independent experiments.
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Fig 3.
Effect of H2O2 on leucine- and insulin-stimulated mTORC1 signaling. Serum and leucine-
starved cells were treated with 250 μM H2O2 or vehicle for 15 min prior to incubation with
leucine (0.8 mM), insulin (174 nM), or both for 5 and 30 min. Whole cell lysates were then
separated by SDS- PAGE, transferred to PVDF membranes, and immunoblotted with mTOR,
p-mTOR (Ser2448), S6K1, p-S6K1 (Thr389), Akt, p-Akt (Thr308), S6rp, p-S6rp (Ser235/236),
4E-BP1, and Np-4E-BP1 antibodies. Upper immunoblot is representative of 5 independent
experiments. Histograms quantify changes in the phosphorylation of mTOR, S6K1, and 4E-
BP1 as determined by densitometry (density of phosphorylation/density of total kinase, n=5).
Columns represent means and bars standard error (SE). As determined by 2-way ANOVA,
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“*”denotes statistical significance (p<0.05) of leucine, insulin, or both vs. no leucine+insulin
vehicle control at 5 or 30 min; “ ” identifies statistically significant effect of H2O2 (p<0.05)
under a given nutrient condition.
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Fig 4.
Impact of H2O2 on the tuberous sclerosis complex. A549 cells starved of serum and leucine
were treated with 250 μM H2O2 or vehicle for 15 min prior to incubation with leucine (0.8
mM), insulin (174 nM), or both for 30 min. (A) TSC2 phosphorylation. Whole cell lysates
separated by SDS-PAGE were immunoblotted with TSC2 and p-TSC2 (Thr1462) antibodies.
Figure shows a representative immunoblot taken from three independent experiments. (B)
TSC1/2 complex assembly. Cells treated with H2O2 as described above were lysed in non-
reducing CHAPS buffer after 30 minutes of nutrient stimulation. Intact TSC1/2 complexes
were separated from whole cell lysates using a rabbit anti-TSC2 antibody and anti-rabbit
magnetic beads. Complex components were then separated by SDS-PAGE, transferred to
PVDF membranes, and probed with TSC1 and TSC2 antibodies. Densitometric ratios of TSC1/
TSC2 were derived from 3 independent experiments and expressed as mean ±SE. “*” denotes
a significant difference (p<0.05) between vehicle control and H2O2 as determined by 2-way
ANOVA.
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Fig. 5.
Modulation of mTORC1 and mTORC2 assembly by H2O2. Serum and leucine starved cells
were lysed in CHAPS non-reducing buffer following treatment with 250 μM H2O2 and
stimulation with leucine (0.8 mM), insulin (174 nM), or both for 30 min. Equal amounts of
protein were then incubated with an anti-mTOR antibody and immune complexes separated
using magnetic beads. Intact complexes were resolved via SDS-PAGE, transferred to PVDF
membranes, and immunoblotted for mTOR, rictor, raptor, and SIN1. Immunoblots are
representative of 6 individual experiments and histograms depict relative densities of each
complex component relative to its binding partner. Data are presented as means ±SE. “*”
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identifies statistically significant differences between insulin or leucine+insulin and vehicle
control, while “ ” signifies an effect of H2O2.
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Fig. 6.
H2O2 alters PRAS40 phosphorylation and the quantity of PRAS40 and 4E-BP1 co-
precipitating with mTOR. (A) Whole cell lysates separated by SDS-PAGE were transferred to
PVDF membranes, and immunoblotted with antibodies directed against PRAS40 and
phosphorylated-PRAS40 (Thr246). Image represents representative immunoblot from 4
separate experiments. (B) mTOR immunoprecipitates were separated on 6% Tri-glycine gels,
transferred to PVDF, and immunoblotted with mTOR, raptor, S6K1, PRAS40, and 4E-BP1
antibodies as described in Methods. A representative immunoblot of 5 experiments is shown.
Arrow indicates S6K1 immunoreactive band while the dark band in the lower half of the S6K1
immunoblot represents heavy chain IgG. Relative protein abundance was determined by
densitometry and ratios of S6K1/raptor, 4E-BP1/raptor, and PRAS40/raptor are shown in
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corresponding histograms. For 4E-BP1 phosphorylation, the slowest migrating (β), highest
phosphorylated band of 4E-BP1 was divided by total 4E-BP1 (α+β). Data are presented as
means ±SE. “*” identifies statistically significant differences between insulin or leucine
+insulin and vehicle control, while “ ” signifies an effect of H2O2.
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Fig. 7.
Effect of H2O2 on insulin-induced mTOR signaling and mTORC1 formation in bovine aortic
smooth muscle cells. Serum and leucine-starved BASMC were treated with 250 μM H2O2 or
vehicle for 15 min prior to incubation with leucine (0.8 mM), insulin (174 nM), or both for 30
min. (A) Whole cell lysates were then separated by SDS- PAGE, transferred to PVDF
membranes, and immunoblotted with TSC2, p-TSC2 (Thr1462), S6K1, p-S6K1 (Thr389),
PRAS40, phosphorylated-PRAS40 (Thr246), 4E-BP1, Np-4E-BP1, and β-actin antibodies. The
figures shows representative immunoblots obtained from 3 experiments illustrating the effect
of leucine, insulin, or both, with and without H2O2. (B) Equal amounts of protein were also
incubated with an anti-mTOR antibody and immune complexes separated using magnetic
beads. Intact complexes were resolved via SDS-PAGE, transferred to PVDF membranes, and
immunoblotted for mTOR, rictor, raptor, and SIN1, PRAS40, S6K1, and 4E-BP1. The figure
depicts the assembly of mTORC1 and mTORC2 in BASMC and is representative of the
findings from 3 individual experiments.
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Fig. 8.
Role of PRAS40 in H2O2-mediated reduction in 4E-BP1 phosphorylation. A549 cells were
transfected with siRNA directed against PRAS40 (P) or scrambled (S) siRNA using the Amaxa
system. Serum and leucine starved transfected cells were then treated with 250 μM H2O2 for
15 min prior to stimulating with leucine (0.8 mM) or insulin (174 nM) for an additional 30
min. Cells were then harvested, lysates separated by SDS-PAGE, and immunoblotted with
antibodies directed against S6K1, PRAS40, 4E-BP1, S6K1 (Thr389); PRAS (Thr246), and non-
phosphorylated (Np) 4E-BP1 (Thr46). Immunoblot is representative of 3 independent
experiments.
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