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ABSTRACT
The mTORC1 protein kinase complex consists of mTOR, raptor, mLST8/GbL and PRAS40. Previously, we reported that mTOR plays an

important role in regulating protein synthesis in response to alcohol (EtOH). However, the mechanisms by which EtOH regulates mTORC1

activity have not been established. Here, we investigated the effect of EtOH on the phosphorylation and interaction of components of mTORC1

in C2C12 myocytes. We also examined the specific role that PRAS40 plays in this process. Incubation of myocytes with EtOH (100 mM, 24 h)

increased raptor and PRAS40 phosphorylation. Likewise, there were increased levels of the PRAS40 upstream regulators Akt and IRS-1. EtOH

also caused changes in mTORC1 protein–protein interactions. EtOH enhanced the binding of raptor and PRAS40 with mTOR. These alterations

occurred in concert with increased binding of 14-3-3 to raptor, while the PRAS40 and 14-3-3 interaction was not affected. The shRNA

knockdown (KD) of PRAS40 decreased protein synthesis similarly to EtOH. PRAS40 KD increased raptor phosphorylation and its association

with 14-3-3, whereas decreased GbL–mTOR binding. The effects of EtOH and PRAS40 KD were mediated by AMPK. Both factors increased in

vitro AMPK activity towards the substrate raptor. In addition, KD enhanced the activity of AMPK towards TSC2. Collectively, our results

indicate that EtOH stabilizes the association of raptor, PRAS40, and GbL with mTOR, while likewise increasing the interaction of raptor with

14-3-3. These data suggest a possible mechanism for the inhibitory effects of EtOH on mTOR kinase activity and protein synthesis in myocytes.
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T he mammalian target of rapamycin (mTOR) is a key

regulator of cell growth and proliferation. The mTOR pathway

integrates signals from growth factors, nutrients, and diverse

environmental stresses. As such, it regulates a number of processes

including mRNA translation, metabolism and cell survival

[Sarbassov et al., 2005a; Wullschleger et al., 2006; Avruch et al.,

2009]. mTOR functions as part of two distinct signaling heteromeric

complexes, the mammalian TOR complex 1 (mTORC1) and mTORC2

[Loewith et al., 2002; Sarbassov et al., 2004; Wullschleger et al.,

2006]. mTOR interacts with raptor, mLST8/GbL, and PRAS40

(proline-rich Akt substrate 40) to form mTORC1. This complex

regulates the phosphorylation of the p70 S6 ribosomal protein

(S6K1) and the eIF-4E binding protein (4EBP-1), and this, in turn,

promotes protein translation and cell growth. Alternatively, mTOR

can interact with GbL, rictor, and mSin1 to form mTORC2. Although
rant sponsor: National Institute of Health; Grant number: AA11209.

Correspondence to: Dr. Ly Q. Hong-Brown, PhD, Department of Cellula
ollege of Medicine, 500 University Drive, Hershey, PA 17033. E-mail: lq

eceived 14 July 2009; Accepted 14 December 2009 � DOI 10.1002/jcb.2

ublished online 1 February 2010 in Wiley InterScience (www.interscienc
less well characterized, this complex plays a role in the

phosphorylation of Akt/protein kinase B at Ser-473, protein kinase

C (PKC), and regulation of the actin cytoskeleton [Jacinto et al.,

2004; Sarbassov et al., 2004, 2005b].

The functions of most mTOR-associated proteins have not been

fully defined, although some information is available. For instance,

raptor has been proposed to act as a scaffold protein in the mTORC1

and, as such, it recruits mTORC1 substrates. The important function

of this protein in mTOR signaling has been highlighted using

deletion and knockdown (KD) procedures, both of which diminish

mTORC1 activity [Hara et al., 2002; Kim et al., 2002; Guertin et al.,

2006]. Another mTORC1 and mTORC2 component, GbL, appears

to act as a positive regulator of mTOR kinase activity in both

complexes [Loewith et al., 2002; Kim et al., 2003; Wullschleger et al.,

2005]. Finally, PRAS40 is a novel substrate of Akt that is a binding
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partner for mTORC1 [Kovacina et al., 2003; Oshiro et al., 2007;

Wang et al., 2007; Sato et al., 2009]. This protein has been postulated

as a negative regulator of mTORC1. However, this inhibitory effect is

suppressed when PRAS40 is phosphorylated in the presence of

growth factors such as insulin [Sancak et al., 2007; Vander Haar

et al., 2007].

Various factors can influence protein–protein interactions within

the TORC1 and/or with other cellular proteins. For example, insulin

decreases PRAS40-mTOR association [Wang et al., 2007], whereas

others have reported that phosphorylation of PRAS40 leads to its

binding to the cytosolic protein 14-3-3. This redistribution of

PRAS40 appears crucial for the regulating mTOR kinase activity

[Kovacina et al., 2003; Vander Haar et al., 2007; Wang et al., 2008].

The ability of altered phosphorylation to affect the interaction of

PRAS40 with other proteins is evidenced by the mutations of

phosphorylation sites such as Ser 183, Ser 221, or Thr 246. As a

result of such mutations, the interaction of PRAS40 with the protein

14-3-3 is reduced, thereby increasing the inhibitory effect of

PRAS40 on mTORC1 [Fonseca et al., 2007; Wang et al., 2008]. In

contrast, recent studies reported that phosphorylation of PRAS40

and its binding to 14-3-3 was not required for the activation of

mTORC1 [Sancak et al., 2007; Fonseca et al., 2008]. Thus, it is

unclear whether changes in PRAS40 phosphorylation and 14-3-3

association are required to regulate mTORC1.

Energy insufficiency, amino acid, and growth factors can all

regulate mTOR, albeit through different signaling pathways. For

instance, mTOR directly phosphorylates Akt in response to insulin.

On the other hand, Akt has been proposed to phosphorylate and

activate the tumor suppressor protein TSC2, a component of

the tuberous sclerosis protein complex. This, in turn, suppresses the

activity of the Ras-related GTPase Rheb, which is a positive

regulator of mTOR [Inoki et al., 2002; Manning et al., 2002;

Memmott and Dennis, 2009]. Conversely, mTOR can be regulated

via an Akt-independent pathway under conditions that deplete

intracellular energy [Memmott and Dennis, 2009]. One mechanism

by which this occurs is through the activation of the AMP-activated

protein kinase (AMPK). AMPK downregulates energetically de-

manding processes like protein synthesis by negatively regulating

mTORC1, and this can occur via dual mechanisms. First, AMPK

can phosphorylate TSC2, thereby increasing its activity and

repressing mTORC1 signaling [Inoki et al., 2003]. Second, AMPK

can phosphorylate raptor [Gwinn et al., 2008], which promotes the

interaction of raptor with 14-3-3.

This association then inactivates the kinase activity of the target

protein [Yaffe, 2002; Bridges and Moorhead, 2005]. Along these

lines, the phosphorylation of raptor and its binding to 14-3-3 has

been reported to inhibit mTORC1 under conditions of energy stress

[Gwinn et al., 2008]. Thus, this association hinders the growth of

cells under unfavorable conditions.

We have previously reported that alcohol (EtOH) inhibits protein

synthesis in C2C12 myocytes [Hong-Brown et al., 2001]. This

decrease was associated with a concomitant decrease in the

phosphorylation of mTOR, S6K1, and 4E-BP1 [Hong-Brown et al.,

2006]. At present, the mechanisms by which EtOH regulates

mTORC1 signaling are unresolved, although AMPK may play a role

in this process. EtOH stimulates AMPK activity in myocytes, and this
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activation increases phosphorylation of acetyl CoA carboxylase

(ACC) and the eukaryotic elongation factor (eEF)-2 [Hong-Brown

et al., 2007]. It is not known whether EtOH-induced AMPK activity

regulates the mTORC1 pathway through phosphorylation of

individual components such as raptor and PRAS40. If so, this

could affect the protein interactions of the mTORC1.

The aim of this study was to examine the effect of EtOH on the

post-translational modification and interaction of various compo-

nents of the mTORC1 complex. We also investigated the potential

role played by AMPK in regulating the interaction and function

of mTORC1. EtOH increased association of mTOR with various

components of mTORC1 as well as raptor and 14-3-3. Similar results

were observed in shRNA KD cells. Therefore, changes in mTORC1

stabilization may represent a mechanism by which EtOH and

PRAS40 KD inhibit mTOR kinase activity and protein synthesis.

MATERIALS AND METHODS

Ethanol was purchased from Fisher Scientific Co. (Springfield, NJ).

The pLKO shRNA plasmids encoding for PRAS40 or scrambled

control were from Addgene, Inc. (Cambridge, MA). Antibodies

against total S6K1, 14-3-3u, and TSC2 were from Santa Cruz

Biotechnology (Santa Cruz, CA). Antibodies against phosphorylated

(p) PRAS40 at T246 and S183 were from Biosource, Invitrogen

(Carlsbad, CA) and Immuno-Biological Laboratories Co. (Gunma,

Japan), respectively. Antibodies against p-Akt (T308, S473),

p-raptor (S792), p-mTOR (S2448), p-S6K1 (T389), p-S6 ribosomal

protein (S235/S236), and p-TSC2 (T1459) were purchased from Cell

Signaling Technology (Beverly, MA), as were antibodies to total Akt,

IRS-1, mTOR, raptor, GbL, PRAS40, and AMPK. The AMPK inhibitor

compound C was from CalBiochem (EMD Biosciences, San Diego,

CA). 35S-methionine/cysteine (>1,000 Ci/mol) was obtained from

MP Biomedicals (Aurora, OH). Phenylmethanesulfonyl fluoride

(PMSF), protease, and phosphatase I and II inhibitor cocktails

were from Sigma (St. Louis, MO). Cell culture media and fetal bovine

serum (FBS) were from Gibco, Invitrogen Corporation (Carlsbad,

CA). Protein A Sepharose CL 4B was purchased from GE Healthcare

Biosciences Corp (Piscataway, NJ). The Catch and Release V2

Reversible immunoprecipitation system was from Upstate Biotech-

nology, Inc. (Lake Placid, NY).

CELL CULTURE AND TRANSFECTION

C2C12 mouse myoblasts were purchased from American Type

Culture Collection (Manassas, VA). Cells were cultured in Dulbecco’s

modified Eagle’s medium supplemented with 10% FBS, penicillin

(100 U/ml), streptomycin (100mg/ml), and amphotericin (25mg/ml)

at 378C in 5% CO2.

For transient expression, the pLKO shRNA vectors encoding

shRNA target PRAS40 or scrambled sequences [Vander Haar et al.,

2007] were transfected into C2C12 myocytes using electroporation

and the cell line nucleofector kit V (Amaxa, Germany) following

the manufactures’ protocol. Experiments were carried out 24–30 h

post-transfection, and cells were harvested 24 h thereafter for

co-immunoprecipitation and immunoblot assays.
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The effects of EtOH and PRAS40 KD on protein synthesis were

determined as previously described [Hong-Brown et al., 2006]. EtOH

was used at 100 mM because this concentration inhibits protein

synthesis without being cytotoxic to myocytes. All experiments

were conducted using cells at the early passage of the myoblast

stage. For metabolic labeling, control, scrambled control, or PRAS40

KD cells were incubated in the absence or presence of EtOH and

radioisotope for 24 h prior to harvesting. Cells were labeled with

10mCi 35S-methionine/cysteine in 1–2% FBS media because C2C12

myocyte survival is decreased when cells are cultured for extended

periods in serum-free media. The rate of radiolabel incorporation

into protein was linear between 1 and 24 h (data not shown),

indicating that there was no significant change in the specific

activity of the precursor pool. Hence, all subsequent studies were

conducted using the 24 h labeling protocol. At the end of the

experiment, cells were collected and precipitated in 10% trichlor-

oacetic acid (TCA), and the incorporation of 35S-methionine/

cysteine into TCA-precipitable protein was determined via liquid

scintillation counting. The results were normalized with total

protein and compared with the control group. Data were expressed

as a percentage of the control value.

IMMUNOPRECIPITATION AND IMMUNOBLOT ANALYSIS

C2C12 myocytes were subcultured in either 10 cm or six-well plates

in the presence or absence of EtOH for 24 h. Thereafter, cells were

rinsed once with phosphate-buffered saline and clysed in ice-cold

0.3% CHAPS buffer containing PMSF and a cocktail of protease and

phosphatase inhibitors. Soluble fractions of cell extracts were

isolated by centrifugation at 14,000 rpm for 5 min at 48C. For

immunoprecipitation, primary antibody was added to equal

amounts of protein from cell lysates and incubated overnight at

48C. A 50% slurry of protein A sepharose was then added and

the incubation was continued for an additional 1 h with rotation.

Immunoprecipitates were washed three times with lysis buffer

and the precipitated proteins were denatured by the addition of 2�
Laemmli sample buffer (LSB). Equal amounts of protein from cell

lysates were electrophoresed on denaturing polyacrylamide gels

and transferred to nitrocellulose. The resulting blots were

blocked with 5% nonfat dry milk and incubated with the antibodies

of interest. Unbound primary antibody was removed by washing

with TBS containing 0.05% Tween-20 (ICI Americas, Inc.,

Wilmington, DE) and blots were incubated with anti-rabbit

immunoglobulin conjugated with horseradish peroxidase. Blots

were briefly incubated with an enhanced chemiluminescent

detection system (Amersham, Bickinghamshire, UK) and exposed

to Kodak X-ray film (Rochester, NY). The film was scanned

(ScanMaker 4; Microtek, Los Angeles, CA) and analyzed with NIH

Image 1.6 software.

IN VITRO mTOR KINASE AND AMPK ACTIVITY ASSAY

For kinase activity measurements, cells were lysed in buffer 1 (0.3%

CHAPS, 40 mM Hepes, 120 mM NaCl, 1 mM EDTA) or buffer 2 (1%

NP-40, 20 mM Hepes, 150 mM NaCl) and a cocktail of protease and

phosphatase inhibitors. AMPK and mTOR kinase activities were

determined as described previously [Sancak et al., 2007; Hong-

Brown et al., 2008] with minor modifications. Briefly, equal
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amounts of total protein from cell extracts were immunoprecipitated

overnight with antibodies against total mTOR, AMPKa, S6K1, or

raptor. The antibody–antigen complexes of S6K1 or raptor that are

substrates of mTOR and AMPK, respectively, were precipitated

using the Catch and Release reversible immunoprecipitation system

following manufactures’ protocol (Cat No. 17-500). The antibody–

antigen complex of mTOR or AMPKa was captured by incubation

for 1 h with protein A Sepharose at 48C on a rotator. For the mTOR

kinase assay, immune complexes were washed with lysis buffer and

then incubated with reaction buffer A (25 mM Hepes, 50 mM KCl,

10 mM MgCl2, 0.2 mM ATP or [g-32P] ATP). Alternatively, immune

complexes were incubated with reaction buffer B (40 mM Hepes,

0.2 mM AMP, 80 mM NaCl, 5 mM MgCl2, and 0.2 mM ATP) for

measuring AMPK kinase activity. To correct for endogenous

activity associated with the precipitated substrate, some reaction

mixtures did not contain added kinase. Instead, substrates were

combined with preimmune precipitants and examined for activity.

The reaction was allowed to proceed for 15–18 min at 308C, and

terminated by the addition of LSB to a final concentration of 2�.

Samples were heated for 5 min and run on SDS–PAGE gels. AMPK or

mTOR kinase activities were analyzed by immunoblotting for the

phosphorylation state of their substrates, raptor, and S6K1,

respectively. In vitro kinase results were standardized with

immunoprecipitates.

STATISTICAL ANALYSIS

For experimental protocols with more than two groups, statistical

significance was determined using one-way ANOVA followed by the

Dunnett’s test to compare all data to the appropriate time-matched

control group. For experiments with only two groups, an unpaired

Student’s t-test was performed. Data are presented as mean� SE. A

value of P< 0.05 was considered statistically significant.

RESULTS

EFFECT OF EtOH ON PHOSPHORYLATION OF mTORC1 PROTEINS

We previously reported that 100 mM EtOH suppresses the rate of

protein synthesis in myocytes and concomitantly decreases the

phosphorylation of S6K1 and 4E-BP1, suggesting a decrease in

mTOR activity [Hong-Brown et al., 2006]. Therefore, we examined

the effect of EtOH on the phosphorylation and interaction of various

proteins within the mTORC1. Incubation of C2C12 myocytes with

100 mM EtOH for 18–24 h significantly altered the phosphorylation

state of mTOR, raptor, and PRAS40 (Fig. 1A). For example, EtOH

decreased phosphorylation of mTOR by 30%, whereas increased

raptor and PRAS40 phosphorylation by �55% and 35%, respec-

tively (Fig. 1B). On the other hand, EtOH did not affect the levels of

GbL. Upstream regulators of mTORC1 were also affected by EtOH, as

exemplified by the increased phosphorylation of Akt (T308 and

S473; Fig. 1A).

The increase in PRAS40 phosphorylation following EtOH

treatment was unexpected, based on previous observations in

which insulin also increased phosphorylation at this same residue

[Kovacina et al., 2003; Vander Haar et al., 2007]. Since the above

described insulin experiments were conducted using different cell

lines, we next characterized the response of C2C12 myocytes to this
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 1. Phosphorylation of various TORC1 components in response to EtOH.

C2C12 myocytes were incubated in the presence or absence of 100 mM EtOH

for 18–24 h. Equal amounts of cell extracts were collected and analyzed via

Western blotting using antibodies against phosphorylated (P) mTOR (S2448),

raptor (S792), PRAS40 (T246), and Akt (T308, S473) as well as the total (T)

forms of the indicated proteins (panel A). Panel B: Phosphorylation of mTOR,

raptor, and PRAS40 was quantified from five independent experiments and

plotted on a graph (three replicate samples/experiment). Results for indicated

phosphorylated proteins were normalized to total protein and expressed as a

percentage of basal control levels. Data are mean� SE. �P< 0.05 versus

control (con) values. Panel C: Myocytes were incubated with insulin

(20 nM) for 15 min or with AICAR (2 mM) for 2.5 h. Cell lysates were analyzed

by immunoblotting with total and phosphorylated PRAS40 (T246).

JOURNAL OF CELLULAR BIOCHEMISTRY
anabolic stimulus. Cells were treated with insulin and phosphoryla-

tion levels were examined by Western blotting. Alternatively,

cells were treated with the AMP analog AICAR, a compound that

increases AMPK activity and suppresses protein synthesis. As

expected, PRAS40 phosphorylation was increased by insulin and

decreased by AICAR (Fig. 1C).

ROLE OF PRAS40 IN THE EtOH-INDUCED SUPPRESSION

OF PROTEIN SYNTHESIS

Although mTORC1 appears responsible for the suppressive effect of

EtOH on myocyte protein synthesis, the role played by individual

proteins within the complex remains unclear. To address this issue,

we first examined the function of PRAS40. C2C12 myocytes were

transfected with scrambled shRNA or a PRAS40-specific shRNA and

cell extracts were collected. As shown in Figure 2A,B, there was a

40–50% decrease in total PRAS40 in cells transfected with PRAS40

shRNA, as compared to those transfected with scrambled shRNA.

Likewise, PRAS40 phosphorylation at residues T246 and S183

decreased by 35% and 50%, respectively. In addition, we observed a

decreased phosphorylation of Akt (T308 and S473) and total IRS-1.

PRAS40 KD also altered the manner in which cells responded to

EtOH. For instance, KD countered the stimulatory effect of EtOH on

PRAS40 phosphorylation, as this level was reduced below control

values in EtOH-treated KD cells. It is noteworthy that myocytes

transfected with scrambled shRNA and untreated control cells

appeared to respond similarly to EtOH (compare Figs. 1A and 2A).

Based on the reported inhibitory effects of PRAS40 on mTOR

kinase activity [Sancak et al., 2007; Wang et al., 2007], we

anticipated that decreased levels of this protein would ameliorate the

adverse affect of EtOH on muscle protein synthesis. Hence, we

measured protein synthesis in PRAS40 KD cells in the presence or

absence of EtOH (Fig. 2C). Contrary to expectations, PRAS40 KD

alone decreased protein synthesis. The protein synthetic rate

decreased comparably to cells transfected with scrambled shRNA

and then treated with EtOH. The combination of PRAS40 KD and

EtOH did not have an additive effect on protein synthesis.

EFFECTS OF EtOH AND PRAS40 KD ON mTORC1 COMPONENT

PHOSPHORYLATION AND mTOR ACTIVITY

The above results indicate that PRAS40 KD and EtOH can

each inhibit protein synthesis. To address possible mechanistic

similarities, we first examined the effect of PRAS40 KD on the

phosphorylation of members of mTORC1. Myocytes were trans-

fected as above and immunoblotted with antibodies specific for

raptor, mTOR, and GbL. KD of PRAS40 decreased p-mTOR, whereas

increased the amount of p-raptor (Fig. 3). In each case, the results

were similar to those of EtOH. In contrast to EtOH, however, PRAS40

KD decreased total GbL. Again, the combination of KD and EtOH had

no additive effect on the parameters assessed.

Based on the above results, we anticipated that the activity of

mTOR would likely be compromised by EtOH and KD conditions.

Therefore, we performed an in vitro kinase assay to directly

determine mTOR activity per se. In this assay, total S6K1 was

isolated from control myocytes and used as substrate, whereas

mTOR was immunoprecipitated from scrambled control cells treated

with or without EtOH. The activity of this protein was examined
EtOH AND PRAS40 KD AFFECT mTOR AND AMPK ACTIVITIES 1175



Fig. 2. Both EtOH and PRAS40 knockdown decrease basal protein synthesis. C2C12 myocytes were transfected with scrambled shRNA or shRNA specifically targeting PRAS40.

Panel A: PRAS40 knockdown decreased phosphorylation of PRAS40 at T246, S183, and levels of total PRAS40. Levels of P-Akt (T308, S473) and IRS-1 were also decreased in

PRAS40 knockdown cells. Panel B: Quantitated data are presented in bar graphs. Panel C: PRAS40 knockdown and scrambled control cells were labeled with [35S] methionine/

cysteine in the presence or absence of 100 mM EtOH. Bar graphs represent the mean� SE of four independent experiments consisting of three replicate samples per experiment.

Groups with different letters are significantly different from one another (�P< 0.05). Group with the same letters are not significantly different.
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Fig. 3. EtOH and PRAS40 knockdown alter mTOR and raptor phosphorylation. Scrambled control and PRAS40 knockdown cells were incubated in the presence or absence of

100 mM EtOH for 18–24 h. Cell extracts were analyzed via Western blotting using antibodies that recognize phosphorylated (P) mTOR (S2448) and raptor (S792) as well as total

(T) mTOR, raptor, and GbL (panel A). Panels B–D: Phosphorylation levels of mTOR and raptor, as well as total GbL were quantified in bar graphs. Results were normalized to total

protein and expressed as a percentage of scrambled control levels. Each bar graph represents mean� SE of four independent experiments consisting of four replicate samples per

experiment. Groups with different letters are significantly different from one another ( P< 0.05). Groups with the same letters are not significantly different.
using [g-32P] ATP labeling. As illustrated in Figure 4A, EtOH

decreased the activity of mTOR. Note that this in vitro experiment

measured the incorporation of [g-32P] ATP into total S6K1

protein, and as such, we could not distinguish the specific S6K1

phosphorylation site responsible for this change. To address this

issue, we performed an in vitro kinase assay as above, albeit using

unlabeled ATP. Following completion of the in vitro reaction, the
JOURNAL OF CELLULAR BIOCHEMISTRY
material was subjected to Western blot using an S6K1 antibody that

recognized the phosphorylated form of the T389 site. A significant

decrease in mTOR activity was observed at T389 site in cells treated

with EtOH or in PRAS40 KD cells (Fig. 4B). Because no significant

difference was observed between [g-32P] ATP labeling and

unlabeled ATP, subsequent in vitro kinase activity was determined

using unlabelled ATP. To confirm that similar change in mTOR
EtOH AND PRAS40 KD AFFECT mTOR AND AMPK ACTIVITIES 1177



Fig. 4. PRAS40 knockdown decreases mTOR kinase activity towards S6K1. For in vitro kinase activity, cells were lysed in 0.3% CHAPS buffer. mTOR was immunoprecipitated

from 150mg of cell lysate, and the activity was assayed using S6K1 as the substrate. Reaction mixtures were incubated as described under Materials and Methods Section in the

presence (panel A) or absence (panel B) of [g-32P] ATP. Panel B: Reaction mixtures were examined by Western blots using the antiphosphorylated S6K1 (T389) antibody. Results

were corrected with immunoprecipitated mTOR. Panel C: Equal amounts of cell extracts were analyzed via Western blotting using antibodies that recognize either

phosphorylated or total S6K1 and S6 ribosomal protein. Results are expressed as a percentage of scrambled control levels. Each bar graph represents mean� SE of four

independent experiments consisting of four replicate samples per experiment. �P< 0.05 versus the scrambled control values.
kinase activity occur in vivo, we performed Western blot on cell

lysates. Figure 4C shows that both p-S6K1 (T389) and p-ribosomal

S6 (S235/236) levels decreased with EtOH treatment or PRAS40 KD.

EtOH AND PRAS40 KD ALTER TORC1

PROTEIN–PROTEIN INTERACTIONS

Owing to the significant changes in mTORC1 phosphorylation, we

next examined whether EtOH or PRAS40 KD affected the extent of

specific protein–protein interactions between complex members.

Cell extracts from EtOH-treated or untreated myocytes were

immunoprecipitated with mTOR and then immunoblotted with

raptor, PRAS40, and GbL. As illustrated in Figure 5, EtOH increased

the association of various members of the mTORC1 complex, as

evidenced by the increased interaction of mTOR with raptor,

PRAS40, and GbL. These increased interactions were observed for

both the phosphorylated and total forms of these proteins.
1178 EtOH AND PRAS40 KD AFFECT mTOR AND AMPK ACTIVITIES
The KD of PRAS40 also affected the associations between

members of mTORC1. For example, KD decreased p-PRAS40 but not

total PRAS40 bound to mTOR (Fig. 5). In contrast, the addition of

EtOH to KD cells increased the amount of p-PRAS40-mTOR

complex, relative to PRAS40 KD cells. However, this response

was lower than levels observed in scrambled controls incubated with

EtOH.

The raptor and mTOR interaction is believed to play an important

role in regulating the process of protein synthesis and, as such, it

may be one of the factors mediating the reduction in protein

synthesis. PRAS40 KD increased the association of mTOR with

p-raptor (Fig. 5). Although the amount of mTOR–p-raptor

association tended to be further elevated in PRAS40 KD myocytes

incubated with EtOH, this change did not achieve statistical

significance. EtOH increased the GbL–mTOR complex in cells

transfected with scrambled shRNA. However, PRAS40 KD decreased

the association of these proteins.
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 5. Interaction of mTOR with PRAS40, raptor, and GbL in EtOH and PRAS40 knockdown cells. Scrambled control and PRAS40 knockdown myocytes were incubated

in the presence or absence of EtOH. mTOR was immunoprecipitated from equal amounts of cell extracts and then immunoblotted with antibodies specific for phosphorylated

(P) PRAS40 (T246), raptor (S792), as well as total (T) PRAS40, raptor, and GbL. Results were normalized with immunoprecipitated mTOR, which was assessed by

immunoblotting. Data are mean� SE of four to six independent experiments consisting of three replicate samples per experiment. Groups with different letters are significantly

different from one another ( P< 0.05). Groups with the same letters are not significantly different.
EtOH AND PRAS40 KD ALTERS 14-3-3/RAPTOR ASSOCIATION

Akt-mediated phosphorylation of PRAS40 at T246 leads to the

binding of this protein to the cytosolic anchor protein 14-3-3, and

this interaction causes conformational changes that can affect

mTOR activity [Kovacina et al., 2003; Vander Haar et al., 2007].

Hence, we next examined whether EtOH or PRAS40 KD affected the

interaction of 14-3-3 with PRAS40 or other mTORC1 component(s).

As illustrated in Figure 6, both EtOH and PRAS40 KD increased the

binding of raptor with 14-3-3. In contrast, the PRAS40 and 14-3-3

association was not affected by EtOH, indicating that the

phosphorylation of PRAS40 at this site may not be crucial for
JOURNAL OF CELLULAR BIOCHEMISTRY
this process. As expected, PRAS40 KD decreased the interaction of

PRAS40 and 14-3-3.

EtOH AND PRAS40 KD INCREASE AMPK ACTIVITY TOWARDS

RAPTOR AND TSC2

It was reported that raptor is regulated by AMPK under conditions of

energy stress [Gwinn et al., 2008]. If AMPK mediates the effects of

EtOH and PRAS40 KD on raptor phosphorylation, then this should

be sensitive to treatment with an AMPK inhibitor compound C. As

shown in Figure 7A, EtOH and PRAS40 KD increased raptor

phosphorylation, and both were suppressed by compound C. To
EtOH AND PRAS40 KD AFFECT mTOR AND AMPK ACTIVITIES 1179



Fig. 6. A: Association of raptor and PRAS40 with 14-3-3 in EtOH and

PRAS40 knockdown cells. Scrambled control myocytes were incubated in

the presence or absence of EtOH for 18–24 h, and these were compared with

PRAS40 knockdown cells. Raptor or PRAS40 were immunoprecipated from

equal amounts of cell extracts and then immunoblotted with antibody against

14-3-3u. Levels of interaction of raptor/14-3-3 (panel B) and PRAS40/14-3-

3 (panel C) were quantified in bar graphs. Results were normalized with

immunoprecipitated (IP) raptor or PRAS40. Data are mean� SE of three

independent experiments consisting of three replicate samples per experiment.
�P< 0.05 versus the control values.

Fig. 7. EtOH and PRAS40 knockdown increase AMPK activity toward raptor.

C2C12 myocytes or PRAS40 KD cells were preincubated for 1 h in the presence

or absence of the AMPK inhibitor compound C (20mM). Knockdown cells were

harvested, whereas scrambled control cell were further treated with EtOH. The

specificity of compound C was examined via Western blot using antiphospho-

raptor. Results were normalized to total protein and expressed as a percentage

of scrambled control levels (panel A). Panel B: An in vitro AMPK activity assay

was performed where raptor was utilized as the substrate in the presence of

AMP. Cells were lysed in 1% NP-40 and AMPK was immunoprecipitated from

150mg of lysate. The activity was determined in the presence or absence of

20mM compound C as described above. Results were normalized with immu-

noprecipitated AMPK, which was assessed by immunoblotting. Each bar graph

represents mean� SE of three independent experiments consisting of four

replicate samples per experiment. Groups with different letters are signifi-

cantly different from one another (P< 0.05). Groups with the same letters are

not significantly different.
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Fig. 8. PRAS40 knockdown increases AMPK activity towards TSC2. Panel A:

Cell extracts were collected and analyzed via Western blotting using an

antibody that recognizes phosphorylated TSC2. Panel B: AMPK kinase activity

was examined using an in vitro AMPK activity assay where TSC2 was utilized as

the substrate in the presence of AMP. Cells were lysed in 1% NP-40, and AMPK

was immunoprecipitated from 150mg of lysate. The ability of AMPK to

phosphorylate TSC2 (T1462) was determined as described under Materials

and Methods Section. Results were normalized with immunoprecipitated

AMPK, which was assessed by immunoblotting. Results are expressed as a

percentage of basal scrambled control levels. Each bar graph represents

mean� SE of three independent experiments consisting of three replicate

samples per experiment. (�P< 0.05).
further confirm AMPK regulation of mTORC1 activity, an in vitro

AMPK activity assay was performed using raptor as a substrate. As

illustrated in Figure 7B, EtOH increased AMPK activity significantly

when raptor was utilized as the substrate. However, this increase was

prevented when compound C was included in the reaction mixture.

In a similar manner, PRAS40 KD increased the activity of AMPK

towards raptor, and this activity again was blocked by the inhibitor.

Thus, these data support a model in which increased AMPK activity

can negatively regulate mTORC1 by affecting the phosphorylation

of raptor. This, in turn, may influence raptor’s subsequent

interaction with other proteins such as 14-3-3.

AMPK also regulates TSC2 phosphorylation and thereby inhibits

mTORC1 activity [Inoki et al., 2003]. Accordingly, we assessed

whether TCS2 is regulated by AMPK following PRAS40 KD or

EtOH treatment. Figure 8A shows that PRAS40 KD increased the

phosphorylation of TSC2 at T1462 by 30%, when compared with

the values of scrambled controls. In contrast, EtOH did not alter

TSC2 phosphorylation at this site. To examine whether TSC2 is

directly regulated by AMPK, an in vitro AMPK activity assay was

performed using TSC2 as a substrate. AMPK activity was increased, as

judged by its ability to phosphorylate TSC2 (Fig. 8B). Thus, in

myocytes where PRAS40 was knocked down, our data suggest that

AMPK may partially mediate its effect on mTOR via its action on

TSC2.

DISCUSSION

The ability of EtOH to decrease protein synthesis in myocytes is

associated with a concomitant decrease in mTOR, S6K1, and 4EBP1

phosphorylation, suggesting a role for these kinases in mediating

the EtOH effect [Hong-Brown et al., 2006]. This study extends these

findings by examining the post-translational modifications and

interactions of various members of the mTORC1 complex. In

addition, we observed that AMPK plays a key role in this process.

Remarkably, many of the effects of EtOH were mimicked by the KD

of PRAS40, including changes in protein synthesis and signaling

events.

Herein, we report that EtOH increased the phosphorylation of

raptor. This is in agreement with studies that reported an elevation

in phosphorylated raptor under energy stress conditions [Gwinn

et al., 2008]. EtOH also enhanced T246 phosphorylation of PRAS40.

This was unexpected, as we (Fig. 1C) and others [Sancak et al.,

2007; Vander Haar et al., 2007] have also detected an increase

following the insulin treatment of cells. The induced phosphoryla-

tion of PRAS40 has been posited to increase mTOR activity [Vander

Haar et al., 2007; Zhang et al., 2009a]. These previous data suggest

that PRAS40 functions as a negative regulator of mTORC1 and that

phosphorylation of PRAS40 relieves this inhibition. Therefore,

based on this model, we expected a decreased phosphorylation of

PRAS40 following exposure to EtOH. When viewed in this light, our

results suggest that phosphorylation of PRAS40 at T246 may not be

essential, or at least not sufficient to positively regulate mTOR

activity and protein synthesis. Indeed, recent studies reported that

phorbol esters can activate mTORC1 signaling without inducing

PRAS40 phosphorylation at T246 [Fonseca et al., 2008]. However,
JOURNAL OF CELLULAR BIOCHEMISTRY
this does not exclude the possibility that other phosphorylation sites

such as S221 or S212 may be responsible for regulating mTOR

activity under our experimental conditions.

The role PRAS40 plays in affecting mTORC1 activity may be more

complicated than expected. Surprisingly, PRAS40 KD inhibited

protein synthesis, and this decrease was associated with a

suppression of mTORC1 activity. Thus, in C2C12 myocytes, the
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KD of PRAS40 did not reduce its function as an mTORC1 inhibitor.

Instead, the effects were similar to those seen after the addition of

EtOH. Reduction in PRAS40 was associated with decreased levels of

GbL. This could potentially have a negative effect on mTOR activity,

because GbL is important for the full activity of mTOR kinase [Kim

et al., 2003; Wullschleger et al., 2005]. PRAS40 KD also increased

the phosphorylation of raptor and enhanced the interaction with its

binding partners, whereas levels of p-mTOR were decreased.

Collectively, these findings may explain the observed decrease in

mTOR activity.

Changes in protein phosphorylation can trigger alterations in

existing protein–protein interactions. In the presence of EtOH, there

was an increased interaction between PRAS40 and mTOR. This is

consistent with reports in which stressors such as amino acid

deprivation or the glycolytic inhibitor 2-deoxyglucose increased

the PRAS40-mTOR interaction [Vander Haar et al., 2007]. On the

other hand, this increased stability was unexpected, based on

the phophorylation status of PRAS40 at T246. As described above,

the phosphorylation of other PRAS40 residues may be decreased

by EtOH, and if so, this may account for the increased PRAS40-

mTOR association. We also observed an increased interaction

between raptor and mTOR, in agreement with previous reports [Kim

et al., 2002; Zhang et al., 2009b]. Phosphorylation of raptor at S792

was apparently not responsible for the increased mTOR–raptor

association, since mutation of this residue does not affect the

association of raptor–mTOR [Gwinn et al., 2008]. However, it is

possible that other phosphorylation sites may also be responsible for

this change.

Previous studies reported that phosphorylation of PRAS40 and

raptor increased the association of these proteins with 14-3-3

[Kovacina et al., 2003; Vander Haar et al., 2007; Gwinn et al., 2008;

Yu et al., 2008]. 14-3-3 regulates the activity of its binding partners

by inducing changes in the proteins catalytic activity or by

triggering a disruption of existing protein–protein interactions

[Yaffe, 2002; Bridges and Moorhead, 2005]. In the current study,

EtOH increased raptor phosphorylation and enhanced its binding to

14-3-3. Hence, it is possible this interaction may account, in part, for

the decreased mTOR activity. In contrast to these results, the level

of PRAS40 and 14-3-3 association was unchanged, even though

PRAS40 was hyperphosphorylated at residue T246 following EtOH

exposure. One possible explanation for our result is that other

PRAS40 phosphorylation sites are responsible for the interaction.

Indeed, it has been reported that phosphorylation of PRAS40 at S221

plays a role in the binding of this protein to 14-3-3 [Wang et al.,

2008]. Regardless, these data are consistent with reports showing

that induction of mTORC1 activity does not necessarily require the

binding of PRAS40 to 14-3-3 [Sancak et al., 2007; Fonseca et al.,

2008]. Again, these results, as well as our own, are in contrast to

studies in which insulin increased the interaction between PRAS40

and 14-3-3 [Kovacina et al., 2003; Vander Haar et al., 2007]. Hence,

our data suggest that the changes in affinity of various components

of the mTORC1, and/or enhanced raptor and 14-3-3 interaction

play an important role in reducing mTOR activity in response to

EtOH.

In our work, the increased association between proteins was not

limited to treatment with EtOH, as a number of similar results were
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observed in PRAS40 KD cells. For example, there were increased

levels of mTOR/raptor and raptor/14-3-3 complexes. However, in

contrast to EtOH, KD decreased the interaction between GbL and

mTOR. Thus, the independent factors EtOH and PRAS40 KD each

decreased mTOR activity and protein synthesis. Furthermore, this

effect was mediated by changes in the affinity of protein–protein

interactions.

EtOH can potentially influence the activity of mTOR via the

actions of a number of upsteam regulators. Phospholipase D, for

example, signals to mTOR, and EtOH has been shown to have an

antagonistic effect on this process [Fujita et al., 2008]. AMPK and

IRS-1 also signal to mTOR, although they target different

components of the mTORC1 complex. Changes in the cellular

energy status activate AMPK [Memmott and Dennis, 2009], thereby

downregulating energy expensive processes such as protein

synthesis. In our study, EtOH increased AMPK activity in concert

with a decrease in mTOR activity. Two possible mechanisms could

account for the signaling of AMPK to mTOR. AMPK could either

directly phosphorylate raptor or it could act indirectly, via its action

on TSC2. In this study, AMPK increased the phosphorylation of the

mTORC1 component raptor and enhanced its interaction with 14-3-

3. This is in agreement with results reported by Gwinn et al. [2008].

In contrast, AMPK did not increase the phosphorylation of TSC2

following EtOH exposure. This is similar to results from Smith et al.

[2005] who observed that various cellular stressors impair mTOR

signaling in a TSC2-independent manner. Finally, EtOH may also

signal to mTOR via the IRS-1 pathway, as EtOH significantly

increased total IRS-1. This change was accompanied by increased

phosphorylation of its downstream target Akt. The increased

phosphorylation of Akt could account for the observed increased

phosphorylation of PRAS40 [Nascimento et al., 2006; Andrabi et al.,

2007; Vander Haar et al., 2007; Miller et al., 2008].

PRAS40 KD increased AMPK activity and raptor phosphorylation

in a manner similar to EtOH. In contrast to EtOH, there was an

increase in TSC2 phosphorylation following PRAS40 KD. TSC2 has

been shown to be regulated by Akt and AMPK [Inoki et al., 2002;

Manning et al., 2002; Inoki et al., 2003]. However, the observed

increase of TSC2 phosphorylation in the current study does not

appear to result from increased Akt activity, because Akt

phosphorylation was decreased in KD cells. On the other hand,

our in vitro kinase results indicate that PRAS40 KD increases AMPK

activity. This, in turn, directly phosphorylates both raptor and

TSC2, a result that is in agreement with previous studies [Inoki

et al., 2003; Gwinn et al., 2008]. Thus, it appears that raptor and

TSC2 represent major targets of AMPK, and as such, they may be

required for the suppression of mTOR kinase activity in response to

PRAS40 KD.

Based on our result and information from the literature, we

propose the following model for how EtOH and PRAS40 KD impair

mTORC1 function and protein synthesis in C2C12 myocytes (Fig. 9).

EtOH appears to signal to the mTORC1 via the action of AMPK.

AMPK can directly regulate raptor at S792, and AMPK activity

may also indirectly increase PRAS40 phosphorylation, most likely

through its actions on the regulators IRS-1, PDK1, and Akt. Changes

in protein interactions appear to play a major role in the inhibitory

effects of EtOH on protein synthesis. For example, PRAS40 showed
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 9. Model describing possible mechanisms by which EtOH and PRAS40 knockdown regulate mTORC1 phosphorylation and protein–protein interactions. EtOH signals

mTORC1 via both the AMPK and IRS-1/PDK1/Akt pathways. The activation of AMPK results in the increased phosphorylation of raptor. EtOH also increases raptor/mTOR and

raptor/14-3-3 binding, as well as increasing the GbL–mTOR interaction. Likewise, there is an enhanced binding of PRAS40 to mTOR, and this is independent of changes in the

PRAS40/14-3-3 association (panel A). In general, PRAS40 knockdown elicits similar effects as EtOH. However, PRAS40 knockdown decreases the GbL–mTOR interaction, while

increasing the levels of p-TSC2 in an Akt-independent manner (panel B). Taken together, these changes in protein–protein interactions may partially account for the decrease in

mTORC1 activity and protein synthesis.
an increased interaction with mTOR, consistent with its role as an

inhibitor. Raptor also exhibited an enhanced binding to mTOR, as

well as an increased binding with 14-3-3. This latter observation

may partially explain the suppression of mTOR activity, since 14-3-

3 may block the ability of raptor to recruit downstream target

proteins. The KD of PRAS40 had similar effects as EtOH, with certain

exceptions. PRAS40 KD activated AMPK, and this kinase was shown

to directly phosphorylate both raptor and TSC2. The activation of

TSC2 may play a role in reducing mTOR activity. In agreement with

the effects of EtOH, there was an increased interaction between

raptor, mTOR, and 14-3-3. However, the level of the GbL and mTOR

interaction decreased. This reduction may partially account for the

decline in mTOR activity, since GbL is important for this activity

[Wullschleger et al., 2005]. Taken together, our data suggest a

mechanism by which EtOH or PRAS40 KD may suppress the activity

of mTORC1 by increasing the affinity among the mTORC1

components and 14-3-3, thereby decreasing protein synthesis.
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