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Abstract

Amino acids, especially branched-chain amino acids such as LL-leucine, have been shown to regulate activation of p70 S6 kinase
and phosphorylation of 4E-BP1 through the mTOR signaling pathway. In our recent study, LL-arginine was also shown to activate
the mTOR signaling pathway in rat intestinal epithelial cells. LL-Glutamine is an amino acid that is required for culturing of numer-
ous cell types, including rat intestinal epithelial cells. In this study, we showed that LL-glutamine inhibited the activation of p70 S6
kinase and phosphorylation of 4E-BP1 induced by arginine or leucine in rat intestinal epithelial cells. Although the molecular mech-
anism of LL-glutamine-induced inhibition of the mTOR signaling pathway is still unknown, the presence of this novel signal pathway
may indicate that individual amino acids play specific roles for cellular proliferation and growth.
� 2004 Elsevier Inc. All rights reserved.
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Amino acids are essential nutrients for mammalian
cells. Classically, they have been considered to constitute
functional proteins that mediate various kinds of vital
activities of cells, tissues, or organs, to be the building
blocks of the structural proteins that make up cells or
tissues, and to be metabolized as an energy source. Re-
cent studies have shown that amino acids are also
important signaling regulators, especially for p70 S6 ki-
nase (p70S6k) and eIF-4E binding protein 1 (4E-BP1),
via mammalian target of rapamycin (mTOR) [1–7].
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p70S6k is activated through phosphorylation of an ar-
ray of Ser/Thr sites situated in the autoinhibitory do-
main in the carboxyl-terminal tail (Ser-434, Ser-441,
Thr-444, Ser-447, and Ser-452), in the activation loop
of the catalytic domain (Thr-252), and in the segment
immediately carboxyl-terminal to the catalytic domain
(Ser-392 and Thr-412), and phosphorylates S6 protein
in the 40S ribosomal subunit in vivo, thereby driving
the translation of mRNAs with a 5 0 terminal oligopyri-
midine tract (TOP) [8–10]. p70S6k is activated in re-
sponse to diverse stimuli in vivo [11] and in vitro [12].

eIF-4E, a 7-methylguanosine cap-binding protein,
binds to two other initiation factor proteins, eIF-4A
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and eIF-4G, to form the cap-dependent mRNA helicase
complex known as eIF-4F. eIF-4F promotes the
unwinding of the mRNA structure near the 5 0 cap,
which in turn facilitates binding by the 40S ribosomal
subunit, thereby activating translational initiation. 4E-
BP1 in nonphosphorylated form binds to eIF-4E and
inhibits cap-dependent translation of mRNA in vitro
and in vivo by preventing formation of the eIF-4F com-
plex [10,13–16].

Recent studies have demonstrated that mTOR con-
trols the translation machinery by regulating the phos-
phorylation of both 4E-BP1 and p70S6k [12,15–18].
Some branched chain amino acids, such as LL-leucine,
have been shown to be essential elements in the regula-
tion of 4E-BP1 and p70S6k through the mTOR signaling
pathway in hepatic cells, ovarian cells, muscular cells,
and pancreatic b cells in a rapamycin-sensitive manner
[6,19–21].

According to the traditional theory of nutrition re-
ported in many gastroenterological researches, specific
amino acids play important roles in proliferation or
growth of intestinal cells. For example, glutamine has
been reported to work as an important factor for meta-
bolic function of intestinal mucosa [22], and for prolifer-
ation of colon cancer cells [23]. Another amino acid,
arginine, improved the immunometabolic response and
outcome of colorectal resection for cancer [24].

We tried to investigate the involvement of the mTOR
signaling pathway in the intestinal cell lines, IEC6 and
18. In these cell lines, not only LL-leucine but also LL-argi-
nine activates the mTOR signaling pathway [25]. In this
study, we analyzed the biological signals induced by leu-
cine and arginine, and discovered a regulatory effect in-
duced by glutamine, which is well known as an essential
amino acid for cell culture [26–30]. We must develop a
new hypothesis to distinguish the signal for cellular pro-
liferation from the signal for cell growth. Intestinal cells
may utilize amino acids not only as nutrients, but also as
specific and active biological molecules, for cellular pro-
liferation or growth.
Materials and methods

Reagents and antibodies. Dulbecco�s modified Eagle�s medium
(DMEM) and the MEM SELECT-AMINE Kit were purchased from
Gibco-BRL (Grand Island, NY). Fetal bovine serum (FBS) was pur-
chased from Sanko (Tokyo, Japan). Protein G–Sepharose 4 Fast Flow
and [c-32P]ATP were from Amersham–Pharmacia Biotech. A rabbit
polyclonal antibody raised against the C-terminal 18 amino acids of
p70S6k, sc-230, a polyclonal antibody against 4E-BP1, sc-6936, and an
anti-rabbit IgG-HRP, sc-2004, were obtained from Santa Cruz Bio-
technology (Santa Cruz, CA). A rabbit polyclonal antibody against
phospho-Ser2448 of mTOR, #2971, was obtained from Cell Signaling.
Other ordinary reagents were available on the market.

Cell culture and treatments. Rat intestinal epithelial cells, IEC18,
were obtained from Dainippon Pharmaceutical Co. Ltd. (Tokyo, Ja-
pan) and grown in DMEM with 10% FBS. Cells were incubated in
DMEM without FBS for 24 h, rinsed twice with PBS, incubated in
DMEM without either FBS or amino acids for 40 min, and then
incubated in the indicated concentration of amino acids for 30 min.
Then, cells were washed once with ice-cold PBS and frozen in liquid
nitrogen. Frozen cells were lysed in ice-cold buffer A (50 mM Tris–HCl
(pH 8.0), 1%Nonidet P-40, 120 mMNaCl, 20 mMNaF, 1 mM EDTA,
6 mM EGTA, 20 mM b-glycerophosphate, 0.5 mM dithiothreitol,
1 mM a-phenylmethylsulfonyl fluoride, 1 lg/ml aprotinin, and 1 lg/ml
leupeptin). The cell extracts were centrifuged at 10,000g for 20 min at
4 �C, and the supernatants were used for the assays. The concentration
of each amino acid in DMEM is designated as 1X [7,25], as follows (in
mM): LL-arginine, 0.398; LL-cystine, 0.201; LL-glutamine, 4.00; LL-histidine,
0.200; LL-isoleucine, 0.801; LL-leucine, 0.801; LL-lysine, 0.798; LL-methio-
nine, 0.201; LL-phenylalanine, 0.400; LL-serine, 0.400; LL-threonine, 0.798;
LL-tryptophan, 0.0784; LL-tyrosine, 0.399; and LL-valine, 0.803.

Immunoprecipitation and p70 S6 kinase assay. The activity of p70S6k

was determined by an immunocomplex assay using 40S ribosomal
subunits as substrates, as described previously [31,32]. Briefly, super-
natants were subjected to immunoprecipitation with anti-p70S6k anti-
body (sc-230) for 2 h at 4 �C, absorbed to protein G–Sepharose 4FF,
and washed twice with buffer A containing 0.5 M NaCl and twice with
buffer B (20 mM Mops (pH 7.2), 10 mM b-glycerophosphate). Thirty-
five microliters of the reaction mixture (50 mM Mops (pH 7.2), 12 mM
MgCl2, 2 mM EGTA, 1 mM dithiothreitol, 60 lM ATP, 10 mM
b-glycerophosphate, 0.5 lM protein kinase inhibitor, 0.5 A260 units of
40S ribosomal subunits, and 5 lCi [c-32P]ATP) was added to each
sample, and the samples were incubated for 20 min at 30 �C. The
reaction was terminated by adding 30 ll of the SDS buffer to each
sample. The samples were separated by SDS–PAGE on 12% acryl-
amide gel, and the radioactivity incorporated into 40S S6 protein of
each sample was quantified with a BAS-2000 Bioimaging analyzer
(Fuji Photo Film, Tokyo, Japan).

Immunoblot analysis of 4E-BP1. Aliquots of the supernatants of the
cell extracts were boiled for 7 min at 90 �C and cooled on ice, and then
precipitated by centrifugation at 10,000g for 30 min at 4 �C. The heat-
soluble proteins were separated by SDS–PAGE on 15% polyacryl-
amide gels, transferred onto a polyvinylidene difluoride membrane,
immunoblotted with the polyclonal antibody against 4E-BP1 (sc-6936;
1:500 dilution) followed by anti-rabbit IgG-HRP (sc-2004; 1:2000
dilution), and then visualized using an ECL kit according to the
manufacturer�s protocol (Amersham–Pharmacia Biotech, Tokyo,
Japan).

Immunoblot analysis of phospho-mTOR. Cells were lysed in 1· SDS
sample buffer (62.5 mM Tris–HCl (pH 6.8 at 25 �C), 2% w/v SDS, 10%
glycerol, 50 mM DTT, and 0.01% w/v bromophenol blue or phenol
red) and centrifuged at 4 �C. The sample viscosity was reduced by
pipetting. The samples were then boiled for 5 min and cooled on ice.
The samples were separated by SDS–PAGE on 7.5% polyacrylamide
gels, transferred onto a polyvinylidene difluoride membrane, immu-
noblotted with the polyclonal antibody against phospho-mTOR
(#2971; 1:1000 dilution) followed by anti-rabbit IgG-HRP (sc-2004;
1:2000 dilution), and then visualized using an ECL kit according to the
manufacturer�s protocol (Amersham–Pharmacia Biotech).
Results

LL-Arginine and LL-leucine activated p70 S6 kinase

Withdrawal of amino acids from the medium results
in a rapid but reversible inactivation of the p70S6k activ-
ity. We observed this response in both IEC6 and IEC18
cells. After 24 h of serum deprivation and 40 min of
amino acid withdrawal, IEC6 and IEC18 cells were



176 T. Nakajo et al. / Biochemical and Biophysical Research Communications 326 (2005) 174–180
incubated with medium containing each amino acid at
4· concentration for 30 min. LL-leucine, which was previ-
ously reported to significantly activate p70S6k in other
cells [6,19,20], and LL-arginine also to activate p70S6k as
compared with other amino acids (Fig. 1).

Effect of LL-glutamine on LL-arginine- and LL-leucine-

induced activation of p70 S6 kinase in IEC18 cells

After 24 h of serum deprivation, IEC18 cells were
incubated in amino acid-depleted medium for 40 min
and then incubated in a medium containing the indicated
concentrations of LL-arginine and LL-leucine with or with-
out LL-glutamine at the indicated concentrations for
30 min. LL-arginine and LL-leucine significantly activated
p70S6k. In contrast, LL-glutamine induced little or no acti-
vation of p70S6k. When added to LL-leucine and LL-argi-
nine, LL-glutamine reduced LL-arginine-induced p70S6k

activity to approximately one-fortieth of the baseline
value (Fig. 2), and reduced LL-leucine-induced p70S6k

activity to about one-fifth of the baseline value (Fig. 3).

Effect of LL-glutamine on the ability of LL-arginine and

LL-leucine to phosphorylate 4E-BP1

Phosphorylated 4E-BP1 displays slower electropho-
retic migration when separated on SDS–PAGE. This
multisite phosphorylated protein is divided into at least
three electrophoretic forms according to its phosphory-
Fig. 1. Activity of p70 S6 kinase induced by addition of each amino acid. Afte
cells and IEC6 cells were incubated with medium containing each amino acid
activities were measured using a p70 S6 kinase assay. Data are expressed as a
complete amino acids at a 1· concentration for 30 min after 40 min of ami
means ± SD of three separate experiments. 1· concentration of each amino
methods.
lation state: hyperphosphorylated c, which migrates
most slowly, intermediary b, and nonphosphorylated
a, which migrates fastest [33].

We examined the ability of LL-arginine and LL-leucine
to regulate 4E-BP1 phosphorylation and the additional
effect of LL-glutamine in IEC18 cells. After 24 h of serum
deprivation, cells were incubated in amino acid-depleted
medium for 40 min and incubated for 30 min with med-
ium containing a 4· concentration of LL-arginine and
LL-leucine with or without LL-glutamine at the indicated
concentrations. Addition of LL-glutamine to LL-arginine-
containing medium reduced a hyperphosphorylated c
state in a dose-dependent manner. In contrast, addition
of LL-glutamine to LL-leucine-containing medium had no
effect on the phosphorylation state of 4E-BP1 (Fig. 4).

Effect of LL-glutamine on the ability of LL-arginine and

LL-leucine to phosphorylate mTOR

The mammalian target of rapamycin, mTOR, also
known as FRAP or RAFT, is a serine/threonine protein
kinase. mTOR acts as a sensor for amino acids, balanc-
ing the availability of nutrients and cell growth. When
sufficient nutrients are available, mTOR transmits a po-
sitive signal to p70 S6 kinase and 4E-BP1 [17]. Until re-
cently, phosphorylation of mTOR could not be assessed.
Therefore, we examined p70 S6 kinase activity and
4E-BP1 phosphorylation as useful markers for the acti-
vation of the mTOR signaling pathway. Recently, an
r 24 h of serum deprivation and 40 min of amino acid depletion, IEC18
at a 4· concentration for 30 min, and their endogenous p70 S6 kinase

percentage of the p70 S6 kinase activity when the cells were treated with
no-acid deprivation. The p70 S6 kinase activity data are presented as
acid is equivalent to that in DMEM as described under Materials and



Fig. 2. (A) Inhibitory effect of LL-glutamine on the ability of LL-arginine to activate p70 S6 kinase in IEC18 cells. Twenty-four hours of serum
deprivation and depletion of amino acids for 40 min were followed by incubation with medium containing the indicated concentration of LL-arginine
with or without LL-glutamine for 30 min. And their endogenous p70 S6 kinase activities were measured using a p70 S6 kinase assay. The samples were
separated by SDS–PAGE on 15% acrylamide gel, and the radioactivity incorporated into 40S S6 protein of each sample is shown. (B) The
radioactivity incorporated into 40S S6 protein shown in (A) was quantified with a BAS-2000 Bioimaging analyzer. Data are expressed as a percentage
of the p70 S6 kinase activity when the cells were treated with complete amino acids at a 1· concentration for 30 min after 40 min of amino-acid
deprivation (*, **, ***p < 0.01).
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antibody which could detect mTOR phosphorylation
was developed. A rabbit polyclonal antibody against
phospho-Ser2448 of mTOR was reported to detect the
activation of mTOR signaling [34].

We examined the ability of LL-arginine and LL-leucine to
phosphorylate mTOR using the above-described anti-
body, in addition to examining the effect of LL-glutamine,
in IEC18 cells. After 24 h of serum deprivation, cells were
incubated in amino acid-depleted medium for 40 min
and incubated for 30 min with medium containing a 4·
concentration of LL-arginine and LL-leucine with or with-
out a 4· concentration of LL-glutamine. Addition of LL-
glutamine to LL-arginine-containing medium reduced
mTOR phosphorylation. On the other hand, addition
of LL-glutamine to LL-leucine-containing medium had little
effect on the phosphorylation of mTOR (Fig. 5).
Discussion

In this report we showed that glutamine had an inhib-
itory effect on leucine- or arginine-induced activation of
the mTOR signaling pathway. Leucine is one of the so-
called ‘‘essential’’ amino acids, a group of nine amino
acids that cannot be synthesized by adult vertebrates.
And glutamine has been found to be functionally essen-
tial for the survival and growth of most cultured cells
[26,27]. In several animal species, glutamine was shown
to be the major respiratory fuel for the intestinal tract
[28–30]. For the rat intestinal epithelial cell line
(IEC18) used here, glutamine was also essential for
growth and protection against stresses [35]. Amino acids
had been thought as just a nutrient for cell growth. Intra-
cellular signaling through amino acids was not known.

Recent studies have demonstrated that mTOR con-
trols the translational machinery, and its phosphoryla-
tion plays a very important role for cell proliferation
and growth [17]. And we reported that mTOR is regu-
lated by specific amino acids [7,19]. We examined the ef-
fect of each amino acids on mTOR in a rat intestinal
epithelial cell line, IEC18. Of these, leucine and arginine
have been shown to activate the mTOR signaling path-
way, while glutamine does not [25].

Here we demonstrated the inhibitory effect of gluta-
mine on leucine- or arginine-induced activation of the
mTOR signaling pathway. Our recent study suggested
that manner of mTOR activation induced by leucine is
identical with arginine [25]. Signal transduction of argi-
nine-induced stimulation is inhibited by the blockers of
cationic amino acid transporters. In our current data,
while glutamine dramatically suppressed arginine-in-
duced signal transduction, its effect on leucine-induced



Fig. 3. (A) Inhibitory effect of LL-glutamine on the ability of LL-leucine to activate p70 S6 kinase in IEC18 cells. Twenty-four hours of serum
deprivation and depletion of amino acids for 40 min were followed by incubation with medium containing the indicated concentrations of LL-leucine
with or without LL-glutamine at the indicated concentration for 30 min. And their endogenous p70 S6 kinase activities were measured using a p70 S6
kinase assay. The samples were separated by SDS–PAGE on 15% acrylamide gel, and the radioactivity incorporated into 40S S6 protein of each
sample is shown. (B) The radioactivity incorporated into 40S S6 protein shown in (A) was quantified with a Bioimaging analyzer as described in Fig.
2B (*, **p < 0.01).

Fig. 4. Inhibitory effect of LL-glutamine on the ability of LL-arginine and LL-leucine to phosphorylate 4E-BP1. After 24 h of serum deprivation and
depletion of amino acids for 40 min, IEC18 cells were incubated with medium containing a 4· concentration of LL-arginine or LL-leucine with or
without LL-glutamine at the indicated concentration for 30 min. Immunoblot analysis of 4E-BP1 was performed as described under Materials and
methods.
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signaling was minimal. These data suggest that gluta-
mine may function as a more specific inhibitor of mTOR
signaling pathway induced by arginine, a cationic amino
acid, possibly through blocking of its transporters,
whereas its suppressive effect was not very high and spe-
cific on a neutral amino acid, leucine-induced signaling.
This is the first report to argue that a specific amino
acid, i.e., glutamine, can regulate a cellular signaling
pathway induced by other amino acids. It is believed
that glutamine is the most important amino acid for cel-
lular proliferation and growth. For example, glutamine
has been proven essential for the proliferation of intesti-
nal cells [26–30] and cancer cells [23]. Our data may
demonstrate a new concept for the biological role of
phosphorylation of mTOR and intestinal cell growth.
Although glutamine was expected to stimulate cellular



Fig. 5. Effect of LL-glutamine on the ability of LL-arginine and LL-leucine to phosphorylate mTOR. After 24 h of serum deprivation and depletion of
amino acids for 40 min, IEC18 cells were incubated with medium containing a 4· concentration of LL-arginine or LL-leucine with or without a 4·
concentration of LL-glutamine for 30 min. Immunoblot analysis of phospho-mTOR was performed as described under Materials and methods.
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proliferation, our results showed that it suppressed
mTOR signaling for cell growth. To explain such a dis-
crepancy of signaling pathway, we should distinguish
the signal for cellular proliferation from the signal for
cell growth. Fingar et al. [36] demonstrated that mam-
malian cell size is controlled via mTOR and its down-
stream targets S6K1 and p70S6k. And the outcome of
mTOR signaling for cellular growth is not an increase
in cell number, but rather an increase in cell size. This
conclusion of the study is compatible with our data.
This may suggest an answer to our question regarding
the relation between amino-acid signaling and mTOR
activation. In IEC18 intestinal cells, glutamine may
function as an essential fuel, accelerating the cell cycle
and increasing the cell number, while also inhibiting
mTOR signals and suppressing the growth of cell size.
Our new hypothesis is that the signal induced by leucine
or arginine may stimulate the growth of cell size. On the
other hand, the other signal induced by glutamine may
stimulate cellular proliferation and increase cell number,
but inhibit the growth of cell size. Based on this hypoth-
esis, we can distinguish the signal for cellular prolifera-
tion from the signal for cell growth. Therefore,
intestinal cells may utilize individual amino acids not
only as nutrients but also as specific and active biologi-
cal molecules for cellular proliferation or growth.

Another important point is that the key molecule of
this specific signal is mTOR, which is a target of rapa-
mycin. It means that this amino acid signal may play
an important role for immunonutrition or intestinal
immunity. These biological events investigated in our
study might explain not only the mechanism of intesti-
nal nutrition but also a universal system of signal trans-
duction for cellular proliferation or growth.
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