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The mammalian target of rapamycin (mTOR) is an evolu-
tionally conserved kinase which exists in two distinct
structural and functional complexes, mTOR complex 1
(mTORC1) and mTOR complex 2 (mTORC2). Of the two
complexes, mMTORC1 couples nutrient abundance to cell
growth and proliferation by sensing and integrating a va-
riety of inputs arising from amino acids, cellular stresses,
energy status, and growth factors. Defects in mTORC1
regulation are implicated in the development of many me-
tabolic diseases, including cancer and diabetes. Over the
past decade, significant advances have been made in de-
ciphering the complexity of the signaling processes con-
tributing to mTORC1 regulation and function, but the me-
chanistic details are still not fully understood. In particular,
how amino acid availability is sensed by cells and signals
to mTORC1 remains unclear. In this review, we discuss the
current understanding of nutrient-dependent control of
mTORC1 signaling and will focus on the key components
involved in amino acid signaling to mTORCH.

INTRODUCTION

An essential ability of both single cells and mutlicellular organ-
isms is to sense nutrient fluctuations in the environment and to
adjust their consumption of nutrients accordingly. This ability
enables cells to survive during periods of nutrient deficiency,
and to grow and proliferate when nutrients are plentiful. Adapta-
tion of cells in response to changes in nutrient availability is
achieved by carefully coordinating energy-consuming anabolic
processes with energy-producing catabolic processes. At the
center of this balancing act is the mTOR signaling pathway,
which was originally named the mammalian target of rapamycin,
but has been officially renamed the mechanistic target of rapa-
mycin (MTOR) signaling pathway. In nutrient-rich conditions,
mTOR is activated and drives cell growth by stimulating a se-
ries of anabolic processes that include protein, lipid, and nuc-
leotide synthesis, and by inhibiting degradative catabolic
processes such as autophagy. Conversely, nutrient-deficient
conditions trigger the rapid inhibition of mTOR to limit its stimu-
latory functions on anabolism. Instead, catabolic processes are
activated to produce sufficient energy and nutrients to maintain

minimal biological processes required for survival (Howell and
Manning, 2011; Jewell and Guan, 2013; Wullschleger et al.,
2006). Accordingly, any mutations in the components of the
mTOR pathway that coordinate these responses can lead to
metabolic or inflammatory disorders, and often promote tumori-
genesis (Yecies and Manning, 2011; Zoncu et al., 2011b). Not
surprisingly, disregulation of mTOR signaling has been ob-
served in many human diseases, including cancer and diabetes,
making mTOR an attractive therapeutic target for numerous
clinical applications (Cornu et al., 2013; Howell and Manning,
2011; Inoki et al., 2012; Laplante and Sabatini, 2012). In this
regard, it is important to thoroughly understand the molecular
mechanisms underlying how nutrients regulate the mTOR
pathway, and subsequently how the cell balances its growth
and survival in accordance with the cell’s nutrient state. In this
review, we first summarize the basics of mMTOR signaling, in-
cluding the regulation of mTOR by growth factors. We then
discuss the current understanding of the molecular mechan-
isms by which mTOR is regulated by nutrients such as glucose
and amino acids.

Organization and functions of the mTOR complexes

mTOR is an atypical serine/threonine protein kinase that be-
longs to the superfamily of phosphatidylinositide-3 kinase related-
kinases (PI3KK). mTOR exists as two distinct multiprotein com-
plexes termed mTOR complex 1 (mTORC1) and 2 (mTORC?2),
which differ in their components, regulation, functions, and
sensitivity to the compound rapamycin (Sengupta et al., 2010).
The two mTOR complexes are evolutionally well conserved
from yeast to humans (Wullschleger et al., 2006). mTORC1,
which is acutely and directly inhibited by the allosteric inhibitor
rapamycin, contains mTOR, regulatory associated protein of
mTOR (Raptor), mammalian lethal with SEC13 protein 8
(mLST8; also known as GfL), Akt/PKB substrate 40 kDa (PRAS40),
and DEP domain containing mTOR-interacting protein (Deptor)
(Fig. 1). Raptor, the defining component of mTORCA1, recruits
substrates for phosphorylation, and is essential for all of MTORC1’s
functions (Hara et al., 2002; Kim et al., 2002). PRAS40 and
Deptor appear to be both suppressors and substrates of
mTORC1 (Oshiro et al., 2007; Peterson et al., 2009; Sancak et
al., 2007; Vander Haar et al., 2007; Wang et al., 2008), and
mLST8 appears to be dispensable for mTORC1 activity (Guertin
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et al., 2006; Kim et al., 2003). While active, mMTORC1 plays a
key role in cell growth by promoting protein synthesis, ribosom-
al biogenesis, lipid and nucleotide synthesis, and by inhibiting
autophagy (Fig. 1) (Ben-Sahra et al., 2013; Laplante and
Sabatini, 2012; Ma and Blenis, 2009; Robitaille et al., 2013).
The two best characterized mTORC1 substrates, ribosomal S6
kinase (S6K) and eukaryotic translation initiation factor 4E bind-
ing protein (4E-BP), mediate many of these mTORC1-regulated
processes (Laplante and Sabatini, 2012; Ma and Blenis, 2009).

In contrast with mTORC1, mTORC2 consists of mTOR, Rap-
tor-independent companion of mTOR (Rictor), mSin1 (MAPKAP1),
Protor (PRR5), mLST8, and Deptor, and controls actin poly-
merization and the activation of kinases such as Akt, SGK, and
PKCa by phosphorylating their hydrophobic motif (Fig. 1) (Oh
and Jacinto, 2011). Similar to Raptor, Rictor appears to recruit
substrates to mTOR for phosphorylation, thus explaining the
differential selection of substrates by mTORC1 and mTORC2
(Jacinto et al., 2004; Sarbassov et al., 2004). Meanwhile, mSin1
and mLST8 are necessary for mTORC2’s complex integrity
and its catalytic function, respectively (Frias et al., 2006; Guertin
et al., 2006; Jacinto et al., 2006; Yang et al., 2006). Deptor also
suppresses mMTORC2 signaling (Peterson et al., 2009). The
functional role of Protor is currently unclear (Pearce et al., 2007,
Woo et al., 2007). Unlike mTORC1, mTORC2 is not sensitive
to rapamycin, although prolonged treatment with rapamycin
can indirectly inhibit mTORC2 by preventing mTORC2 assem-
bly in some but not all cell types (Sarbassov et al., 2006; Zeng
et al., 2007).

Growth factor signaling to mTORC1 via the TSC-Rheb axis
While our understanding of the mechanism of mTORC2 regula-
tion is very limited, studies on the mechanism of mTORC1
regulation have provided a much clearer albeit a more compli-
cated picture. mTORCH1 is regulated by a variety of upstream
signals including growth factors and nutrients such as amino
acids and glucose. Among the multiple upstream signals,
growth factor-regulation of mTORC1 has been extensively
characterized (Fig. 1). Growth factors bind to specific receptor
tyrosine kinases, which lead to activation of the PI3K-Akt and/or
Ras-MAPK pathways (Mendoza et al., 2011). These pathways
activate mTORC1 primarily by phosphorylating and inhibiting
tuberous sclerosis complex 2 (TSC2; also known as tuberin)
(Ballif et al., 2005; Inoki et al., 2002; Manning et al., 2002; Roux
et al., 2004; Tee et al., 2003a), which in complex with TSC1
(also known as hamartin) and TBC (Tre2-Bub2-Cdc16)1 do-
main family member 7 (TBC1D7), functions as a GTPase acti-
vating protein (GAP) for the small GTPase Rheb (Dibble et al.,
2012; Inoki et al., 2003a; Tee et al., 2003b). Rheb is active in its
GTP-bound form like other small GTPases and indispensable
for mTORC1 activation in response to all stimuli. The TSC
complex stimulates the intrinsic GTPase activity of Rheb, there-
by increasing the rate at which Rheb transitions from its active
GTP-bound state to its inactive GDP-bound state. As a result,
growth factors drive mTORC1 activation by increasing the
Rheb-GTP to Rheb-GDP ratio through inhibition of TSC2 GAP
activity (Fig. 1). Despite the necessity of Rheb in mTORC1
activation, the mechanistic details of how Rheb-GTP activates
mTORC1 remain controversial, although the strongest evi-
dence supports activation through direct interaction (Long et al.,
2005a; Sancak et al., 2007). Likewise, the molecular conse-
quences of TSC2 phosphorylation still remain somewhat un-
clear due to lack of evidence that the in vitro GAP activity of
TSC2 is indeed inhibited by phosphorylation. It is more likely
that phosphorylation of TSC2 may induce its dissociation from
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TSC1 and/or lead to its mislocalization from the endomem-
branes where Rheb exists, thereby increasing Rheb-GTP and
activating mTORCA1.

Glucose and energy regulation of mMTORC1 via AMPK-
dependent pathways

Most anabolic processes require energy in the form of ATP to
carry out enzymatic reactions to generate sufficient lipids, nuc-
leotides, and proteins for cell growth and division. mTORCA1
senses the energetic status of the cell to modulate such ener-
gy-consuming anabolic processes, and is thus inhibited under
energetic stress conditions to ensure cell survival.

In most actively dividing cells, glucose is the primary energy
source (DeBerardinis et al., 2008). Glucose is initially broken
down through glycolysis, which is a series of enzymatic reac-
tions that produces two 3-carbon molecules of pyruvate per
glucose molecule. Pyruvate can either be secreted as lactic
acid or enter into the tricarboxylic acid (TCA) cycle for mito-
chondrial respiration. The overall glycolytic reaction produces 2
net molecules of ATP while aerobic glycolysis can generate 36
molecules of ATP per molecule of glucose. Accordingly, depri-
vation of glucose or inhibition of glycolysis or mitochondrial
respiration causes a rapid reduction in intracellular ATP levels,
leading to an increase in both the ADP/ATP and AMP/ATP
ratios. A serine/threonine kinase called AMP-dependent protein
kinase (AMPK) directly senses increases in both ratios, particu-
larly the AMP/ATP ratio, and is a crucial cellular energy sensor
that is found in nearly all eukaryotes (Hardie et al., 2012;
Shackelford and Shaw, 2009). AMPK is a heterotrimeric com-
plex consisting of one catalytic (o) and two regulatory (3 and v)
subunits, and in addition to being activated by binding of ADP
or AMP to the y subunit, phosphorylation at threonine 172 in the
activation loop by the serine/threonine kinase LKB1 is required
for activation (Lizcano et al., 2004; Shaw et al., 2004; Woods et
al., 2003).

Dennis et al. (2001) originally proposed that mTOR directly
senses intracellular ATP levels due to its high Km for ATP,
however, a more recent report suggests that unlike non-
complexed mTOR, the Km of mTORC1 for ATP is in the low
micromolar range, too low to act directly as an ATP sensor
(Tao et al., 2010). Indeed, recent studies from several groups
have suggested that mTORCH1 indirectly senses low energy
through multiple mechanisms that are mainly convergent on
AMPK (Fig. 1). Under nutrient-deprived conditions resulting in
energy depletion, AMPK is activated and transmits energetic
stress signals to mTORC1 through direct phosphorylation of
TSC2 and Raptor. AMPK inhibits mTORC1 by phosphorylating
TSC2 at serine 1345, likely leading to the activation of its GAP
activity and thus inactivation of Rheb (Inoki et al., 2003b). In
addition to the inhibition through TSC2, AMPK prevents mTORC1
activation in a TSC-independent manner by directly phosphory-
lating Raptor, which leads to the association of Raptor with 14-
3-3 (Gwinn et al., 2008). Other stress conditions such as hy-
poxia also cause energetic stress and are thus capable of inhi-
biting mTORC1 activation in part through the AMPK-TSC2
pathway. Concomitantly, hypoxia can also induce the expres-
sion of the regulated in development and DNA damage res-
ponses 1 (REDD1) gene, which suppresses mTORC1 activa-
tion through a TSC-dependent mechanism involving release of
TSC2 from its growth factor-induced association with inhibitory
14-3-3 proteins (Fig. 1) (Brugarolas et al., 2004; DeYoung et al.,
2008; Reiling and Hafen, 2004; Sofer et al., 2005). Based on its
role in sensing and signaling energetic stress, AMPK appears
to function as a key integrator of inputs from cellular energetic
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Fig. 1. The mTOR signaling pathway. The key signaling pathways that regulate mTORC1 and mTORC2 and the composition of each mTOR
complex are depicted. Multiple inputs from growth factors, amino acids, cellular energy status, and stress are integrated into mTORC1 through
the mechanisms shown. When mTORCH s active, it plays a major role in promoting cell growth and proliferation by stimulating various anabol-
ic processes such as protein, lipid, and nucleotide synthesis and ribosome biogenesis, and by inhibiting catabolic processes such as autopha-
gy. mTORC?2 is regulated by growth factors through a poorly identified mechanism, but unlike mTORCH, it does not respond to other upstream

signals derived from nutrients or stress.

stresses to inhibit mTORC1 in both TSC-dependent and
-independent manners. Interestingly, however, recent observa-
tions have demonstrated that inhibition of mitochondrial respira-
tion is able to suppress mTORC1 activity even in AMPKa1/c2-
/- cells (Kalender et al., 2010; Kim et al., 2013), revealing an
alternative mechanism of mTORC1 pathway inhibition inde-
pendent of AMPK under energy-deprived conditions, which will
be discussed later.

Regulation of mMTORC1 by amino acids

As mentioned previously, in order to balance anabolic and ca-
tabolic processes, single cells and multicellular organisms need
to tightly coordinate their usage of energy as well as amino
acids. Since the initial observation that linked amino acid levels
to TOR activity was demonstrated in the budding yeast by Hall
and colleagues (Barbet et al., 1996), the linkage between TOR
and amino acids has been firmly established by observations in
Drosophila, where deletion of dTOR led to growth arrest and
features of nutrient starvation, and in mammals, where deple-
tion of amino acids in CHO-IR cells led to rapid inhibition of
mTORC1 (Hara et al., 1998; Oldham et al., 2000; Zhang et al.,
2000). However, unlike other regulatory signaling to mTORCH1,
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the mechanism of amino acids sensing and signaling to
mTORC1 has remained a mystery. What is known is that leu-
cine and arginine are the two most potent amino acids impli-
cated in mTORC1 activation, as deprivation of either amino
acid most closely phenocopies total amino acid deprivation in
inhibiting mTORC1 (Hara et al., 1998). In addition, amino acids
seem to regulate mTORC1 through a TSC-Rheb-independent
pathway, as growth factors do not activate mMTORCH1 efficiently in
amino acid-deprived conditions and total amino acid deprivation
can suppress mTORC1 signaling even in Tsc2-~- cells where
mTORCH1 is hyperactivated (Smith et al., 2005). Very recently,
our understanding of amino acid signaling mechanisms that
control mTORC1 signaling has improved due to a number of
discoveries of essential components of the amino acid path-
ways to mTORCH1.

The role of the TSC complex and Rheb in amino acid
signaling to mTORC1

Given that various signals such as growth factors and energy
levels converge on the TSC complex to regulate its GAP activi-
ty toward Rheb and thus mTORCH1 signaling, and that amino
acid regulation of mMTORC1 may be largely independent of the
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TSC complex, several groups have examined the role of amino
acids in controling mTORC1 signaling through a TSC-Rheb
independent pathway by utilizing Tsc1-/- or Tsc2-/- cells. The
conclusion from these studies is that leucine deprivation, which
inhibits mMTORC1 in Tsc+/+ cells, fails to inhibit mMTORC1 in
Tsc-/- cells. However, deprivation of total amino acids does
repress mTORC1 activity in Tsc-/- cells, although the repres-
sion is not as significant as in Tsc+/+ cells (Gao et al., 2002;
Smith et al., 2005). This has led to various proposals including
possible dual amino acid inputs into mTORC1 through both
TSC-dependent and -independent mechanisms. Direct mea-
surements of the Rheb-GTP levels in response to changes in
amino acid levels have led to rather confounding results. Amino
acids were not seen to have an effect on the GTP levels of
overexpressed Rheb, but amino acid deprivation and subse-
quent stimulation did affect the GTP levels of endogenous
Rheb (Long et al., 2005b; Nobukuni et al., 2005; Roccio et al.,
2006). Whether the lack of effect on the overexpressed Rheb is
an artifact resulting from too much expression remains to be
determined, as overexpressed proteins beyond the cell’s nor-
mal control capacity often escape endogenous regulation. Con-
versely, the change in the GTP levels of endogenous Rheb
was reported only once and hence remains to be validated.
Therefore, it has yet to be clarified if amino acid signaling to
mTORC1 involves regulation of Rheb or not, and, if it does, if
this regulation of Rheb is TSC-dependent or -independent.
However, with the observation that amino acid deprivation in
Tsc2-/- cells does not decrease endogenous Rheb-GTP signifi-
cantly but can inhibit mMTORC1 (Nobukuni et al., 2005; Roccio
et al., 2006), it is more likely that amino acids are able to trans-
duce signals to mTORC1 at least through a pathway in parallel
with the TSC-Rheb pathway.

Rag GTPases are essential mediators of amino acid
signaling to mTORC1
The molecular mechanisms of how amino acids are sensed
and signal to mTORC1 is a very active area of investigation. A
major breakthrough in the elucidation of this signaling cascade
came from the discovery by the laboratories of Kun-Liang Guan,
using an RNAi strategy in drosophila S2 cells, and David Saba-
tini, using a biochemical approach, that the Rag GTPases were
crucial mediators of amino acid signaling to mTORC1 (Kim et
al., 2008; Sancak et al., 2008). These discoveries set the stage
for several important reports detailing how amino acids contri-
bute to mMTORCH1 activation in animal cells (Efeyan et al., 2012).
The Rag family of GTPases contains four members, consist-
ing of RagA, RagB, RagC, and RagD, which are evolutionally
well conserved throughout all eukaryotes (Hirose et al., 1998;
Schurmann et al., 1995; Sekiguchi et al., 2001). RagA and
RagB are very similar in amino acid sequence, are functionally
redundant, and are homologous to yeast Gtrip, whereas RagC
and RagD are homologous to yeast Gtr2p and are also similar
and functionally redundant. In yeast, Gtrip forms a heterodimer
with Gtr2p (Nakashima et al., 1999). Similarly, RagA or RagB
forms a stable heterodimer with RagC or RagD, leading to four
possible dimer combinations (Sekiguchi et al., 2001). The re-
cently solved crystal structure of the yeast Gtr1p-Gtr2p hetero-
dimer suggests that the unusually long C-terminal domain of
each Rag protein is crucial for the stable dimeric formation,
while the N-terminal domain on each Rag protein is responsible
for the GTPase function (Gong et al., 2011; Jeong et al., 2012).
The two reports from the Sabatini and Guan groups (Kim et
al., 2008; Sancak et al., 2008) showed that expression of the
dominant-negative mutant form of RagA/B (fixed in a guanine
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nucleotide-free form) almost completely inhibited mTORC1
even in amino acid-sufficient conditions, while expression of the
dominant-active mutant of RagA/B (fixed in the GTP-bound
form) was sufficient to maintain mTORC1 activity even in amino
acid-deprived conditions. In contrast, expression of any mutants
of RagC/D did not affect mTORC1 activity significantly. These
findings indicate that the nucleotide-bound state of RagA/B,
rather than RagC/D, is the primary determinant for mTORC1
activation, and also imply that amino acids regulate the nucleo-
tide-bound state of RagA/B (Fig. 1). Consistent with this, Saba-
tini and colleagues showed that amino acid stimulation indeed
increased the GTP charging of endogenous RagB (San-cak et
al., 2008). Although RagC and RagD were also essential for
mTORC1 activation, they may contribute to mTORC1 activation
by increasing the stability of RagA/B through the formation of
dimers, as the effects of expression of the RagA/B mutants on
mTORC1 were enhanced when RagC/D was coexpresssed.
Interestingly, when a dominant-active RagA/B and a dominant-
negative RagC/D (theoretically, RagA/B-GTP-RagC/D-GDP) were
coexpresssed, in comparison to other combinations, mTORC1
was maximally activated in amino acid-deprived conditions,
while coexpression of a dominant-negative RagA/B and a do-
minant-active RagC/D-GTP (RagA/B-GDP - RagC/D-GTP)
strongly suppressed mTORC1 in amino acid-sufficient condi-
tions. These results suggest that amino acids may regulate the
nucleotide state of RagC/D as well as RagA/B, and indeed
molecular mechanisms for each regulation has recently been
proposed (Bar-Peled et al., 2012; Han et al., 2012).

Unlike Rheb, Rag GTPases are unable to directly activate
mTORCH1 kinase activity (Sancak et al., 2008), which led Saba-
tini and colleagues to test the role of the Rags in the spatial
regulation of MTORC1. Indeed, amino acids and Rag GTPases
were found to control mTORC1 signaling by regulating its intra-
cellular localization; under amino acid deficiency or depletion of
the Rags, mTORC1 was localized diffusely throughout the cyto-
plasm, while under amino acid sufficiency or expression of the
dominant-active RagA or RagB, the activated Rag complex
bound directly to Raptor and recruited mTORC1 to the lyso-
some where Rheb appears to be localized. In line with these
data, they established a model in which amino acids stimulate
the GTP charging of the RagA/B, which transmit amino acid
signals to mTORC1 by recruiting mTORC1 to the lysosome
where it is activated by the lysosome-associated Rheb (Fig. 2)
(Sancak et al., 2008; 2010). According to this model, the signal-
ing inputs from the amino acid-Rag pathway and the growth
factor-Rheb pathway are in parallel and converge on mTORC1
at the lysosome to effectively promote its activation. This model
also explains why growth factors cannot activate mTORC1
efficiently in the absence of amino acids and vice versa. How-
ever, due to lack of a validated Rheb antibody in the field, it is
currently unclear where endogenous Rheb is localized. Several
previous reports using exogenously expressed Rheb have
suggested that Rheb can be localized on the various endo-
membrane structures including endoplasmic reticulum, Golgi
complex, endosome, and/or lysosome, but commonly not on
the plasma membrane (Buerger et al., 2006; Hanker et al.,
2010; Saito et al., 2005; Takahashi et al., 2005). Therefore, it
remains to be further confirmed whether endogenous Rheb is
localized on the lysosomal surface and also whether the lyso-
some is the sole membrane structure for mTORC1 activation
by Rheb.
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Fig. 2. Amino acid signaling to mTORC1. The key mechanisms by which amino acids activate mTORC1 on the lysosomal surface are de-
picted. Under amino acid deficiency, the inactive state of the v-ATPase-Ragulator complex is unable to activate Rag GTPases on the lyso-
somal surface, thus mTORC1 cannot be recruited to the lysosome. In addition, LRS is inactive due to low level of leucine. Under amino acid
sufficiency, the v-ATPase-Ragulator complex is activated through a lysosomal ‘inside-out’” mechanism, which in turn promotes the GTP-
charging of RagA/B via a GEF function of the Ragulator. Activated Rags then recruit mTORC1 to the lysosomal surface, where mTORC1 can
be activated by Rheb by integrating amino acid signals with other upstream signals converging on the Rheb GTPase. Under conditions of
leucine availability, activated LRS signals to the Rags through the cytoplasmic face of the lysosome.

Amino acid regulation of Rag GTPases requires the
Ragulator complex at the lysosome

Most small G proteins are localized to their target membrane
structures via a prenylated CAAX motif (C is cysteine, A is typi-
cally an aliphatic residue, and X is any amino acid), which is
located at their C-terminus (Ahearn et al.,, 2012). The Rag
GTPases, however, lack such a motif, and it was therefore ori-
ginally not known how the Rags were able to recruit mTORC1
to the lysosomal membrane. Sabatini and colleagues provided
a possible explanation when they identified a complex of pro-
teins that interacts with and is responsible for targeting the
Rags to the lysosomal surface. This complex was termed “Ra-
gulator” and was originally characterized as a trimeric complex
consisting of p18 (LAMTOR1), p14 (LAMTOR2), and MAPK
scaffold protein 1 (MP1; also termed LAMTORS) (Sancak et al.,
2010), but was soon expanded to a pentameric complex that
also includes C70rf59 (LAMTOR4) and hepatitis B virus X inte-
racting protein (HBXIP; also termed LAMTORS) (Bar-Peled et
al., 2012). Lipid modification of one Ragulator component, p18,
through N-terminal myristoylation and palmitoylation, appears
to keep the pentameric complex at the lysosomal surface. Their
study showed that genetic deletion or RNAi-mediated depletion
of any of the Ragulator components was sufficient to disrupt
Rag lysosomal localization and consequently the translocation
of mMTORC1 to the lysosome in response to amino acids.
Therefore, Ragulator appears to be essential for tethering the
Rags to the lysosomal surface, thereby providing the docking
site for mTORC1 at the lysosome under amino acid-sufficient
conditions.

In addition to its role in targeting the Rags to the lysosomal
surface, Ragulator also functions as a guanine nucleotide ex-
change factor (GEF) toward RagA/B in the presence of amino
acids, promoting the exchange of GDP with GTP and thereby
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triggering activation of RagA/B GTPases (Bar-Peled et al.,
2012). Although none of the Ragulator components possess a
canonical domain homologous to any known GEF catalytic
domains, they observed that Ragulator preferentially interacts
with the nucleotide free forms of RagA/B over the nucleotide
bound ones, which is a characteristic of a GEF-GTPase inter-
action, and showed that the pentameric complex by itself dis-
played in vitro GEF activity toward RagA/B, but not toward
RagC/D. Interestingly, somewhat consistent with this role, the
strength of the Rag-Ragulator interaction was dependent on
amino acids; Rag binding affinity to Ragulator was greatly re-
duced by amino acid stimulation when compared to their bind-
ing affinity under amino acid deficiency. These findings suggest
that when amino acids are limiting, Rag GTPases are tethered
at the lysosomal surface in the inactive state via their tight inte-
raction with Ragulator. Upon amino acid stimulation, the Rags
get activated through the GEF function of Ragulator, leading to
decreased binding affinity, which may allow the Rags to expose
an effector domain required for mTORC1 recognition and anc-
horing to the lysosome (Fig. 2). However, since intracellular
localization of Rag GTPases was reported to be very distinctive
depending on their nucleotide-bound state (Sekiguchi et al.,
2001), and the interaction between the Rags and the Ragulator
was greatly reduced when RagA/B is constitutively active (Bar-
Peled et al., 2012), it remains to be determined whether the
Rag GTPases can be dissociated from the Ragulator. Likewise,
it remains unclear what proteins function as a GAP for RagA/B
that would antagonize the Ragulator GEF function by stimulat-
ing the intrinsic GTPase activity of RagA/B.

In yeast, the Gtr1p-Gtr2p heterodimer was shown to be loca-
lized to the vacuole (the yeast equivalent of the lysosome) as
part of the EGO complex that includes Ego1p and Ego3p (Gao
and Kaiser, 2006). The EGO complex plays a role in sorting of
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a general amino acid transporter to the vacuole (Gao and
Kaiser, 2006), and later, as in mammalian cells, the Gtr proteins
were found to be essential for TORC1 activation by amino ac-
ids (Binda et al., 2009). However, their role in recruiting TORC1
doesn’t seem to be conserved because the vacuolar localiza-
tion of TORC1 was not affected by amino acids (Binda et al.,
2009). Although there is no significant sequence similarity be-
tween the EGO and the Ragulator components, the recent
study that solved the crystal structure of Ego3p revealed that it
is structurally similar to the two mammalian Ragulator compo-
nents, MP1 and p14 (Kogan et al., 2010; Kurzbauer et al.,
2004; Zhang et al., 2012). Like p18, Ego1p was also found to
be myristoylated and palimitoylated (Ashrafi et al., 1998; Kogan
et al., 2010). These findings suggest that the role of the Ragula-
tor in tethering the Rags to the lysosome may be structurally
conserved in yeast as the EGO proteins also tether the Girs to
the vacuole. However, the GEF function of the Ragulator doesn’t
seem to be conserved in the EGO complex, as Vam6p (a yeast
homologue of the mammalian vacuolar protein sorting 39) was
proposed to function as a GEF for Gtrip in yeast (Binda et al.,
2009).

The roles of the v-ATPase and leucyl-tRNA synthetase

in sensing amino acids

Although significant advancements have been made in under-
standing the molecular mechanisms of how amino acid signals
are transmitted to mTORC1 through Rag GTPases, it is still
unclear exactly how amino acid sensing is initiated, what mole-
cules are responsible for this initiation, and whether such mole-
cules physically interact with amino acids to detect their pres-
ence. As mentioned above, the Ragulator displays GEF activity
in the presence of amino acids on the lysosomal surface, which
in turn activates the Rags, leading to mTORCH recruitment and
activation on this organelle. Accordingly, Sabatini and col-
leagues have recently reported that the lysosome is the cellular
compartment where amino acid sensing occurs. They proposed
an “inside-out’” model in which accumulation of amino acids
inside the lysosomal lumen evokes the sensing signals, which
are in turn delivered outside of the lysosome through the vacuo-
lar H+-adenosine triphosphatase (v-ATPase), leading to activa-
tion of mMTORC1 via the Ragulator-Rag pathway (Fig. 2) (Zoncu
et al., 2011a). The v-ATPase was identified as another essen-
tial factor for mTORC1 activation in response to amino acids
through screening with RNA interference to a number of known
genes with roles in lysosomal function/biogenesis in Drosophila
S2 cells. The v-ATPase is a large multisubunit proton pump
crucial for maintaining the lysosomal function by lowering the
pH; the peripheral cytosolic V1 domain is responsible for ATP
hydrolysis, which in turn allows rotation of the integral mem-
brane VO domain to pump protons into the lysosomal lumen
and thereby acidify it (Forgac, 2007). In their study, they dem-
onstrated that depletion of v-ATPase subunits or chemical inhi-
bition of its activity was sufficient to inhibit mMTORC1 activation
and its amino acid-stimulated lysosomal localization, illuminat-
ing its essential role in amino acid signaling to mTORC1. Fur-
ther characterization revealed that the v-ATPase is implicated in
mTORC1 activation by directly interacting with the Ragulator-
Rag complex, more specifically with the Ragulator, on the lyso-
somal surface. Amino acid abundance weakens the binding
affinity between the V1 domain of v-ATPase and the Ragulator,
but not the binding between the VO domain and Ragulator,
whereas amino acid deficiency strengthens such binding.
Moreover, chemical inhibition of the v-ATPase prevents amino
acids from regulating these interactions, implying a role for the
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v-ATPase upstream of the Ragulator. These findings also imply
that amino acids may promote the Ragulator GEF activity to-
ward the Rags by altering its interaction with the v-ATPase.
However, it is currently unknown what molecule resides up-
stream of v-ATPase in amino acid sensing and how precisely
this upstream sensor would alter v-ATPase action toward the
Ragulator.

In an effort to further clarify the role of v-ATPase in amino ac-
id signaling to mTORC1 at the lysosome, Zoncu and col-
leagues established a cell free system by immunopurifying Rag
GTPase-bound lysosomes. Using this system, they showed
that the purified lysosomal fraction could recruit myc-raptor from
the cytosolic fraction when amino acids were added to this cell
free system, and that this recruitment was prevented in the
presence of the v-ATPase inhibitor. These findings suggest that
the lysosome appears to contain almost all of the required com-
ponents to sense and signal amino acid availability to mTORC1.
By measuring and modulating amino acid levels within the ly-
sosome, they also demonstrated that accumulation of amino
acids inside the lysosomal lumen was critical for the role of v-
ATPase in promoting mTORC1 recruitment, implying that ami-
no acid signaling to mTORC1 is unlikely to be through the cy-
toplasmic face. However, the lysosomal proton gradient driven
by v-ATPase activity does not seem to be implicated in the
lysosomal accumulation of amino acids, as treatment with an
ionophore that disrupts the lysosomal proton gradient without
affecting v-ATPase functions showed no inhibitory effect on the
Rag-mTORCH1 interaction induced by amino acids. These re-
sults indicate that amino acids appear to be sensed inside the
lysosomal lumen, where they generate an initiating signal that
communicates with v-ATPase, ultimately being transmitted to
mTORC1 through an ‘inside-out’ mechanism. These findings
also raise several questions such as what is the nature of the
driving force that transports amino acids into the lysosome and
what specific type of amino acid transporters are responsible for
accumulation of amino acids inside lysosomes. In addition, as
v-ATPase is well conserved in yeast, it remains an open ques-
tion as to whether the yeast v-ATPase has a similar function as
in mammalian cells.

Importantly, in addition to amino acid sensing at the lyso-
some, two recent studies suggest the existence of another
amino acid sensing mechanism in both yeast and mammals, in
which leucine availability is sensed by the leucyl-tRNA synthe-
tase (LRS) (Bonfils et al., 2012; Han et al., 2012). LRS is the
enzyme that charges leucine to its cognate tRNA and is thus
essential for protein synthesis. Leucine is one of the most cru-
cial amino acids implicated in amino acid-induced mTORC1
activation. The two studies showed that LRS is essential for
amino acid signaling to mTORC1 by promoting activation of the
Gtr/Rag GTPases, although the proposed mechanistic details
are largely different between mammals and yeast. In mammals,
LRS was proposed to be a GAP for RagD, but not RagC, and
was implicated in mMTORCH1 activation in a leucine-dependent
manner by stimulating the formation of the GDP-bound form of
RagD, thereby promoting configuration of the active Rag hete-
rodimer complex (RagA/B-GTP-RagD-GDP) (Han et al., 2012).
In yeast, LRS was shown to preferentially bind to GTP-bound
Gtr1 (the RagA/B homolog) instead of Gtr2 (the RagC/D homo-
log), preventing GTP hydrolysis, leading to TORC1 activation
when leucine is present (Bonfils et al., 2012). Although further
studies are needed to elucidate the precise role of LRS in relay-
ing amino acid signals to TORC1, and to understand its contri-
bution to mTORC1 signaling relative to the lysosome-based
inside-out sensing model, these findings provide a pos-
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Fig. 3. Nutrient signaling to mTORC1. The involvement of glutamine in nutrient regulation of MTORC1 signaling is depicted. Glutamine, as a
free amino acid, promotes amino acid-induced mTORC1 activation by enhancing the uptake of essential amino acids including leucine. In
addition, through metabolism to aKG, glutamine is able to activate Rag GTPases through a leucine/GDH-dependent mechanism. Leucine can
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cellular energy, which is required for the assembly of a functional, dimeric MTORC1 via the TTT-RUVBL1/2 complex and its subsequent ami-

no acid/Rag-dependent lysosomal localization.

sibility that amino acid sensing to control mTORC1 may occur
at various cellular compartments and by different mechanisms.

Glutamine regulates mTORC1 signaling through multiple
mechanisms

Glutamine is the most abundant amino acid in the blood and is
metabolized in the mitochondria through two deamination reac-
tions termed glutaminolysis; glutamine is deaminated by gluta-
minase (GLS) to produce glutamate, which is further deami-
nated by glutamate dehydrogenase (GDH) to produce a-keto-
glutarate (aKG). aKG replenishes the TCA cycle. Glutamate
also serves as a source for glutathione production. Thus, in
addition to glucose, glutamine and its metabolites, participate in
many biological functions important for cell growth including
incorporation into proteins during protein synthesis, contribution
to several biosynthetic reactions including amino acid, fatty acid
and nucleotide synthesis, and engagement in redox reactions
to sustain cellular energy (DeBerardinis et al., 2008). Given
mTORC1’s central roles and the importance of glutamine in cell
growth, glutamine has also been thought to be an important
amino acid for mTORC1 signaling, along with leucine and argi-
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nine. Nicklin et al. (2009) proposed that glutamine transport into
and out of the cell is required for leucine-induced mTORC1
activation. This study showed that in several cell types, intracel-
lular glutamine, which can enter the cell via the Na*-dependent
SLC1A5 transporter, is required for preloading the SLC7A5/
SLC3A2 bidirectional transporter, and the subsequent efflux of
the loaded glutamine drives the uptake of essential amino acids
including leucine, leading to leucine-induced mTORC1 activa-
tion (Fig. 3). This role of glutamine appears to be independent
of glutaminolysis, as glutamate or aKG failed to recover the
loss of glutamine. These findings suggest that glutamine pro-
motes mTORC1 activity as a free amino acid at least in part by
increasing the uptake of amino acids such as leucine.

In contrast to the model proposed by Nicklin et al. where glu-
tamine stimulates mTORC1 indirectly via leucine, recent find-
ings from Duran et al. (2012) suggested that leucine stimulates
mTORCH1 indirectly through its effects on glutaminolysis. They
demonstrated that glutamine, in combination with leucine, in-
creased the GTP charging of exogenously expressed RagB,
promoting mTORC1 activation by enhancing glutaminolysis
and aKG production. Chemical inhibitors or depletion of GLS
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and GDH to block glutaminolysis decreased the GTP charging
of the expressed RagB, mTORC1 lysosomal localization, and
thus its activation in response to glutamine and leucine. Moreo-
ver, single treatment with a cell permeable aKG analog in ami-
no acid-deprived conditions significantly restored mTORC1
lysosomal localization and activation. These results suggest
that glutaminolysis and aKG production may be the key events
for leucine to activate Rag-mTORCH1 signaling (Fig. 3). Com-
bined with the idea that leucine can function as an allosteric
regulator of GDH through direct binding, thus enhancing con-
version of glutamate into aKG, they propose a model where
mTORC1 senses the fluctuations of glutamine and leucine
together by sensing leucine-dependent production of aKG (Fig.
3). However, given that the allosteric activators of GDH includ-
ing leucine do not seem to be essential for GDH catalytic activi-
ty (Fang et al., 2002), and that single treatment with leucine is
sufficient to activate mTORC1 at least compared to that with
glutamine in total amino acid-depleted conditions (Duran et al.,
2012), it is more likely that leucine may promote mTORC1 acti-
vation through multiple mechanisms that involve not just en-
hancement of glutaminolysis but perhaps all mechanisms de-
scribed above (Fig. 3).

Most experiments studying the role of glutamine in mTORCA
signaling have used the strategy of first depriving cells of all
amino acids, followed by stimulation with both glutamine and
leucine. This approach is likely used because while deprivation
of leucine, in the presence of all other nutrients, significantly
inhibits mMTORC1 signaling in many cell types, even long-term
deprivation of glutamine alone results in only a small inhibitory
effect on mTORC1 (Duran et al., 2012; Hara et al., 1998). One
possible explanation for the negligible effect of glutamine with-
drawal on mTORC1 signaling in these studies was that low
levels of glutamine could be compensated for by the presence
of another nutrient. Blenis and colleagues showed that the re-
dundant nutrient was not leucine but instead was another ener-
getic source, glucose. Under conditions of glucose deficiency,
glutamine was the redundant nutrient absolutely required to
meet the energetic needs of cells with high mTORC1 activity
(Choo et al., 2010). Not only was glutamine a critical nutrient
source for this cell survival balancing act, glutamine and glu-
cose were also shown to be essential nutrients for maintaining
mTORC1 signaling (Kim et al., 2013). Kim et al. showed that
the inhibitory effect of glutamine and glucose deprivation on
mTORC1 could be compensated for by the presence of pyru-
vate and other TCA cycle intermediates, but not leucine. When
both glucose and glutamine were depleted, as can happen
during the early stages of tumor growth, before angiogenesis
can provide an adequate nutrient supply, mTORC1 was strongly
inhibited. Interestingly, however, this new mechanism worked
independently of but in collaboration with AMPK- or TSC-
dependent mechanisms. Moreover, ATP depletion by nutrient
deprivation or inhibition of mitochondrial respiration prevented
mTORC1 lysosomal localization even in the presence of amino
acids, and this prevention was not recovered by expression of
the dominant-active RagB. These findings indicated that reple-
nishment of the TCA cycle by the metabolism of glutamine to
oKG, glucose to pyruvate, and ATP production are necessary
for mTORC1 lysosomal localization and thus its activation, but
in this case through an AMPK- and Rag-independent mechan-
ism (Fig. 3). By screening the mouse genome with a siRNA
library in Tsc2-/- cells, Kim et al. discovered that the Tel2-Tti1-
Tti2 (TTT)-RuvB-like 1 and 2 (RUVBL1/2) complex is a key
regulator of MTORCH1 signaling in a TSC-independent manner.
This multiprotein complex is an AAA+ ATPase RUVBL-con-
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taining complex and has been shown to regulate the assembly
and stability of the PISKK containing proteins including mTORC1
(Horejsi et al., 2010; Hurov et al., 2010; Izumi et al., 2010;
Venteicher et al., 2008). Consistent with this, energetic stress
was found to disassemble the TTT-RUVBL1/2 complex and
thus inhibit its ability to stabilize formation of an active dimeric
mTORC1 (Yip et al,, 2010). Furthermore, loss of the TTT-
RUVBL1/2 components or inhibition of the RUVBL ATPase
activity was sufficient to suppress mTORC1 activation by pre-
venting mMTORC1 assembly and its lysosomal localization.
Therefore, this study has discovered a role of the TTT-RUVBL1/2
complex in coupling the cell’s metabolic state to mTORC1 sig-
naling by directly controlling mTORC1’s assembly and thus its
lysosomal localization (Fig. 3). Therefore, as a free amino acid
or as a metabolite through glutaminolysis, glutamine can pro-
mote amino acid-induced mTORCH1 activation by facilitating the
uptake of essential amino acids and by activating Rag GTPases
through an unknown mechanism, respectively. In addition, by
replenishing the TCA cycle, glutamine also contributes to gene-
rating energy sufficient conditions that are necessary for
mTORC1’s functional assembly and its proper localization
through a mechanism involving the TTT-RUVBL1/2 complex.

CONCLUSION

A growing body of evidence has provided much evidence sup-
porting a role for mTORC1 in sensing diverse environmental
conditions and for its ability to link the availability of growth fac-
tors and nutrients such as amino acids and glucose to cell
growth and proliferation. Many significant discoveries from a
number of groups have greatly advanced our understanding of
how a variety of signaling cascades derived from environmental
cues converge on the mTORC1 pathway, leading to the current
model of mMTORC1 regulation. As described in this review, the
molecular mechanisms by which growth factors transmit their
signals to mTORCH1 via the PI3K-Akt and/or Ras-MAPK path-
ways are well characterized. The energetic stress signaling
cascades that inhibit MTORC1 via AMPK-dependent pathways
are also well described. However, how nutrients, particularly
amino acids, are sensed by and relay their signals to mTORC1
has been elusive. Identification of the Rag GTPases and the
subsequent discoveries of the Ragulator and v-ATPase have
greatly improved our understanding of how amino acids regu-
late the mTORC1 pathway. These findings also elucidate the
importance of the lysosomal membrane as an mTORC1 signal-
ing platform for integrating Rag-dependent amino acid inputs
with other upstream inputs converging on Rheb. In addition,
numerous proteins such as LRS, SH3BP4, p62, MAP4KS,
Vps34, PLD, and RalA have been identified and proposed to be
involved in amino acid signaling to mTORC1 (Duran et al.,
2011; Gulati et al., 2008; Han et al., 2012; Kim et al., 2012;
Maehama et al., 2008; Yan et al., 2010; Yoon et al., 2011),
most of which are not discussed in this review due to space
limitations but which are reviewed elsewhere (Jewell and Guan,
2013; Kim and Guan, 2011). These findings not only expand
our knowledge of this signaling cascade but also reveal its
complexity. Moreover, studies with glutamine demonstrate its
dual roles in relaying amino acid and energy signals to
mTORCH1, leading to identification of AMPK-independent ener-
gy regulation of mMTORC1. Despite these advances, much more
work is needed to identify additional key regulators and com-
pletely decipher the mechanistic details of nutrient regulation of
mTORCH1 signaling. In addition to the remaining issues dis-
cussed above, if and how amino acids are sensed at multiple
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sites other than the lysosome remains unknown, as is the pre-
cise nature of amino acid sensors, whether these sensors have
a preference for a certain type of amino acid such as leucine or
arginine, and how these amino acids initiate signaling. Answer-
ing these questions and determining the precise roles of all of
the identified components in amino acid signaling to mTORC1
will ultimately lead us to understand how the cell balances its
growth and survival in accordance with the cell’s nutrient state,
and provide additional therapeutic options for treating metabolic
diseases associated with improper regulation of mMTORC1 such
as diabetes, muscle wasting diseases, neurodegenerative dis-
eases, aging and cancer.
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