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Abstract
The marked increase in skeletal muscle mass during the neonatal period is largely due to a high
rate of postprandial protein synthesis that is modulated by an enhanced sensitivity to insulin and
amino acids. The amino acid signaling pathway leading to the stimulation of protein synthesis has
not been fully elucidated. Among the amino acids, leucine is considered to be a principal anabolic
agent that regulates protein synthesis. mTORC1, which controls protein synthesis, has been
implicated as a target for leucine. Until recently, there have been few studies exploring the role of
amino acids in enhancing muscle protein synthesis in vivo. In this review, we discuss amino acid-
induced protein synthesis in muscle in the neonate, focusing on current knowledge of the role of
amino acids in the activation of mTORC1 leading to mRNA translation. The role of the amino
acid transporters, SNAT2, LAT1, and PAT, in the modulation of mTORC1 activation and the role
of amino acids in the activation of putative regulators of mTORC1, i.e., raptor, Rheb, MAP4K3,
Vps34, and Rag GTPases, are discussed.
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2. INTRODUCTION
The rate of growth is higher during the neonatal period than at any other stage of postnatal
development. The more rapid gain in skeletal muscle mass than in the body as a whole
during this period (1) results in a substantial increase in the proportion of the body protein
pool that is muscle protein. The balance between protein synthesis and degradation is an
important determinant of growth. During the neonatal period, the fractional rate of protein
synthesis of newly formed skeletal muscle is much higher than that of protein degradation
(2). Consequently, the high growth rate of neonatal muscle is mainly due to the high rate of
protein synthesis (3). Our previous studies using neonatal pigs, a well-recognized animal
model for the human neonate, showed that the fractional rate of protein synthesis in skeletal
muscle is very high at birth and declines with age, particularly during the first month of life
(4). This is achieved by an elevated capacity for protein synthesis which is driven by both
the high ribosome content and an increased efficiency of the translation process in skeletal
muscle (5, 6).

During periods of rapid growth, dietary amino acids are used for protein deposition with
exceptionally high efficiency (6). In our previous studies in neonatal pigs, we demonstrated
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that feeding stimulates protein synthesis in all tissues, however, the highest response occurs
in skeletal muscle (7, 8). To understand the mechanism for this response, we examined
potential mediators for the feeding-induced stimulation of protein synthesis in skeletal
muscle (9). There were five candidates that allegedly play a role, four hormones/growth
factors (insulin, insulin-like growth factor-I (IGF-I), growth hormone, and glucagon), amino
acids, and glucose. Due to their inability to both stimulate protein synthesis and increase
rapidly after food ingestion, three candidates (IGF-I, growth hormone, and glucagon) were
rejected (2, 9, 10). From our studies using the pancreatic-substrate clamp technique, which
we developed to identify the independent effects of these factors in the regulation of protein
synthesis (11), we concluded that insulin and amino acids (especially leucine) are the
principal mediators of the postprandial rise in protein synthesis in skeletal muscle of the
neonate (4, 11, 12).

Protein synthesis, one of the metabolic processes that is crucial for life, is complex.
Translation of mRNA consists of three distinct stages: 1) Initiation – initiator tRNA binds to
the start signal on mRNA; 2) Elongation – begins when an aa-tRNA binds to the ribosome A
(amino acyl) site; and 3) Termination – occurs when one of three stop codon is encountered
and the ribosomal subunits then break apart (reviewed in Reference 13). A strong body of
evidence has shown that the postprandial (acute) regulation of protein synthesis is achieved
in part through changes in the rate of mRNA translation via alterations in peptide-chain
initiation, a process that involves enhanced binding of both mRNA and initiator methionyl-
tRNA (met-tRNA) to the 40S ribosomal subunit (reviewed in Reference 14). Both insulin
and amino acids (particularly leucine) independently affect the activation of the initiation
phase of mRNA translation (15–18). While components in the insulin signaling pathway
leading to this metabolic process have been intensively studied and elucidated, amino acid
signaling toward protein synthesis, especially involving the upstream pathway of mTOR, are
complex and less well understood when compared to the insulin signaling pathway.

In this review, we will summarize the role of amino acids in the regulation of protein
synthesis in skeletal muscle of neonatal pigs. This review also aims to outline current
knowledge of the effect of amino acids/leucine on the activation of mTORC1 leading to
mRNA translation. We will also discuss our findings on the mechanism by which amino
acids/leucine regulate signaling components of mRNA translation under physiological
conditions in skeletal muscle of the neonate.

3. REGULATION OF PROTEIN SYNTHESIS IN SKELETAL MUSCLE OF
NEONATES

During the neonatal period, all tissues presumably undergo rapid growth, however, skeletal
muscle comprises a majority of the mass increase, resulting in a substantial increase in the
proportion of the body protein pool that is muscle protein (approximately 45% of body
mass) (2). Our early works suggest that the fractional rate of protein synthesis in skeletal
muscle is elevated at birth and declines sharply with development (11). Feeding markedly
stimulates protein synthesis, particularly in skeletal muscle. This enhanced rate of protein
synthesis in skeletal muscle in response to feeding, thus, supports the rapid growth of the
neonate (2). To elucidate the feeding components responsible for the postprandial rise in
protein synthesis, we utilized our pancreatic-substrate clamp technique and found that
insulin and amino acids independently stimulate protein synthesis. This response to insulin
and amino acids, like the response to feeding, decreases with age (11, 19).
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3.1. Effect of amino acids on protein synthesis in skeletal muscle of neonates
Amino acids are the building blocks of protein in the body, and thus amino acids are critical
elements of the diet. During the neonatal period, muscles grow at a rate that is significantly
greater than that of the body as a whole, and thus, a sufficient amino acid supply for protein
synthesis is crucial (20). Results from in vitro as well as in vivo studies clearly show that
amino acids alone can stimulate protein synthesis (12, 21–23). Studies using perfused
muscle indicate that amino acids are as effective as insulin in stimulating protein synthesis
(24). However, the concentration of amino acids that was used in cell culture and perfused
muscle studies was typically 5 to 10 times higher than physiological levels, arguing against
the physiological relevance of these studies. Furthermore, even if physiological
concentrations of amino acids were used, they were compared to the absence of amino acids
in the medium, a situation that is not physiologically possible (25). Most of the findings
regarding the amino acid-induced stimulation of muscle protein synthesis in vivo were
generated from studies in adult humans or mature animals (26–27). Our laboratory is one of
the few laboratories that study the role of amino acids in the regulation of protein synthesis
in skeletal muscle during the neonatal period.

To examine the role of amino acids in the regulation of muscle protein synthesis,
independent of changes in the circulating level of insulin, we developed a novel pancreatic-
substrate clamp technique (11). This technique overcomes the confounding effects of insulin
by blocking insulin secretion with somatostatin, while glucose and glucagon are maintained
at fasting levels and insulin is maintained at any given level including undetectable (below
fasting), fasting, intermediate, fed, or supraphysiological levels (12). We showed that
infusing a balanced mixture of amino acids into fasting neonatal pigs to mimic levels present
in the fed state increases protein synthesis in skeletal muscle to rates comparable to those of
fed neonatal pigs (11, 12, 19). The stimulation of protein synthesis by amino acids occurs in
the presence of fasting levels of insulin, at insulin concentrations that are intermediate
between the fasting and the fully fed state, and when insulin concentrations are reduced to
undetectable levels using somatostatin to block insulin secretion. The response to amino
acids decreases with age (Figure 1A). The results provide strong evidence of an independent
role of amino acids in the regulation of muscle protein synthesis and suggest that adequate
amounts of amino acids are essential for muscle growth during the neonatal period.

Several lines of evidence have demonstrated that leucine is the most effective single amino
acid to activate protein synthesis in skeletal muscle. Leucine administration either orally or
by infusion in adult humans or mature animals has been shown to enhance protein synthesis
in skeletal muscle (23, 28). Recently, we demonstrated that infusion of physiological levels
of leucine acutely stimulates protein synthesis in skeletal muscle of neonatal pigs (Figure
1B). This anabolic effect appears to be unique for leucine, as increasing circulating
concentrations of the other branched-chain amino acids, isoleucine and valine, to fed levels
does not increase muscle protein synthesis (29). This effect of leucine on neonatal muscle
protein synthesis can be sustained for at least 24 h when the circulating levels of other amino
acids are maintained and the leucine-induced drop in the concentrations of other amino acids
is prevented (30, 31). Similarly, our recent data indicate that leucine supplementation of a
low protein diet can stimulate muscle protein synthesis to a level that is comparable to that
of a high protein diet (Unpublished data).

3.2. Amino acid-induced activation of signaling components leading to mRNA translation
in skeletal muscle of neonates

Several lines of evidence indicate that amino acids are not only used as substrates for protein
synthesis, they also serve as nutrient signals that regulate protein synthesis (32). Work in
vitro and in cell cultures has clearly established that even without stimulation by anabolic
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hormones, such as insulin, amino acids themselves can stimulate mRNA translation (33).
This suggests that amino acids act as anabolic agents that through nutrient signals can up-
regulate the protein synthetic machinery, resulting in an enhanced rate of protein synthesis.

The underlying mechanisms by which amino acids regulate the activation of signaling
components leading to mRNA translation are unclear (Figure 2). While the amino acid
signaling pathway is critical to the cellular regulation of growth, the insulin signaling
pathway senses and coordinates general nutrient status (34). For the sake of comparison, in
this review we have included the insulin signaling pathway in this simple signaling
schematic (Figure 2). The insulin signaling pathway leading to mRNA translation is well
characterized (35–37). Briefly, upon the binding of insulin to its receptor, several
downstream components are activated. The activated insulin receptor triggers the tyrosine
phosphorylation of insulin receptor substrate (IRS) -1/2, followed by the activation of
phosphoinositide 3-kinase (PI 3-kinase). PI 3-kinase then activates phosphoinositide-
dependent kinase-1 (PDK-1), followed by the activation of protein kinase B (PKB). PKB, in
turn, phosphorylates and inactivates tuberous sclerosis complex (TSC) -1/2, resulting in the
activation of mTOR (see further assessment of mTOR regulation below). Activated mTOR
stimulates mRNA translation by phosphorylating its principal effectors, ribosomal protein
S6 kinase (S6K) and eIF4E-binding protein 1 (4E-BP1). Despite overwhelming evidence to
support the assertion that amino acids utilize similar signaling components downstream of
mTOR, the exact mechanisms by which amino acids relay their signal from the cell
membrane to mTOR is still under debate (38, 39).

Our recent studies have shown that either a balanced amino acid mixture or leucine alone
up-regulates muscle protein synthesis in part by stimulating the phosphorylation of 4E-BP1
and S6K1 (11, 22). These findings are consistent with the reports from other in vivo studies
(23). Most of the studies that have described the mechanisms of amino acid sensing to
mTOR were generated from in vitro studies or cell cultures. It is important to note that
several studies indicate that amino acids do not activate mTOR through PKB (39). Using our
pancreatic-substrate clamp technique, we clearly showed that insulin, but not amino acids/
leucine, induce PKB activation (40). There are conflicting data as to whether amino acids
regulate mTOR by inhibiting TSC 1/2 (41). Our data and others support the notion that TSC
1/2 activation is not affected by amino acids/leucine (40). Thus, several lines of evidence
indicate that the sensors for amino acids are located downstream of TSC 1/2 (39).

4. AMINO ACID SENSING MECHANISMS THAT REGULATE MTORC1
Target of rapamycin (TOR) is an important protein kinase that regulates cell growth and is
highly conserved from yeast to humans (42–46). In fact, it is so crucial for life that genetic
studies show that without this protein kinase, an organism cannot survive (46).
Consequently, for decades scientists have been studying the nature of mTOR, hoping to find
effective methods to kill cancer cells (47). Today, thanks to those studies, we are closer to
understanding the molecular mechanisms by which anabolic factors (ranging from hormones
to nutrients) regulate the activation of mTOR (48). Thus, mTOR plays a central role in the
growth stimulating effect of nutrition on skeletal muscle accretion.

mTOR acts as a “hub” that conveys different signals that regulate cellular processes such as
metabolism, gene expression, and protein synthesis (49). mTOR is comprised of two
independently regulated complexes: mTOR complex 1 (mTORC1) and mTOR complex 2
(mTORC2) (Figure 2). mTORC1 consists of mTOR, raptor, and the G-protein beta-like
protein (GbetaL/LST8) while mTORC2 is composed of mTOR, rictor, GbetaL, and mSIN1.
Since mTORC1, but not mTORC2, is involved in nutrient/amino acid sensing, in this review
we will focus on mTORC1.
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4.1 Role of amino acid transporters in the modulation of mTORC1 activation
Unlike hormones or growth factors that have distinct receptors to initiate their signal, the
biological nature of amino acid sensing in the cell membrane is highly debatable. Although
yeast possess amino acid sensors that detect external amino acid levels (Ssy1P) (50), this
mechanism in mammalian cells has not been established. Early studies using in vitro
methods tried to elucidate whether amino acids initiate their signal in the plasma membrane
(51). Nontransportable peptide (Leu8MAP which consist of 8 leucine molecules) treatment
was used in isolated rat hepatocytes and evidence of the existence of a cell-surface receptor
for leucine was shown. However, Lynch et al. (52) failed to detect any effect of Leu8MAP
in isolated rat adipocytes suggesting that more studies are needed to address this hypothesis.
Beugnet et al. (53) offered a more compelling study which showed that increases in the
intracellular amino acid pool up-regulates mTOR signaling, resulting in an increased rate of
protein synthesis and a reduction in protein degradation. More recently, an elegant study has
shown that in order for leucine to activate mTORC1, leucine has to be transported into the
cell by specific amino acid transporters (Figure 3) (54). In this model, intracellular
glutamine accumulation is needed to facilitate leucine transport by the system L amino
transporter.

Since all amino acids are required for cellular protein synthesis, it is apparent that cells need
all amino acid transporters to be working properly. Genetic and biochemical approaches
have been used to elucidate the role of amino acid transporters that are involved in the
regulation of mTORC1 activation leading to mRNA translation (55). From these studies,
only a handful of amino acid transporters have been implicated in mTORC1 activation (55).
Thus, it is beyond the scope of this review to discuss all of the amino acid transporters.

4.1.1. SNAT2—Sodium-coupled neural amino acid transporter 2 (SNAT2) is a principal
isoform of the system A amino acid transporter and is expressed in most extraneural tissues
including skeletal muscle (56). In skeletal muscle, SNAT2 mediates the Na+ -dependent
transport of glutamine (57). Among the first evidence to show the crucial role of SNAT2 in
the amino acid-induced activation of mTORC1 was work performed in cell culture (58). In
that study, down-regulation of SNAT2 abundance and activity by ceramide caused a marked
reduction in protein synthesis due to reduced activation of translation initiation factors
downstream of mTORC1. Evans et al. (59) used a different approach by silencing SNAT2
expression in L6 muscle cells. SNAT2 inhibition caused the depletion of cellular glutamine,
resulting in depletion of other amino acids, notably leucine. Furthermore, lack of SNAT2
activity strongly reduced mTORC1 activation, leading to impairment of protein synthesis.
These findings are consistent with the current model suggested by Nicklin et al. (54) (Figure
3).

SNAT2 is also considered a classical example of an amino acid transceptor (60).
Transceptors can be defined as transporters that exhibit dual functions as transporters and
sensors and their activity has been well established in yeast (60). Although the mechanistic
mode of action is unclear, SNAT2 is capable of sensing and signaling amino acid
availability to the mTORC1 signaling pathway, possibly through a PI 3-kinase dependent
mechanism (59). Another indirect effect of SNAT2 activation is intracellular amino acid
accumulation, which induces cell swelling due to osmotic water movement (61). In skeletal
muscle, cell swelling stimulates the action of system A amino acid transport and the
activation of the mTOR pathway (61). Although in vivo studies regarding the role of
SNAT2 are lacking, a recent study reported that the placental expression of SNAT2 was
markedly reduced in dams that consumed a low protein diet (62). Furthermore, a recent
study showed that SNAT2 protein abundance was up-regulated in human skeletal muscle 2–
3 hours after ingestion of essential amino acids (63). Our work (unpublished data) also
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suggests that in skeletal muscle of neonatal pigs, SNAT2 protein abundance is
developmentally regulated, consistent with the developmental decline in the activation of
mTORC1 (64). Considering that SNAT2 is not the only glutamine transporter in skeletal
muscle, the notion that SNAT2 is crucial for mTORC1 activation is intriguing. To further
understand the important contribution of SNAT2 to the regulation of protein synthesis in
whole animals, more studies are needed.

4.1.2. LAT1—System L amino acid transporter 1 (LAT 1) is a Na+-independent amino acid
transporter that facilitates the transport of large neutral amino acids such as phenylalanine,
tyrosine, leucine, and tryptophan (65). To function, LAT1 requires the formation of a
heterodimer complex with 4F2hc/CD98 (a heavy chain of the cell surface antigen) (66).
Using a Xenopus oocytes expression system, several studies showed that LAT1 is an
obligatory exchanger with a 1:1 stoichiometry and its function is controlled by intracellular
amino acids (65). As shown in Figure 3, intracellular glutamine is crucial for cellular uptake
of leucine through LAT1. LAT1 is expressed in various tissues including skeletal muscle
(67). Interestingly, LAT1 expression is significantly up-regulated in various cancer cells,
making it an excellent target for cancer therapy (68). Recent studies showed that a LAT1
inhibitor blocked the transport of leucine, resulting in the suppression of cancer cell growth
(68). While the role of LAT1 in vivo is less well studied, it is interesting to find that LAT1
abundance in skeletal muscle of pigs is significantly higher during the neonatal period than
in older pigs and is positively correlated with the activation of mTOR (unpublished data). In
human skeletal muscle, Dummond et al. (63) recently showed that LAT1 protein abundance
was significantly increased 3 hours after the ingestion of essential amino acids.

4.1.3. PAT—Genetic study in Drosophila highlighted the proton-assisted amino acid
transporter (PAT) family as important transporters that have potent effects on growth (69).
In general, PAT facilitates the transport of simple amino acids such as alanine, glycine, and
proline. However, a recent study in Xenopus oocytes suggested that the PATs act as
transceptors (55). PATs use a signaling- rather than a transport-dependent mechanism to
regulate mTOR activation (69). In this model (Figure 4), upon activation, PAT undergoes
internalization in the form of endosomes. These PAT-activated endosomes then interact with
the mTORC1-rheb-rag complex, resulting in the activation of mTORC1 (69). Interestingly,
several lines of compelling evidence suggest that PAT-activated endosomes are not only
crucial for amino acid-induced activation of mTORC1, but also important for insulin-
activated mTORC1, as well (69). At this point, the study of the PATs in mammalian species
is very limited. A recent cell culture study indicated that the PAT isoforms, PAT1 and
PAT4, are regulators of the amino-acid-dependent activation of mTORC1 in human MCF-7
breast cancer and HEK-293 cell lines (70). In addition, a recent human study showed that
the mRNA of PAT1 in skeletal muscle was induced 1 hour after ingestion of essential amino
acids (63). Our observations (64) also indicate that the protein abundance of another PAT
isoform (PAT2) was highly expressed in skeletal muscle of neonatal pigs and was
developmentally regulated. These early observations on the role of PATs in mTORC1
activation in cell cultures and on the abundance in skeletal muscle of mammalian species
have shed new light regarding the role of PAT in mTORC1 activation.

4.2. Role of amino acids in the activation of putative intracellular regulators of mTORC1
For more that a decade, investigators have studied the molecular mechanism by which
amino acids activate mTORC1 leading to the stimulation of protein synthesis (39). Control
of mTORC1 regulation by amino acids is complex and has not been completely elucidated.
Understanding the exact role of amino acids in triggering the activation of mTORC1 has
been challenging due to multiple targets in various cell types (75). There are several
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regulators of mTORC1 that potentially can be regulated by amino acids, and these include
raptor, Rheb, MAP4K3, Vps34, and Rag GTPases (39) (Figure 2).

4.2.1. Raptor—Regulatory associated protein of mTOR (raptor) is a 150 kDa binding
protein and is a critical component of mTORC1 that regulates cell growth in response to
nutrient levels by associating with mTOR (71). Genetic studies have shown that raptor
deletion is embryonic lethal in mice, suggesting that raptor is an important component of
mTORC1 (72). Raptor binding to mTOR is essential for mTOR to effectively phosphorylate
downstream substrates such as S6K1 and 4EBP1 (73). The nature of raptor-mTOR
interaction, in connection with mTORC1 activation, is unclear. Cell culture studies indicate
that the interaction of mTOR and raptor is partly responsible for the activation of mTORC1
(71). However, our in vivo studies (74, 31) and others (75) show that neither feeding, amino
acid infusion, nor leucine infusion affects the interaction of mTOR with raptor.
Nevertheless, it is clear that raptor-mTOR association plays a crucial role in mTORC1
activation, since the disruption of this complex by rapamycin severely inhibits the activation
of mTORC1 (76). To examine the importance of the raptor-mTOR association in vivo, we
conducted a study on the effect of rapamycin on the leucine-induced stimulation of protein
synthesis and the leucine-regulated activation of translation initiation factors in skeletal
muscle of neonatal pigs (74). Rapamycin treatment completely blocked the leucine-induced
stimulation of muscle protein synthesis (Figure 5A), which was partly due to a severe
reduction in the raptor-mTOR interaction (Figure 5B). As a consequence of raptor-mTOR
complex inhibition, the phosphorylation of S6K1 and 4EBP1 was significantly reduced
(Figure 5C and 5D, respectively). Taken together, our study demonstrates that raptor-mTOR
interaction in vivo is crucial for the mTORC1 pathway leading towards protein synthesis.

4.2.2. Rheb—The protein, Ras homolog enriched in brain (Rheb), plays a key role as a
positive regulator of the mTORC1 pathway in integrating inputs from nutrient and growth
factors for cell growth (77). An early observation concerning Rheb function revealed that
this small GTPase is located downstream of TSC 1/2 and is very crucial for TOR activation
(78). While it is clear that in order to activate mTORC1, insulin must inactivate TSC 1/2 (a
GTPase-activator complex for Rheb), and that Rheb-GTP activates mTORC1, the amino
acid pathways that lead to Rheb-induced activation of mTORC1 are more complicated (79).
Although it is becoming apparent that amino acids do not regulate Rheb through TSC 1/2,
the amino acid sensing mechanisms toward mTORC1 seems to be more complicated than
initially anticipated (79). Early evidence from cell culture work suggests that Rheb binds
directly to the amino-terminal lobe of the mTOR catalytic domain and activates mTORC1 in
a GTP dependent manner (80). The authors further showed that withdrawal of all
extracellular amino acids or just leucine from the culture medium inhibits Rheb-mTORC1
interaction. While the interaction of Rheb with mTORC1 appears crucial for mTORC1
activation, it does not induce autophosphorylation of mTOR (81). We have tried to detect
Rheb-mTORC1 interaction in vivo but without success. This is probably due to the transient
nature of the Rheb-mTORC1 interaction present during in vivo conditions. Furthermore,
when we determined the protein abundance of Rheb in neonatal pigs, we did not find any
developmental effect, suggesting that more studies are needed to elucidate the role of Rheb
in the regulation of mTORC1 in skeletal muscle of neonates.

More recently, a new mode of action of Rheb in the regulation of mTORC1 was revealed by
Bai et al. (82). In this model, it was proposed that Rheb regulates mTOR through an
inhibitor called FK506-biding protein 38 (FKBP38). Under amino acid-rich conditions,
Rheb directly interacts with FKBP38 and prevents its association with mTOR in a GTP-
dependent manner. In this experimental condition, however, it was not clear whether the
presence of subpopulations of Rheb that interacted with mTOR were taken into account.
Furthermore, several findings from in vitro and cell culture studies appear to be
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unsupportive of this model. Using HEK293 cells, Wang et al. (83) confirmed that Rheb
binds to FKBP38, but this binding was not affected by amino acids and had no effect on
mTORC1 activation. In a more recent study, Uhlenbrock et al. (84) conducted a
comprehensive biochemical characterization of the Rheb-FKBP38 interaction and found no
detectable interaction between Rheb and FKBP38. Our efforts to determine an effect of
amino acids on the Rheb-FKBP38 interaction in skeletal muscle of neonatal pigs resulted in
no detection of an interaction (64). However, we were able to detect the presence of
FKBP38 in skeletal muscle of neonatal pigs, although its protein abundance was not affected
by age (64).

In another model, Sun et al. (85) suggested that phospholipase D1 (PLD1) plays a key role
in the Rheb-induced activation of mTOR1. They found that upon growth factor or amino
acid induction, Rheb binds and activates PLD1. Activated PLD1 generates the production of
phosphatidic acid (PA), a lipid second messenger that can mediate the activation of
mTORC1 (86). Whether PLD1 will be identified as the long sought after Rheb effector
linking Rheb to mTORC1 is still unclear. Interestingly, we recently showed that Rheb forms
a protein-protein complex with PLD1 and the abundance of this complex is developmentally
regulated, consistent with the activation of mTORC1 in skeletal muscle of neonatal pigs.
Nevertheless, more in vivo studies are needed to determine the role of the Rheb-PLD1
pathway in the amino acid-induced activation of mTORC1.

4.2.3. MAP4K3—Mitogen-activated protein kinase kinase kinase kinase-3 (MAP4K3) is a
new component that has been implicated as part of the amino-acid sensing pathway toward
mTORC1 activation (87). MAP4K3 was recognized as a Drosophila protein kinase
responsible for the activation of dS6K, an effector of mTOR (87). Further tests using
mammalian cell lines provided convincing evidence that MAP4K3 serves as an amino acid
sensor responsible for activating mTORC1. Unlike Rheb, MAP4K3 is regulated by amino
acids, but not by insulin (88), although the exact molecular mechanism by which activated
MAP4K3 promotes mTORC1 activation is not well understood. However, recent
observations from this same group identified a transautophosphorylation site in the
MAP4K3 kinase activation segment (Ser170) that is required for MAP4K3 activity (89).
The study showed that when amino acids were removed from the cell culture media, Ser170
of MAP4K3 is dephosphorylated by protein phosphatase 2 A (PP2A). Nonetheless, how
amino acid sufficiency triggers the phosphorylation of MAP4K3 at Ser170 is unknown. A
recent genetic study in Drosophila revealed that MAP4K3 is a regulator of animal growth
and metabolism (90). MAP4K3 mutants display phenotypes characteristic of low mTOC1
activity, i.e., reduced growth rate, small body size, and low lipid reserves (90). The possible
role of MAP4K3 in the regulation of animal growth in mammalian species is yet to be
studied in detail.

4.2.4. Vps34—The class III PI3K, vacuolar protein sorting 34 (Vps34), is the primordial
member of the PI 3 kinase family involved in vesicular trafficking, nutrient signaling, and
autophagy (91). In 2005, two independent groups discovered almost simultaneously that
human Vps34 (hVps34) acts as sensor that mediates amino acid sensing to mTOR, resulting
in activation of mTORC1 (91, 92). The molecular mechanism by which hVps34 regulates
mTORC1 activation is largely unknown and highly controversial. Early findings showed
that introduction of amino acids to culture media induces a rise in intracellular Ca2+, leading
to enhanced binding of calmodulin (CaM) to hVps34, resulting in the activation of
mTORC1 (92). However, this hypothesis was strongly disputed by Backer’s group (93). In
their hands, hVps34 activity toward mTORC1 is independent of Ca2+/CaM. Instead, they
proposed that hVps34 activity is regulated through its interactions with hVps15 (93). Since
both of the groups used mammalian cell lines in their studies, the exact mechanism of amino
acid-induced activation of mTORC1 via hVps34 in the whole animal (mammalian species)
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still needs to be elucidated. Interestingly, deletion of Vps34 gene in Drosophila had no effect
on TOR signaling. Furthermore, unlike mTORC1 activation, the protein abundance of
Vps34 in skeletal muscle of neonatal pigs is not affected by age (64). Since Vps34 is
considered to be one of the “true” amino acid sensors (i.e., is not affected by hormones/
growth factors), in vivo studies are warranted to evaluate the role of Vps34 in protein
synthesis.

4.2.4. Rag GTPases—Two independent investigators with different research approaches
have reported that Rag GTPases are important for amino acid-induced mTORC1 activation
(94, 95). In mammals, the Rag subfamily of Ras small GTPases consist of four members;
RagA, RagB, RagC, and RagD (94, 95). They exist in a heterodimer of RagA or RagB with
RagC or RagD (94, 95). Using HEK293 cells, Sancak et al. (94) showed that the
introduction of expressed mutant Rag GTPases (permanently bound to GDP) induced a
reduction in the activation of mTORC1. Conversely, the introduction of other mutant Rag
GTPases resulted in increased mTORC1 activation and exhibited resistance to inhibition by
amino acid removal. Convincing evidence has shed new light on the molecular mechanism
by which Rag GTPases activate mTORC1 (94,95). These studies suggest that in order to
activate mTORC1, first, Rag GTPases have to directly interact with raptor, which is
facilitated by amino acids. However, an in vitro study also showed that Rag GTPases-raptor
association does not stimulate mTORC1 kinase activity, but that Rheb is necessary for Rag
GTPase-induced activation of mTOR. Thus, the recent model is as follows: an amino acid
signal induces RagA or RagB-GTP binding, resulting in their interaction with raptor. This
interaction then promotes the relocation of mTORC1 to vesicles containing Rheb. By an as
yet unknown mechanism, these protein-protein interactions initiate the activation of
mTORC1. To the best of our knowledge, to date there has been no study that has examined
this hypothesis in vivo. Interestingly, in our initial observations we detected a RagB-raptor
association in skeletal muscle of neonatal pigs. Consistent with the activation of mTORC1,
RagB-raptor association also decreased with age (64). Although these preliminary data are
convincing, more in vivo studies are needed to elucidate the role of Rag GTPases in the
regulation of protein synthesis in skeletal muscle.

5. AMINO ACID SENSING MECHANISMS THAT REGULATE TRANSLATION
INITIATION AND ELONGATION

Principally, protein synthesis is controlled at the level of the translation initiation stage
which allows the rapid and reversible control of gene expression (96, 97). However, the
process of translation elongation, which requires a substantial amount of metabolic energy,
is also important for protein synthesis (98). There is a large body of evidence indicating the
involvement of amino acids in the regulation of these two metabolically important processes
(17).

Even though translation initiation in eukaryotes involves multiple steps, two are
predominantly essential steps for the overall process: the binding of initiator methionyl-
tRNA (met-tRNAi) to the 40S ribosomal subunit to form the 43S preinitiation complex, and
the binding of mRNA to the 43S preinitiation complex (99). In the first step, eIF2 binds
GTP and met-tRNAi, resulting in the ternary complex that binds to the 40S ribosomal
subunit (reviewed in Reference 100). In the next step, the GTP bound to eIF2 is hydrolyzed
to GDP, and the eIF2-GDP binary complex is detached from the ribosome. In this process,
in order for eIF2 to bind to tRNAi and reform the active ternary complex, the GDP bound to
eIF2 must be exchanged for GTP by the action of eIF2B. Thus, eIF2B catalyzes the guanine
nucleotide exchange reaction to refurnish the eIF2-GTP pool (96). Cells contain a limited
amount of eIF2B compared with eIF2, therefore, eIF2B is considered a main regulator of the
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overall rate of translation initiation (101). There are several ways to regulate the activity of
eIF2B. The most recognized mechanism is the inhibition of eIF2B activity through the
phosphorylation of the alpha-subunit of eIF2 (100) (Figure 6). The phosphorylation state of
eIF2alpha transforms this signaling component into a potent inhibitor for eIF2B, resulting in
the sequestering eIF2B into a nonproductive complex that prevents further the initiation
process (100). Considering that all mRNA translation begins with met-tRNAi, the state of
eIF2alpha phosphorylation is crucial for the up- or down-regulation of the synthesis of
almost all proteins (100). Under various stress conditions, such as fasting or starvation,
eIF2B activity is decreased, resulting in the reduction of protein synthesis (101).
Interestingly, the results from our study (102) and others (103) showed that refeeding the
animals after an overnight fast does not alter eIF2B activity. Conversely, in young humans,
ingestion of essential amino acids after a bout of resistance exercise reduced eIF2alpha
phosphorylation which positively correlated with the increase in muscle protein synthesis
(26). In an acute study, orally administration of leucine had no effect on the eIF2alpha
phosphorylation in rat skeletal muscle (23). However, in a relatively chronic study in our
laboratory, 24 hour leucine infusion reduced eIF2alpha phosphorylation in parallel with an
increase in muscle protein synthesis in neonatal pigs (31).

The second predominant step of translation initiation, the binding of mRNA to the initiation
complex is facilitated by a group of initiation factors called eIF4F complex (reviewed in
Reference 99). The eIF4F is comprised of eIF4A, an RNA helicase, eIF4E, the protein that
binds the m7GTP cap at the 5′-end on the mRNA, and eIF4G, a scaffolding protein that
binds to eIF4A and eIF4E and also binds to the 43S preinitiation complex. The eIF4E-eIF4G
complex, which is highly regulated by 4E-BP1, is crucial for the 43S preinitiation complex
binding with mRNA. 4EBP1 acts as a potent inhibitor of translation initiation by partnering
with eIF4E. Thus, when unphosphorylated, 4E-BP1 forms an inactive complex with eIF4E,
resulting in the inhibition of translation initiation. On the contrary, in the
hyperphosphorylated state, 4E-BP1 is no longer able to bind to eIF4E; this allows eIF4E and
eIF4G to form an active complex (Figure 6). Both insulin and amino acids can induce
phosphorylation of 4E-BP1 in an mTORC1-dependent fashion (17). Our studies using
neonatal pigs clearly showed that either amino acid infusion or infusion of leucine alone
significantly enhances the phosphorylation of 4E-BP1 in skeletal muscle (17, 22). Our
results are in agreement with those of Anthony et al. (23) who showed that leucine
stimulates phosphorylation of 4E-BP1 in skeletal muscle of mature rats.

Another mechanism that regulates the selection of mRNAs for translation (reviewed in
Reference 99) involves modulation of the activity of the 70 kDa ribosomal protein (rp)S6
kinase (S6K1). Its target, rpS6 (Figure 6), is associated with the regulation of translation of
mRNAs that contain an uninterrupted stretch of pyrimidine residues adjacent to the 5′-cap
structure. These mRNAs are called terminal oligopyrimidine (TOP) mRNAs. Several pieces
of evidence suggest that TOP mRNAs are coded for proteins involved in the protein
synthetic apparatuses, such as ribosomal proteins, elongation factors, and poly (A) binding
proteins. Thus, it is suggested that the activation of S6K1 is closely related with increasing
the protein synthetic capacity of cells. Interestingly, our studies (17, 22) and others (23)
show that amino acids as well as leucine significantly induce the activation of S6K1 by
enhancing its phosphorylation.

During the elongation process, eukaryotic elongation factor 2 (eEF2) plays a crucial role in
protein synthesis by catalyzing the translocation of two tRNAs and the mRNA after peptidyl
transfer on the 80 S ribosome (104). Thus, eEF2 is responsible for mediating the
translocation of the ribosome relative to the mRNA after addition of each amino acid to the
nascent chain (98). The activity of eEF2 is regulated by reversible phosphorylation at Thr56,
located within the GTP-binding domain of the protein (105). The kinase that catalyzes the

Suryawan and Davis Page 10

Front Biosci. Author manuscript; available in PMC 2012 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



phosphorylation of eEF2 is eEF2 kinase (98). Thus, phosphorylation of eEF2 by eEF2
kinase causes inactivation of eEF2, resulting in inhibition of the elongation process (98).
Both insulin and amino acids have been shown to positively regulate the activation of eEF2
by inhibiting eEF2 kinase activation in an mTORC1-dependent mechanism (Figure 6) (98).
Several in vivo studies (26, 106) including ours (74) indicate that administration of amino
acids or leucine does not affect the phosphorylation of eEF2, suggesting that under normal
physiological conditions, eEF2 is continuously active and the elongation process is not
limiting for protein synthesis.

6. SUMMARY AND PERSPECTIVES
Using neonatal pigs, a widely accepted model for human infants, we have made significant
progress in determining the effect of feeding on the rate of protein synthesis in skeletal
muscle, a marker for neonatal growth. We have revealed that both insulin and amino acids
independently regulate protein synthesis in skeletal muscle of neonates. Furthermore, we
have also demonstrated that the high postprandial rate of protein synthesis in neonates is in
part due to the enhanced activation of insulin/amino acid signaling components leading to
mRNA translation. Unlike the insulin signaling pathway, the amino acid signaling pathway
that controls protein synthesis is less well understood. Since the contribution of amino acids
in supporting optimum growth in the infant is evident, the understanding of how amino acids
regulate protein synthesis in skeletal muscle is essential.

For decades, scientists have used biochemical and genetic tools to unravel the complexities
of the amino acid signaling pathways. The initial characterization of these pathways has
shown that TOR is a vital target for amino acid sensing. While TOR downstream pathways
that regulate protein synthesis are well characterized, the upstream pathways consisting of
amino acid sensing components are not well understood at present. It is becoming clear that
amino acid transporters serve as initial responders for amino acid sensing. Additionally,
amino acid transceptors are also involved in the amino acid pathways that activate TORC1
activation, as least in the Drosophila model. Many other amino acid components/sensors
have also been found to facilitate amino acid sensing, including raptor, Rheb, MAP4K4,
Vps34, and Rag GTPases. Although each of these components has its own distinct pathway,
the overall understanding of how amino acids regulate mTORC1 activation is still sketchy.
Moreover, there are discrepancies regarding different models of the amino acid sensing
pathways, which are probably due in part to the use of different cell lines or laboratory
conditions. More importantly, the roles of amino acid transporter/transceptors and amino
acid sensing components have not been fully studied in whole animals. On the contrary, our
understanding on the effect of amino acids on the activation of signaling components down
stream of mTORC1 seems to be much more settled. Taken together, increased knowledge of
the molecular mechanisms that regulate amino acid signaling in vivo may provide important
new information that will lead to the development of nutritional interventions to enhance the
growth of low birth weight infants.
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Abbreviations

mTORC1/2 mammalian target of rapamycin complex 1/2

IGF-I insulin-like growth factorI

met-tRNA methionyl-tRNA

PI 3-kinase phosphoinositide 3-kinase

PDK-1 phosphoinositide-dependent kinase-1

PKB protein kinase B

TSC1/2 tuberous sclerosis complex

S6K protein S6 kinase

4E-BP1 eIF4E-binding protein 1

GbetaL G-protein beta-like protein

SNAT2 sodium-coupled neural amino acid transporter 2

LAT 1 system L amino acid transporter 1

PAT proton-assisted amino acid transporter

raptor regulatory associated protein of mTOR

Rheb Ras homolog enriched in brain

FKBP38 FK506-biding protein 38

PLD1 phospholipase D1

MAP4K3 mitogen-activated protein kinase kinase kinase kinase-3

Vps34 class III PI3K vacuolar protein sorting 34

CaM calmodulin

met-tRNAi methionyl-tRNA

eIF eukaryotic initiation factor

rpS6 ribosomal protein S6

eEF2 eukaryotic elongation factor 2
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Figure 1.
Fractional rates of protein synthesis in longissimus dorsi (LD) muscle of 6- and 26-day-old
pigs in response to euinsulinemic-euglycemic-euaminoacidemic conditions (C),
euinsulinemic-euglycemic-hyperaminoacidemic clamps (AA), and hyperinsulinemic-
euglycemic-euaminoacidemic clamps (INS) (panel A). Fractional rates of protein synthesis
in LD muscle of 6-day-old pigs in response to individual infusion of the branched-chain
amino acids, leucine (Leu), isoleucine (Iso) and valine (Val), in comparison with saline
(sal)/control (panel B). Values are means ± SEM, means with different letters differ at P <
0.05.
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Figure 2.
Recent concepts of the insulin- and amino acid-induced activation of mTORC1.
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Figure 3.
The regulation of leucine transport by glutamine leading to the activation of mTORC1 and
protein synthesis.
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Figure 4.
The molecular model of amino acid-induced activation of mTORC1 and protein synthesis
by PAT2.
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Figure 5.
Fractional rates of protein synthesis (A), raptor-mTOR interaction (B), S6K1
phosphorylation (C) and 4E-BP1 phosphorylation in longissimus dorsi (LD) muscle of 7-
day-old pigs after 60 min of infusion of saline (Sal), 400 μmol·kg−1·h−1 leucine (Leu), and
leucine with rapamycin (Leu+Rap). Values are means ± SEM; means with different letters
differ at P < 0.05.
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Figure 6.
The regulation of protein synthesis by amino acids and insulin.
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