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Abstract

Purpose of the Review—To highlight recent research pertaining to the cellular mechanisms
linking amino acid availability, mTORC1 signaling, and muscle protein metabolism.

Recent Findings—Activation of the mTORC1 pathway in response to amino acids may be
dependent upon cellular re-localizaiton of mMTORC1, a process that appears to involve the Rag
GTPases. Recent studies have also identified other intracellular proteins, such as hVps34 and
MAP4K3, and specific amino acid transporters as necessary links between amino acid availablity
and mTORCL. In human skeletal muscle, it appears that mTORC1 activity increases the
expression of several amino acid transporters, which may be an important adaptive response to
sensitize muscle to a subsequent increase in amino acid availability.

Summary—The precise cellular mechansims linking amino acids to mTORCL signaling and
muscle protein metabolism are currently not well understood. More defined cellular mechansims
are beginning to emerge suggesting a role for several intracellular proteins including h\Vps34,
MAP4K3, and the Rag GTPases. Additionally, specific amino acid transporters may have a role
both upstream and downstream of mTORC1. Continued investigation into the precise cellular
mechanisms linking amino acid availablity and muscle protein metabolsim will help facilitate
improvements in existing therapies for conditions of muscle wasting.
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Introduction

The associated loss of skeletal muscle mass and strength represents an important hurdle in
the treatment and/or rehabilitation for numerous clinical conditions such as cancer, sepsis,
AIDS, and aging. In fact, decreases in skeletal muscle size and function not only negatively
impact physical function, but muscle wasting also greatly impairs overall metabolic health
since muscle serves as a primary substrate storage site and donor for metabolic and immune
processes during injury, malnutrition, and disease [1]. Furthermore, the deleterious effects of
muscle wasting are particularly evident in the growing elderly population, as the dramatic
reduction in muscle size that accompanies advancing age, termed sarcopenia, increases
injury risk, extends rehabilitation time, and decreases physical independence and overall
quality of life [2-4]. Given these overwhelming side effects and the multitude of clinical
conditions associated with muscle wasting, interventions that can be utilized in a variety of
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clinical settings to help maintain, or even increase muscle size are critical to reduce
complications, increase function, and improve quality of life.

Nutritional interventions, in particular those involving an increase in amino acid availability,
have routinely been shown to rapidly elevate the rate of muscle protein synthesis [5-13], and
therefore represent a unique strategy that may help counteract muscle wasting and can easily
be employed in most if not all clinical settings. While there is little question about the ability
for increased intracellular amino acid availability to promote muscle anabolism, the
particular cellular mechanisms responsible are only recently beginning to be unraveled.
Understanding these precise cellular mechanisms will help facilitate the development of
more effective therapeutic strategies for conditions of muscle wasting and decreased muscle
function. Therefore, the focus of this review is to highlight recent advancements in the
understanding of the cellular mechanisms that regulate human muscle protein metabolism
during amino acid sufficiency.

Amino Acid Availability and Human Muscle Protein Synthesis

It is very well documented that increased amino acid availability stimulates human muscle
protein synthesis [5-13]. Moreover, the ability for nutrients to increase protein synthesis is
observed to a similar degree in multiple human muscles that display unique morphological
and functional characteristics [5,14]. The elevation in muscle protein synthesis following an
increase in amino acid availability is transient such that it peaks after approximately one to
two hours which is subsequently followed by a rapid decline [7,15]. Although the time
course for muscle protein synthesis is relatively short lived, the peak synthesis rate elicited
by increased amino acids is greater than that elicited by acute resistance exercise performed
in the fasted state [16,17]. Furthermore, in addition to stimulating muscle protein synthesis,
ingestion of amino acids also rapidly alters gene expression, which may be regulated by
various microRNAs [18].

It has previously been suggested that human muscle protein synthesis is regulated by
extracellular amino acid availability during a continuous amino acid infusion [19]. In
contrast, more recent work indicates that intracellular amino acid availability, particularly
leucine, may be a principle regulator of human skeletal muscle protein synthesis following
ingestion of amino acids [15]. The discrepancy between studies may be explained by
differences in the method of amino acid delivery or by differences in the length of the
protein synthesis measurement and relative timing of the determination of intracellular
amino acid concentration. Nevertheless, it is likely that both intracellular and extracellular
amino acid availability in some manner contribute to the regulation of muscle protein
synthesis [20], however, future research is necessary to better define the specific role and
mechanistic link of each amino acid pool to human muscle protein synthesis.

The stimulatory effect of amino acids on muscle protein synthesis appears to be driven
primarily by increases in essential amino acid availability [11]. Of the essential amino acids,
leucine appears to have a profound effect on stimulating muscle protein synthesis [21,22]
and therefore recent investigations have examined the effect of leucine-enriched solutions on
muscle protein metabolism [15,23-26]. These studies have shown that addition of extra
leucine to a high-quality protein or essential amino acid solution does not further increase
muscle protein synthesis at rest or following exercise in young individuals, however,
additional leucine may promote a more anabolic environment through a slight decrease in
the rate of muscle protein breakdown [15,23,25,26]. For example, Glynn et al. [15] recently
examined muscle protein synthesis in two groups of individuals who ingested a solution of
either 10 g of essential amino acids representative of a high-quality protein (leucine, 1.8 g)
or 10 g of essential amino acids enriched in leucine (leucine, 3.5 g). Despite a higher arterial
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leucine concentration and a greater leucine delivery to the muscle in the leucine enriched
group, intracellular leucine availability and muscle protein synthesis were elevated to a
similar extent in both groups following ingestion. These results suggest, at least in young
individuals, that a leucine concentration representative of a high-quality protein is sufficient
to induce a maximal muscle protein synthesis rate and that muscle protein synthesis may be
regulated by intracellular leucine availability. On the other hand, the extra leucine did appear
to decrease markers of muscle protein breakdown, suggesting that additional leucine instead
may promote a more anabolic response through a reduction in muscle protein breakdown
[15]. Future research is necessary to more clearly define the role of leucine in human muscle
protein breakdown.

In contrast to young individuals, older individuals appear to have an attenuated anabolic
response to a lower dose of essential amino acids [27] and the inability to respond as
robustly to nutrition has been suggested as a key factor responsible for the development of
sarcopenia. Acutely, it appears the attenuated muscle protein anabolic response can be
restored to that experienced by younger individuals by ingesting greater amounts (>15 g) of
amino acids [12] or increasing the leucine content of a supplement [23,24]. On the other
hand, Verhoeven et al. [28] recently examined changes in muscle mass and strength
following three months of leucine supplementation (7.5 g/day) in 71 year old male subjects.
These investigators did not observe any changes in muscle mass or strength following the
supplementation period, which may have been due to the subjects already consuming a diet
sufficiently high in protein.

MTORC1 Regulation of Muscle Protein Synthesis

The ability of essential amino acids, in particular leucine, to stimulate muscle protein
synthesis relies upon key intracellular signaling pathways that transmit a cellular signal (i.e.,
elevation in essential amino acids) to initiate translation initiation. Specifically, the increase
in leucine availability in the muscle cell, in conjunction with the transient elevation in
insulin levels brought about by oral leucine ingestion [15,29], activate independent pathways
that appear to converge at the mammalian target of rapamycin complex 1 (mMTORC1)
[21,30]. Upon activation, mTORC1 phosphorylates its down stream targets, ribosomal
protein S6 kinase 1 (S6K1) and 4E binding protein 1 (4E-BP1), subsequently enhancing
translation initiation. In particular, the hyperphosphorylation of 4E-BP1, via mTORC1
kinase activity, stimulates the release of eukaryotic initiation factor 4E (elF4E) from 4E-
BP1, therefore allowing elF4E to bind with elF4G and elF4A to form the elF4F translation
initiation complex [31]. Increased leucine availability has been shown to stimulate the
formation of the elF4F complex, both dependent and independent of insulin [29,32],
indicating leucine stimulates muscle protein synthesis primarily through an increased
capacity to bind mRNA during translation initiation. Moreover, the ability for increased
leucine availability to stimulate muscle protein synthesis and the formation of the elF4F
complex has been shown to be completely attenuated with administration of rapamycin, a
potent mTORCL inhibitor, indicating the ability for leucine to stimulate muscle protein
synthesis is dependent on mTORC1 signaling [21].

Intracellular Proteins Linking Amino Acid Availability and mTORC1

Activation

While knowledge regarding the events downstream of mTORCL1 in response to amino acid
availability are relatively well understood, a looming question in the study of amino acids
and their effect on protein metabolism is how do amino acids regulate mTORC1 activity
(i.e., what are the events upstream of mMTORC1)? Recent investigations using non-human
models have begun to uncover several potential upstream effectors of mMTORC1 activity that
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appear to be sensitive to amino acid availability. However, it should be noted that although
these studies provide compelling evidence, a notable lack of human studies currently exist.

The class 111 PI3K hVps34 (human vacuolar protein sorting-34) has been shown to be
inhibited under instances of amino acid starvation, whereas the activity of this protein is
increased with amino acid re-addition [33,34]. In addition, the increased activity of this
protein appears to be concomitant with increased S6K1 phosphorylation suggesting a role
for hVps34 in amino acid sensing to mTORC1 [33]. However, it does not appear that amino
acids themselves directly stimulate hVps34 activity, but rather increased amino acid
availability stimulates the activity of hVVps34 in a calcium dependent manner [35].
Specifically, the proposed model is that increased amino acid levels modulate an influx of
calcium into the cell which facilitates an interaction between Ca2*/CaM and hVps34 leading
to production of PI(3)P and subsequent mMTORC1 activation [35]. However, recent in vivo
research in Drosophila with null mutations in VVps34 have failed to observe a link between
Vps34 activity and mTORCL activation [36]. Such contrasting results between studies may
be in part due to differences in cell type and/or experimental design (in vivo vs. in vitro).
Further in vivo investigation is clearly warranted regarding the role of hVVps34 in amino acid
sensing to mTORCL1.

Another protein that has been implicated as an amino acid sensor to mMTORCL is the Ste20
kinase family member MAP4K3 (mitogen activated protein kinase kinase kinase kinase-3),
which has been shown to be both sensitive to amino acid availability and required for the
phosphorylation of S6K1 induced by amino acid sufficiency [37]. Moreover, whereas
treatment of cells with rapamycin eliminated the MAP4K3 induced phosphorylation of
S6K1 and 4E-BP1, MAP4K3 activity itself was not inhibited by rapamycin treatment
suggesting that MAP4K3 acts upstream of mTORC1 and induces phosphorylation of S6K1
and 4E-BP1 in an mTORCL1 dependent manner [37]. Furthermore, in contrast to studies of
hVps34 [33], over expression of MAP4K3 in amino acid starved cells profoundly delayed
the dephosphorylation of S6K1 that accompanies amino acid withdrawal [37]. While these
findings provide strong support for a role for MAP4K3 as an amino acid sensor to
mTORC1, the role of MAP4K3 in vivo remains to be examined.

More recently, compelling data has surfaced providing evidence that the Rag (Ras-related
GTPase) small GTPases play a role in mediating the amino acid induced increase in
mTORC1 activity [38,39]. Rag proteins function as heterodimers, consisting of RagA or
RagB and RagC or RagD (in mammalian cells) [38], and have been shown to interact with
mTORC1 via association with Raptor. Stimulation of cells by amino acids enhances the
affinity for the Rag heterodimer-raptor association by increasing the GTP loading of RagA
and RagB [38]. Furthermore, in cells over expressing active forms of Rag GTPases, the
mTORC1 pathway is not only activated (as measured by Thr389 phosphorylation of S6K1),
but activity of the pathway becomes insensitive to amino acid withdrawal [38,39]. Similarly,
knockdown of RagA or RagC in Drosophila dramatically reduces S6K1 phosphorylation in
response to amino acid stimulation [39].

While these data provide a strong link between Rag proteins and mTORC1 activation, in
vitro data show the ability for the Rag proteins to stimulate mTORCL activity is not direct
[38]. Rather, in the presence of elevated amino acids it appears that the increased GTP
loading of the RagA/B proteins mediates the re-localization of mMTORCL1 to the peri-nuclear
region and large vesicular structures of the cell [38]. Rheb, which is the direct upstream
activator of mMTORC1, also appears to localize to these regions of the cell [38] and thus the
Rag proteins may increase mMTORCL1 activity indirectly by facilitating an interaction
between mTORC1 and Rheb. Further, in addition to blocking the amino acid induced
phosphorylation of S6K1, knockdown of RagB or RagC expression also suppresses the
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insulin-stimulated phosphorylation of S6K1 [38]. This finding suggests that the ability to
transmit the anabolic signal from Rheb to mTORC1 is dependent upon the amino acid
induced cellular re-localization of mMTORCL1. Consequently, the cellular translocation of
mTORC1 may provide molecular insight into the observations that insulin signaling through
mTORC1, and subsequent stimulation of protein synthesis, is reliant on amino acid
availability, which has been documented in cell [40] and human [41] studies, and thus
provides further support for the theory of mTORC1 re-localization. In addition, it has
recently been observed that uncontrolled activity of Rab5 or Arfl, members of the Rab and
Arf family GTPases, respectively, profoundly inhibit mTORC1 activity under amino acid
stimulated conditions [42]. The inhibitory effect of the constitutively active form of Rab5 is
also observed in the presence of an active form of RagA, suggesting that proper functioning
of Rab5 is necessary for the activation of mMTORC1 via the Rag GTPases. The Rab and Arf
family of GTPases are key regulators of vesicle trafficking [42], and therefore these data
suggest that proper intracellular trafficking is necessary for mTORCL activation in response
to amino acids. Taken together, it appears that the cellular localization of mMTORC1, and
potentially other proteins as well, play a pivotal role in activating mTORCL in the presence
of elevated amino acids. We have summarized the potential cellular mechanisms responsible
for amino acid control of muscle protein synthesis in Figure 1.

Amino Acid Transporters and mTORC1

The function of specific classes of amino acid transporters and the associated movement of
amino acids across the membrane has received recent attention as a key cellular mechanism
linking amino acid availability and protein metabolism [43-45]. Specifically, two amino
acid transport systems that have been most closely related to mTORCL signaling are the
system L and system A amino acid transporters. System L transporters (i.e., LAT1/SLC7Ab5)
form heterodimers with a glycoprotein (CD98/SLC3A2) and are primarily responsible for
the influx of branch chain amino acids, such as leucine, in exchange for the efflux of
accumulated cytoplasmic amino acids. Thus, system L transporters are able to produce net
intracellular accumulation of a particular amino acid (i.e., leucine) without altering the
overall intracellular amino acid concentration. In contrast, system A transporters (i.e.,
SNAT?2) concentrate amino acids within the cell by coupling the influx of amino acids with
that of Na* through secondary active transport (for review of amino acid transporters, see
[20,46]).

Recent data have demonstrated a unique coupling mechanism between system L and system
A amino acid transporters that ultimately facilitates the influx of branch chain amino acids
into the cell [47]. Specifically, system A transporter activity leads to an accumulation of
glutamine within the cell, which in turn, provides the driving force for system L transporter
exchange and subsequent influx of leucine in exchange for intracellular glutamine efflux. An
identical link between system L and system ASC amino acid transporters has also been
recently demonstrated, in which glutamine also serves as a substrate for both transporter
systems. Moreover, it appears that the coupling mechanism between system L and system
ASC amino acid transporters is required for activation of mTORCL1 and cell growth as
inhibition and knockdown of either of the two transporters diminishes mMTORC1 activation
and cell growth, respectively, in the presence of amino acids [44]. However, the precise
mechanism(s) in which the activity of these transporters elicits an increase in mMTORC1
activity remains to be elucidated.

Another class of amino acid transporters that has received attention for a role in mMTORC1
signaling is the proton-assisted amino acid transporters (PATS) [45,48,49]. Heublein et al.
[45] recently demonstrated that two ubiquitously expressed human PATs, PAT1 and PAT4,
are required for the amino acid induced activation of mMTORCL1 signaling. However, these
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investigators showed that PAT1 is not present at the cell membrane, but rather is localized
intracellularly. This finding suggests that PATs do not enhance mTORC1 signaling through
transporting amino acids into the cell, but instead likely serve, in some fashion, to alter the
sensitivity of mTORCL to intracellular amino acid availability.

In addition to a potential role for amino acid transporters upstream of mMTORCL1, the
activation of mMTORCL has also been shown to increase the expression level of several
amino acid transporters [50]. In a recent human investigation, Drummond et al. [43]
observed that one hour after ingesting 10 g of essential amino acids the expression of LAT1,
CD98, SNATZ2, and PAT1 mRNA was increased in skeletal muscle, which was subsequently
followed by an increase in LAT1 and SNAT2 protein levels. These increased expression
levels coincided with an increase in mMTORCL1 activity, indicating that the increased amino
acid transporter expression likely occurred downstream of mTORC1 activation, which may
represent a key adaptive response to increase the sensitivity of the cell to a subsequent
increase in amino acid availability.

Conclusion

In summary, while the precise cellular mechanisms linking amino acid availability,
mTORC1 signaling, and ultimately muscle protein synthesis are still yet to be defined,
recent investigations have highlighted a potential role for several intracellular proteins,
including hVps34, MAP4K3, and the Rag GTPases. Additionally, recent work also
identifies a role for specific amino acid transporters that may not only be necessary for
mTORC1 activation, but may also be up regulated as a consequence of mMTORCL activity.
The latter likely serves as an adaptive response to sensitize muscle to subsequent amino acid
stimulation. In addition, although the focus of this review was primarily on mechanisms
linking amino acid availability to protein synthesis, elevated amino acid levels may also
contribute to muscle anabolism through a decrease in muscle protein breakdown, which in
contrast to protein synthesis, may be augmented by leucine enriched protein or amino acid
supplements. Therefore, to improve existing strategies to counteract muscle wasting, future
studies are not only necessary to further uncover the mechanisms linking amino acids and
muscle protein synthesis, but a better understanding of the link between amino acid
availability and muscle protein breakdown is also warranted.
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Schematic of potential cellular mechanisms responsible for amino acid control of muscle
protein synthesis. GlIn, glutamine; BCAA, branch chain amino acids; RAG, Ras-related
GTPase; PAT1, proton-assisted amino acid transporter 1; Akt, protein kinase B; mTORC1,
mammalian target of rapamycin complex 1; Rab, member of the Rab family of GTPases;
Rheb, ras-homologue enriched in brain; MAP4K3, mitogen activated protein kinase kinase
kinase kinase-3; 4E-BP1, 4E binding protein 1; S6K1, p70 ribosomal S6 kinase 1; hVps34,
human vacuolar protein sorting-34; elF4F, eukaryotic initiation factor 4F; rpS6, ribosomal
protein S6; eEF2, eukaryotic elongation factor 2.
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