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ABSTRACT Proteolysis, as well as protein synthesis, is a major process that contributes to the body protein
turnover. Despite the huge variety of proteases in the body, there are very few proteolytic systems contributing to the
complete hydrolysis of proteins to amino acids. The autophagic-lysosomal pathway is responsible for bulk
proteolysis, whereas the ubiquitin-proteasome pathway plays a significant role in the fine control of the degradation of
specific proteins. Both systems can produce free amino acids as a final product, but only the autophagy system is
physiologically controlled by plasma amino acids. Recently, the study of amino acids as regulators of macromolecular
turnover has been focused on for their signal transduction mechanism. In autophagic proteolysis, several amino
acids have a direct regulatory potential: Leu, Gin, Tyr, Phe, Pro, Met, Trp and His in the liver, and Leu in the skeletal
muscle. These amino acids are recognized at the plasma membrane, indicating the possible existence of an amino
acid receptor/sensor for their recognition and subsequent intracellular signaling. Another line of evidence has
emerged that protein kinase cascades such as mTOR, Erk, elF2a etc. may be involved in the regulation of
autophagy, and that amino acids, in combination with insulin, may exert their effects through these pathways. From
the viewpoint of amino acid safety, the contribution of proteolysis to possible adverse effects caused by excessive
amino acid intake is not clear. At present, there is one report that excess glutamine at 10-fold the plasma level has an
abnormal inhibitory effect on hepatic proteolysis, due to a lysosomotropic toxicity of ammonia derived from glutamine
degradation. Whether this may lead to an adverse effect in humans remains to be clarified. J. Nutr. 133: 2052S—

2056S, 2003.
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For the evaluation of the adequate intake of dietary amino
acids and the assessment of their safety, basic knowledge of the
protein metabolism in the body is essential. Protein synthesis
and proteolysis are the major two fluxes. Both are coordinately
regulated in the physiological state, but their mechanisms
are entirely independent. The rate of proteolysis, as well as
that of protein synthesis, is continually controlled to maintain
homeostasis of body protein. However, it is hard to determine
a priori which is desirable, a high rate or a low one, in a given
physiological state. In its accelerated condition beyond a normal
range, suppression of proteolysis to the normal level is definitely
of benefit to the body. However, within a normal range,
maintenance of a higher rate of proteolysis with increasing age
might be advantageous to our health (1). When proteolysis is
accelerated due to a physiological need, e.g., in a postabsorptive
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period or early starvation, the compulsory suppression of pro-
teolysis by amino acids below the level beyond physiological
adaptation may theoretically be harmful to the body, although
such an adverse effect has not been reported before. Amino
acids, in combination with hormones, are well known to be
primary regulators of body protein turnover (2). In this article,
recent findings on the physiological role of bulk proteolysis,
major proteolytic pathways, the role of amino acids and their
regulatory mechanism and the possibility of inducing an
adverse effect by excess intakes of amino acids, will be dis-
cussed.

Physiological significance of proteolysis in
protein metabolism

Protein synthesis and degradation are equally important
processes for living organisms including humans. However, the
mechanism of proteolysis is much less understood than that
of protein synthesis. The regulatory mechanisms of these two
processes are likewise not well understood, although enormous
efforts have been undertaken to elucidate them. Nevertheless,
in a review article on protein turnover in humans published in
1995, Waterlow (3), looking back over the past two decades,
commented as follows:

“Ever since Schoenheimer’s discovery of the dynamic state
of body constituents, we have been faced with the
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question of how to maintain a steady state. ..... Amino
acids and hormones are effectors that can stimulate these
processes, but we do not know how they are coordinated,
i.e., who conducts the orchestra. The evidence reviewed
above suggests that protein degradation is more sensitive
than protein synthesis. In Young’s summary of the effects
of insulin and amino acids on protein turnover, it is
remarkable in how many studies the main effect was on
protein breakdown.”

Recently, it was also reported in a human study that the
efficiency of protein utilization in individuals is determined by
the variation in the sensitivity of proteolysis to amino acid
supply, rather than that of protein synthesis (4). Thus, an
understanding of proteolysis is very important for understand-
ing protein turnover. The major reason for the lack of our
knowledge about proteolysis is that we do not yet have a simple
and accurate method to study proteolysis in vivo yet, compared
with that for the study of protein synthesis. Thus, if such
a critical in vivo method could be developed, it would be
a major breakthrough in this field.

Intracellular proteolytic pathways: autophagy
and proteasome

Proteolysis in the body is extremely versatile and compli-
cated processes, which are controlled as delicately as protein
synthesis. There are a huge number of specific and nonspecific
proteases in the body, but there are only a few complete
proteolytic systems hydrolyzing proteins to free amino acids and
also contributing to bulk proteolysis. The most famous and
classic pathway is a lysosomal system called autophagy, which
results in endogenous protein degradation (2, 5). Autophagy
is an intracellular membrane-mediated process and can be
regulated by physiological effectors such as insulin, glucagon
and amino acids. It should be emphasized that autophagy is
basically a nonselective process and degrades not only pro-
teins but also all the other cellular constituents, RNA, sugars,
lipids, phospholipids, etc. It is a kind of cell restructuring appa-
ratus.

Another major pathway is a ubiquitin-proteasome system,
which is also ubiquitous throughout the body, ATP dependent
and degrades ubiquitin-conjugated proteins via the 26 S
proteasome (6). It is involved in many biologically important
processes, such as transcriptional regulation, cell cycle control,
antigen processing, apoptosis, DNA repair, etc. The proteins
degraded by this system turn over quite rapidly. Both the
autophagic and proteasome systems have been thought to have
totally different mechanisms and to play their physiological
roles in an entirely independent manner or even in a compen-
satory manner in the cells. However, recent discoveries have
revealed that autophagy includes ubiquitin-like conjugation
systems in its molecular mechanism, such as Apg5-Apgl2 (7)
and Apg8-phosphatidylethanolamine (8) for its initiation step,
implying that living organisms employ very similar chemical
reactions for the proteolytic systems which had seemed to be
physiologically unrelated.

In most visceral tissues like the liver, there is no doubt
that autophagy operates bulk proteolysis (2). In contrast, in
peripheral tissues, mainly skeletal muscle, the proteasome
system is regarded to be the main proteolytic pathway for bulk
proteolysis (9). However, the relative contributions of both
systems in skeletal muscle have not yet been evaluated
accurately. A great deal of the molecular mechanism of the
proteasome system has been elucidated, but its physiological
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regulation remains to be solved. Despite a lot of evidence
showing parallel control of muscle proteolysis and expression
of the components of the ubiquitin-proteasome pathway, the
causal relationship using a specific inhibitor, e.g., lactacystin,
seems not to be enough, because most inhibitors used in cell
studies, e.g., peptide aldehydes, are not strictly specific for the
proteasome (10). In the case of myofibrillar proteins, especially
intact myofibrils, the proteasome does not work directly and the
rate-limiting step in their degradation seems their dissociation
from the myofibril (11). Moreover, amino acids have a regu-
latory effect on proteolysis not only in the liver but also in
skeletal muscle, but their effect on the muscle proteasome
pathway has not yet been reported. In regard to this, the recent
findings that protein feeding (12) and even feeding leucine
alone (13) rapidly reduced the plasma level of 3-methyl-
histidine, a specific marker of myofibrillar proteolysis in vivo,
together with its release from muscle incubation in vitro,
strongly indicate that amino acids control myofibrillar proteins.
This may require reconsideration of the well-cited ideas that
amino acids and thus lysosomes are not involved in the
proteolysis of myofibrillar proteins (14,15).

One of the major reasons for considering that the auto-
phagic-lysosomal system has a minor role in skeletal muscle has
been the morphological evidence that typical and spherical
lysosome structures have rarely been seen in normal muscle
tissues electronmicroscopically. Nevertheless, it was reported
recently that LC3*, a mammalian homolog of yeast ApgSp,
which is defined as one of the autophagy-specific proteins
associated with the autophagosomal membranes (16), was also
identified in skeletal muscle (17,18). LC3 in muscle was as
abundant as in the liver and induced by starvation. This clearly
demonstrates the existence of the autophagic apparatus in
skeletal muscle. Although there remain controversies on the
contribution of these proteolytic pathways in skeletal muscle,
amino acids as a regulator of proteolysis have been reported
only in connection with the autophagic pathway (2), even in
skeletal muscle (19). Thus, we will focus on autophagy to
describe the regulatory mechanism of amino acids on the pro-
teolytic system.

Regulatory mechanism of autophagy by amino acids

In mammals, autophagy is most actively expressed in the
liver and most sensitive to amino acid regulation. Because it has
been extensively studied in the liver, we will describe the details
in the liver. Hepatic autophagy is best characterized as being
controlled by plasma amino acids, especially, leucine, tyrosine,
(phenylalanine), glutamine, histidine, tryptophan, proline and
methionine, which are called regulatory amino acids, with
alanine as a coregulatory amino acid (2). This amino acid-
responsive form is defined as macroautophagy from its morpho-
logical characteristics. Amino acids regulate it in a suppressive
manner. This is quite reasonable because autophagic proteo-
lysis is thought to be a major source of amino acids during
starvation. It is regarded as a feedback product inhibition
mechanism.

Although the regulatory effect of amino acids on protein
turnover, its synthesis and degradation, was discovered a long
time ago (20,21), the mechanism of their regulation has not
captured the interest of researchers until recently. Tischler et al.
(22) proposed that the effect of leucine on protein degradation
in skeletal muscle is mediated via the conversion to its keto

4 Abbreviations used: LC3, (microtubule-associated protein)-light chain 3; Leu-
MAP, leucyl-multiple antigen peptide; mTOR, mammalian target of rapamycin.
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acid, a-ketoisocaproate. In contrast, based on the evidence
that leucine, an active regulator in the liver which has no
substantial transamination activity, Mortimore and his col-
leagues hypothesized that amino acids, including leucine,
control proteolysis not after being metabolized, but directly
from extracellular sites in the liver (2). This was finally demon-
strated in an elegant but indirect experiment using a nontrans-
portable leucine analog, Leug-MAP (23). This model inevitably
requires the existence of an amino acid receptor or sensor at the
plasma membrane and of the subsequent signal transduction
mechanism down to the intracellular site of proteolysis, i.e., the
autophagic apparatus (Fig. 1). This kind of amino acid recep-
tor(s) has yet to be discovered in mammalian tissues, although
a putative amino acid sensor molecule, Ssylp, was proposed in
yeast (24,25). In hepatocytes, a possible candidate for this
amino acid receptor, a leucine binding protein of the plasma
membrane, was reported (26). Furthermore, this leucine bind-
ing protein was detected more specifically by using a photo-
affinity-labeled derivative of Leu;-MAP (27).

Another part of the regulatory mechanism of amino acids is
an intracellular signaling pathway. A unique idea came from
the data showing the loss of amino acid responsiveness in
hepatocytes permeabilized by S. aureus a-toxin, which makes
small molecules freely permeable. The preliminary finding that
a liver extract stimulated with regulatory amino acids mimicked
their proteolytic effect in the permeabilized hepatocytes
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FIGURE 1 Hypothetical signaling pathways of amino acids and
insulin for macroautophagy and protein synthesis. A route of amino acid
signaling, in this case leucine, for macroautophagy is independent from
that for protein synthesis. A route of insulin signaling for macroautophagy
shares the route for protein synthesis down to mTOR kinase, although
further downstream signaling is not known. Solid line, a route for
macroautophagy; dashed line, a route for protein synthesis.
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strongly suggest the possible existence of a low molecular
weight effector(s) for this signaling pathway (M. Kadowaki and
R. Akaishi, unpublished results, 2002). The proteolytic activity
of this extract was extractable with ethyl acetate, which could
be separated from the amino acids remaining in the extract.
Independently, another line of evidence for the contribution of
protein phosphorylation signaling for amino acid regulation has
been developed. A pioneering study was reported by Meijer and
his group that amino acids regulate proteolysis in hepatocytes
by stimulating ribosomal protein S6, which leads to the involve-
ment of the mTOR signaling pathway (28). Similar findings that
the regulation of protein translation by amino acids employs
mTOR signaling (29,30) strongly suggested this possibility.
However, new evidence that mTOR kinase is involved in the
signaling of insulin, but not of amino acids, was reported re-
cently (31), which makes the amino acid signaling pathway
more complicated.

In addition, the contribution of extracellular ion con-
centrations, e.g., K omission, on the antiproteolytic effect of
amino acids has been reported (32), which led to the role of cell
hydration. Hiussinger et al. (33) proposed that certain amino
acids which employ Na-dependent transport, e.g., glutamine,
cause their antiproteolytic effect through osmotic swelling.
They further showed the involvement of p38™*FPX in the sig-
naling by these amino acids (34). However, they commented on
the possible existence of some other mechanisms with amino
acids, such as leucine, which utilize Na-independent transport
systems. Ogier-Denis et al. (35) reported that Erk1/2 signaling
is involved in the amino acid control of macroautophagy in
colon cancer HT-29 cells. Another possibility was suggested
that the elF2a kinase signaling pathway plays a role in the
amino acid control of autophagy in murine embryonic fibro-
blasts (36). How all of these pieces of evidence fit into the
amino acid signaling pathway awaits future studies.

In the past few years, there has been remarkable progress in
the understanding of the molecular mechanism of macro-
autophagy in yeast and mammals (5) and possible molecular
targets of amino acid regulation have been identified. Entirely
new protein conjugation systems, e.g., Apg5-Apgl2 (7), Apg8-
phosphatidylethanolamine (8), Apgl3-Apgl (37) and a modi-
fication system of LC3 (16) have been discovered. It is highly
probable that some of these proteins are candidates for the
molecular target of autophagic machinery in amino acid
signaling.

Possible adverse effects of amino acids on proteolysis

At the individual organ and cellular levels, there is no doubt
that amino acids have a significant regulatory function on
proteolysis as described above. However, when we turn our
attention to the whole body level, it is quite difficult to obtain
a definitive conclusion and especially to answer the question of
whether or not their effect becomes untoward beyond the
normal and homeostatic range. With regard to autophagic
proteolysis, a line of evidence was reported with glutamine
(38,39). In the perfused rat liver, glutamine at 10 times the
plasma concentration (~7 mM) inhibited proteolysis to below
the basal level fully suppressed by regulatory amino acids,
possibly due to a lysosomotropic effect caused by ammonia
released from the glutamine.

In the assessment of the safety of glutamine, Garlick (40)
made a comment that, despite the large number of publications
in which glutamine has been administered to patients or
healthy subjects, no serious adverse effects have been reported.
However, because there are still uncertainties about the safety
of glutamine, it is appropriate to continue the investigation of
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potentially adverse effects, especially for chronic treatment.
Thus, the potentially adverse effects of excess amino acids, e.g.,
glutamine in this case, on autophagic proteolysis would be
worthwhile considering, for the following reasons.

1. Dietary supplements usually consist of a single or a small
number of amino acids. A single or a small number of amino
acids are enough to affect proteolysis. In contrast, a possible
adverse effect of specific amino acids on protein synthesis
has not been reported and would not be expected, because
a small number of amino acids would not stimulate protein
synthesis.

2. If an excessive amount of a single amino acid is ingested in
the fed state, in which amino acids are fully supplied from
foods and proteolysis is suppressed, there would be no
problem. However, if it occurs in the fasted state, in which
there is no exogenous amino acid supply and proteolysis is
maximized as the only endogenous source of amino acids for
the body needs, a compulsory inhibition of autophagic
proteolysis might lead to a deficient supply of all amino acids
for protein synthesis or other specific metabolic pathways.

3. Because autophagy is a mechanism for degrading all the
macromolecules in the cell, to produce not only amino acids
but also nucleotides, lipids, sugars, etc., the building blocks
for macromolecules in the next cycle, the abnormal in-
hibition of this mechanism in the fasted condition should
be considered seriously, especially in the chronic aspect. In
addition, a delay in the degradation of macromolecules or
organelles, which need rapid removal, e.g., damaged/oxi-
dized proteins or mitochondria, or lipofuscin accumulated
in the ageing process (41, 42), may also cause a long-term
adverse effect on the body.

Finally, it should be added that, on the contrary, amino acid
effect on proteolysis in the short-term treatment is undoubtedly
beneficial in most cases, such as the improvement of liver
storage for preventing liver graft dysfunction (43).

Proteolysis is a major flux of protein turnover and affects the
nitrogen balance together with protein synthesis. It is quite
sensitive to physiological regulation by amino acids as well as
hormones. The major proteolytic pathways in the cell include
the autophagic/lysosome pathway and the ubiquitin-pro-
teasome pathway, but the contributions of these pathways
in the cell are still elusive. The details of the molecular
mechanism of amino acid signaling for autophagic proteolysis
have just started to be elucidated. It is possible that this
proteolytic pathway is under the influence of excess amounts of
amino acids, which may lead to potentially adverse effects.
Although there have been no reports of adverse effects of high
intakes of amino acids in relation to their anti-proteolytic
effect, sufficient attention should be paid to the possibility.
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