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Cellular protein homeostasis is a balance between synthesis and degradation. Protein degradation is regulated by hormones

(eg, insulin) and nutrients (eg, amino acids). Certain amino acids are capable of decreasing cellular protein degradation, with

evidence that this is mediated through altered lysosomal function. However, proteasomes, the major cytosolic protein

degrading machinery, are being shown to play a central role in the control of protein turnover in the cell. In this study we

show that the amino acids, isoleucine, leucine, tyrosine, phenylalanine, tryptophan, lysine, and arginine are capable of

inhibiting the chymotrypsin-like activity of the proteasome in a dose-dependent manner. Leucine, tyrosine, and phenylalanine

have a substantial effect at normal serum concentrations. The effect was greater in a proteasome preparation derived from

muscle compared to a similar preparation from liver. On the assumption that amino acid–induced alterations in cellular

protein degradation reflect the inhibitory changes in proteasomal activity shown here, we may conclude that amino acid

control of cellular protein degradation is mediated, at least in part, through proteasomes.

© 2003 Elsevier Inc. All rights reserved.

THE CONTROL and the mechanisms of cellular protein
degradation are complex. Mortimore and colleagues con-

ducted and published an extensive series of studies of cellular
protein turnover.1-6 Among many other findings they demon-
strated inhibition of protein degradation by insulin and amino
acids with interactions among these regulators. Of interest was
that not all amino acids have equal effects, but the overall effect
of a mixture of amino acids can be duplicated by a small
selected group of amino acids.2,3,5-8 Leucine has the greatest
inhibitory effect, producing 20% to 50% of the total activity of
a combination of amino acids. In studies from several groups
insulin has approximately the same overall effect as a mixture
of all amino acids at 5 times the normal serum concentra-
tions.1,8,9 The effects are not additive but at normal serum
amino acid concentrations an insulin effect is evident.4 Insulin
has less effect on cellular protein degradation in the total
absence of amino acids.10 These data suggest a common site of
action for insulin and amino acids on protein degradation.

Traditionally, lysosomes have been considered the primary
cellular site of protein degradation. These organelles are clearly
involved in many types of degradation ranging from removal of
endocytosed material to autophagy of cytoplasm in starva-
tion.11,12 Recent work, however, has suggested that for selec-
tive cellular protein degradation proteasomes may be more
important (eg, the ubiquitin system).13-15 The role of insulin in
control of proteasome activity has been controversial since
Mortimore and Poso showed an effect of insulin on lysosomal
autophagy,2,3 but we recently showed a direct effect of this

hormone on proteasome activity in intact cells.16,17 Previously
we had shown that insulin inhibited proteasome activity di-
rectly in an in vitro partially purified proteasome prepara-
tion.18,19

In the present study, we report the effect of individual amino
acids and combinations of amino acids on in vitro proteasome
activity. As in intact cells, selected amino acids inhibit protea-
some activity with differences between proteasomes derived
from liver and proteasomes derived from muscle.

MATERIALS AND METHODS

Crystalline human insulin was provided by Dr Ronald Chance (Lilly
Research Laboratories, Indianapolis, IN). Enzyme-grade ammonium
sulfate was purchased from ICN Biomedicals (Irvine, CA). The flu-
orogenic peptides succinyl-leu-leu-val-tyr-7-amido-4-methyl coumarin
(LLVY) and boc-leu-ser-thr-arg-7-amido-4-methyl coumarin (LSTR),
the proteasome inhibitor acetyl-leu-leu-norleucinal (ALLN, calpain
inhibitor I), and the amino acids were obtained from Sigma (St Louis
MO). The proteasome inhibitor N-boc-ile-glu(O-t-butyl)-ala-leucinal
(PSI) was from Peptide International (Louisville, KY). All other chem-
icals were reagent grade or better.

Partially purified insulin-degrading enzyme/multicatalytic protease
was prepared from male rat (Sprague-Dawley) muscle or liver by
ultracentrifugation and ammonium sulfate precipitation similar to that
described previously.20 Hind limb skeletal muscle or liver was homog-
enized in 0.35 mol/L sucrose (5 mL/g of tissue) in a blender for 90
seconds. The homogenate was centrifuged at 13,000 � g for 15
minutes. The supernatant fraction was then centrifuged at 100,000 � g
for 1 hour and the pellet discarded. The supernatant was fractionated
with 30% ammonium sulfate (0.21 g NH4SO4 per mL of supernatant)
with the pH maintained at 6.2. The suspension was centrifuged at
15,000 � g for 20 minutes, and the precipitate discarded. The soluble
fraction was then treated with 60% ammonium sulfate, centrifuged as
before. The precipitate was dissolved in 20 mmol/L sodium acetate, pH
6.2 at 1/15 the original homogenate volume. The solution was dialyzed
against at least 20 vol of 20 mmol/L sodium acetate, pH 6.2, overnight
with 3 changes of the dialysis fluid. The preparation was then frozen
and stored until use.

The degradation of the fluorogenic peptides was performed as de-
scribed previously.19 The enzyme sample was incubated with
13�mol/L LLVY or LSTR in 1 mL of 100-mmol/L Tris, pH 7.5, with
additions as noted, for 1 hour (except for the time course experiment).
For the kinetics experiments, the LLVY concentration was varied from
7.0 to 67.0 �mol/L. The reaction was stopped with 0.2 mL of ice-cold
ethanol and activity expressed as by the change in fluorescence over
time (excitation. and emission wavelengths of 390 nm and 440 nm,
respectively).
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All data are shown as the mean � SEM. Statistical significance was
determined by analysis of variance (ANOVA) with a Dunnett’s mul-
tiple comparison test using GraphPad Prism version 3.02 for Windows
(GraphPad Software, San Diego, CA). The kinetic data were analyzed
by fitting the data with a nonlinear regression to the Michaelis-Menton
equation (per GraphPad Prism) and then plotting the lines based on the
derived Vmax and Km parameters.

RESULTS

Figure 1 demonstrates that under our assay conditions deg-
radation of proteasome peptide substrates is linear with respect
to time for at least 2 hours. It also shows, as we have previously
demonstrated,19 that insulin inhibits this activity without any
lag period. This indicates that the insulin inhibition is not the
result of the production of competing hormone fragments or
amino acids generated by insulin degradation. Subsequent as-
says were done using 1-hour incubations.

Proteasome activity is altered by selected amino acids. Fig-
ure 2 shows the effect of various amino acids on LLVY (Fig
2A) and LSTR (Fig 2B) degradation by proteasome prepara-
tions from muscle. Amino acids were used at concentrations
selected to be 5 times those found in normal plasma, to screen
for inhibitory activity. Inhibition of LLVY degradation was
seen with leucine, phenylalanine, tryptophan, lysine, and argi-
nine. Isoleucine and tyrosine showed a similar magnitude of
inhibition, but did not achieve statistical significance. Histidine
appeared to stimulate the proteasome, while the remaining
amino acids had no effect. Inhibition of LSTR degradation was
apparent for all the amino acids, but only tryptophan and lysine
showed statistically significant inhibition.

Figure 3 shows similar studies with liver proteasome prep-
arations. Hepatic organelles had significantly different re-
sponses compared to muscle proteasomes. A similar pattern is
seen on the graph, but none were statistically significant. Ly-
sine was the only amino acid to show inhibition of LSTR
degradation. The maximal response of liver to an individual
amino acid (lysine) was a 21% inhibition, whereas in muscle
phenylalanine produced a 40% reduction. Thus, the muscle

proteasome preparations are more sensitive to amino acids than
are the liver proteasome preparations.

The above studies were all done at 5 times normal plasma
concentration of the individual amino acids. Figure 4 shows
dose-response curves of the active amino acids on proteolysis
by isolated muscle proteasomes. Phenylalanine, leucine, tryp-
tophan, and tyrosine suppressed proteolysis in a dose-depen-
dent fashion with effective suppression even at normal serum
concentrations, which are comparable to intramuscular concen-
trations.21,22 Isoleucine, lysine, and arginine also were effective
inhibitors, but generally at higher concentrations.

Figure 5 shows a Lineweaver-Burk plot of LLVY degrading
activity inhibited with tryptophan. Increased tryptophan con-
centrations cause an increase in the Km with the Vmax staying
essentially constant. Similar results were seen with leucine as
the inhibiting amino acid (data not shown). These data indicate
that the amino acids inhibit in a competitive manner.Fig 1. Time course of LLVY degradation by skeletal muscle pro-

teasome preparation. Data are means � SEM (n � 2). The lines are

linear out to 2 hours (no insulin: R 2 � 0.997; with insulin: R 2 � 0.989).

Fig 2. The effect of amino acids on skeletal muscle proteasome

activity. The chymotrypsin-like (A) and trypsin-like (B) activities of

the proteasome are shown in the absence and presence of 5 times

the normal serum concentration of each of the 20 amino acids. Data

are means � SEM (LLVY degradation, n � 4; LSTR degradation, n �

3; *P < .05, #P < .001). The line indicates the activity in the absence

of amino acids and is shown for clarity.
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DISCUSSION

Protein homeostasis is a balance between protein synthesis
and protein degradation, which are independent processes with
different regulatory systems. A great deal of information has
been obtained about the mechanism of protein synthesis and its
regulation for both individual and total cell protein. Relatively
less is known about protein degradation. Overall cellular pro-
tein degradation is controlled by several different mechanisms.
Hormones, especially insulin and glucocorticoids, and nutrients
(ie, amino acids), are the 2 major regulators. Lysosomes and
proteasomes are the 2 major organelles involved. Lysosomes
are involved in many types of degradation ranging from re-
moval of endocytosed material to autophagy of cytoplasm in
starvation.11,12 However, the proteasome is assuming a central
role in cellular degradation as more information is being ob-
tained.13,15

The proteasome is a cytosolic organelle with multiple pro-
teolytic activities, including chymotrypsin-like, trypsin-like,
and peptidylglutamyl-peptide hydrolyzing activities.23-27 The
fundamental unit is a barrel-shaped 20S (700 kd) structure that
can associate with an adenosine triphosphate (ATP0-indepen-
dent activator called PA28 (or 11S regulator). The activity of
the core particle can be regulated by controlling substrate entry
or exit from the catalytic center.28,29 The 20S proteasome can
also associate with the 19S regulator (or PA700) resulting in
the 26S proteasome (�2.5 million kd), which is ubiquitin� and
ATP-dependent. Altered or abnormal proteins, as well as some
individual proteins, are targeted for degradation by the ubiq-
uitin-dependent pathway.30,31 The assays used in our study
cannot distinguish between the various forms.

Consistent with proteasomes as the central proteolytic mech-
anism, hormones and nutrients have direct regulatory effects on
the proteolytic organelles. We have shown here (Fig 1) and
previously that insulin has direct inhibitory action on isolated
proteasomes and on proteasome activity in intact cells.16-19

Fig 3. The effect of amino acids on liver proteasome activity. The

chymotrypsin-like (A) and trypsin-like (B) activities of the protea-

some are shown in the absence and presence of 5 times the normal

serum concentration of each of the 20 amino acids. Data are means �

SEM (LLVY degradation, n � 4; LSTR degradation, n � 3; *P < .05).

The line indicates the activity in the absence of amino acids and is

shown for clarity.

Fig 4. Dose-response of selected amino acids to inhibit protea-

some activity. The graphs show the dose-dependent inhibition of the

chymotrypsin-like activity of the proteasome from muscle. The x-axis

shows the relative amino acid concentration with the normal serum

concentration of each amino acid set at 1. Data are normalized to

proteasome activity in the absence of amino acids, which is indicated

by the dotted line. (A) Leu, tyr, and phe, as well as histidine, which

had a slight stimulatory effect. (B) Ile, lys, arg, and trp. Data are

means � SEM (n � 3).
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Conversely, glucocorticoids have been shown to activate the
proteasome.32 Thus, hormonal control of protein degradation
can be mediated through proteasome effects. Nutrient effects
on proteasomes have not previously been examined.

In this report we show (Figs 2 through 4) that selected amino
acids have a direct, dose-dependent inhibitory effect on protea-
some activity, at concentrations equivalent to intramuscular
concentrations.21,22 The effective amino acids are consistent
with the amino acids reported by Mortimore and others to have
inhibitory effects on overall cellular protein degradation,2,3,5-8

which was attributed to lysosomal effects. While the correspon-
dence is not complete, leucine, phenylalanine, tyrosine, and
certain other amino acids are effective in the whole animal and
in isolated proteasomes. Thus, under physiological conditions,
amino acids may work by modifying proteasome activity as
much or more than any effect they have on lysosomes. The

competitive nature of the inhibition (Fig 5) would suggest the
inhibition to be important when the cells have a relative abun-
dance of amino acids. Competitive inhibition also suggest that
the amino acids may be working by interfering with the active
site, or entry into the catalytic core. Inhibitor studies using PSI
or ALLN (data not shown) indicated that the amino acids are
proteasome-specific since, in general, they did not have addi-
tional effects on degradation. However, because ALLN is also
an inhibitor of calpains, we cannot exclude the possibility that
there was some effect on those proteases as well.

The difference between muscle and liver proteasomes (Figs
2 and 3) is of considerable interest. Both insulin and the
effective amino acids have greater effects on muscle than on
liver, with some additional qualitative differences. The differ-
ent responses may be a reflection of different distribution of the
20S proteasome subtypes present, the relative association of
PA28 or 19S regulatory modules, the phoshorylation state of
the subunits, or the subcellular distribution (and thus presence
in our preparation) in the 2 tissue preparations.27,33-36 The
various forms of the proteasome may have different sensitivi-
ties to hormonal and nutritional regulation. Since protein break-
down in muscle and in liver serve different physiological roles,
some differences would be expected.

Insulin and amino acids have similar inhibitory effects on
cellular protein breakdown. Both have been implicated in
lysosomal activity in intact cells, but recent studies have
suggested that prelysosomal (cytosolic) actions are more
important in insulin action.37 While the physiological mech-
anisms remain uncertain, in general, these studies of protea-
some inhibition by amino acids and insulin support similar
processes. Extrapolation from previous studies in combina-
tion with the present one suggests that both insulin and
selected amino acids may alter proteasome activity through
a common mechanism, such as substrate availability to the
active site, and be dependent on proteasome subtype. This
could explain differences in the sensitivity of protein deg-
radation of various tissues and cell types.
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