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INTRODUCTION

Protein degradation in animal cells plays an essential role in a number of
functions. In addition to its involvement in enzyme regulation and cell
remodeling, for example, it serves as an important source of amino acids for
gluconeogenesis and other systemic oxidative and biosynthetic reactions
when exogenous substrate is not available. Because the amino acids are
generated largely at the expense of proteins, which are rapidly regained with
food intake, this function is in fact a form of fuel reserve. However, it differs
from carbohydrate and fat storage in that normal intracellular proteins rather
than specialized molecules are utilized as the amino acid source.

As to the nature of the tissues contributing to this response, early studies
with rats have revealed that high-protein feeding increases protein concentra-
tion in a number of organs, particularly liver and kidney (1). After starvation,
the largest protein loss appears in liver, with smaller decreases in kidney,
intestine, heart, and skeletal muscle; none is lost in the eyes, testes, or adrenal
glands (2). More recent investigations have shown that rats and mice lose
25-40% of their liver protein during 48 h of starvation (2, 70, 105, 164)
without detectable alteration in the content of muscle protein (101, 102);
beyond 48 h, though, protein degradation in muscle is accelerated and the
content decreases (102). Because the mass of skeletal muscle is far greater
than that of liver, the total amino acid contribution by muscle relative to that
by liver cannot be determined with certainty. Nevertheless, one can conclude
that tissues vary widely in response to the need for extra amino acids and that
the rapid catabolism (of protein) seen in liver serves principally in the interval
between feeding while the more delayed responses, like those of muscle,
function mainly in prolonged starvation.

This review focuses primarily on the mechanism of intracellular proteolysis
in animal cells and its physiological control during short-term nutrient de-
privation. Although degradation is the dominant site of regulation (29, 50,
51), synthesis may be implicated, and reference to the latter is made where
appropriate. Because of space limitations, the effects of long-term caloric
deprivation on protein turnover and its modulation by thyroid hormone,
glucocorticoids, and other physiological agents or conditions are not covered.
The reader is referred elsewhere for reviews on these topics (13, 99, 172).

MAIJOR FEATURES OF GENERAL PROTEIN
DEGRADATION
Classes of Breakdown

Rates of protein degradation, based on the release of amino acids from labeled
protein, fall into two readily distinguishable classes. The first is a rapidly
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turning over or short-lived fraction; the second comprises the remaining
output of label and is termed long-lived or resident protein degradation. As
depicted in Figure 1, the short-lived release of [!4C]valine from liver protein
after pulse-labeling has a half-life of about 10 min (70). The short- and
long-lived components are readily separable, and no intermediate fractions
are detectable (70). Although the half-life of the short-lived fraction is
generally greater in isolated cells than in liver, in other respects the findings
are similar (10, 44, 60, 79, 115, 133, 175).

It should be pointed out that because of the very rapid turnover of the
short-lived fraction, its contribution to total protein synthesis, which could
amount to as much as one third (70, 179), will be appreciably greater than its
distribution in cellular protein (152). A reasonably close approximation of this
value was obtained by labeling over a 3-day period (152). In these ex-
periments, only 0.6% of the incorporated label was released by short-lived
tumover while 99.4% remained in resident proteins. In addition to these
distinctions, short-lived degradation is unresponsive to lysosomal inhibitors
(115, 176) and less sensitive to effects of cooling (10, 115) than resident
protein breakdown. Both groups, though, depend on metabolic energy for
optimal function (61, 65, 133). The strong possibility that short-lived turn-
over is mediated by the ubiquitin/ ATP-dependent proteolytic system has been
suggested by studies with temperature-sensitive mutant cells (27, 28).
However, recent data of Ahlberg et al (3) indicate that the lysosomal system
may also degrade short-lived proteins.

Although the nature of the short-lived pool is not known, there is consider-
able evidence, suminarized elsewhere (70), that the label is not extracted with
liver protein and, for this reason, could exist largely as acid-soluble peptides
(165). If so, they could have arisen from the rapid breakdown of unwanted
protein fragments, possibly signal peptides or other early products of protein
synthesis (179). This possibility is consistent with the observation that short-
lived turnover is resistant to physiological regulation (10, 44, 70, 79, 115,
133, 176) and remains constant despite wide alterations in the rate of resident
protein degradation (Figure 1).

Diversity of Turnover

One of the fundamental aspects of resident protein turnover is its heterogene-
ity, with individual half-lives ranging from minutes to days (for review, see
11, 53, 145, 178). Such diversity, though, is not observed when turnover is
monitored from amino acid release (44, 60, 70, 79, 115, 133, 176). The
reason for this is not fully understood, but it is probable that the degradation
of some proteins is a sequential process, initiated by mechanisms that alter the
function of specific proteins and mark them for a final stage of hydrolysis.
While it is beyond the scope of the present chapter to discuss this question in
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Figure I Release of ["*C]valine from protein in 10-min pulse-labeled livers of nonfasted and
48-h-starved-12-h-refed mice, cyclically perfused with a 15-mM valine chase. Circles: total
release; Triangles: short-lived release, calculated as the difference between total and long-lived
(resident) release. From Hutson & Mortimore (70).
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detail, it is of interest to consider some aspects of it in a cell such as the
hepatocyte where protein breakdown to the level of amino acids and oli-
gopeptides (18) is largely an intralysosomal mechanism (see below).

The sequestration of intracellular protein and other macromolecules within
hepatic macroautophagic vacuoles is an ongoing process in which discrete
portions of cytoplasm are segregated by preexisting cellular membranes (see
below). Under steady-state conditions, the overall rate of protein internaliza-
tion will determine the rate of proteolysis. Using the thiol proteinase inhibitor
leupeptin to retard digestion of the captured proteins, Kominami et al (80)
found that intravacuolar concentrations of two inducible enzymes, tyrosine
aminotransferase and aspartate aminotransferase, closely paralleled their re-
spective values in cytosol; this suggests that their autophagic uptake was
nonselective. A similar conclusion was reached by Henell & Glaumann (63)
for lactate dehydrogenase and aldolase. Many other proteins, however, are
attached to or in other ways associated with cytoplasmic membranes (145).
Because the endoplasmic reticulum is a major target for sequestration (124,
152), differing rates of individual protein uptake and turnover would be
expected, even at constant rates of cytoplasmic sequestration. One interesting
example of this is the finding by Dice and coworkers (12, 12a, 42, 42a, 95a)
that certain peptides microinjected into fibroblasts can be specifically targeted
for macroautophagy (or their targeting prevented) on the basis of specific
structural features that could affect their binding to membranes.

MECHANISMS OF PROTEIN DEGRADATION

Owing to the high rate of protein loss in liver, this tissue has been the subject
of several investigations aimed at identifying specific morphologic and
biochemical deficiencies after starvation. No specific alterations have been
seen. Rather, the loss is associated with a diminution of most subcellular
constituents (22, 47, 81, 124) and nearly proportional decreases in phospho-
lipid and RNA (81). Because DNA and the number of nuclei remain relatively
unchanged (82, 97), these deficits may be considered cytoplasmic in nature. It
is of interest that the greatest decrease in cell volume, about 25%, occurs
during the first 24 h of starvation (124). Most of this represents space that
contains glycogen. However, substantial decrements of endoplasmic reticu-
lum and ground substance also occur (22, 47, 124). Because glycogen is
known to overlay, and thus obscure, much of the smooth endoplasmic
reticulum (93, 134), the actual loss of the latter in the first 24 h is probably
greater than is generally recognized.

Macroautophagy

Until the lysosomal-vacuolar system was discovered, no one could provide a
satisfactory explanation for these cytoplasmic deficits. The realization that
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cells can sequester and digest portions of their cytoplasm was eventually
established (36), but the process was not initially perceived as having any
physiological role in protein turnover. However, its relevance broadened after
Ashford and Porter and others demonstrated that macroautophagy can be
induced by glucagon in rat liver (7, 9, 38, 39, 146) in association with
accelerated rates of protein degradation (71, 98). Later it was found that
deprivation of amino acids, and insulin, or serum would evoke autophagic
responses in the perfused rat liver (109, 113, 114) and heart (73) and in
cultured cells (5, 104).

DYNAMICS OF MACROAUTOPHAGY The stringent omission of amino acids
in the perfused rat liver induces a strong macroautophagic response (109, 152)
virtually indistinguishable from that observed with glucagon (151). Because
the response is reversible (109), amino acids have been used as a probe to
explore the regulation of macroautophagy and its relationship to deprivation-
induced proteolysis. With the aid of quantitative electron microscopy, it has
been possible to measure the course of autophagic induction and regression
with time in perfused livers (152). Immediately after amino acid withdrawal,
nascent macroautophagic vacuoles (autophagosomes or AVi) appear and,
after a lag of 7-8 min, are transformed into digestive vacuoles (autolysosomes
or AVd). The lag represents the time required for AVi to acquire acid
hydrolases by fusion from secondary lysosomes and to initiate digestion (for
review of autophagy, see 52, 59, 66).

A recent study (170) has demonstrated a direct relationship between se-
questered protein and the quantity of enzyme acquired by fusion over a wide
range of AVd size, which suggests that fusion is regulated by information
derived from vacuolar volume. Because AVi formation in liver can be
suppressed by several agents, including amino acids (109, 152), insulin (107,
114), cycloheximide (83), and 3-methyladenine (155), the turnover of
macroautophagic vacuoles can be indirectly assessed from the exponential
regression of total autophagic volume. Estimates of the half-life in liver,
including one determination based on sensitivity to osmotic shock (114),
range from 6 to 9 min (83, 114, 121, 125). Similar values have been reported
for autophagic turnover in pancreatic acinar and seminal vesicle cells (83).

QUANTITATIVE RELATIONSHIP BETWEEN MACROAUTOPHAGY AND
ACCELERATED PROTEIN DEGRADATION The aggregate volume of hepato-
cyte cytoplasm sequestered by AVi at amino acid levels between 0 and 10
times normal plasma concentrations correlates directly with the increase in
resident protein degradation above the basal rate (152). Calculations of
cytoplasmic turnover, based on an autophagic half-life of 8 min (¢ = 0.087
min~') and steady-state volumes of AVi or AVd, determined over the range
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of amino acid concentration, give values that nearly equal the corresponding
fractional turnover of resident protein (Table 1). Moreover, as shown in
Figure 2, the quantities of sequestered protein predicted by these calculations
are in agreement with direct measurements of degradable protein entrapped
within lysosomal particles (70, 108, 110). These findings, together with the
3-methyladenine inhibitor studies of Seglen & Gordon (155), leave little
doubt that macroautophagy can account for accelerated proteolysis in the
hepatocyte. This conclusion very likely holds for other cells as well.

MACROAUTOPHAGY AND PROTEIN DEGRADATION IN MUSCLE In the
myocyte, evidence is accumulating that macroautophagic activity of the type
described in hepatocytes may be limited to nonmyofibrillar proteins.
Although myofibrils comprise the largest volume fraction of the cell, they
turn over slowly (14, 90, 163) and have not been obscrved within autophagic
vacuoles in heart (32, 129) or skeletal muscle (149); images of mitochondria,
sarcoplasmic reticulum, and glycogen, though, are commonly seen (32, 33).
This localization of activity, of course, complicates any attempt to correlate
protein degradation with autophagic sequestration as was done in the hepato-
cyte. More recent studies revealed striking differences in the effects of
starvation and insulin on total and myofibrillar protein breakdown. The
former, in contrast to the latter, appears to decrease in the perfused rat heart
after starvation (163) and can be suppressed by insulin and amino acids in
perfused heart and skeletal muscle (90, 92, 163). Since total protein degrada-
tion appears to be dominated by faster turning over components of the
nonmyofibrillar compartment, it is likely that the effects of insulin and amino
acids on protein turnover are mediated by suppression of macroautophagy. It
is of interest that macroautophagy in heart (129), as in liver (105, 128, 129),
is decreased by food intake in vivo.

Table 1 Values of accelerated fractional turnover for liver cytoplasm and resident proteins®

AVi AVd + DB Protein
Amino acid Volume Tumover  Volume Tumover Proteolysis Turnover
level (% liver) (™Y (% liver) (™" (wmol Val h™") (h™h
0X 0.584 0.030 0.518 0.027 14.2 0.031
0.5X 0.354 0.018 0.341 0.018 8.9 0.019
1X 0.133 0.007 0.125 0.007 3.7 0.008
4X 0.013 0.001 0.025 0.001 0.2 0.000

2 Calculations were based on an autophagic rate constant of 0.087 min ' and increases above basal levels (ten
times normal plasma amino acids) in the fractional liver volumes of AVi, AVd + DB (secondary lysosomes),
and rates of valine release. Livers from nonfasted rats were perfused in the single-pass mode with multiples (X)
of a normal plasma amino acid mixture. See text for further discussion. From Schworer et al (152).
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Micro- or Basal Autophagy

Owing to the extreme heterogeneity of autophagic vacuoles, de Duve &
Wattiaux (36) coined the term microautophagy to express the idea that the
sequestered volume or “bite” could extend below the accepted limit for
macroautophagy and into the molecular range. Although the process was not
explicitly defined, it has since become clear that in most cells intracellular
protein can be sequestered and degraded by lysosomal particles other than
macroautophagic vacuoles (see below). In the perfused rat liver, macroauto-
phagy is virtually eliminated by adding 4 to 10 times normal plasma levels of
amino acids (109, 152). Proteolysis is maximally inhibited under these con-
ditions and the residual or basal rate averages 1.5% of liver protein per hour,
about one third of the maximal rate of protein breakdown obtained in the
absence of amino acids (139, 152).

Degradable protein is demonstrable in lysosomal fractions under basal as
well as accelerated states (70, 108, 110), and the overall relationship between
this pool of protein and rates of intracellular protein degradation is depicted in
Figure 2. The linearity of the slope and its regression through the zero-
intercept strongly support the notion that resident protein degradation is
mediated by the lysosomal system under accelerated as well as basal con-
ditions (70, 110). It is of further interest that the value of the slope, 0.096
min~!, is close to the rate constant of autophagic vacuole regression, 0.087
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Figure 2 Relationship between lysosomal pools of degradable protein (internalized protein) and
rates of breakdown of liver protein. From Hutson & Mortimore (70).
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min~! (114, 121, 152). Thus, it is likely that the turnover of degradable
protein remains the same irrespective of the size of the degradable pool or the
nature of the lysosomal-vacuolar particle that contains it. Utilizing a more
direct approach to evaluate autophagic turnover under basal conditions,
Henell & Glaumann (64) found that the aggregate volume of lysosomal-
vacuolar components in the perfused rat livers increased at a rate of 1.34%
h~! when lysosomal proteolysis was inhibited with leupeptin. Although some
uncertainties are evident, their major finding does agree remarkably well with
the average rate of basal protein turnover and supports the notion that basal
autophagy is an ongoing process.

Concerning the question of how proteins are taken up by lysosomes under
basal conditions, two categories of possibilities may be considered. The first
is transmembrane flow of protein molecules analogous to the transit of signal
peptides across membranes (16). Although such a mechanism might offer
selectivity, it would not provide intralysosomal protein pools that correlate so
well with intracellular degradation (Figure 2) nor would it explain the pres-
ence of glycogen and membrane remnants in secondary lysosomes (109, 113,
150, 152). The second category includes the following: (a) invagination of the
lysosomal membrane (34, 40, 41, 94, 105, 126, 148), (b) invagination of the
smooth endoplasmic reticulum with movement of material through the in-
tracisternal space to nascent lysosomes (116), (c) formation of single-walled
primary vesicles followed by lysosomal fusion (113, 151), and (d) any
combination of the above. But regardless of the mode of sequestration, the
vesicles formed would be smaller than macroautophagic vacuoles and, be-
cause of higher surface-to-volume ratios, would capture a higher proportion
of membrane-associated proteins. In principle, these geometric considerations
would satisfy both the requirements of pool size and diversity of turnover to
the extent that the latter is influenced by interactions between proteins and
membranes. Consistent with this notion is the observation that correlations
between hepatic protein degradation and subunit size and negative charge are
abolished under conditions where macroautophagy is presumed to play a
prominent role in protein catabolism (43).

Nonlysosomal Proteolysis

Although the lysosomal-vacuolar pathway is clearly the dominant process for
resident protein turnover in the hepatocyte, nonlysosomal mechanisms may
operate to varying degrees in many cells. This conclusion, though, is neces-
sarily indirect since, with the exception of the ubiquitin/ATP-dependent
cytosolic system (28), the lysosomal pathway represents the only defined
process in eukaryotic cells for the complete breakdown of cytosolic proteins.
Neutral proteases, such as those in the calcium-dependent group, have been
extensively studied (37, 55, 112, 131), but their catalytic functions appear to
be too specific for this requirement.
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The first suggestion that cells contain more than one proteolytic pathway
came from attempts to block lysosomal proteolysis by using weak bases and
protease inhibitors. Although results and interpretations have differed, there is
general agreement that accelerated rates of proteolysis can be suppressed by
these agents (5, 35, 60, 68, 79, 115, 177). On the other hand, inhibition of
basal turnover has been observed either consistently (35, 91, 115, 176, 177),
weakly (5, 132), or not at all (61, 79). A major problem in the use of these
agents as a means of distinguishing between lysosomal and nonlysosomal
proteolysis is that they do not inhibit completely and are variable in their
effectiveness (3). In the case of weak bases, for example, maximally in-
hibitory concentrations raise intralysosomal pH to values ranging from 5.9 to
6.2 (67, 118). Nevertheless, in general agreement with Knowles & Ballard
(79), it is reasonable to conclude that some of the ineffectiveness of lysosomal
inhibitors relates to the existence of nonlysosomal pathways in some cells. In
myocytes, for example, lysosomotropic agents are not effective inhibitors of
myofibrillar protein breakdown (92, 120, 184), and it is probable that the
initial steps are nonlysosomal in nature (142), involving a calcium-activated
disassembly of myofibrils into separate contractile proteins (161, 184).
However, the possibility cannot be excluded that autophagy is utilized as a
final step (74, 161).

The microinjection of labeled proteins and even subcellular organelles (45,
147) into cultured cells has provided an opportunity to investigate this ques-
tion in more detail (for review, see 95). It is clear that the degradation of some
labeled proteins in fibroblasts will change in parallel with endogenous protein
breakdown when the latter is altered by nutritional shifts and cell growth (10,
12, 42, 62), results that are consistent with lysosomal processing. On the
other hand, not all labeled proteins are associated with lysosomes during their
degradation (15, 42, 167). While these findings have little bearing on general
protein catabolism and its regulation, they do indicate that nonlysosomal sites
of catabolism exist and, at the same time, underscore the complexity of
problems related to the selection of individual proteins for degradation in
different cells and under different conditions of growth.

REGULATION OF ACCELERATED PROTEIN
DEGRADATION

Control by Amino Acids and Other Agents

In liver, amino acids may be regarded as the primary regulators of resident
protein degradation since complete plasma mixtures can evoke responses over
the full range of accelerated breakdown in the absence of hormonal agents
such as insulin and glucagon (Figure 3a). Reproducible inhibitory effects of
complete amino acid mixtures are readily elicited at levels as low as half the
normal plasma levels in the perfused rat liver (135, 139, 152), whereas
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otherwise comparable responses in preparations of isolated hepatocytes
appear to require concentrations that are several-fold higher (157). It is also
important to note that resident protein synthesis, which is not under acute
physiological control by amino acids (123, 181), is in balance with degrada-
tion under basal conditions (139).

Despite the known cellular heterogeneity of liver, the total volume occu-
pied by Kupffer and other nonhepatocytes is quite small (17), and as much as
99% of total cellular protein appears to reside in hepatocytes (105). Moreov-
er, macroautophagic activity is evenly distributed between the periportal and
pericentral hepatocytes (124, 137, 152). Thus from the standpoint of protein
turnover, the perfused liver is a relatively homogeneous preparation of
hepatocytes and, because of its responsiveness, is a useful in vitro model for
simulating hepatic responses in vivo (135, 139).

REGULATORY AND NONREGULATORY AMINO ACIDS Several studies with
the perfused rat liver (139, 181) and isolated hepatocytes (68, 156, 157, 166)
have revealed that the number of amino acids that directly inhibit hepatic
proteolysis is small, although it is larger than in skeletal and cardiac muscle,
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Figure 3 (a) Rates of resident protein degradation in rat livers perfused as in Figure 1. The
effects of leucine and a-ketoisocaproate were taken from Poso et al (139); the complete and
regulatory amino acid dose responses were redrawn from Pos6 & Mortimore (135). (b) Hypothet-
ical components of the dose response of the regulatory mixture; see the section on Mechanism of
Proteolytic Regulation by Amino Acids for explanation. From Pés6 & Mortimore (136).
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where only leucine is active (21, 25, 48). Detailed investigations with
the perfused rat liver have shown that leucine, tyrosine, phenylalanine,
glutamine, proline, histidine, tryptophan, and methionine are effective
(139) and as a group can mimic the inhibition evoked by a complete plasma
mixture at 0.5 and 4 times normal plasma concentrations (139). A some-
what smaller group (Leu, Phe, Asn, GIn, and His), each added at 10 mM,
has been shown to suppress autophagy in electropermeabilized hepato-
cytes (156). In contrast to the perfused liver (139), histidine proved to be
the strongest inhibitor, while little suppression was obtained with leucine
(156).

Whether or not all of the eight amino acids are true inhibitors is not easily
determined. In some instances individual activity is too low to measure
accurately (139). With glutamine, though, difficulty arose from the finding
that at concentrations higher than four times normal (3 mM), free ammonia
was generated in amounts sufficient to inhibit lysosomal proteolysis directly
(138, 139). Finally, because phenylalanine is rapidly hydroxylated to tyrosine
(159, 160), activities of the two aromatic amino acids cannot be differentiat-
ed. However, since they inhibit to the same extent and their effects are not
additive, it is likely that tyrosine rather than phenylalanine is the active
regulator (139). Despite the possibility that the number of regulatory amino
acids may be overestimated, it is clear that the 12 complementary amino acids
as a group exhibit no direct inhibitory activity at physiological concentrations
(139).

Leucine is by far the most effective inhibitor in the perfused rat liver
(Figure 3a), suppressing the deprivation response by about 60% at 0.8 mM or
4 times normal (4X) concentrations (139). The other two branched-chain
amino acids, valine and isoleucine, are devoid of inhibitory activity (139,
157, 158). When various combinations of the regulatory amino acids were
examined at the 4X level, both leucine and proline appeared to be required for
maximal inhibition, while glutamine, tyrosine, and phenylalanine could be
deleted without affecting the overall response (139). Other additive and
nonadditive combinations observed in isolated hepatocytes (157) and the
perfused liver (139) indicate that leucine plays a dominant role in proteolytic
regulation.

REGULATORY AMINO ACIDS AND THE PERMISSIVE ROLE OF ALANINE ~ Al-
though proteolytic responses of the perfused liver to complete and regulatory
amino acid mixtures are identical at low (0.5X) and high (4X) plasma
concentrations, as depicted in Figure 3a they differ sharply in the intermediate
range owing to an unexpected loss of effectiveness of the regulatory group in
the vicinity of normal levels (1X). Leucine exhibits a similar zonal loss (139),
and one may presume that the remaining amino acids do also. The loss was
traced to a lack of alanine since 0.5-mM additions to the 1X regulatory
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mixture restored the inhibition (135). Except for one report (122), alanine
possesses little direct inhibitory activity and is the only amino acid displaying
this permissive effect. Pyruvate and lactate could be substituted for alanine,
but the concentrations required were 20-fold higher (135). Analogous effects,
requiring both leucine and alanine for the suppression of proteolysis in
perifused hepatocytes, have recently been reported (86).

MECHANISM OF PROTEOLYTIC REGULATION BY AMINO ACIDS Little is
known of the cellular locus or nature of the amino acid recognition that
mediates the regulatory effects depicted in Figure 3a. There is some evidence
to support the view that the site(s) are on or close to the plasma membrane.
The unique shape of the regulatory amino acid dose response curve indicates
that control of proteolysis is complex and involves both positive and negative
modulation from separate sites. Figure 3b depicts hypothetical components
that could be involved. In interpreting the primary inhibition by leucine (curve
I), it should be noted that a-ketoisocaproate, the ketoacid of leucine, fails to
suppress at 0.1 mM although it closely mimics effects of leucine at higher
concentrations. Because rates of leucine transamination in liver are extremely
low (30, 139), the initial proteolytic inhibition indicates that the amino acid
itself is required for the effect. The mechanism is unknown, but it could
involve binding of leucine as well as other regulatory amino acids to their
cognate tRNAs, as described by Scomik et al in histidine-dependent mutants
of CHO cells (153, 154).

Why regulatory amino acids lose their effectiveness at concentrations
above 0.5X (Figure 3b, curve II) is equally unknown, but the fact that the loss
occurs at amino acid concentrations approximating those in portal vein plasma
(119) suggests that it has physiological significance. It is not a feature of
regulation by leucine in muscle (25, 173), but in liver it could provide a way
to accelerate proteolysis in response to a deficiency of glucogenic substrate. A
second inhibitory site is necessary to explain the suppression that occurs at
amino acid concentrations greater than 1X (curve III). Such a mechanism
would be important as a safeguard against excessive rates of protein break-
down mediated by glucagon or alanine deprivation. Note that the curve
parallels the dose response for a-ketoisocaproate in Figure 3a. Because the
ketoacid is not transaminated rapidly enough in liver for the effect to be
mediated by leucine, the ketoacid must be recognized directly. Since curve
III also parallels the response to leucine in the upper range (Figure 3a),
both leucine and a-ketoisocaproate could be recognized at the inhibitory site,
quite possibly through specific structural features of the side chain (78,
136, 139).

In contrast to liver, rates of leucine transamination in muscle are very rapid
(20), and there is mounting evidence suggesting that a-ketoisocaproate rather
than leucine is the active regulator of proteolysis (103, 173). Inhibition of
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transamination by cycloserine, for example, has been shown to block the
effect of leucine on protein degradation without affecting the response to
a-ketoisocaproate (103, 173). The notion that a-ketoisocaproate acts directly
rather than through an oxidation product was recently advanced by Chua and
coworkers, who found that 20-mM pyruvate in the perfused rat heart strongly
suppresses the decarboxylation of the ketoacid without diminishing its in-
hibitory effectiveness (78). It is of interest that dose responses to leucine in
the rat diaphragm (173) and to the ketoacid in the perfused rat heart (78) and
liver (139) correspond to curve III in having a distinct sigmoidal shape;
responses at low leucine concentrations, as represented in curve I for liver,
have not been observed in muscle (25, 173). Thus effects of a-
ketoisocaproate in both muscle and liver may be mediated from a site in which
structural features of the ketoacid are important for the expression of inhibi-
tion (78, 139). In adipose tissue, protein degradation appears to be insensitive
to leucine (174, 175), although it is inhibited by insulin (175).

METABOLITES Some proteolytic inhibition has been observed with metabo-
lites other than amino acids, but no clear pattern of response has yet emerged.
In cardiac muscle, lactate, pyruvate, acetoacetate, acetate, and propionate
have been reported to suppress proteolysis (23, 25); the effects, though, have
not been consistent in all preparations (169). In skeletal muscle, fatty acids
are without effect (48, 89). The same is true for liver (139) except that
octanoate (135) is able to block the modal loss of effectiveness of the
inhibitory amino acids at 1X (see Figure 3a). Glucose has no known regula-
tory role in liver or muscle (31, 89, 150). Finally, the suggestion has been
made that the redox state of muscle correlates with proteolysis, increased
reduction being related to decreased degradation (171, 172). However, de-
spite attempts, the observation has not been confirmed (24, 46, 162).

CALCIUM Calcium accelerates proteolysis in cardiac and skeletal muscle by
lysosomal and nonlysosomal mechanisms (76, 143, 144, 161, 168, 184) and
reportedly plays a role in macroautophagy in liver (58). The proposal has been
made that the lysosomal system is activated by a calcium-induced increase in
prostaglandin biosynthesis (143, 144). However, the putative link between
protein degradation and PGE, release has not been confirmed in muscle
preparations from rats with burn injury (96, 117). Thus, while PGE, may be
important in activating proteolysis, it does not appear to be involved in the
maintenance of the effect (96, 117). As mentioned earlier, calcium has been
implicated in the lysosomal degradation of some contractile elements in
muscle (161). On the other hand, myofibrillar protein degradation is not
inhibited by insulin or lysosomotropic agents (91, 120), which suggests that a
nonlysosomal pathway is involved. This is further supported by the failure of
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lysosomotropic agents and inhibitors of macroautophagy to block the calcium
ionophore stimulation of protein degradation (184). While it is likely that
calcium-dependent proteases are involved in these initial steps, this complex
group of enzymes has not been fully defined (37, 55, 112, 131), and further
research is needed to clarify their biochemical and physiological roles.

Hormonal Regulation

GLUCAGON AND 3-AGONISTS In spite of the ability of amino acids to exert
wide-ranging control in vitro, the actual regulation of proteolysis in vivo must
involve cooperative effects with hormonal agents since plasma amino acid
concentrations are held within comparatively narrow limits except after food
intake. However, owing to the difficulty of measuring proteolysis in vivo,
little information is available on the nature of these interactions. As men-
tioned above, glucagon is a potent inducer of hepatic macroautophagy (7, 9,
38, 146, 150) and protein degradation (69, 98, 151, 182), and at normal
plasma amino acid levels it can elicit responses comparable in magnitude to
those after stringent amino acid deletion (151). Similar effects have been
observed with cyclic AMP (69, 146) and epinephrine (146, 182). How the
enhancement of autophagy is ultimately achieved is not known, but it is clear
that protein synthesis is not required (69, 182) and that it is not mediated by
depletion of intracellular glucogenic amino acids as was once thought (138).
It is important to point out that autophagic and proteolytic stimulation by
glucagon is abolished at amino acid concentrations above twice normal
plasma levels (151). The block appears to be selective since glycogenolysis is
not affected (151). Although the reason for this effect is also obscure, it is
possible that the inhibition depicted by curve III in Figure 3b in some way
nullifies the hormonal effect.

Curiously, in muscle these agents suppress rather than stimulate pro-
teolysis. In rat heart, for example, glucagon and the -agonist isoproterenol
inhibit macroautophagy and protein degradation (26, 32); similar effects of
cyclic AMP and isoproterenol on proteolysis have been reported in skeletal
muscle (49, 88).

INSULIN In contrast to the tissue-specific reversal in the direction of effects
of glucagon and B-agonists, insulin as well as other growth-promoting factors
are consistently inhibitory (13). In the mammal, insulin suppresses protein
degradation in liver (69, 107, 125, 127), cardiac (31, 141, 169, 180) and
skeletal muscle (48, 72), kidney (130), adipose tissue (175), and cultured
cells (4, 5). However, because rates of protein degradation must be enhanced
before insulin and amino acids can evoke inhibitory responses, the degree of
suppression reflects the intrinsic catabolic activity of the tissue, which is
specifically affected by caloric deprivation. In liver, for example, protein
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breakdown in the absence of amino acids and insulin is highest at the start of
the postabsorptive state, and decreases with starvation; accordingly, the
magnitude of the inhibitory effects is largest in the early phase of deprivation
(107, 139). By contrast, degradation in cardiac and skeletal muscle increases
with starvation, and 24-48 h of deprivation may be required (57, 75, 87, 92,
140)—longer in older/larger rats (56, 57, 92, 100)—before consistent in-
hibitory effects are observed.

Virtually nothing is known of the mechanism by which insulin inhibits
macroautophagy. However, recent studies in the perfused liver (111) have
shown that insulin selectively blocks the sharp zonal loss of inhibitory
effectiveness at normal plasma amino acid levels that is exhibited by curve II
in Figure 3b; this suggests that it may be related closely to actions of the
inhibitory amino acids. This finding illustrates the importance of characteriz-
ing the amino acid recognition before hormonal action at this site can be
understood.

EFFECTS OF NUTRIENT INTAKE AND DEPRIVATION
ON PROTEIN DEGRADATION IN VIVO

Alterations in Protein Degradation and Synthesis

The foregoing effects of caloric deprivation on proteolysis in isolated liver
and muscle suggest that rates in muscle, in contrast to liver, increase during
the first 2448 h. However, it must be recognized that determinations in vitro,
especially in the case of skeletal muscle, may not accurately reflect the
proteolytic state in vivo. Inasmuch as passive stretch strongly inhibits protein
breakdown in muscle (54, 99), rates may rise unpredictably after tissue
isolation. Methods utilizing differences between rates of synthesis and net
changes in muscle protein mass in vivo require few assumptions and,
although somewhat cumbersome, do provide reasonably certain estimates
(102). Results in rats have shown that protein synthesis and breakdown both
fall slightly but remain in balance in the first 48 h of starvation; no demonstra-
ble net loss of protein occurs during this time, although breakdown is acceler-
ated after 48 h (99, 100, 102). Similar early decreases in muscle protein
breakdown based on 3-methylhistidine excretion have been reported in pro-
tein-deficient rats and fasting man (183).

Rates of total hepatic protein synthesis and degradation also fall early in
starvation in the mouse and rat (97, 105). But in contrast to muscle, protein
breakdown in liver remains consistently greater than synthesis, and significant
losses of protein occur early in the postabsorptive period (105). The ingestion
of food after a period of deprivation decreases hepatic protein degradation
dramatically (29, 70, 77, 99, 105) in association with the resynthesis of
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intracellular protein and other constituents (Figure 1). This growth-associated
response has also been observed in skeletal muscle (90) and kidney (19), and
cultured human fibroblast (14a).

Degradative Mechanisms

MACROAUTOPHAGY The intensity of protein degradation in liver makes it
possible to establish a quantitative correlation between proteolytic rates and
alterations of the lysosomal-vacuolar system during starvation and subsequent
refeeding (70). The net loss of protein can be attributed largely to ongoing
macroautophagy (70, 124) and accelerated breakdown rates that are con-
sistently higher than those of synthesis (70); the same mechanism could also
explain the loss of RNA (8, 84, 85). Since the rate of protein synthesis per cell
or liver is determined by the quantity of rRNA, the decline in synthesis during
starvation will parallel the loss of protein (70). With refeeding,
macroautophagy and the accelerated phase of breakdown are abruptly sup-
pressed (70, 77, 128).

BASAL PROTEOLYSIS Basal protein degradation in rat liver, measured in the
presence of ten times the normal level of plasma amino acids, decreases by
50-70% during 48 h of starvation (106). Because basal degradation accounts
for a large fraction of total turnover under these conditions, the effect can
explain most of the aforementioned decline in degradation in vivo. Since
macroautophagic vacuoles are virtually nonexistent in the basal measure-
ments, the decrease must reflect changes in a basal lysosomal or nonlysosom-
al mechanism. The first possibility seems probable since rates of degradation
over the period of starvation correlated directly with pools of degradable
intralysosomal protein (106).

As discussed earlier, the mechanism(s) of protein uptake by lysosomes
under basal conditions remains an unsolved problem. Invaginations or flap-
like extensions of the lysosomal membrane with the formation of internal
vacuoles have been described by several investigators under the term
microautophagy (40, 41, 70, 94, 126). But how well this process correlates
with hepatic basal turnover is uncertain. In one report, microautophagy
increased with caloric deprivation (40), and in another, the number of mem-
brane deformations fell slightly (126). In cardiac muscle, microautophagy
appears to increase with starvation (41). Another form of hepatic autophagy,
denoted by the fusion of small, single-walled vesicles with dense bodies, has
been described under the term type A dense body (105, 109, 152); similar
profiles containing glycogen have been called glycogenosomes (6). While
these particles are clearly autophagic in nature, they differ morphologically
from the classic macroautophagic vacuole and also by the fact that they are



Annu. Rev. Nutr. 1987.7:539-568. Downloaded from www.annualreviews.org
by RENSSELAER POLY TECHNIC INSTITUTE on 01/05/12. For personal use only.

556 MORTIMORE & POSO

continuously generated under basal conditions (152). Evidence has been
obtained that this population can be used as a marker for basal or
microautophagy during starvation and refeeding in the mouse (70).

SUMMARY

The continuous turnover of intracellular protein and other macromolecules is
a basic cellular process that serves, among other functions, to regulate
cytoplasmic content and provide amino acids for ongoing oxidative and
biosynthetic reactions during nutrient deprivation. The intensity of breakdown
and pattern of regulation, though, vary widely among cells. Rat hepatocytes,
for example, exhibit high absolute rates of proteolysis and regulatory effects
that diminish during starvation, while corresponding responses in skeletal and
cardiac muscle move in the opposite direction. It is also becoming apparent
that effects of insulin and other acute regulatory agents on muscle breakdown
are limited to nonmyofibrillar components. The latter may be sequestered and
degraded within autophagic vacuoles, whereas myofibrillar proteins require
an initial attack by calcium-dependent proteases in the cytosol. By contrast,
most if not all of the breakdown of resident (long-lived) proteins as well as
RNA in the hepatocyte can be explained by lysosomal mechanisms.

The uptake of cytoplasmic components by lysosomes can be divided into
two major categories, macroautophagy and micro- or basal autophagy. The
first is induced by amino acid or insulin/serum deprivation. In the hepatocyte,
amino acids alone can regulate this process almost instantaneously over two
thirds of the full range of proteolysis, 4.5% to 1.5% per hour. Glucagon,
cyclic AMP, and B-agonists also stimulate macroautophagy in hepatocytes
but have opposite effects in skeletal and cardiac myocytes. Basal autophagy
differs from the macro type in that the cytoplasmic “bite” is smaller and
sequestration is not acutely regulated. It is, however, adaptively decreased
during starvation in parallel with absolute rates of basal turnover. Since
endoplasmic reticulum comprises an appreciable fraction of the vacuolar
content, volume sequestration would be compatible with the known
heterogeneity of individual protein turnover if some proteins (or altered
proteins) selectively bind to membranes.

The amino acid control of macroautophagy in the hepatocyte is accom-
plished by a small group of direct inhibitors (Leu, Tyr/Phe, Gln, Pro, Met,
Trp, and His) and the permissive effect of alanine whereas only leucine is
involved in myocytes and adipocytes. Of unusual interest is the fact that the
inhibitory amino acid group alone evokes responses in perfused livers that are
identical to those of a complete plasma mixture at 0.5 and 4 times normal
plasma levels but loses effectiveness almost completely at normal con-
centrations. This loss is abolished by the addition of 0.5-mM alanine, which
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is not directly inhibitory in the fed rat. These findings suggest a novel role for
alanine that could be of importance in elucidating the link between energy
demands and proteolysis in liver.
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