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Abstract In higher organisms, dietary proteins are bro-
ken down into amino acids within the digestive tract but
outside the cells, which incorporate the resulting amino
acids into their metabolism. However, under certain con-
ditions, an organism loses more nitrogen than is assimilated
in the diet. This additional loss was found in the past
century to come from intracellular proteins and started an
intensive research that produced an enormous expansion of
the field and a dispersed literature. Therefore, our purpose
is to provide an updated summary of the current knowledge
on the proteolytic machinery involved in intracellular
protein degradation and its physiological and pathological
relevance, especially addressed to newcomers in the field
who may find further details in more specialized reviews.
However, even providing a general overview, this is an
extremely wide field and, therefore, we mainly focus on
mammalian cells, while other cells will be mentioned only
for comparison purposes.
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Introduction

Intracellular protein degradation is different from digestion
of dietary proteins in two main aspects: (1) the proteins that
are degraded are the same that were synthesized by the
organism, and (2) this degradation occurs within the cells
by energy requiring processes. The book of Rudolf
Schonheimer (1898-1941) “The Dynamic State of Body
Constituents”, published 1 year after his untimely death,
led to the important concept that intracellular proteins are
continuously being synthesized and degraded within cells,
and started an intensive research on this topic. Although
this concept was challenged until as late as the mid-1950s,
several laboratories firmly established first the existence of
an extensive intracellular protein degradation in both pro-
karyotes and eukaryotes, and later its selectivity and
relevance.

Initially, it was assumed that intracellular proteins were
degraded within lysosomes, organelles discovered in 1949
by Christian de Duve (Nobel Prize in Physiology or
Medicine in 1974, together with Albert Claude and George
E. Palade) and co-workers. However, it was soon clear that
more selective processes were required for intracellular
protein degradation. In particular, the field of ubiquitin
research was initiated in the 1980s, and followed when the
chemistry of ubiquitin conjugation was described [1, 2].
For these discoveries, Aaron Ciechanover, Avram Hershko
and Irwin Rose were awarded with the Nobel Prize of
Chemistry in 2004. Research on the mechanistics of this
selective degradation of proteins was carried out by these
and many other laboratories [3]. On the lysosomal side, a
period of quick discoveries on the molecules involved in its
main intracellular protein degradation pathway, called
autophagy, was initiated in the 1990s using autophagy
mutants in Saccharomyces cerevisiae. As a consequence of
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all these efforts, the field of intracellular protein degrada-
tion experienced, at the beginning of this century, an
enormous expansion that revolutionized and diversified the
initial concept.

General characteristics of intracellular protein
degradation

Cell growth and differentiation depend on the rates of
protein synthesis and degradation, and both opposite pro-
cesses are equally important and operate in a coordinated
way to maintain cell life. Intracellular protein degradation
has several main features. First, it is general, since all
intracellular proteins from eukaryotic or prokaryotic
organisms so far investigated are continuously being
degraded to amino acids. It is also quite extensive, since,
for example, in a healthy 70 kg adult human, about 300 g
of its proteins are daily degraded and replaced. Therefore,
one may ask what evolutionary superiority gives such a
process to a cell. Obviously, one important advantage is to
degrade defective proteins, whose accumulation could
trigger cell aging and/or death. In fact, it has been postu-
lated that many errors occur during protein translation and
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these defective proteins are quickly eliminated [4]. How-
ever, functional proteins are also degraded, and although, at
first glance, it may appear inconvenient for the cell to
degrade these proteins by mechanisms that, in addition,
require energy, a continuous intracellular proteolysis pro-
vides several advantages (Fig. 1).

A second fundamental and apparently paradoxical fea-
ture of intracellular protein degradation is that energy is
required, as first observed more than 50 years ago in liver
slices. This energy cost is high, despite peptide bond
hydrolysis being a catabolic process, and can be explained
because the two major sites of intracellular protein degra-
dation in mammalian cells, proteasomes and lysosomes,
require energy to accomplish their work.

Finally, a major feature of intracellular protein degra-
dation is that it is both specific and tightly regulated,
constantly recognizing the proteins that should be degra-
ded. In contrast to protein synthesis, which follows zero-
order kinetics, the degradation rate of a protein is a first
order kinetics. This means that: (1) this rate depends on the
concentration of the protein, and (2) protein degradation is
a random process, and a newly synthesized polypeptide
chain has the same probability to be degraded as a mole-
cule from the same protein synthesized long ago. However,
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Fig. 1 Intracellular protein degradation fulfills many functions in
mammalian cells. This process, in addition to survey and degrade
invasive microorganisms, brings several advantages for the cells and
organisms as indicated, including: (1) the provision, under adverse
conditions such as starvation, of amino acids to be used as an energy
source and/or for the synthesis of proteins essential for survival; (2)
the rapid degradation of defective proteins; (3) a better and quick
adaptation of cell metabolism to the environment, by modifying the
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levels of proteins; (4) the control of many important processes such as
cell proliferation (division and growth) and differentiation, morpho-
genesis and regression of retired tissues, cell aging and death (by
necrosis and apoptosis), etc.; and (5) signal transduction, including
the regulation of intercellular (for example, in the generation of
antigenic peptides) and intracellular communication, and the control
of protein traffic. All this, taken together, justifies that intracellular
protein degradation is universal
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this does not exclude that damaged, mutated or otherwise
abnormal proteins are selectively degraded. First order
kinetics allows one to express the degradation rate of a
protein, and thus its stability, in terms of half-life (#;,),
which is the time required to degrade half of the original
molecules. The #,,, s of proteins are affected by hormones,
nutrients and, in general, by the environmental conditions
of the cells, indicating a tight regulation, and it is notice-
able that proteins in a same cell, and even in the same
localization, have vastly different #,,, s (Table 1). In gen-
eral, housekeeping proteins have 7, s optimized for
efficient protein production and, thus, longer than those of
regulatory proteins. Because of this specificity, it is pos-
sible that certain sequence motifs in a protein can facilitate

Table 1 Half-lives (¢;,,) (~) of some rat liver proteins

Protein/s Localization Hp (~)
Ornithine decarboxylase Cytosol 10 min
Fructose 1,6-bisphosphatase Cytosol 30 min
J-aminolevulinate synthetase Mitochondria 70 min
Tyrosine aminotransferase Cytosol 90 min
Tryptophan oxygenase Cytosol 120 min
Hydroxymethyl CoA reductase Endoplasmic 150 min
reticulum
Phosphoenol pyruvate Mitochondria 5h
carboxykinase
Dihydroorotase Cytosol 12 h
Glucose 6-phosphate Cytosol 15h
dehydrogenase
Ornithine-oxo-acid Mitochondria 19h
aminotransferase
Alanine aminotransferase Mitochondria 20 h
Glutamate dehydrogenase Mitochondria 24 h
Glucokinase Cytosol 33 h
Acetyl-CoA carboxylase Cytosol 48 h
Cytochrome P450 Endoplasmic 50 h
reticulum
Monoamine oxidase Mitochondria 55h
Catalase Peroxisome 60 h
Malate dehydrogenase Mitochondria 62 h
Cytochrome c reductase Endoplasmic 70 h
reticulum
Arginase Cytosol 96 h
o-glycerophosphate dehydrogenase Mitochondria 96 h
Cytochrome bs Mitochondria 122 h
Cytochrome c oxidase Mitochondria 134 h
Carbamoyl phosphate synthetase ~ Mitochondria 185 h
Proteasomes Cytosol/nucleus 199 h
Ornithine transcarbamoylase Mitochondria 209 h
p-glucuronidase Lysosome 15 days
Lactate dehydrogenase (isozyme 5) Cytosol 16 days

Most of the data are from Ref. [5]

its degradation. A quite simple example [3] is the presence
in some proteins of destabilizing N-terminal residues that
define a degradation signal (N-degron) recognized by the
ubiquitin-proteasome system (N-end rule). Other known
examples are the degradation box of mitotic cyclins and the
PEST sequences, both associated to short-lived proteins,
and the KFERQ-like sequences, recognized by a specific
lysosomal pathway of protein degradation. However, the
generality of these observations remains to be proven and,
for example, using a proteomic approach, this has been
questioned for the PEST hypothesis [6].

Although individual proteins have quite different ¢/, s,
the global degradation of proteins in a cell can be divided
into two main kinetics, separated by a clear discontinuity,
that correspond to short-lived (#;,, around 1 h) and long-
lived (#,, of days) proteins. Short-lived proteins only
represent 1% of all proteins but, because of their high
turnover, contribute to as much 30% of all intracellular
protein degradation, and their nature remains speculative
[4, 7]. In addition to regulatory and damaged proteins, they
could include newly synthesized proteins that are rapidly
degraded to accomplish various functions, such as the
generation of a constitutive supply of antigenic peptides
[3, 4]. However, the degradation of such a high fraction of
newly synthesized proteins is considered by others an
experimental artifact [8].

Pathways of intracellular protein degradation

Peptide bonds are hydrolyzed by proteases, to produce
peptides and amino acids. In the human genome, the
number of identified protease genes is 561 ([9], see also the
MEROPS database http://merops.sanger.ac.uk/). Most of
these proteases are within cells in almost all compartments,
but the majority only catalyze a limited proteolysis.
Therefore, in mammalian cells, there are only two main
pathways to afford an extensive intracellular proteolysis:
proteasomes and lysosomes. Although proteasomes and
lysosomes are equally important in the degradation of
short-lived and long-lived proteins [7, 10], their relative
importance varies with the cell type, its metabolic situation
and the specific protein to be degraded.

Proteasomes

Proteasomes [for reviews see 11, 12] are localized in both
nucleoplasm and cytosol and represent the main non-
lysosomal pathway of intracellular protein degradation.
They especially participate in the rapid degradation of
defective proteins whose accumulation will have detri-
mental consequences. For example, proteins that remain


http://merops.sanger.ac.uk/

2430

E. Knecht

partially unfolded in the ER interact with others to prevent
their aggregation and to allow their exit, through a channel
in the ER membrane, to the cytosol to be degraded by
proteasomes. This process, termed ER-associated degra-
dation or ERAD [13], is an important degradation pathway,
since about one quarter of the cell’s proteome enters into
the ER. However, the presence of defective proteins in the
ER also activates lysosomes that contribute to their deg-
radation. In addition to these and other defective proteins,
proteasomes preferentially degrade many functional cell
proteins with short f1,, s, including cyclins and cyclin-
dependent kinase inhibitors, transcription factors, tumour
suppressors, and proteins catalyzing rate-limiting steps in
metabolic routes. In all these cases, proteasomes produce
peptides that are quickly hydrolysed by cytosolic pepti-
dases, except some of them with an immunological role.
However, proteasomes can also process, by limited prote-
olysis, some substrates, such as the precursor proteins
NF-kappaB1 pl05 and NF-kappaB2 pl00, to release
products with distinct biological activity.

Proteasomes mainly degrade proteins by ubiquitin-
dependent (the 26S proteasomes, but not the 20S

proteasomes) processes (see below). In addition, 26S pro-
teasomes can also degrade certain proteins independently
of ubiquitin. A paradigmatic example is ornithine decar-
boxylase, although an increasing number of proteins,
including p21"™*/MAPK, p53, retinoblastoma protein and
TCRa, have been shown to be degraded through protea-
some-dependent but ubiquitin-independent processes.
Also, the 20S proteasome itself can directly degrade
unstructured and partially unfolded proteins, produced, for
example, by oxidation, without requiring ATP and
bypassing ubiquitination. However, the mechanisms by
which proteasomes recognize nonubiquitinated substrates
are not well understood [14].

Proteasome complexes

Proteasomes appear in different and widely distributed
complexes of high molecular weight [11, 12]. The catalytic
core of these complexes (Fig. 2) is the 20S proteasome,
which can build larger supramolecular structures. From
archaea to eukaryotes, the 20S proteasome is a cylindrical
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Fig. 2 Different regulatory particles can bind to two ends or to one
end of the 20S proteasome. The best known of these complexes is
formed when 20S proteasomes bind, in an ATP-dependent process, a
19S regulatory particle (RP), composed of a base and a lid, with the
indicated subunits, to produce the 26S proteasome that degrades
polyubiquitinated proteins. Upon substrate degradation and ATP
hydrolysis, the 26S proteasome separates into four parts, 20S
proteasome, lid, base and subunit Rpnl0O, suggesting a cycle of
proteasome assembly and dissociation during proteolysis. Also, the
20S proteasomes can form the PA28-proteasomes when PA28/f8
heteroheptamers, whose expression is intensified in the presence of
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y-interferon, are bound. These proteasomes and the immunoprotea-
somes, which are formed from 20S proteasomes when three
interferon-inducible subunits (fi;;, f»; and fs;) substitute the corre-
sponding three constitutive subunits in the nascent proteasomes,
facilitate the generation of antigenic peptides. The functions of other
proteasome complexes with PA200, PA28y, PI31 or PR39 are still
poorly known. In addition, hybrid proteasomes are formed when 20S
proteasomes bind two different regulatory particles at each end, but
this has been firmly established only for proteasomes with the 19S
and the PA280/ff RPs
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multicatalytic protein complex of 670 kDa, composed of
four superimposed rings around a central channel of 17 Ain
diameter. In mammalian cells, it is composed of 2 identical
copies of 7 distinct & and 7 distinct 5 subunits (21-35 kDa),
arranged in a hollow cylinder composed by 4 heptameric
rings organized in an a_7—f}1_7—f1_7—;_7 structure. Thus,
subunits o and f§ are, respectively, situated in the outer and
inner rings, and the two copies of each subunit are located at
equivalent positions in the two symmetrical halves of the
cylinder, resulting in a structure with a double symmetry
and three internal chambers. The two f-rings form the
central catalytic chamber, where substrate proteins are
cleaved to small peptides by the combined actions of three
of the f§ subunits, with catalytic activities depending on the
secondary alcohol of an N-terminal threonine as the
nucleophilic species. They are designed as chymotrypsin-
like (fs), trypsin-like (f,) and caspase-like (f;, formerly
called peptidylglutamyl-peptide hydrolyzing activity) [15].
The beta subunits of the eukaryotic and prokaryotic 20S
proteasomes are synthesized in a precursor form with a
propeptide at the N-terminus. Although the assembly pro-
cess of the 20S proteasome is still not fully understood, it
has been shown to involve various steps orchestrated by
chaperones such as PAC1-4 and Umpl [16], with the suc-
cessive formation of: (1) a seven-o-subunits ring, (2) the «
ring plus f3,, 5 and f4 subunits (13S precursor), (3) a 15S
half proteasome with an o and a f ring, and (4) a full, but
still inactive, 20S proteasome with the extensions of the
propeptides of the f subunits, which are finally autocata-
lytically removed to expose the N-terminal threonines of the
mature 20S proteasome. In the 20S proteasome, the sub-
units interact tightly and, therefore, access is restricted only
to proteins targeted for degradation that enter unfolded
through the narrow openings of its outer a-rings. Also, the
peptides that are produced within the proteasomes can only
emerge through these ¢-rings openings. Since protein entry
and peptide exit can occur through the same o-ring opening,
the 20S proteasome is able to process two substrate proteins
simultaneously at its six active sites [17]. Certain protea-
some subunits can be subjected to N-terminal acetylation
(e.g., ap, 05, 017, B3, and f4) and to phosphorylation (e.g., o7).
In addition, in mammalian cells, the number of f§ subunits is
higher than 7, since there are three additional inducible
catalytic subunits, LMP2, MECL1 and LMP7 (f;;, f»; and
Bs:). They are non-essential, their levels are increased with
y-interferon or under conditions of an increased immune
response, and they are incorporated into the 20S protea-
somes at the expenses of the other three f§ catalytic subunits
to form the immunoproteasomes [18]. They do not only
differ from constitutive 20S proteasomes in their regulation,
but also in their specificities that favor the generation of
certain peptides of the appropriate length and C-termination
for class I antigen presentation.

20S proteasomes, or immunoproteasomes, can interact
with various regulatory particles to form other proteasomes
[11, 12]. One of them, the 26S proteasome (Fig. 2), is the
key enzyme of intracellular protein degradation in
eukaryotic cells. It is composed of two subcomplexes: (1) a
proteolytic core (the 20S proteasome), and (2) a 19S reg-
ulatory particle (also called PA700) of more than 900 kDa.
The 19S regulatory particle controls the activity of the
complex, since it opens the proteolytic chamber by radial
displacement of the adjacent subunits of the 20S protea-
some [19], and its subunits bind polyubiquitinated proteins,
remove and disassemble the polyubiquitin chain, unfold the
substrate, and translocate it into the 20S proteasome pro-
teolytic core. In addition, the 19S regulatory particle can
also play, independently of the 20S proteasome, non-pro-
teolytic roles, such as in nucleotide excision repair and in
the activation of transcription and chromatin remodeling
[20]. Up to two of these 19S particles can bind to both ends
of the 20S proteasome, thus forming, respectively, 26S and
30S proteasomes. In fact, most 26S proteasomes probably
result from the release of one of the 19S regulatory parti-
cles of the 30S proteasome during the purification process.
In contrast to the 20S proteasome, little is known about the
formation of the 26S proteasome, except for its ATP-
dependence, that the o rings of the 20S proteasome may
function as a template for this assembly and that certain
proteins facilitate (the chaperone hsp90) or hinder (PAAF1,
proteasomal ATPase-associated factor 1) the process. The
19S regulatory particle has 19 constitutive subunits, most
of them with unknown function, distributed in a lid con-
nected to a base. In addition to four non-ATPase subunits
(Rpnl, Rpn2, Rpnl0O, which forms part of the hinge
between base and lid, and Rpnl3), the base has six
homologous ATPase subunits (Rptl to Rpt6) that are
members of the AAA family of ATPases and which carry
out unfolding of the protein to be degraded as well as
channel opening. In contrast, and contrary to previously
proposed models, ATP hydrolysis is not absolutely
required for translocation of the substrate into the cavity of
the 20S core particle with the proteolytic active sites [21].
The lid has nine non-ATPase subunits distributed in two
subcomplexes (RpnS, Rpn6, Rpn8, Rpn9 and Rpnll, and
Rpn3, Rpn7, Rpnl12 and Rpnl5). The major activities of
the lid are two: interaction with the ubiquitinated substrates
(Rpn10/S5a and Rpnl13/ADRMI1 [22]) and deubiquitina-
tion [23]. Rpnll1/S13 is probably the major enzyme
responsible for coupling deubiquitination with degradation.
Uch37, which associates to Rpn13, also has this role, while
Ubp6/Uspl4, a deubiquitinating enzyme also associated to
the base of the 19S regulatory particle, delays Rpnll
deubiquitination [24]. Moreover, occasionally certain E2
and E3 enzymes, or additional non-essential subunits of the
26/30S proteasome (such as Rad23, Dsk2 and Ddil) which
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bind to Rpnl, interact transiently with the ubiquitinated
proteins. The 19S particle subunits also have different
isoforms (e.g., Rpn10a and its alternatively spliced isoform
RpnlOb) and can be modified by N-terminal acetylation
(e.g., Rpnl, Rpn5, Rpn6, Rpt3 and Rpt6) and myristoyla-
tion (e.g., Rpt2).

Another regulatory particle is the 11S regulatory particle
(also called PA280/f or REG), a heteroheptameric complex
of two homologous PA28 subunits, o and § (neither of them
is an ATPase), inducible by y-interferon. This particle binds
to the immunoproteasome or to the 20S proteasome to form
the PA28-proteasome [18], absent in yeast and believed to
participate in the generation of antigenic peptides to be
presented by the major histocompatibility complex class 1.
However, the PA28-proteasome should have nonimmuno-
logical roles too, and also the 26S proteasomes can generate
different sets of peptides that can be class I presented.
REGu can also form homoheptamers, and there is a third
member of the REG family, REGy (also called Ki antigen),
which resides in the nucleus in the form of homoheptamer
caps and is not stimulated by y-interferon. Although certain
intracellular proteins can be degraded by a REGy-protea-
some complex in an ATP- and ubiquitin-independent
manner [25], these and other functions need further inves-
tigation. Other regulatory complexes either enhance
(PA200, which opens the proteasome outer rings) or inhibit
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Fig. 3 The ubiquitin-proteasome system is the major non-lysosomal
pathway of intracellular proteolysis. The process has two parts: (1)
substrate polyubiquitination (on the left) and degradation of the
tagged protein by the downstream 26S/30S proteasome (on the right).
Canonical ubiquitination involves three steps: (1) activation of
ubiquitin by E1 enzyme in an ATP-dependent manner, (2) transfer
of ubiquitin from El to an E2 enzyme, and (3) direct or indirect
transfer of ubiquitin to a specific protein substrate recognized by an

(PI31 and PR39, which block the binding of proteasome
activators) the activity of the 20S proteasome. Finally, the
11S regulatory complex can bind at one end of the 20S
proteasome, while a 19S complex is bound at the other end,
to form a hybrid proteasome, but the possible existence of
other regulator combinations is still under investigation
[12].

Ubiquitination

Ubiquitin is a polypeptide of 76 amino acids (8.5 kDa), an
invariable diglycine motif at its C-terminus, and a relatively
long (28-31 h) #;,. Eukaryotic cells have developed a
system of conjugation of ubiquitin moieties to substrates [2]
that mainly works together with proteasomes to facilitate
the temporal and specific regulation of intracellular prote-
olysis (Fig. 3), but that can also operate independently in
non-proteolytic functions. It includes a multi-enzyme cas-
cade, catalyzed by three classes of enzymes, working
consecutively to recognize and transfer ubiquitins to sub-
strate proteins. First, E1 (ubiquitin activating enzyme), that
was thought to be unique until recently, when a second
enzyme was identified [26], catalyzes, in an ATP-dependent
reaction, the covalent binding of an ubiquitin molecule to a
cysteine residue in the El active site, generating a high
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26S
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19S 20S 19S
—— ———— —5—

,

E3 enzyme. Further incorporation of other activated ubiquitin
molecules generates a polyubiquitin chain. Although polyubiquitina-
tion is a reversible process, most proteins with polyubiquitin chains of
four or more ubiquitins (Ub) attached to an inner Lys of the substrate
and each other by their Lys48 are recognized by a subunit (Ub-R) on
the 19S regulatory particle of the 26S/30S proteasome, deubiquiti-
nated to generate free ubiquitin, and degraded in the 20S catalytic
core to peptides (P) by processes that also consume ATP
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energy thiol ester bond. Then, the activated ubiquitin is
transferred, first to one (or to several in sequence [27]) of
the about 20-40 E2 enzymes (ubiquitin conjugating
enzymes) present in mammalian cells, via another high
energy thiol ester intermediate. Finally, except in some rare
instances where an E2, such as RADG, can directly promote
substrate ubiquitination, E2 enzymes transfer ubiquitin to
the protein bound to a third enzyme, E3 (ubiquitin-protein
ligase). These enzymes participate, either catalytically or
non-catalytically, in the formation of an isopeptide bond
between the carboxylic group of the C-terminal glycine of
the ubiquitin molecule and an ¢-amino group of an internal
lysine residue (or, less frequently, the amino terminal
group, [28]) in the substrate protein. There are about
500-1,000 E3s predicted in the mammalian genome that
can be subdivided into different general protein families
[29]. More than 90% of E3s belong to the cullin-RING
(really interesting new gene) and to the RING finger-like
(that include U-box proteins) families that simply facilitate
ubiquitin transfer. Other E3 classes are the HECT (homol-
ogous to E6-AP C-terminus) domain ligases that form a
catalytic ubiquitin intermediate, and multi-subunit com-
plexes such as the SCF (Skpl-Cullin-F-box), SOCS
(suppressor of cytokine signalling) and the APC/C (ana-
phase promoting complex/cyclosome). Combinations of E2

with E3s allow a large flexibility in the recognition of
protein substrates and provide specificity.

To mark proteins for proteasome degradation, ubiquitin
forms polyubiquitin chains after an E3 enzyme recognizes
specific sequence motifs called degrons in these proteins
[30]. Phosphorylation of the substrate proteins is some-
times a pre-requisite for polyubiquitination and, in fact,
unstable proteins appear to be rich in amino acids that can
be phosphorylated [6]. Once the first ubiquitin has been
bound to the proteolytic substrate, the C-terminal glycine
of other ubiquitins can be bound to the former ubiquitin by
isopeptide linkages, usually through its Lys48 residue,
forming a polyubiquitin chain, whose only role is to direct
the protein to the proteasome without participating in the
beginning of its degradation [31]. Although polyubiquitin
chains are mainly formed by adding one unit at a time,
preformed ubiquitin chains can also be directly transferred
to the proteolytic substrate [32]. Sometimes, enzymes
called E4, which are a kind of E3 enzymes, recognize short
polyubiquitin chains and catalyze their extension [33].

Ubiquitin has other functions (Fig. 4) beyond its crucial
proteolytic role with proteasomes. For example, in contrast
to the degradation of proteins by proteasomes, which needs
chains with four or more ubiquitin molecules, endocytosis
of some proteins (ion channels, receptors, proteins of
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Degradation by the 26S/30S
proteasome

Endocytosis and degradation by lysosomes

A 00 OOO
O Poly-Ubg
Lys48
B
Mono-Ubqg
—
Oligo-Ubq
Lys63

Poly-Ubq

Fig. 4 Ubiquitination of proteins controls many cellular processes by
either proteolytic or non-proteolytic means. The figure illustrates
some of the possibilities of ubiquitination (Ubq) of a protein that are
important to decide its final fate. a Polyubiquitination at Lys48 in the
ubiquitin molecule is the canonical signal for the 26S/30S proteaso-
mal-dependent degradation of cellular proteins. b In contrast, mono or
oligoubiquitination (<4 ubiquitins) targets plasma membrane pro-
teins, via endocytosis, to early endosomes, multivesicular bodies and,

DNA repair

Regulation of transcription and translation
Endocytosis of receptors

Stress response

Regulation of mitochondrial inheritance
Activation of protein kinases

finally, lysosomes, where they are degraded. In both proteasomal and
lysosomal degradation, ubiquitin is first released for further use.
Monoubiquitination can also target proteins to different cell
compartments or have other roles as mentioned in the text.
¢ Polyubiquitination at Lys63 in the ubiquitin molecule can serve
as a non-degradative signal functioning in several cell processes as
indicated
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junctional complexes, etc.) requires only monoubiquitina-
tion of single or multiple lysine residues [34]. Another
well-known example of monoubiquitination is that of his-
tones H2A and H2B, which regulates various nuclear
processes related with RNA polymerase II-mediated tran-
scription, and DNA silencing and repair [35]. Even with
polyubiquitinated proteins, the topology is important to
decide its final fate [30]. Based on the ubiquitin lysine
implicated in the isopeptide bond, seven linkages are
possible, but they mainly involve Lys48, Lys63 and, to a
lesser extent, Lys11. It is usually believed that the globular
Lys48-linked polyubiquitin chain is a signal for proteaso-
mal degradation, whereas the more elongated Lys63-linked
polyubiquitin chain serves other functions. However, the
existence of branched chains from multiple lysines on a
single ubiquitin, and of linear polyubiquitin chains with
peptide instead of isopeptide bonds, increases the com-
plexity of this simple model and would require further
investigation of the fate of proteins with such linkages.

The availability of free ubiquitin in the cell is limited,
and ubiquitins are released from the chains by deubiquiti-
nating enzymes (DUBs) that maintain the necessary pool
[36]. In humans, there are about hundred DUBSs, including
those associated, constitutively or not, to the proteasome
[23]. There are two classes of DUBs, almost all within a
family of cysteine proteases called ubiquitin C-terminal
hydrolases (UCHs) and ubiquitin specific proteases (UBPs
in yeast and USPs in mammals), with low and large
molecular masses, respectively. In addition to separate
ubiquitins from the protein prior to its proteolysis by the
26S proteasome, DUBs negatively regulate protein degra-
dation by reversing ubiquitination and acting as a proof-
reading mechanism in proteins inappropriately targeted for
protein degradation.

Ubiquitin is a member of a family of small signaling
molecules that use similar enzymatic cascades to mark
other proteins by an isopeptide bond or another type of
covalent link [37]. They include SUMO-1, -2, -3, Nedd8/
Rubl, ISG15, FAT10 and, as we will see later, two proteins
implicated in macroautophagy, Atgl2 and Atg8, the latter
involved not in the classical protein—protein linkage, but in
a protein-lipid conjugation. Probably, the best known from
these proteins in mammalian cells are SUMO (small
ubiquitin-like modifier) proteins, a family with three iso-
forms (SUMO-1, -2 and -3) of about 12 kDa that, like
ubiquitin, can be covalently attached by a serie of enzy-
matic reactions involving an El-like activating enzyme
(the SAEI/SAE2 heterodimer), an E2-like conjugating
enzyme (UBC9), and various SUMO E3 ligases and
isopeptidases. However, with rare exceptions, in which
sumoylation can precede ubiquitination [38], SUMO is not
used to tag proteins for degradation and instead is involved
in functions such as regulation of transcription, cell

cycle progression, apoptosis, nucleo-cytoplasmic transport,
assembly and disassembly of protein complexes, etc.

Other non-lysosomal pathways of protein degradation

In addition to proteasomes, there are other non-lysosomal
pathways of protein degradation. For example, tripeptidyl-
peptidase II is a high molecular weight oligomeric pepti-
dase that degrades the products of proteasome activity,
contributes to the generation of antigenic peptides and can
also partially compensate for impaired proteasome function
[39]. Calpains 1 and 2 are ubiquitous proteases requiring,
respectively, micromolar and milimolar calcium concen-
trations, that have been implicated in the regulation of
important cell processes, such as cell adhesion and
migration [40]. Caspases function in cascades to activate
other caspases and are mainly implicated in apoptosis,
although they could also have other roles (see, for example,
[41]). Mitochondria contain various orthologues of Esch-
erichia coli proteases, such as ClpP and Lon, that ensure
the complete degradation of excess or damaged mito-
chondrial synthesized proteins [42], and there are also other
proteases in various cell compartments. However, in spite
of the importance of these proteases in other processes,
their contribution to the total proteolysis in the cells is less
relevant than that of proteasomes and lysosomes.

Lysosomes

The lysosome is the final destination for endocytic, auto-
phagic, and secretory molecules targeted for destruction or
modification by a variety of acidic hydrolases, including
numerous peptidases, called cathepsins. Lysosomes
degrade intracellular proteins by quite different mecha-
nisms (Fig. 5), including endocytosis, crinophagy and the
various autophagies [43]. Endocytosis (formerly called
heterophagy) is the degradative route to lysosomes fol-
lowed by extracellular material and also by certain plasma
membrane proteins that, unlike the low density lipopro-
teins and the transferrin receptors, do not recycle back to
the plasma membrane for reuse. By crinophagy, secretory
proteins are degraded by lysosomes when their demand
decreases, after fusion of the secretory granules with
lysosomes or endosomes instead of with the plasma
membrane. Finally, the main lysosomal mechanism for
intracellular proteolysis is a “self-eating” autophagy, a
general term with three different forms: macroautophagy,
microautophagy and chaperone-mediated autophagy.
Macroautophagy is the most important and best known
and, therefore, it is frequently and simply called
autophagy.
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Fig. 5 Proteins can be
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form autolysosomes that
degrade its cytoplasmic content.
In addition to macroautophagy,
other mechanisms (lower part)
have been described whereby
lysosomes could also participate
in intracellular protein
degradation, including
endocytosis, crinophagy,
microautophagy and chaperone-
mediated autophagy (for details,
see text)
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Macroautophagy: sequestration, formation
of autophagosomes and maturation into autolysosomes

Macroautophagy (for reviews, see [43, 44]) is mainly a
housekeeping pathway to recycle cell components and to
supply nutrients for both biosynthetic and energetic pro-
cesses. It occurs in all nucleated eukaryotic cells and is
especially active under nutrient starvation. Although mac-
roautophagy is quite similar in different cells, its roles in
mammalian cells are clearly beyond those in yeast, since
they include development, programmed cell death and
tissue-specific roles. The process requires intermediate
filaments and microfilaments to sequestrate, by a double
membrane, large areas of cytoplasm, typically including
entire organelles. This forms a pre-lysosome, the auto-
phagosome, which is transported, in a dynein-dependent
manner, along microtubules and fuses, first with early and//
or late endosomes and, then, with lysosomes to produce an
autolysosome with hydrolytic enzymes that degrade the
autophagosomal inner membrane together with the
sequestered content. These processes occur with a 71, of
6-9 min. Finally the degradation products exit from the
lysosome for utilization elsewhere. Macroautophagy is
mainly non-selective; although an increasing number of
reports have shown that, under certain conditions, organ-
elles or even proteins, such as the important adaptor protein
for macroautophagy p62/SQSTMI, can be specifically
degraded by this lysosomal pathway. Thus, in yeast, but
also in mammalian cells, there is a selective degradation of
mitochondria, called mitophagy [43, 44], of peroxisomes,

called pexophagy [45] and of ribosomes, called ribophagy
[46]. Selective macroautophagy is now the focus of much
interest, because a better understanding of this mechanism
could give some clues as to its role in cell aging and death
and in various pathologies.

The origin of the autophagosomal membrane and its lipid
composition, which should include lipids that facilitate its
expansion and curvature, is still unclear . There are two
main models: maturation from a pre-existing compartment
(e.g., the ER) and de novo assembly [47]. In yeast,
autophagosomes originate from a compartment called
preautophagosomal structure (PAS). In mammalian cells,
an equivalent structure to PAS has not been found, but a de
novo assembled membrane, called phagophore, was pro-
posed years ago to be involved in the formation of the
autophagosome [43]. However, there is also evidence which
favors a role of ER membranes devoid of ribosomes in this
formation, both in yeast and in mammalian cells, where an
ER-connected compartment enriched in phosphatidylino-
sitol 3-phosphate co-localizes with some autophagosomal
proteins [48]. In addition, alternative sources for auto-
phagosomal membranes exist (for example, the Golgi
complex). Therefore, the origin of the segregating mem-
branes in mammalian cells still remains controversial [49].

In yeast, where macroautophagy has been investigated in
detail, about 31 different genes, the so-called ATG
(AuTophaGy-related [50]) genes, have been identified. They
include specific genes and others common to various routes.
From those, about 18 appear to be essential for autophago-
some formation, many of them with well-identified
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mammalian orthologues, including those that codify human
autophagins, LC3 and beclin 1 (ATG4, ATG6 and ATGS in
yeast, respectively). However, the specific functions of other
orthologues remain to be investigated. Table 2 shows the
essential autophagy genes, whose products may be classified
into five functional groups. The first and second groups

correspond to two complexes. The first consists of an Atgl
kinase complex (Atgl-Atgl3), which is formed when
autophagy is induced by nutrient limitation, which together
with an Atg17-Atg29—-Atg31 ternary complex recruits to the
autophagosomal membrane other Atg proteins [51]. The
second group is another complex (with Atg2 and Atgl8, and,

Table 2 Some identified macroautophagy-related genes®

Yeast name Mammalian homologue Function in autophagy

ATGI Ulkl,2 Ser/Thr kinase, which recruits Atgl3 and Atgl7, implicated in the nucleation of the
autophagosome membrane

ATG2 Atg2a,b Peripheral membrane protein which forms a complex with Atg9 and Atgl8, probably
implicated in the nucleation of the autophagosome membrane

ATG3 Atg3 E2-like enzyme in Atg8-PE conjugation system

ATG4 Atgda-d° Cysteine-protease which processes ATGS before its binding to the lipid in the Atg8-PE
conjugation system and releases also PE from some of the Atg8-PE conjugates

ATGS Atg5 Forms an Atgl2-Atg5 conjugate implicated, with Atgl6, in the nucleation of the
autophagosome membrane

ATG6 (VPS30) Beclin I° Involved (with Atgl4, Vps34/Vpsl5 and other proteins) in the nucleation of the
autophagosome membrane

ATG7 Atg7 El-like enzyme in Atg8-PE and Atgl2-Atg5 conjugation systems

ATGS Le3d Ubiquitin-like protein in the Atg8-PE conjugation system (the Atgl2-Atg5 conjugation
system may act here as an E3-like enzyme)

ATGY Arg9a,b° Only known integral membrane protein involved in the formation (with Atg2 and
Atg18) of the autophagosome. Cycles between PAS and other cell structures

ATGIO Atgl0 E2-like enzyme in the Atgl2-Atg5 conjugation system

ATGI2 Atgl2 Ubiquitin-like protein in the Atgl2-Atg5 conjugation system

ATGI3 Harbil Modifies Atgl activity and participates in the initiation (with Atgl7) of
macroautophagy

ATG14 Barkor Building of the complex I of class III PI3K (with Atg6, Vps34/Vpsl5 and other
proteins), involved in the formation of the autophagosome and in endosome fusion
events

ATGI6 Atgl6ll, 28 Associates with the Atgl2-Atg5 conjugate and homo-oligomerizes in a high molecular
mass structure

ATG17 - Modifies Atgl activity and participates (with Atgl3) in the initiation of
macroautophagy, and as a scaffold in the expansion of the autophagic membrane
(with Atg29 and Atg 31)

ATGIS8 Wipil Probably involved (with Atg2 and Atg9) in the nucleation of the autophagosome
membrane

ATG29 - Appears to function with Atgl7 in the expansion of the autophagosome membrane,
which leads to the engulfment of the material to be degraded

ATG31 - Like Atg29

PAS Preautophagosomal structure, PE phosphatidylethanolamine, Vps34 class III phosphatidylinositol 3-kinase (PI3K)

? There other genes which can be considered autophagy-related, such as mTor (TORI and TOR?2 in yeast, and various components of the class IIT
PI3K complex: Vps34, Vpsl5 and Uvrag (also present in yeast), and Ambral and Bcl2 (only in mammalians)

® In mammalian cells, the products of Azg4, the autophagins, constitute a 4-members family (a, b, ¢ and d)
¢ Beclinl, the orthologue of ATG6, codifies a tumor suppressor and its heterozygous deletion increases mice cancer rates

4 L3, microtubule-associated protein 1 light chain 3, is the best characterized product of the orthologues of ATGS (Gabarap, Gabarapl2,
Gatel6 and Atg8l) and encodes a protein with three isoforms, A, B and C

¢ The product of Azg9a, APGIL1, can be complemented with the product of a second gene, Arg9b (APG9L2)

T Barkor shares in human cells 18% sequence identity and 32% sequence similarity with yeast Atgl4 and is probably its human homologue or at
least one of them

¢ In humans, the Atgl6l1 gene is associated with Crohn’s disease
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perhaps, Atg 9) that binds to phosphatidylinositol 3-phos-
phate at the autophagosomal membrane and has an unknown,
but essential, function [52].

The third and fourth groups are two ubiquitin-like con-
jugation systems that participate in autophagosome
formation [53]. One of those mediates the binding of Atgl2
and Atg5, and these two proteins will later form, with
Atgl6L, a high molecular mass oligomeric structure, of
~800 kDa in mammalian cells, called the Atgl6L com-
plex. In Atgl2-Atg5 conjugation, Atg7 and AtglO play,
respectively, a role equivalent to the E1 and E2 enzymes of
the ubiquitin pathway. In the second conjugation system,
Atg8 binds covalently to phosphatidylethanolamine to
mediate tethering of the adjacent membranes in the closure
of the autophagosomal membrane [54], with Atg7, again,
and Atg3 working as El- and E2-like enzymes, respec-
tively. These two conjugation systems are connected, since
the Atgl6L complex recognizes the pre-autophagosomal
membrane and functions, like an E3 enzyme, as a scaffold
for Atg8 lipidation [55]. LC3 is the best characterized of
the mammalian orthologues of ATGS. It encodes a protein
with three isoforms that follows an important cycle in
the formation and maturation of the autophagic vacuole
(Fig. 6), and its lipidated form, LC3-I1, is frequently used,
under certain conditions, as a marker for macroautophagy.
This latter system also requires a cysteine-protease (Atg4)
both to process Atg8, exposing a C-terminal glycine

y &~ Pro-LC3-I
@
LCS3-I
I
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I
I
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v/ LC3-II
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Fig. 6 Covalent binding of LC3 to phosphatidylethanolamine (PE) is
essential for autophagosome formation. In mammalian cells, cytosolic
LC3-I (Atg8 in yeast) is synthesized as a precursor (Pro-LC3-I).
Immediately after its synthesis, a C-terminal fragment is cleaved by
Atg4 to produce LC3-I with an exposed glycine residue that binds
covalently to PE on the pre-autophagosome membrane to form
LC3-I1. In this process, the mammalian homologues of Atg7 and Atg3
work, respectively, as the El- and E2-like enzymes of the

AUTOPHAGOSOME

residue before its binding to the lipid, and also to delipidate
it.

The last group is a most relevant complex formed by
Vps34 (class III phosphatidylinositol 3-kinase (PI3K)),
Vpsl5 (p150), Atg6 (Beclin 1) and Atgl4 (Barkor). Beclin 1
is a tumor suppressor that binds to the anti-apoptotic protein
Bcl-2 (B-cell lymphoma 2) under nutrient-rich conditions.
Starvation induces JINK1-mediated phosphorylation of Bcl-2
[56], from which Beclin 1 dissociates and interacts with class
IIT PI3K associated to the pl150 serine/threonine kinase,
toform a macroautophagy activating complex. Other
components of this complex that positively regulate mac-
roautophagy are: (1) UVRAG (ultraviolet irradiation
resistance-associated gene), which interacts with other pro-
teins, such as Bifl, and stimulates the fusion of lysosomes
with late endosomes and, perhaps, with autophagosomes, too
[57], and (2) Barkor (Beclin 1-associated autophagy-related
key regulator), a homologue of Atgl4 that participates in a
second complex, without UVRAG and with a clearer role in
autophagosome formation [58]. Also, and at least in certain
mammalian cells, another protein, Ambral (activating
molecule in Beclinl-regulated autophagy), binds to Beclin 1
and favors its interaction with class III PI3K [59]. In contrast,
Bcl-2 and Bcl-X, which also bind to Beclinl, negatively
regulate autophagy. Therefore, all these partners, and prob-
ably others, appear to regulate Beclinl activity and, thus,
macroautophagy in mammalian cells.

0
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ubiquitination system, and the Atgl6L complex probably functions
as an E3-like enzyme. Once the autophagosome is formed, LC3-1I
localizes both at the cytosolic and luminal faces of its double
membrane. After fusion of the autophagosome with endosomes/
lysosomes to form an autolysosome, the luminal LC3-II is degraded
by lysosomal cathepsins, while Atg4 recycles LC3-I1 and PE from
LC3-II on the cytosolic face of the autolysosome membrane
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Other autophagic pathways

Microautophagy is a degradative route to directly internal-
ize portions of cytoplasm into lysosomes by various
modifications of the lysosomal membrane that produce, by
budding, intralysosomal vesicles that later release their
content [43]. Microautophagy degrades nuclear fragments
(piecemeal microautophagy of the nucleus or nucleophagy),
cell organelles such as peroxisomes (micropexophagy), or
single macromolecules. In yeast, some ATG genes are
required for micropexophagy and nucleophagy [60], thus
suggesting a tight regulation between macro- and micro-
autophagy. However, in mammalian cells, microautophagy
is poorly characterized, although it has been reconstructed
in vitro.

In mammalian cells, a specific transfer of cytosolic
protein molecules through the lysosomal membrane was
described. This pathway, called chaperone-mediated
autophagy [43], degrades certain proteins, such as ribonu-
clease A with a KFERQ “signal” sequence (amino acids
7-11). Although this pentapeptide has not been found in
other proteins, KFERQ-like sequences are present in other
substrates of the pathway, but not in proteins that are not.
The pathway is especially active under prolonged starva-
tion, and its requirements, mainly investigated under in
vitro conditions, are similar to those described for the
biosynthetic transport of proteins to cell organelles: (1)
chaperones (hsc73, but also others) in the cytosol and in the
lysosomal membrane and lumen, (2) ATP-Mg*™", and (3) a
receptor on the lysosomal membrane (LAMP-2a, a LAMP-
2 isoform), which multimerizes to form the hypothetical
translocon.

More recently, a non-canonical autophagy has been
described in cancer MCF-7 cells that does not require the
entire set of Atg proteins, in particular Beclinl, to form the
autophagosome, and that is involved in caspase-indepen-
dent cell death [61].

Regulation of intracellular protein degradation

It is well known that macroautophagy is physiologically
regulated (see [62] for a review). In yeast, nutrient star-
vation, in particular of nitrogen, is the most potent stimulus
of autophagy. In mammalian cells, the main signals con-
trolling macroautophagy are nutritional, but hormones are
important regulators too. Thus, early studies with hepato-
cytes showed that insulin inhibits macroautophagy,
whereas glucagon activates it. In addition, in mammalian
cells macroautophagy is regulated by glucose, which, in
contrast to yeast, increases macroautophagy, vitamins,
osmotic stress, various growth factors, and some amino
acids, which are the main regulators. Thus, in liver, eight

regulatory amino acids of macroautophagy have been
identified and, among those, Leu is the most important in
many cells. However, regulatory amino acids may also
change in some cells [10]. Although the receptors for
hormones and growth factors in the cells are, in general,
well characterized, this is not the case with the sensors for
amino acids. The most accepted point of view [62] pos-
tulates that these receptors are intracellular, perhaps close
to L-amino acids transporters at the plasma membrane, like
the recently described antiporter that imports leucine and
other branched amino acids while exporting glutamine
[63].

The signals that indicate the availability of nutrients and
energy and the presence of growth factors converge at the
serine-threonine kinase TOR (target of rapamycin, a lipo-
philic drug), and several reports indicate the implication of
TOR in the transduction of these signals to the macro-
autophagic machinery (see [62] and [64] and citations
therein). Mammalian TOR (mTOR) phosphorylates indi-
rectly Atgl and directly, among others, two proteins
that regulate translation, 4E-BP1 (binding protein 1 of
eukaryotic initiation factor 4E) and S6K1 (ribosomal S6
protein kinase 1). There are two mTOR complexes,
mTORCI1, which is rapamycin-sensitive and phosphory-
lates 4E-BP1 and S6K1, and mTORC?2, which is not
inhibited by rapamycin and phosphorylates Akt at S473.
Since mTORC1 negatively regulates macroautophagy in
hepatocytes, rapamycin activates this proteolytic process
[62], but sometimes the results obtained have been differ-
ent [65]. Therefore, and although it appears clear that
amino acids regulate macroautophagy by mTOR, in certain
cells alternative signaling routes to mTOR also appear to
regulate macroautophagy [10, 66].

Upstream of mTOR, other molecules (Fig. 7 shows a
simplified scheme) participate in this signaling route to the
autophagic vacuoles [62, 64, 67]: class IA PI3K (which,
contrary to class III PI3K, inhibits sequestration), the
phosphatase PTEN (which reverts the effect of class I
PI3K), Pdkl (which is activated by phosphatidylinositol
3,4,5 trisphosphate and binds to the plasma membrane),
Akt (which is activated by phosphorylation in T308 by
Pdk1 and in S473 by mTORC?2), the TSC1/TSC2 complex
(which is inactivated by Akt), and a small G protein called
Rheb (Ras homology enriched in brain) that activates
mTORCI and is inhibited by the GAP activity of TSC1/
TSC2. In addition, AMP-activated protein kinase (AMPK),
which is activated by an increase in the AMP to ATP ratio,
phosphorylates TSC2 producing the inhibition of Rheb and
activating macroautophagy [68]. Also, calcium, which
activates AMPK by the Ca™**/calmodulin dependent kinase
kinase-beta, regulates autophagy [69]. Finally, other mol-
ecules have been implicated in the regulation of
macroautophagy in different cell types, including
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Fig. 7 Macroautophagy is mainly regulated by the TOR signalling
pathway. The kinase mammalian TOR (mTOR) is the principal
negative regulator of macroautophagy. mTOR exists in two distinct
complexes: one which is sensitive to the drug rapamycin (C/) and a
second, which is not (C2). Regulatory amino acids activate mTORC1
and, thus, inhibit macroautophagy by a still unknown pathway.
Insulin and some growth factors inhibit macroautophagy through the
insulin receptors (/RS) and class I PI3K (PI3K-I) that produces
phosphatidylinositol 3,4,5-trisphosphate (PIP3;). The well-known
tumor suppressor phosphatase and tensin homologue (PTEN)
antagonizes the activity of PI3K-I by dephosphorylating PIP;
to phosphatidylinositol 4,5-bisphosphate (PIP,). PIP; recruits the
oncoprotein Akt (also called proteinase kinase B or PKB) to the
cytosolic face of the plasma membrane where it is phosphorylated at
different residues (7308 and S473) by the 3-phosphoinositide-
dependent kinase 1 (PDKJ) and the mTORC2 complex, respectively.
Akt phosphorylates one member (7SC2) of the tuberous sclerosis
complex 7SC1 (hamartin), 7SC2 (tuberin), which is inhibited. 7SC1,2

ceramides, myo-inositol-1,4,5-trisphosphate, heterotri-
meric G proteins, JNK1, ERK 1,2 and p38 MAP kinases,
protein kinase A, pl19ARF, DRAM, etc. [62, 64].

Very little is known about the regulation of other prote-
olytic systems, probably because macroautophagy was
considered until recently the only proteolytic mechanism
that was directly activated under extreme situations such as
starvation. However, and although the regulation of protea-
some degradation was believed to occur only at the level of
the substrate proteins, amino acids and insulin reduce, in an
additive way, the degradation by proteasomes in human
fibroblasts [10] and in C2C12 myotubes [70]. These effects
could be due to changes in the activity of proteasomes or of
specific E3 ubiquitin ligases. Proteasomes and macroauto-
phagy can be simultaneously regulated, as exemplified by the
forkhead transcription factor FOXO3, which can promote

.4,. Z

is a negative regulator with GAP activity of the small GTPase Rheb,
which in its GTP-bound form activates mTOR-Raptor, inhibiting
macroautophagy. On the other hand, a high AMP/ATP ratio or an
increase in cytosolic Ca®™™ produces, through the serine/threonine
protein kinase LKBI or the Cat*/calmodulin-dependent protein
kinase kinase beta (CaMKK-f), respectively, the phosphorylation and
the activation of the AMP-activated protein kinase (AMPK), which
increases macroautophagy, via 7SC1,2. mTORCI1 phosphorylates its
substrates, including 4EBP1 and S6K1, and rapamycin is a strong and
quite specific inhibitor of mTORCI. To prevent the overactivation of
the mTOR signalling pathway, S6K1 can phosphorylate the insulin
receptor substrate 1 (/RS1), inhibiting in this way the proximal part of
the insulin signalling pathway. Finally, other signalling pathways are
also known to regulate macroautophagy, including those involving
the MAP kinases ERKI,2 (Ras-Raf-MEK-ERK pathway) and the
p38MAPK \which activate and inhibit, respectively, macroautophagy.
ERK]I,2, like Akt, also inhibits 7SCI,2, while how p38™AF¥ inhibits
macroautophagy is less known

skeletal muscle atrophy by activating macroautophagy and
the ubiquitin-proteasome pathway, the latter via expression
of the muscle-specific ubiquitin ligase atrogin-1 [71].

In summary, in mammalian cells, many signals regulate
macroautophagy, but the data are still incomplete and
sometimes contradictory, probably because crosstalks
occur among various signaling routes that vary depending
on cell type. Moreover, most aspects remain unknown,
in particular the regulation of the proteolytic pathways
different from macroautophagy.

Pathology

Alterations in the proteolytic routes are associated with an
increasing number of pathologies, including oncogenesis,
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neurodegenerative diseases, vacuolar and non-vacuolar
myopathies, a-antitrypsin deficiency, infectious disorders,
and several autoimmune diseases, such as rheumatoid
arthritis and Crohn’s disease, etc. [1, 72]. Therefore, special
attention is now devoted to the activity of proteolytic
systems in pathological situations, because this information
could be important to identify new therapeutic targets.

Dysfunction of programmed cell death leads to various
human pathologies, including cancer and several degener-
ative diseases. Classically, two types of programmed cell
death were described. Type 1 (apoptotic) is mediated by
caspases, and, for example, 26S proteasomes become
inactivated at an early stage by a caspase-mediated cleav-
age of three subunits of the 19S regulatory complex [73].
Type II (autophagic or non-apoptotic) is characterized by
the apparent destruction of the cell by abundant autophagic
vacuoles instead of by phagocytosis of apoptotic bodies.
However, it is difficult to decide if macroautophagy has a
causal role in cell death or if it simply represents a failed
attempt of the cells to promote survival [74]. In fact,
starvation-induced macroautophagy is clearly an anti-
apoptotic mechanism, and this is probably also the role of
macroautophagy in cells with intact apoptotic machinery.

In cancer, there is usually a gain of function of growth
factor receptors or protooncogenes such as Akt or PI3K, or
loss of functions of tumor suppressors such as PTEN,
Beclinl, TSC1,2 or LKB1, and numerous evidence indi-
cates that alterations in the ubiquitin-mediated proteolysis
of these and of other proteins that allow the limitless rep-
lication of cancer cells contribute to tumorogenesis [1].
Most of the above-mentioned proteins regulate macro-
autophagy (see Fig. 7), and an inverse correlation between
autophagic activity and malignant potential has frequently
been observed . For example, when tumor suppresor genes
such as Beclinl or PTEN are overexpressed, macroauto-
phagy is induced [72], suggesting that autophagy is
harmful for cancer cells. However, a limited autophagy
could represent a benefit to overcome the limitations in
nutrients supply.

Neurodegenerative disorders represent another impor-
tant group of diseases in which proteolysis is relevant,
since neurons, with their long axons and dendritic arbori-
zation, are particularly vulnerable. However, the exact
basis for this susceptibility is unknown. Mutations in
the ubiquitin ligase parkin causing autosomal-recessive
juvenile Parkinson’s disease represent a classical example
of the implication of the ubiquitin system in a neuro-
degenerative disease, and similar pathologies, such as
Huntington’s disease, have been associated with alterations
in the normal functioning of the ubiquitin-proteasome
system [75]. In these, and in many other neurodegenerative
disorders, protein misfolding and increased protein hydro-
phobicity drive protein aggregation, and the resulting

aggresomes may sequester and inactivate beneficial cellu-
lar proteins, particularly components of the ubiquitin-
proteasome machinery that try to degrade them. However,
cells may attempt to compensate for impairments in one
form of proteolysis (e.g., proteasomes) by elevating an
alternate form (e.g., macroautophagy). Therefore, a com-
mon observation in neuronal pathologies, as well as in
aging, is the presence of proteolytic alterations and a cross-
talk between different proteolytic pathways [76]. Also, a
decreased macroautophagy can contribute to the patho-
genesis of neurodegenerative diseases, as shown for
example by the altered processing of the amyloid precursor
protein in a mouse model of Alzheimer’s disease [77].
Therefore, as in other processes, in neurodegenerative
diseases, the beneficial or detrimental role of autophagy is
context-dependent.

Proteolysis, lysosomal and non-lysosomal, has also
been implicated in an increasing number of other
pathologies. We will mention only two representative
examples. Lysosomal storage diseases are caused by a
deficiency in some lysosomal protein that results in
lysosomal accumulation of undegraded material, including
polyubiquitinated protein aggregates, and usually in neu-
rodegeneration. Common features of most of these
diseases are a block in the fusion of autophagosomes with
lysosomes/endosomes, and mitochondrial fragmentation
and dysfunction [78], thus connecting lysosomal altera-
tions with mitochondrial degenerative processes. The
second example refers to the ubiquitin-proteasome sys-
tem. Although failures of this system have been
implicated in the pathogenesis of many diseases, an
accelerated breakdown of myofibrils in myocytes by the
ubiquitin-proteasome system occurs in muscle atrophy
(produced by several diseases, such as cancer, diabetes
mellitus, AIDS, sepsis and Cushing’s syndrome, or by
muscle denervation or disuse). In addition, the degrada-
tive systems are intracellular surveillance systems to
eradicate pathogens that reach the cytosol and both
ubiquitination [79] and xenophagy (macroautophagic
digestion of microbes) [80] play a critical role in pro-
tecting the cells from microbial infection. However, some
of these microorganisms have evolved mechanisms to
circumvent these protective systems. Also, in several viral
malignancies, such as those associated to Kaposi's sar-
coma, certain B cell lymphomas and cervical cancer, the
associated viruses subvert the ubiquitin-proteasome sys-
tem [81].

Because intracellular protein degradation alterations are
involved in so many diseases, their components have become
an attractive target for therapies. The paradigmatic example
of this is a potent, specific and reversible proteasome
inhibitor, bortezomib (Velcade, formerly known as PS-341)
that in 2003 received approval from the USA Food and Drug
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Administration agency to treat multiple myeloma. Since
bortezomib downregulates chemoresistance pathways, it has
been successfully used, in combination with other anticancer
drugs, to treat cancer cells, specifically in multiple myeloma
and in non-Hodgkin’s lymphoma [82]. The exact mode of
action of Velcade is not clear, although it inhibits in partic-
ular the translocation of NF-xB to the nucleus, triggered by
the proteasomal degradation of IxB, thus inactivating the
transcription of several genes codifying for anti-apoptotic
factors, cytokines, cell adhesion molecules and cell cycle
regulators. This results in a variety of general effects,
including the induction of apoptosis in cancer cells and the
reversal of their resistance to radiation or chemotherapy.
Although the activity of proteasomes is crucial for normal
cell function, and proteasome inhibitors produce cell death, it
appears that rapidly dividing cancer cells are more sensitive
to some of these inhibitors than quiescent normal cells. In
addition, there are other procedures to inhibit proteasome-
dependent degradation that may find clinical application for
drug development, such as the inhibition of the formation of
polyubiquitin chains by ubistatins, and it is expected that E3
enzymes or deubiquitinases, because of their greater speci-
ficity, could be more appropriate therapeutic targets for
therapy, since their inhibition will only affect the degrada-
tion of certain protein substrates and not all proteasomal
activity [82]. Finally, manipulation of autophagy by drugs
may soon allow the development of novel therapies with
clinical application [83].

Conclusions

In summary, and after the important advances in the
knowledge of the complex machinery implicated in the
proteolytic pathways using genetic approaches in yeast,
and after the recognition of the relevance of proteolytic
processes in physiology and pathology, it is expected that
research with mammalian systems is also experiencing a
considerable progress using various experimental proce-
dures. Thus, for example, transgenic mice models have
been developed for the in vivo study of the ubiquitin-pro-
teasome system and of the macroautophagic process. Also,
proteomic approaches have been recently introduced [8]
which will allow the identification of substrates of the dif-
ferent proteolytic machineries, in particular of specific E3
ligases. These procedures are also relevant to investigate
the pathologies associated to alterations in intracellular
proteolysis. In fact, and to mention only an example,
conditional knock-out mice that do not express in neurons
the products of ATG5 or of ATG7 genes develop neuro-
degeneration [84, 85]. However, there are still many
general questions to be answered, in particular those related
to the regulation of the different proteolytic pathways in the

cells under various conditions, the molecular mechanisms
involved in the degradation of intracellular proteins by
proteolytic pathways that are different from macroauto-
phagy and proteasomes, or the real implication of
alterations in all these pathways in the various pathologies.
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