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ABSTRACT: Thisreview focuses on recent advancesin our understanding of the ubiquitin- proteasome-
dependent pathway, which plays amgor role in skeletal muscle proteolysis and is involved in the control of
many mgor biologicd functions. The ubiquitination/deubiquitination system is a complex machinery
responsible for the specific tagging and proofreading of substrates degraded by the 26S proteasome, but
ubiquitination itsdf dso serves other functions. The formation of a polyubiquitin degradation sgnd isusudly
required for proteasome- dependent proteolyss. Hierarchica families of enzymes, which may comprise dozens
of members to achieve high sdectivity, control this process. The substrates tagged by ubiquitin are then
recognized by the 26S proteasome and degraded into peptides. However, the 26S proteasome also
recognizes and degrades some non-ubiquitinated proteins, and severa proteasome populations participate to
protein breskdown. Thus, mammalian cells contain multiple ubiquitin- and/or proteasome-dependent
pathways. These systems can degrade single proteins by dternative mechanisms and may aso interfere or
cooperate with other proteolytic pathways.
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Introduction

Protein breakdown not only regulates the amount of intracdlular proteins, but isaso involved in their
qudity control. However, proteolysis has been considered for years as a non-selective process responsible for
basd protein turnover, the dimination of aonormd proteins, and the regulation of some key enzymes by
unclear mechanisms. An exponentia amount of information on the characterization and regulaion of ubiquitin-
proteasome- mediated proteolyss has been obtained during the last two decades. This pathway is the mgor
non-lysosomal process responsible for the breakdown of most short- and long-lived proteinsin mammadian
cels (Rock et a., 1994). For example, in skeletd muscle, the system is responsible for the breakdown of the
magor contractile proteins, actin and myosins (for recent reviews see Attaix and Taillandier, 1998; Lecker et
al., 1999; Hassdlgren and Fischer, 2001). In addition, the pathway aso controls various mgor biologica
events such as cell-cycle progression, oncogenesis, transcriptiona control, development and differentiation,
signd transduction, receptor down-regulation and antigen processing, via the breakdown of specific proteins
(Peterset d., 1998; Hershko et a., 2000). In this review we firg discuss the selectivity of the system, which i<
the most elaborate protein degradation machinery known. We aso describe dternative ubiquitin- and/or
proteasome- dependent proteolytic routes and their possible connections with other proteolytic systems.

Ubiquitination

There are two main sepsin the pathway: (1) covdent attachment of a polyubiquitin chain to the
subgtrate, and (2) specific recognition of this sgnal, and degradation of the tagged protein by the 26S
proteasome (Fig. 1).

Ubiquitination isamultiple step process (Hershko and Ciechanover, 1998; Scheffner et d., 1998;
Ciechanover et d. 2000). In brief, ubiquitin isinitidly activated in the presence of ATP to a high-energy thiol
eder intermediate by the ubiquitin-activating enzyme (E1). E1 then transfers ubiquitin to one of the ubiquitin-
conjugating enzymes (E2s), which dso forms athiol ester linkage between the active Ste cysteine and
ubiquitin. E2s and/or ubiquitin-protein ligases (E3s), which play arolein the selection of proteins for
conjugetion, bind the first ubiquitin molecule to protein substrates via an isopeptide bond between the
activated C-termind glycine residue of ubiquitin and the e-amino group of alysine resdue of the subdtrate.



The resulting monoubiquitinated protein is usudly not targeted for degradation by the proteasome. Typicd
monoubiquitinated conjugates are receptors or basic proteins such as histones. Alternatively, E2s and/or E3s
cadyze the formation of polyubiquitinated conjugates. Thisis usudly achieved by transfer of additiona
activated ubiquitin moieties to Lys,g of the preceding conjugated ubiquitin molecule. Findly, afourth enzyme
cdled E4, which catalyzes the efficient polymerization of very long polyubiquitin chains, has been characterizec
inyeast (Koegl et d., 1999).

The ubiquitin-conjugating system is hierarchicd. In mammasthereisasingle E1 (Hershko and
Ciechanover, 1998; Pickart, 2001), at least 20-30 E2s (Scheffner et d., 1998), and severa dozens of E3s
(Wilkinson, 2000; Pickart, 2001).

Ubiquitin-activeting enzyme (E1)

El exiss astwo isoforms of 110- and 117-kDa, which derive from asingle gene and are found in both
the nucleus and cytosol (Haas and Sigpmann, 1997). The reaction starts with the binding of ATP-M¢*, and
then of ubiquitin, leading to the formation of a ubiquitin adenylate intermediate that serves as the donor of
ubiquitin to the critical cysteine resdue in the E1 active site. When fully loaded, the E1 carries two molecules
of activated ubiquitin (as athiol ester and as an adenylate, respectively), so that the thiol-linked ubiquitinis
transferred to one of the E2s. Thisreaction is very efficient and alows the production of activated ubiquitin for
the entire downstream ubiquitin conjugetion pathway. Thus, and not surprisngly, deletion of E1 isletha in
yeast.

Ubiquitin-conjugeating enzymes (E29)

E2s are a superfamily of related proteins, with a molecular weight range of ~14- to 35-kDa. There are £
classes of E2s that share acentrd catdytic domain of ~150 amino acids with the active Site cysteine, and
some variable N- and/or C-termind extensions that may play arole in subgrate specificity. There are eleven
E2sin yeast (Pickart, 2001), and 20-30 E2sin mammals (Scheffner et d., 1998). Despite their structural
amilarities, E2s are responsible for ditinct biologica functions so that only alimited number of E2s (eg. three
E2sin yeadt) play arolein the formation of the polyubiquitin degradation sgnd. Thissignd is catalyzed by
only the E1 and some E2s, and more generaly by the E1, one E2 and one E3. A given E2 can interact with a



limited number of E3s (and conversaly), which in turn recognize their specific protein substrates (Pickart,
2001). Moreover, agiven protein substrate can be ubiquitinated by different combinations of E2s and E3s
(Gonen et d., 1996). Thisresults in awide range of ubiquitination pathways, which are presumably specific

for agiven protein or aclass of substrates.

Ubiquitin-protein ligases (E39)

E3splay akey rolein the ubiquitin pathway, as they are responsible for the selective recognition of
protein substrates. Very few E3s that shared poor gpparent structural smilarities were first described
(Hershko and Ciechanover, 1998). Recently, our knowledge of these enzymes has been rapidly growing. All
known E3s are HECT domain E3s or RING finger E3s (Pickart, 2001).

The first mgjor group of E3s corresponds to enzymes of the HECT (Homologousto E6-AP C-
Terminus) domain family. E6- AP (E6-Associated Protein) forms a complex with the papillomavirus E6
oncoprotein (that acts as an adapter protein) to ubiquitinate the tumor suppressor pS3 protein. The final third
of the E6- AP sequence, caled the HECT domain, is approximately 350 amino acidsin length (Fig. 2A). The
HECT domain itsdf mediates E2 binding and ubiquitination of the target protein viathiol eter linkage
formation with ubiquitin. The N-terminus region of every HECT E3 binds to specific substrate(s) (Fig. 2A).
Twenty different human HECT E3sthat interact with two classes of E2s have been described (Schwarz et A,
1998), but mammalian Genome sequencing projects have identified numerous potential uncharacterized
HECT E3s (Pickart, 2001).

The RING finger structure is defined by eight cysteine and histidine residues that coordinate two zinc
ions (Freemont, 2000; Pickart, 2001) (Fig. 2B). There are severa hundred cDNAs encoding RING finger
proteins in the GeneBank database, and many unrdlated RING finger proteins with unknown functions behave
invitro asE3s(Lorick et d., 1999). This suggests that the number of E3s could be much larger than
previoudy believed. The RING finger E3s are either monomeric proteins or multiple subunit complexes
(Pickart, 2001).

The N-end rule enzyme E3a that binds to proteins bearing basic or bulky hydrophobic N-termind
amino acid resdues (Fig. 2C) isthe best known monomeric RING finger E3. E3a interacts with the 14-kDa
E2.



The multiple subunit complexes of RING finger E3s comprise so far, at least three didinct E3 families
called the cyclosome or APC (Anaphase Promoting Complex) (Hershko and Ciechanover, 1998), the SCF
(Skp1-Cdc53-F-box protein family), and the VCB-like (Von Hippe- Lindau tumor suppressor-ElonginC/B)
E3s (Tyers and Willems, 1999; Lisztwan et a., 1999; Pickart, 2001). These complexes contain a catalytic
core and substrate-specific adapter proteins (Tyers and Willems, 1999). For example, in SCF E3sthe
cadytic coreisformed by three subunits: Cullinl, the RING finger subunit Rbx1 and an E2 (Fig. 2D). The
adapter protein Skpl recruits (via the F-box motif) Fbox proteins, which themsalves recruit specific protein
subgtrates through protein-protein interaction domains such as leucine-rich repests or WD-40 domains (Fig.
2D). F-box proteins represent an expanding family of eukaryotic proteins (Cenciardli et d., 1999).
Interestingly, severa F-box proteins are themsaves degraded in an ubiquitin- and proteasome-dependent
manner in vivo, suggesting that their breakdown alow rapid switching among multiple E3 complexes (Gaan
and Peter, 1999).

Signalsthat target substratesfor ubiquitination and proteolysis

Ubiquitination is an important and widespread post-trandationa modification of proteins, which
resembles phosphorylation. Very importantly, ubiquitinetion is not only a degradation signd, but also directs
proteinsto a variety of fates which include rolesin ribosomal function, in DNA repair, in protein trandocation,
and in modulation of structure or activity of the target proteins (Wilkinson, 2000; Pickart, 2001). For
example, many monoubiquitinated proteins are targeted for endocytos's, ultimately resulting in proteolyssin
the lysosomelyeast vacuole (Shih et d., 2000). In order to be efficiently degraded, the substrate must be
bound to a polyubiquitin degradation signa that comprises at least four ubiquitin moieties (Thrower et d.,
2000). These sgnds are usudly determined by short regionsin the primary sequence of the targeted protein
(Pickart, 2001).

The nature of the N-termina amino acid of aprotein (N-end rule) may determineits rate of
polyubiquitination and subsequent degradation (Varshavsky, 1996). However, the physiologica role of the N-
end ruleis ill unclear, because there are very few identified N-end rue substrates (Herskho & Ciechanover,
1998). So far, the N-end rule pathway is only known to be important for the increased breakdown of soluble
muscle proteins (Solomon et d., 1998). However, it is now clear that this pathway playsarolein specific



biologica functions such asthe cell’ s capacity to import peptides (Turner et d., 2000) or chromosome
gability (Rao et d., 2001), viathe breskdown of specific protein substrates.

Phosphorylation is required for efficient polyubiquitination of severd proteins, especidly those
recognized by the SCF E3s (Hershko and Ciechanover, 1998). The mgor recognition Ste of G1 cydinsis
present within a 100-200 amino acid C-termind region rich in Pro-Glu-Ser-Thr (PEST) motifs. PEST matifs,
which are characterigtic of rapidly degraded proteins (Rogers et d., 1986), are in fact minimum consensus
phosphorylation stes for severa protein kinases (Wilkinson, 2000). The ability of an E3 to recognize a
phosphorylated signal may be due to the presence of phosphoamino acid binding motifs, such as WW or
WD40 domains (Pickart, 2001). However and firgt, there is no clear pattern of phosphorylation that targets
substrates for ubiquitination, as phosphorylation has been reported at single or multiple Sites. Second,
phosphorylation of some proteins (c-Fos, ¢c-Jun) actudly prevents their ubiquitination and degradation (Musti
et a., 1997). Findly, recognition of substrates that depends on dephosphorylation has aso been reported
(Pickart, 2001).

By contrast, the destruction box (i.e. a very degenerate 9-amino acid matif) isacrucid sgnd for the
ubiquitination and breskdown of mitotic cyclins and other cell-cycle regulators, both in vivo and in vitro. In
this matif, only Arg and Leu are invariable amino acidsin position 1 and 4, respectively, and are key
determinants of specificity (Hershko and Ciechanover, 1998; Pickart, 2001). The destruction box itsdf is not
an ubiquitination Site, but is atrandferable degradation Sgnd. Reporter proteins containing such motifs are
rapidly degraded in a cell-cyde-dependent manner. Recent data may suggest that a specific conformation of
the destruction box is required for efficient E3 recognition (Pickart, 2001).

Deubiquitination

Eukaryotic cells dso contain DUBs (DeUBiquitinating enzymes), which are encoded by the UCH
(Ubiquitin Carboxyl-termind Hydrolases) and the UBP (UBiquitin-specific Processing proteases) gene
families (Chung and Baek, 1999). Genome sequencing projects have identified more than 90 DUBSs (Chung
and Baek, 1999). UCHs arerdatively smdl proteins (< 40-kDa) and congtitute asmadl family. Only one
UCH exigsin yeast, and only a couple of isoforms have been characterized in higher eukaryotes. UCHs
mainly hydrolyze small amides and esters a the C-terminus of ubiquitin. In contrast, UBPs are 50-250-kDa



proteins and condtitute a large family, as 16 UBPs are known in yeast. Deubiquitination can be compared to
dephosphorylation, and not surprisngly UBPs are involved in severd biological processes, including the
control of growth, differentiation, and genome integrity. In proteasome-dependent proteolyss, the putative
magjor roles of DUBs are (i) to maintain free ubiquitin levels, by processing ubiquitin precursors and
polyubiquitin degradation signds into free monomers, (i) to proof-read ubiquitination (e.g. to deubiquitinate
substrates erroneoudy tagged for degradation); and (iii) to keep 26S proteasomes free of polyubiquitin chains
that can interfere with the binding of another substrate.

Degradation of non-ubiquitinated proteins

The 26S proteasome is hot an absol ute ubiquitin-dependent proteolytic enzyme, asit aso degrades
non-ubiquitinated substrates. The first discovered was ornithine decarboxylase (ODC) (Murakami et d.,
1992). The 26S proteasome recognizes the C-termind degradation sgna of ODC exposed by attachment of
antizyme (a protein that binds to ODC and subtitutes for ubiquitin) (Murakami et a., 1999). Indeed,
ubiquitination does not seem aways a prerequisite for the breakdown of a growing number of substrates that
include c-Jun (Jarie-Encontre et al., 1995), IkBa (Krappmann et d., 1996), the Cdk inhibitor p21Cipl
(Shesff et al., 2000), denatured ovalbumin, and native forms of calmodulin or troponin C (Benaroudj et d.,
2001). The 26S proteasome can recognize misfolded proteins that are not ubiquitinated (Strickland et &,
2000). Thismay account for the breakdown of denatured ovalbumin. In addition, hydrophobicity plays a
major role in polyubiquitin chain recognition by the 26S proteasome (Thrower et d., 2000). Hydrophobic
dretches of amino acids in the primary sequence of camodulin and troponin C may subgtitute for ubiquitin and
be sufficient for recognition by the 26S proteasome (Benaroud et d., 2001).

The proteasomes

The second mgor step in the ubiquitin-proteasome pathways is the degradation of polyubiquitinated
proteins by the 26S proteasome, which isformed by the binding of two 19S regulatory complexes with the
20S proteasome (Voges et a., 1999; DeMartino and Slaughter, 1999).



The 20S proteasome

The mammédian 20S proteasome is a cylindrica particle composed of four stacked rings of subunits,
with each ring containing seven different subunits. The outer rings are composed of a -subunits, and the two
inner rings of b-subunits, which contain the catalytic Stesinsde the particle (Fig. 3). Thus the proteasomeisa
sdf-compartmentalizing protease (Baumeister et d., 1998), as subgtrates must enter the catalytic chamber in
order to be degraded into peptides. In eukaryotes, the 20S proteasome contains at least two chymotrypsin-
like, two trypsin-like, and two caspase-like active Sites (Kissdev et d., 1999). These activities are
dlogtericdly regulated and it has been suggested thet there is an ordered, cyclical mechanism for protein
degradation: the chymotrypsin-like site may initidly cleave the polypeptide and stimulate the caspase- like Sites;
their activation accelerates further cleavage of the fragments, while the chymotrypsin-like activity istemporarily
inhibited; when further caspase-like cleavages are impossible, the chymotryptic site is reactivated and the
cycle repeated (Kissdev e d., 1999). The confinement of multiple active Stes within a nano-compartment hae
another advantage. Proteasomes hydrolyze most peptide bonds and generate peptides that are typicdly 3 to
22 amino acids long and do not conserve biologica properties, except for antigen presentation.

Substrates access the active sites by traversing a narrow opening in the a -ring that is blocked in the
unliganded free 20S proteasome by N-termina sequences of a -subunits (Whitby et d., 2000). The binding of
20S proteasomesto 11S or 19S regulator complexes induce conformational changesin a -subunits that open
the gate separating the cataytic chamber of the 20S proteasome from the intracel lular environment (Whitby et
al., 2000; Groll et d. 2000) (Fig. 3). Thus, whether free 20S proteasomes may have any proteolytic activity in
cdls remains an open question. Oxidized proteins have been repeatedly reported to be degraded by 20S
proteasomes and not by 26 proteasomes (Davies, 2001). However, it istotaly unclear how oxidized proteins
may gate the 20S proteasome channd.

It should be pointed out that the 20S proteasome is the proteolytic core of a modular system in which
peptidase activities can be modulated by the binding of regulatory complexes (see below). Furthermore, there
are immunoproteasomes in which three catdytic b subunits are replaced by three distinct b subunits, so that
catalytic properties are dso dtered. These immunoproteasomes play arole in antigen presentation. Thus, there
are different subtypes of 20S particlesin a given tissue that differ by their catalytic properties. For example,
the 20S proteasome population in skeletd muscle comprises Six digtinet subtypes, including condtitutive
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proteasomes, immunoproteasomes, and their intermediate forms (Dahimann et d., 2001). Therefore, the
properties of a 20S proteasome population isolated from a given tissue represent the average properties of the

whole set of proteasomes subtypes.

The 19S complex

The 19S complex is an activator that stimulates both peptidase and proteolytic activities of the 20S
proteasome. This complex contains at least 18 different subunits and can be topologicaly defined by two sub-
complexes cdled the base and the lid (Glickman et d., 1998). The base contains six ATPases, and two non-
ATPase subunitsin yeast. The ATPases provide energy for the assembly of the 26S proteasome and the
breakdown of ubiquitinated proteins into peptides, for the gating of the proteasome channel, and presumably
the unfolding of protein substrates, and their injection into the catalytic chamber of the proteasome (V oges et
a., 1999; Kohler et . 2001). The binding of the 20S proteasome to the base aone supports ATP-
dependent peptide hydrolysis. In contrast, both the base and the lid are required for ubiquitin-dependent
proteolyss (Glickman et d., 1998). Thelid contains at least eight non- ATPase subunits. Subunit Sba binds
tightly to the polyubiquitin degradation sgna (Deveraux et d., 1994). However, the yeast homolog of Sbaiis
not essentid for ubiquitin-dependent proteolysis (van Nocker et d., 1996). Thus, another subunit or severa
additiona subunits may aso act as a polyubiquitin-conjugate receptor.

Surprisingly, the base of the 19S complex has aso chaperone-like activity and is adle to refold a
denatured protein in vitro, afunction opposte to its presumed role in proteolyss (Braun et d., 1999). These
findings suggest that the ultimate fate of a proteasome substrate (degradation or refolding) is determined by
subsequent events (e.g. trandocation into the proteolytic core) (Zwickl and Baumeister, 1999). Extensive
experiments are currently in progressin severd |aboratories to eucidate the precise topology (Gorbeaet d.,
2000) and roles of subunits in both the base and the lid (Kohler et d., 2001). Such experiments should
provide ingghts into the precise mechanisms thet regulate the recognition, unfolding, and trandocation of
substrates into the proteasome, and contribute to eucidate the precise role(s) of ATP in proteolyss. For
example, it has been recently reported that Rpt2, one of the six ATPases in the base of the 19S complex,
gates the proteasome channel and controls both substrate entry and product release (Kohler et a., 2001).

Other proteasome activators
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The 11Sregulator is another regulatory particle of the 20S proteasome. The 11S regulator (an hexamer
or heptamer of subunits PA28a and b) binds to both ends of the 20S proteasome in an ATP-independent
fashion to form a PA28 particle. The binding of the 11S regulator to the 20S proteasome only modulates its
peptidase activities. PA28 particles play arole in antigen presentation, by generating peptides for MHC class|
molecules, possibly in connection with 26S immunoproteasomes (Rechsteiner et d., 2000).

Subunit PA28g is closdly related to subunits PA28a and b. PA28g is able to form a homopolymer that
also binds to 20S proteasomes. The resulting proteasome- PA 289 seems to be involved in growth control
(Murata et ., 1999).

Findly, the existence of hybrid proteasomes, in which one 11S regulator and one 19S complex bind
simultaneoudy to a 20S proteasome has been demonstrated (Hendil et ., 1998). Such complexes are
induced by interferon-g and play arole both in antigen presentation and in the breakdown of some proteins
(Tanahashi et d., 2000, and see below).

The ubiquitination and the proteasome systems are part of a huge proteolytic

machinery

The mechanism that facilitates the trand ocation of a subgtrate to the proteasome in vivo is poorly
understood. However, a physical association between several E2s and the 26S proteasome has been
reported (Tongaonkar et a., 2000) and E2s bind tightly to the ubiquitin-loaded E1 (Pickart et a., 2001).
Various E3s dso interact with specific subunits of the 19S complex (Xie and Varshavsky, 2000). Thus, the
whole ubiquitination sysem may directly and physicaly participate in the delivery of tagged substratesto the
26S proteasome.

The 26S proteasome degrades proteins only into peptides. Except when presented on MHC Class |
molecules, these peptides must undergo further hydrolysisinto free amino acids. In Thermoplasma
acidophilum the proteasome generated peptides are then cleaved into smdler di- to tetra- peptides by a huge
(14.6-MDa) sdif-compartmentalizing proteolytic complex caled the tricorn protease; findly, these di- to tetra-
peptides are sequentialy hydrolyzed into free amino acids by at least three additiona aminopeptidase-

interacting factors (Tamura et d., 1998). The tricorn protease has no homolog in higher organisms. However,
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severd giant proteases that may act downstream of the proteasome and partidly subgtitute for its functions
have been recently characterized in eukaryotic cells (Yao and Cohen, 1999).

Conversdly, other proteases may act upstream of the proteasome. Specific interactions between the
myoafibrillar proteins gppear to protect them from ubiquitin-dependent degradation, and the rate-limiting Sepin
their degradation is probably their dissociation from the myofibril (Solomon and Goldberg, 1996). Capans
play key rolesin the disassembly of sarcomeric proteins (Huang and Forsberg, 1998) and in Z-band
disntegration, resulting in the release of myofilaments (Williams et d., 1999). These data suggest that cdpains
are acting upstream of the proteasome. However it remains to be demonstrated whether there is a functiona
connection between the two proteolytic systems. Smilarly, a putative cooperative role of cdpain and
proteasome has been reported in the breakdown of the retinoblastoma family protein p107 (Jang and Choai,
1999).

Degradation of substrates of the ubiquitin-proteasome pathway

by alter native proteolytic routes

ODC, thefirst discovered non-ubiquitinated substrate of 26S proteasomes (see above) can adso be
degraded by hybrid proteasomes (Tanahashi et d., 2000). Thus, severd proteasome-dependent pathways
can beinvolved in the breskdown of asingle protein substrate.

Another nortubiquitinated subgtrate of the 26S proteasome is the protooncogene ¢-Jun (Jariel- Encontre
et a., 1995). However, c-Jun can aso be ubiquitinated (Treier et d., 1994), and both ubiquitin-dependent
and ubiquitin-independent proteasome pathways degrade the protein. Smilar Stuations are known for thein
vivo proteasomd breakdown of the IkBa transcription factor inhibitor (Krappmann et a., 1996) and of the
Cdk inhibitor p21Cipl (Sheeif et d., 2000). At least in the case of 1kBa, these dternative ubiquitin-
dependent and ubiquitin-independent, but proteasome- dependent pathways dramatically affect the protein
hdf-life, and thustightly control 1kBa activity (Krappmann et a., 1996).

Findly, the tumor suppressor p53 protein (Salvat et d., 1999) and the retinoblastomafamily protein
p107 (Jang et d., 1999) are degraded in vivo by diginct proteolytic systems, the proteasome and the
capains. The proteasome, capain (Savat et d., 1999) and lysosomd (Knecht et ., 1998) systems can even
degrade the protooncogene c-Fos. All these observations suggest that a given protein substrate is targeted for
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degradation by many dternative proteolytic routes. Assuming that various sgnaing pathways dictate the
routes, this may clearly explain how the cdl rapidly modulates the half-lives of various proteins, in reponse to
the cdll environment, and accounts for the fine tuning of individud protein levels

Implications

The ubiquitin-proteasome- dependent pathway is the most elaborate protein-degradation machinery known.
The precise mechanisms that regulate the breakdown of some key proteins (e.g. cydlins, transcription factors)
have started to be ducidated. In contrast, how the ubiquitin-proteasome- pathway degrades muscle proteins,
and more particularly contractile proteins, remains largely unknown. Information on the E2s and E3s that
operate in muscleis very scarce, and neither the sgnds that target myofibrillar proteins for breakdown, nor the
precise subgtrates of the pathway have been identified. Studies that aim to explore the role of deubiquitinating
enzyme and the regulation of proteolytic/peptidase activities of muscle proteasomes are a so clearly needed.
Findly, studies on the possible relaionships of the ubiquitin- proteasome-pathway with the cathepsins and
calpains should aso contribute to provide valuable information on skeletd muscle proteolysis. However, the
complexity of the ubiquitin pathway will clearly impede the identification of the precise mechaniams that are
important in the control of muscle proteolyss.
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Figure Legends.

Figure 1. A. Ubiquitin isfirgt activated by the ubiquitin-activating enzyme (E1) and transferred on one
ubiquitin-conjugating enzyme (E2). B. The E2 with or without an ubiquitin-protein ligase (E3), mono- di or tri-
ubiquitinates the subgtrate (Protein-[Ub]; 2 3 ), which is not targeted for breskdown. C. In condtrast, when a
polyubiquitin degradation sgnd is formed (Protein-[Ub],, ), the substrate can be deubiquitinated (D) or is recognized
and degraded into peptides by the 26S proteasome (E) .

Figure 2. Schematic representation of E3s. A. Generd structure of the HECT domain E3s. N and C denotes
the N-terminus and C-terminus, respectively, of the HECT E3. AA, amino acid; Cy4, cysteine residue, Ub,
ubiquitin. B. Schemétic representation of the RING finger motif. C and H denotes cysteine and hitidine residues,
respectively. C. Schematic representation of the monomeric RING finger E3a. Typel and Il denotesthe binding
ste for basic and hydrophobic N-termina amino acid of the subsirate, respectively. D. Schemetic representation of
amultisubunit RING finger SCF E3. The three subunits in the catalytic core are boxed in white, and Rox1 isthe
RING finger subunit. Cul, cullinl. Adapter proteins are boxed in grey (seetext).

Figure 3. Schematic representation of the gating of the channd of the 20S proteasome by the 19S or 11S
regulatory complex. Left pand: in the free 20S proteasome particle (a and b denotesa and b subunits,
repectively) the channel (black ova within the upper a-ring) is blocked by N-termina sequences of a -subunits.
Substrate entry and peptide release occur at avery low rate, if any. Right pand: the binding of one regulatory
complex to the a-ring gates the 20S proteasome channd, so that both substrate entry and peptide release are
increased.
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