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Abstract | The ubiquitin—proteasome system degrades an enormous variety of proteins that
contain specific degradation signals, or ‘degrons’. Besides the degradation of regulatory
proteins, almost every protein suffers from sporadic biosynthetic errors or misfolding.

Such aberrant proteins can be recognized and rapidly degraded by cells. Structural and
functional data on a handful of degrons allow several generalizations regarding their
mechanism of action. We focus on different strategies of degron recognition by the ubiquitin
system, and contrast regulatory degrons that are subject to signalling-dependent
modification with those that are controlled by protein folding or assembly, as frequently

occurs during protein quality control.

Intracellular protein degradation has been studied for
more than half a century, and it became clear early on
that such degradation is highly selective, with individual
protein half-lives ranging from minutes to years (see
REFS 1,2 for reviews of the early literature). Moreover,
much of this degradation was found to be energy-
dependent, despite the exergonic nature of peptide-bond
cleavage. This energy dependence derives from the dual
requirements of high substrate specificity and substrate-
protein unfolding to make the polypeptide backbone
fully accessible for proteolytic cleavage. Most regulated
protein degradation in eukaryotes is executed by the
ubiquitin-proteasome system®~. Polyubiquitylation of
substrates by specific enzymes provides the major source
of selectivity in the system (BOX 1), whereas the 26S pro-
teasome complex performs the protein unfolding that is
necessary for processive cleavage of the tagged proteins
into short peptides (BOX 2). In addition, ubiquitin liga-
tion can function independently of the proteasome by
directing certain proteins (usually membrane proteins)
to the lysosome or vacuole for proteolysis. Conversely,
proteasomes can degrade some proteins without their
prior modification by ubiquitin.

A fundamental question regarding intracellular
proteolysis is: how are specific proteins recognized by
the proteolytic machinery such that they are degraded
only under specific conditions with highly characteristic
degradation rates? Early work suggested that global
structural features determine the metabolic stability of
individual proteins. For instance, mutant proteins or
proteins that had incorporated amino-acid analogues
during their synthesis were found to have shorter

half-lives in vivo than their wild-type counterparts®’.
Moreover, protein degradation rates seemed to correlate
with gross protein physicochemical properties, such as
the molecular mass or isoelectric point®. However, later
analyses revealed that these correlations with gross pro-
tein properties did not generally hold true, and although
abnormal proteins were frequently short-lived, this need
not reflect a change in their global structure.

As will be discussed in detail below, most short-lived
proteins are distinguished by localized structure deter-
minants (signals) that target them to the ubiquitin-ligase
machinery or to the proteasome (or the lysosome in
some cases). A degradation signal, or ‘degron;, is usually
defined as a minimal element within a protein that is suf-
ficient for recognition and degradation by a proteolytic
apparatus'®. An important property of degrons is that
they are transferable. That is, the genetically engineered
attachment of such sequences confers metabolic instab-
ility (a short half-life) on otherwise long-lived proteins’.
Degrons can be defined for distinct proteolytic pathways,
but we confine this review to the description of degrons
that target proteins to the ubiquitin-proteasome path-
way. Generalizations in this field are partly limited by the
diversity of substrates of the system. For example, many
regulatory proteins are degraded in a temporally and
spatially specific manner. These proteins are often tightly
controlled by other post-translational modifications that
are dependent on cell-signalling events. However, quality
control of newly synthesized proteins and the removal of
misfolded proteins is under a very different set of con-
straints. The recognition and destruction of such aber-
rant proteins is expected to depend on their folding or
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Box 1 | The ubiquitin-conjugation machinery

RING/RING-like E3 J

Substrate proteins, destined for elimination, are initially attached to polymers of the
highly conserved ubiquitin (Ub) protein. This covalent modification of the substrate
targets the conjugated protein to a multicatalytic protease complex, the 26S
proteasome®. The Ub attachment site in substrate proteins is commonly a Lys side chain.
A well-defined series of enzymes orchestrates the attachment of mono- and
polyubiquitin to proteins (see figure). Ub is first activated in an ATP-consuming reaction
by an E1 Ub-activating enzyme, to which it becomes attached by a high-energy
thioester bond. Subsequently, the activated Ub is transferred to the active site Cys of

a second protein, an E2 ubiquitin-conjugating enzyme. With the aid of a third enzyme,
called E3 or ubiquitin-protein ligase, E2 catalyses the transfer of (poly)ubiquitin onto
the protein that is destined for degradation.

E3 is the most important enzyme in determining the specificity of substrate
ubiquitylation. There are two major classes of mechanistically distinct E3 enzymes,
characterized by the RING (or RING-like) and HECT domains. Both types of E3 enzymes
are alike in their ability to establish selective substrate binding. The RING finger uses
Cys and His residues to coordinate a pair of zinc ions in a characteristic arrangement
(not shown). A smaller set of E3 enzymes contain a domain called the U box, which is a
degenerate version of the RING-finger that achieves the same general fold without
coordinating any metal ions'*3. RING and RING-like E3 enzymes bind to both the E2
enzyme and the substrate, and catalyse the transfer of Ub directly from the E2 enzyme to
the substrate. Unlike RING and U-box E3 enzymes, the HECT E3 enzymes have a more
direct catalytic role in substrate ubiquitylation. The activated Ub of the Ub-E2 enzyme
thioester is transferred to a conserved Cys residue in the HECT domain of the E3 before
finally being transferred to a substrate.

Ubiquitylation is reversed by de-ubiquitylating enzymes (DUBs) that remove ubiquitin

from proteins and disassemble polyubiquitin chains. DUBs provide additional regulatory

control before protein degradation, and they are also fundamental for maintaining a
sufficient pool of free ubiquitin molecules in the cell.

assembly state. If folding or assembly goes awry, proteins
would be expected to expose degrons that normally exist
hidden in many different proteins.

In this review, we focus on how different physiologi-
cal requirements for the degradation of specific proteins
dictate the design of different degrons. A degron com-
prises distinct determinants that have different roles
in the degradation pathway. Specifically, we consider
primary recognition determinants as those sequences
or structures within the degron that bind directly to the
E3-E2 ubiquitin-ligase complex or its ancillary factors.

Another determinant with a role in ubiquitin-dependent
degrons is the presence of at least one appropriate acceptor
site, such as a Lys residue, for the attachment of the poly-
ubiquitin chain. The polyubiquitin-modified substrate
must also be able to interact with the proteasome or with
shuttling factors that deliver it to the proteasome. Finally,
the degron must be situated within the substrate such
that the proteasome can initiate substrate unfolding and
can translocate it into the proteasome core. Our emphasis
here will be on primary recognition determinants.

Not all protein ubiquitylation regulation occurs
through substrate changes that activate a degron.
Although not covered here, E3 and E2 enzymes can them-
selves be regulated by post-translational modification,
such as the phosphorylation of the anaphase-promoting
complex E3 enzyme"!, or by binding to small molecules.
For instance, dipeptide binding can allosterically modu-
late the N-recognin E3 enzyme (see next section)'. In
addition, the growth-regulating plant indole auxin binds
to a specific E3 ligase and forms part of an enlarged
protein-binding interface that allows high-affinity
interaction with specific protein substrates'.

N-degrons and the ‘N-end rule pathway’

The knowledge that covalent ubiquitin conjugation
commits proteins for degradation led the discoverers of
ubiquitin-mediated proteolysis to propose that substrate
selection takes place mainly at the stage of ubiquitin
ligation'*". By adding a variety of proteins to a rabbit
reticulocyte lysate, an apparent correlation was noted
between the presence of a free a-amino group in the
proteins and their ubiquitin-dependent degradation's.
A 180 kDa protein with E3 ubiquitin-ligase activity was
subsequently isolated that seemed to have a higher affin-
ity for proteins with a free a-amino group than those
with a blocked N terminus'.

This particular E3 enzyme distinguishes proteins not
only by a free N-terminal a-amino group but also by
the side chain of the N-terminal residue. In a study in
which the N-terminal residues of an otherwise identical
series of Escherichia coli B-galactosidase test substrates
were systematically changed and expressed in yeast, the
substrates displayed a remarkable range of degradation
rates"”. Half-lives ranged from a few minutes to greater
than 20 hours. Thus, an E3 enzyme can bind protein
substrates with very high selectivity — this particular
enzyme can distinguish substrates by recognizing a
specific residue at the N terminus of a protein'®. In this
degradation pathway, termed the ‘N-end rule pathway;
the half-life of a protein is determined by the nature of
its N-terminal residue. The N-terminal-region in a sub-
strate that is sufficient for ubiquitin-dependent turnover
constitute the ‘N-degron’ (FIC. 1a).

The prokaryotic N-end rule pathwalaterestingly,
prokaryotes also have an N-end rule pathway, although
prokaryotes lack a ubiquitin-conjugation system
(reviewed in REF. 19). Whereas the 26S proteasome acts
as the protease for N-end rule substrates in eukaryotes,
the ATP-dependent Clp protease complex (CIpAP)
is the principal protease that degrades such substrates in

2 | ADVANCE ONLINE PUBLICATION

www.nature.com/reviews/molcellbio

© 2008 Macmillan Publishers Limited. All rights reserved



Box 2 | Substrate targeting to the 26S proteasome
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Once modified by a polyubiquitin chain of at least four ubiquitins (Ub), the substrate
protein can bind either directly to intrinsic Ub receptors in the 19S regulatory complex
of the 26S proteasome (see figure panel a) or to adaptor proteins that contain both
polyubiquitin-binding and proteasome-binding domains*** (see figure panel b). It is not
fully understood why certain polyubiquitin-modified substrates must be shuttled to the
proteasome by adaptor proteins and others can associate directly with polyubiquitin-
binding subunits in the proteasome regulatory complex. Binding of the substrate
protein to the proteasome is followed by protein unfolding by the half-dozen ATPases
(not shown) that encircle the pore of the proteasome catalytic core, removal of the
polyubiquitin chain by proteasome-associated de-ubiquitylating enzymes (DUBs), and
translocation of the unfolded protein into the central proteolytic chamber, where it is
cleaved into short peptides (see figure panel c).

RING domain

‘Really interesting new gene’
motif that consists of a defined
pattern of Cys and His residues
that coordinate two zinc ions.
This motif is engaged in
ubiquitin ligation through the
recruitment and positioning of
the E2 enzyme.

UBR box

A ~70-residue zinc-finger-like
motif in E3 ubiquitin ligases
that serves as a substrate
recognition domain for N-end
rule substrates.

bacteria. Several findings suggest that both proteolytic
systems share common principles of recognition for at
least a subset of ‘destabilizing’ N-terminal residues. In
eukaryotes, a RING-domain class E3 ubiquitin ligase, now
called E3a or N-recognin, mediates ubiquitin transfer
from the E2 enzyme onto specific Lys residues within
the N-end rule substrate, allowing substrate delivery
to the 26S proteasome. In bacteria, rather than an E3 ligase
recognizing the N-terminal residue, an adaptor protein
called ClpS binds to the N-terminal region of substrates
and to specific domains of the ClpA ATPase subunits of
the ClpAP protease complex. Delivery of substrate to the
ClpA hexameric ring leads to substrate unfolding and
translocation into the ClpP Ser protease core (reviewed
in REF. 19). Whereas eukaryotic N-recognins interact with
destabilizing N termini through distinct binding sites for
basic (type-1) and bulky hydrophobic (type-2) N-terminal
residues, ClpS primarily recognizes type-2 destabilizing
residues. Limited homology was found between the type 2
substrate-binding sites of eukaryotic N-recognin and a
conserved sequence at the surface of ClpS¥. This region
of homology is enriched in acidic and hydrophobic resi-
dues, which provide a potential complementary surface
for interaction with N-degrons. A net positive charge in
the substrate peptide is thought to favour strong binding
with this region of ClpS*'. Notably, acidic residues also
exist in a conserved position of this homologous region in
the eukaryotic type-2 substrate-binding site of N-recognin
homologues. The function of ClpS$ in bacterial N-end rule
degradation and its homology; albeit limited, to eukaryotic
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N-recognin suggest that the recognition of N-end rule
substrates shares certain features between bacteria and
eukaryotes, despite obvious differences in the downstream
proteolytic systems.

The eukaryotic N-end rule pathwd&he N-end rule was
first described in Saccharomyces cerevisiae. The physio-
logical significance of the pathway was at first difficult to
discern because mutants lacking N-recognin (Ubr1) have
a phenotype that is indistinguishable from wild-type cells
under most conditions. The first yeast substrate with a
physiologically important N-degron to be identified was
a proteolytic fragment of Sccl, a subunit of the cohesin
complex that helps maintain sister chromatid cohesion
during mitosis and meiosis”. At the metaphase—anaphase
transition, Sccl is cleaved by an endoprotease called
separase, thus allowing the daughter chromosomes to
separate. The resulting C-terminal fragment of Sccl has
an Arg residue at its N terminus. This protein fragment
is recognized by Ubrl and is targeted for proteasomal
degradation. Failure to degrade the C-terminal Sccl
fragment results in increased rates of chromosome loss,
and overexpression of the stabilized fragment is lethal.
Therefore, internal cleavage of a protein can provide the
initiating event for protein degradation by the N-end rule
pathway (FIC. 1b).

Endoproteolytic cleavage is just one of many
N-terminal modifications that can channel a protein
to the N-end rule pathway. For instance, newly syn-
thesized proteins contain N-terminal Met, which is a
stabilizing residue. Therefore, creation of an N-degron
would require co-translational removal of Met (FIC. 1¢).
Furthermore, processed proteins that begin with an
acidic residue, or a Cys residue in mammalian cells, are
first modified with an Arg residue by arginyl-tRNA-
protein transferase (Atel) before they can be bound by
N-recognin and ubiquitylated®?** (FIC. 1d). The regulation
of short-lived proteins with an N-terminal Cys is particu-
larly intricate. In this case, the Cys must first be oxidized
to a sulphinic or sulphonic acid form through the action
of molecular oxygen and nitric oxide (NO) before it can
be enzymatically arginylated”-*". Degradation of several
RGS (regulator of G-protein signalling) proteins depends
on this NO-dependent mechanism. Recently, it has been
shown that Atel is capable of arginylating many proteins,
but that this does not necessarily create an N-degron®.
This implies that multiple determinants are necessary for
creating an N-degron, not just a destabilizing N terminus
(see below).

In mammals, the functions of several of the enzymes
that contribute to the N-end rule pathway have been
determined by mouse-knockout analyses and human
disease-gene mapping (reviewed in REF. 29). As well as
E3a, the mammalian genome encodes at least five other
UBR box-containing proteins with specific signatures that
are unique to E3 ubiquitin ligases™. Several of these puta-
tive E3 enzymes, along with enzymes that are known to
modify N-terminal residues for potential targeting by the
N-end rule pathway, have been shown to contribute to
cardiovascular development, spermatogenesis and viral
defences, among other roles® .
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Figure 1| Mechanisms for the activation of N-end rule pathway substrates. a | Type 1
(basic) and type 2 (hydrophobic) destabilizing residues of the N-end rule pathway are
shown. b | Cleavage by endopeptidases (indicated by a lightning bolt) can lead to the
positioning of a destabilizing residue (X) at the N terminus of the truncated protein.

c| Cleavage between Met and Cys by Met aminopeptidase can lead to protein
destabilization if followed by the addition of Arg, a type 1 destabilizing residue.

d | Modification of Asn to Asp (or Gln to Glu) by specific deamidases can lead to the
addition of Arg by arginyltransferase (upper panel). Oxidation (marked by an asterisk) of
the N-terminal Cys residue can similarly lead to protein arginylation and degradation

(lower panel).

F-box domain

A protein motif of ~50
residues that functions as a
binding site for the S-phase-
kinase-associated protein-1
(SKP1) adaptor protein. F-box
proteins contain additional
protein—protein interaction
motifs, such as WD40 or
leucine-rich repeats, and are
the substrate recognition
subunits of SCF ligases.

WDA40 repeat

A repeat sequence of 40
amino acids with a
characteristic Trp-Asp motif
that was first found in the
B-subunit of heterotrimeric G
proteins and is involved in
protein—protein interactions.
F-box motif-containing proteins
often also have these repeats.

Phosphodegron recognition by SCFcd

F-box proteins (FBPs) are the substrate-specificity
subunits of the multisubunit SCF family of E3 ligases,
which contains S-phase-kinase-associated protein-1
(SKP1), cullin-1 (CUL1) and FBPs (BOX 3). Genetic and
structural approaches have provided many insights into
the nature of the degrons of SCF substrates and how
they are recognized®*’. Degradation of most SCF sub-
strates requires phosphorylation on specific Ser or Thr
residue(s), and the short phosphorylated peptide motif
can then bind to a specific FBP (FIC. 2).

The best-characterized phosphodegrons are those
involved in the ordered elimination of specific cyclins
and cyclin-dependent kinase (CDK) inhibitors by the
ubiquitin system (see REFS 41,42 for reviews). In yeast,
commitment to cell division requires a threshold level
of G1 cyclins (CIn1/2/3) that gradually accumulate
during G1 and lead to activation of the cell-division
control-28 (Cdc28) kinase (also known as cyclin-
dependent kinase-1; Cdkl) in late G1 phase. The pri-
mary function of Cln-Cdc28 kinase is to phosphorylate
substrate inhibitor of Cdk1 (Sic1), an inhibitor of cyclin
B-regulated kinase, thereby targeting Sic1 for degradation
and enabling entry into S phase*’. Phosphorylated Sicl is
specifically recognized by the FBP Cdc4, which is part of
the SCF“%* ubiquitin ligase. In the mammalian cell cycle,
similar SCF complexes target phosphorylated forms
of cyclin E and the CDK inhibitor p27<** (REFS 44,45).
Abnormal persistence of the latter proteins causes cell-cycle
misregulation and genome instability***.

The mechanisms by which phosphorylation drives
substrate binding to the SCF and drives subsequent
ubiquitin conjugation are still not fully understood.

Studies of the phosphorylation of Sicl and its binding
to SCF® provide a good example of the complexity of
this coordinated control*** . Sicl is phosphorylated at
nine different sites, and phosphorylation of six or more
of them was reported to be needed for high-affinity
interaction with the WD40-repeat domain of Cdc4.
Importantly, the nine Sicl phosphorylation sites share
very little similarity among themselves or with other
degrons of SCF®* substrates*. Testing the optimal
binding affinity of synthetic phosphopeptides to Cdc4
showed a consensus binding site for the Cdc4 phospho-
degron (CPD)*. Surprisingly, not one of the Sicl CPDs
exactly matches the consensus sequence. One rational-
ization for the multiple weak CPDs in Sicl is that they
allow an ultrasensitive response to Cln-Cdc28 kinase
activity that both builds in a time delay for Sicl turn-
over and prevents its premature degradation from small
fluctuations in phosphorylation status. Sicl turnover
and entry into S phase will then require a relatively
high level of active kinase, which in turn depends on
the appropriate nutritional signals to the cell***.

Analysis of the structure of Cdc4 in complex with
a nine-residue optimal phosphodegron provided
insight into the mechanistic basis for Cdc4 binding
preferences”. Crystallographic data showed that bind-
ing of the CPD to Cdc4 is governed by three principal
features of the interface. First, peptide phosphorylation
is necessary for binding to the WD40 domain of Cdc4
because of favourable electrostatic interactions and
hydrogen bonding with the phosphate group. Second,
a pair of hydrophobic pockets on Cdc4 selects for two
conserved hydrophobic residue in the phosphodegron.
Third, positively charged residues on Cdc4 select
against basic residues that are present in suboptimal
phosphodegrons. This latter feature could explain
why multiple phosphorylation events are required for
Sic1-Cdc4 interaction®. It was proposed that a single
phosphate-binding site exists in Cdc4 and that the
phosphorylation of at least six Sicl sites is needed to
increase the local concentration of Sicl near the Cdc4
binding site.

Crystallographic analysis of two mammalian SCF
complexes, SCFF™ and SCF™", suggested a differ-
ent model for phosphodegron recognition. In both
complexes, the short phosphodegron contained two
phosphorylated residues, which bound simultaneously
to two phosphate-binding sites on the WD40 domain
of the FBPs*** (FIC. 2). The two phosphate-binding
sites in FBW7 (the human orthologue of yeast Cdc4)
are conserved in the Cdc4 structure”, suggesting that
yeast Cdc4, similar to FBW?7, can bind a doubly phos-
phorylated peptide with greater affinity than a singly
phosphorylated one. Indeed, doubly phosphorylated
Sic1 CPDs showed up to 19-fold higher affinity for Cdc4
than singly phosphorylated versions®. According to the
emerging model, Sicl contains three separate CPDs,
each with two essential phosphorylation sites. Each
of these degrons is sufficient for tight binding to Cdc4
in vitro, with a similar affinity to those of the optimal
CPD. These findings support a more conventional
mechanism for Cdc4-Sicl interaction®.
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Box 3 | The SCF complex
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Multisubunit ubiquitin ligases that are assembled on a type of scaffolding subunit called a
cullin are the largest subclass of E3 enzymes (see REF. 145 for review). The
best-characterized cullin-dependent ligases belong to the SCF family of ligases, which
contains S-phase-kinase-associated protein-1 (SKP1), cullin-1 (CUL1) and F-box proteins
(FBPs). The family of ligases frequently target proteins that contain a specific
phosphorylated sequence element, referred to as a phosphodegron. In the SCF ligases,
the CUL1 subunit functions as a molecular scaffold that interacts simultaneously with
SKP1 and with the RING-box-1 protein RBX1 (see figure panel a). SKP1 functions as an
adaptor between CUL1 and various FBPs. The F-box element binds directly to SKP1,
whereas the C-terminal domain of the FBP supplies a substrate-recognition platform that
is usually composed of WD40-rich or Leu-rich repeats***¢147. SCF complexes
participate in cell-cycle regulation and other processes, such as transcription, cellular
signalling and endoplasmic reticulum-associated protein degradation (ERAD).

A model for the orientation of the SCFF"" (B-transducin-repeat-containing protein)
complex, together with an E2 enzyme (UbcH7) and the phosphodegron of the

substrate B-catenin®, is shown in panel b. The model places the E2 active site Cys ~50 A
away from the B-catenin peptide, suggesting that the active form of SCFF" either has a
distinct conformation or that it functions as part of a larger multimeric unit. a.a., amino
acids. Figure part b is reproduced, with permission, from REF. 36 © (2003) Cell Press.

An oxygen-dependent degron

Another interesting example of protein ubiquitylation
that is regulated by signal-dependent post-translational
substrate modification occurs through hypoxia-induc-
ible factor-1 (HIF-1), a heterodimeric transcriptional
complex that mediates the transcriptional response to
oxygen availability*®. Under hypoxic conditions, HIF-1
activates the transcription of genes that are involved in
the adaptation of cells to low oxygen tension, such as
those that encode vascular endothelial growth factor and
erythropoietin, which are important for the formation of
new blood vessels and red blood cells. The HIF-1 com-
plex is stable under hypoxia, but the HIF-1a subunit is
rapidly degraded by the proteasome under normoxic
conditions. This proteolytic regulation depends on a
distinct cullin-RING ubiquitin ligase that is composed
of von Hippel-Lindau protein (VHL), elongins B and C,
the cullin CUL2A and RING-box-1 (RBX1) (REFS 51,52).
VHL is the substrate-recognition subunit of the com-
plex and binds to HIF-1a. through an oxygen-dependent
degron (ODD)>***. In well-oxygenated cells, a HIF-1o.-
specific prolyl hydroxylase uses molecular oxygen to
hydroxylate one or two specific prolyl residues®*.

REVIEWS

Crystal structures of the hydroxylated degron of
human HIF-1a bound to VHL revealed a crucial role
for the hydroxyl group on Pro564 (REFS 35,56). The
ODD binds VHL primarily through a six-residue seg-
ment in the ODD that is centred on hydroxyproline
(Hyp)564. This residue is nearly entirely buried in
a hydrophobic pocket of the VHL binding surface,
forming hydrogen and van der Waals interactions with
surrounding VHL residues. The backbone of HIF-1a
in the vicinity of Hyp564 is held in place through an
extensive network of hydrogen bonds with VHL. The
affinity of VHL for the hydroxylated HIF-1a peptide
is ~1,000-fold higher than for the nonhydroxylated
form®. In patients with von Hippel Lindau disease,
an hereditary cancer-susceptibility syndrome, each of
the five VHL residues that make direct contact with
Hyp564 is subject to missense mutations”. Thus, high-
affinity binding of Hyp564 to VHL is maintained by
multiple interactions and is essential for abrogating
HIF-1a-dependent tumorigenesis.

In general, post-translational modifications allow
protein ubiquitylation rates to be coupled to specific
stimuli. Such substrate alterations also displace the major
point of regulation to steps before ubiquitin attachment.
In addition to the examples of N-terminal residue
processing, phosphorylation and prolyl hydroxylation
discussed above, protein glycosylation (see below) and
even prior modification by other ubiquitin-like proteins,
such as the small ubiquitin-related modifier (SUMO),
can modulate the probability that a specific protein will
be ubiquitylated and degraded™.

Degrons in the ER

The degrons discussed so far can be classified as
conditional signals for which post-translational
modifications at specific sites are necessary to create a
functional degron. The modified residues, along with
neighbouring regions in the polypeptide, constitute the
basic structural elements for recognition by a specific
ubiquitin-ligase complex. However, not every substrate
protein is recognized through prior covalent modifi-
cations. Structural features that are revealed when a
protein assumes a specific conformation or assembly
state can serve as recognition elements in a wide range
of degrons. Polypeptides that fail to assume their
native tertiary or quaternary structures — collectively
referred to as protein quality control (PQC) substrates
— are often subject to this mode of substrate recogni-
tion**". A major site for ubiquitin-dependent PQC is
the endoplasmic reticulum (ER), where most secre-
tory and integral membrane proteins are folded and
assembled before being trafficked to their site of action.
Proteins that cannot fold or assemble properly usually
never make it from the ER to the Golgi but instead are
extracted back across the bilayer into the cytosol, and
are ubiquitylated and degraded by the cytosolic pro-
teasome (reviewed in REFS 61-64). Components of this
ER-associated degradation (ERAD) system can also
recognize native proteins that are undergoing transient
or induced structural changes, allowing regulation of
the levels of specific ER-resident proteins.
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