Ubiquitination

The central role of the Ubiquitin Proteasome Pathway (UPP) in

biology has been recognized with the Nobel Prize for Chemistry

which was awarded to Avram Hershko, Aaron Ciechanover and
Irwin Rose in 2004.
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Aaron Ciechanover Avram Hershko Irwin Rose

Ubiquitylation is among the most widely used protein modifications
involved in regulating cellular signalling and homeostasis.

At the molecular level, ubiquitin can be viewed as an intracellular signal
that is inducibly and reversibly attached to a range of proteins and, as
such, regulates a multitude of cellular functions.

Ubiquitin has a diverse surface architecture and forms differently coupled
chains, thus expanding its capacity to act as a versatile signalling
messenger.
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Historically, the first role of Ubiquitin is in UPP

Ubiqutin-Proteasome Pathway

Degradztion of a protein via the UPP
involves two discrete and successive
steps: tagging of the substrate protein
by the covalent attachment of multiple
ubiguitin molecules (conjugaticn); and
the subsequent degradation of the
tagged protein by the 265 proteasome
{composed of the catalytic 20S core and
the 19S regulator). This classical function
of ubiquitin is  assccicted  with
housekeeping functions, regulation of
protein turnover and antigenic-peptide
generation.
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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 poly ubiquitin-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 polyubiquitinbinding 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 deubiquit-ylating
enzymes (DUBs), and translocation of the unfolded protein into the central proteolytic chamber, where it is cleaved into
short peptides (see figure panel c).
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The role of Rad23 in ubiquitin-dependent proteasomal degradation. The UPS can be divided in
ubiguitylation (left panel) and oroteasomal degradation (right panel). Proteins harboring a
degradation signal are ubiquitylated by an erzymatic cascade consisting of a ubiquitin activating
enzyme (E1), a ubiquitin-conjugating enzyme (E2), a ubicuitin ligase (E3) and, optionally, a ubiquitin
chain elongation facter (E4). The polyubiquityleted protein binds directly to the proteasome or,
alternatively, birds to the UBA domains of Rad23 or other ubiquitin receptors (Dsk2, Dd'1). Tre UbL
domain of Rad23 ninds to the Rorl subunit in the 195 requlator of the proteasome. Rad23 resists
protezsomal degradation and is released frem the proteasome. The palyubiquitylated substrate is
deubiquitylated, unfolded a2nd degradec in the 20S core particle of the protezsomre. 4

UV excision repair protein Rad23

The UPP is central to the regulation of almost all cellular processes including:

sAntigen processing

*Apoptosis

«Biogenesis of organelles

+Cell cycle and division

+*DNA transcription and repair

«Differentiation and development

«Immune response and inflammation

+«Neural and muscular degeneration
*Morphogenesis of neural networks

«Modulation of cell surface receptors, ion channels and the secretory pathway
+*Response to stress and extracellular modulators
*Ribosome biogenesis

«Viral infection
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Ubiguitin chains — diverse cellular signals.

remodelling).

Alters protein activity and

localization (by regulating
monoubiguitylation endocytosis, lysosomal targeting, meiosis and chromatin

pelyubiguitylation The formation of a diverse array of ubiguitin chains is

implicated in events such as targeting to the 265
proteasome, immune signalling and DNA repair.

The linear ubiguitin chain assembly complex (LUBAC) and
are crucial for nuclear factor-B (NF-B) signalling

The ubiquitin pathway.

Free ubiguitin (Ub) is activated in ar ATP-dzpendent
menner by the activity of a ubigquitin-activating enzyme
(E1), which hydrolyses ATP and forms & complex with
ubiguitin. Subsequently, ubiquitir is transferred to one
of many distinct ubicuitin-conjugatirg enzymes (E2s).
In some reacticns, Z=3s can directly ubiquitylate
substrates, whereas others require the help of ubiquitin
lgases (E3s). Some E3s function catalytically
(homologous to EBAP carboxyl-terminus (HECT)-type
E3s; as shown), whereas other E3s, ircluding RING-
finger proteins and SCF and SCF-like complexes,
support ubiquitylation by recruiting substrates to the
ubiquitylating enzymes. Usually, several ubiguitin
molecules, in the form of a multubiquitin chain, are
conjugated to a substrate. This reaction sometimes
requires a specific multiubiquitin chain assembly factor
(E4). Multiubiguitylativn serves mainly, but not
exclusively, to labzl the substrate for degradation,
whereas monoubiguitylation requlates several
processes, such as endocytosis, DNA repair and
transcriptional regulation.

Deadly " iquitin meets apop
Werrnika lrcenharger and Stefan lentark
Natvre Reviews Mowcwlar Cell Biolagy 3, 112-121 (February 2002)
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p53 and apoptosis. p53 induces the expression
of proteins that target both the mitochondrial-
and the death-receptor-induced apoptotic
pathways, and specifically represses
transcription from several death-inhibiting
genes. Further activities of p53 that are entirely
independent of transcriptional regulation have
been proposed. They include the ability of p53
to drive relocalization of death receptors such
as Fas/CD95 from the Golgi to the cell surface
and to directly associate with mitochondria.
Central to the regulation of p53 is Murine
double minute 2 (Mdm?2), which itself is a
transcriptional target of p53. Mdm2 binds to
p53 and targets p53 for ubiquitin/proteasome-
dependent degradation. Ubiquitylation (Ub) of
p53 by Mdm?2 probably also enhances the
export of p53 from the nucleus to the
cytoplasm, where degradation takes place.
Bcl-2, B-cell ymphoma 2; Apaf, Apoptotic
protease-activating-factor; Bax, Bcl-2 associated
X protein; DR5, death receptor 5; Pidd, p53
protein induced, with death domain.
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The multiple roles of IAPs. X-linked inhibitor
of apoptosis (XIAP), clAP1, and clAP2 can
directly bind to activated caspases and inhibit
their activities. In addition, they interact with
procaspase-9 and prevent its activation by
apoptotic stimuli. The RING-finger proteins
XIAP and clAP2 have been shown to promote
the ubiquitylation of activated effector
caspases. The E3 activity of XIAP targets
caspase-3 for degradation, and thereby
enhances the inhibitory effect of

XIAP on apoptosis. It is tempting to speculate
that, analagous to the ubiquitin ligase XIAP,
the BIR-repeat-containing ubiquitin-
conjugating enzyme (BRUCE) can also transfer
ubiquitin (Ub) to caspases. The E3 ubiquitin
ligases XIAP and clAP1 are ubiquitylated and
degraded by proteasomes in response to
apoptotic stimuli in T cells, and their
degradation seems to be important for T cells
to commit to death. IAP, inhibitor of
apoptosis protein.

The NF-xB pathway. Nuclear factor kB (NF-xB) isa
collective name for inducible dimeric transcription
factors that are composed of members of the Rel family
of DNA-binding proteins. Five mammalian Rel proteins
have been identified: NF-xB1 {p50 and its precursor
pl05), NF-xB2 {p52 and its precursor pl00), c-Rel, RelA
{p65) and RelB (rex.es).

1° step

Strikingly, the ubiquitin/proteasome system is
involved in at least three steps that are essential for the
activation of NF-xB. First, the NF-xB1 and NF-xB2
genes encode precursor proteins that are nmach larger —
105 kDa and 100 kDa — than the mature functional
proteins, p50 and p52, respectively. The precursors must
be processed to generate the mature forms. Although

tha nearicn mmachamices b schich 2 csseaba e e i
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Control of NF-kB activity by the ubiquitin/proteasome
system. The most classical form of nuclear factor-«kB (NF-
KB) is a heterodimer of p50 and p65. The precursor form
of p50, p105, is processed in a ubiquitin/proteasome-
dependent manner to its mature form. p50 is present in
the cytoplasm as a dimer with p65, and associated with an
inhibitor of NF-kB such as IkBa. By binding to NF-kB, IkBa
masks its nuclear localization signal, thereby preventing
nuclear uptake. Following stimulation of cells by various
agonists, IkBa is rapidly phosphorylated by the IkB kinase
(IKK) complex. IKK itself is activated by ubiquitylation (Ub)
(not linked to proteolysis) which involves tumour-necrosis
factor (TNF)-receptor associated factor 6 (TRAF6), a RING-
finger protein that collaborates with the heterodimeric
Ubc13/Uev1A ubiquitin conjugating enzyme complex (also
known as TRAF6-regulated IKK activator 1 (TRIKA-1)) in the
synthesis of Lys63-linked multiubiquitin chains. The target
of this unusual modification seems to be TRAF6 itself.
After phosphorylation by activated IKK, the
phosphoacceptor sites on IkBa serve as an essential part
of a specific recognition site for the ubiquitin ligase
RSIKB/B-TrCP, and IkBa is rapidly ubiquitylated and
degraded by the proteasome. Following IkBa degradation,
NF-kB translocates to the nucleus where it regulates the
expression of a wide spectrum of genes that are involved
in immunity, inflammation, apoptosis and other cellular
processes.

2° pathway: sorting to the lysosomal comparment
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Multiple sorting steps control EGFR and TGFBF trafficking and signaling.

A LOW EGF HIGH EGF
o %o . ©
° o @0 o
" . . o L2 o
(A} The first sorting step is at e Clathrin-mediated © Non-cathiin raff
1) Plasma membrane —_— endacylosis — — 0sis
the plasma me_rnbrang, where ortingsiep . endocy
EGFR can be internalized _ # " . -
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EGFR EGFR

pathways as a function of EGF

dose. In the clathrin route,

receptors are mostly direcled

to recycling and signaling,

while in the non-clathrin route

they are preferentially targeted

for lysosomal degradation. A

second sorting step is present

at the level of the endosomes, 2) Endosomal
where the two intemalization sorting step
pathways seem to converge.

20

Lysasomal dagradasion
A flat clathrin lattice on
the endosomal membrane stabilizes the interaciion between the ESCAT-0 complex (Hrs, STAM and
Eps15b) and ubiquitinated EGFR. which is then targeted for degradation.
Counteraction between DUBs (pessibly AMSH) and Chi is shown. 18

Multiple sortirg steps control TGFBR trafficking anc signaling.

(B) TGFBRs internalized through clathrin- Clathrinmedatod - Coveiin o
madiated endacytosis are cireced towards the endocytosis — _— E’:,%'gﬁsi':'e
early endosomes (enriched in FIP3,
phospnatidylinositcl-3-phosphate). Here,
inferaction with the SARA/Smad2 complex allows
signaling and recycling.

In the caveolar pathway, TGFBRs associate with
the SMAD7-SMURF2 comolex, which targets
rezeptors for usiquitin-dependent degradation. In
this route, TGFBRSs reach a yet undsfined
ccmpartment, which is in dynamic communicatior
with the "SARA signaling endosome”. A second
scrting step at this level is exerted by the small-
GTPase Rap2, which counleracts the action of
Smad?, leading to delayed receptor degradation
and increased signaling/recycling.

Recaptor downragulation
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Mono-ubiquitination is often a localization signal

Regulation of FOXO by moncubiquitination and dzubiquitination.

Stress-resistance
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(a) Under oxidative conditions, FOXQ transcription factor is deacetylated to promote its
moncubiquitination by an unknown ubiquitin E3 ligase. Monoubiquitinated FOXO accumulates
in the nucleus to activate its target gene transcription. Cxidalive stress also, either directly or
indirectly, enhances the binding of the DUB-HAUSP to FOXQO. This, in turn, allows sequential
deubiquitination of FOXO to curtail its transcriptional response towards oxidative stress.

20
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1) quali differenti modificazioni esistono?
2) quali proteine riconoscono queste modificazioni?

3) come vengono riconosciute le proteine alle quali
apportare determinate modificazioni?

Una review recente indica una situazione complicata per I'Ubiquitinazione

Enzymatic cascade that leads to substrate ubiquitylation.

X o Sub 3
@{ ” ) conisting Y st -
& F] Dy :::I- s 1]
@f @ @L 3 @@@@* 3 @ @L @@@@L E
M:nnublqultylatl:m Lysqa-llnked Lys63-| Ilnked Linear polyublguitylation
polyubiquitylation polyubiquitylation Clther Lys-lmk=d

polyubiquitylation
{Lys6, Lysh, Lys27, Lysi®, Lys23)

Mature Reviews | Molecular Cell Biology

The activity of three anzymes is reguired fcr ubiquitylation: a ubiquitin-activating enzyme (E1), a
ubiquitin-conjugating enzyme (E2) and a ubigquitin-ligating enzyme (E3), which recognizes the
substrate. The completion of one ubiguitylation cycle results in a monoubiguitylated substrate.
However, the cycle can be repeated to form polyubiquitylated substrates.

Ubiquitin can be covalently attached to target proteins as a single moiety (monoubigquitin), as
multiple single moieties (multiple monoubiquitin), as chains coupled through the same Lys residue in
udiguitin (homotypic polyubiguitin), as mixed chains linked through different Lys residuas in
uoiquitin {branched polyutiquitin) or as head-to-tail bound ubiguitin moieties (linear polyubicuitin).

Nature Reviews Molecuizr Celf Bioiogy 10, 659-671 {October 2009}
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Figure 3] diversity il tothe i ry of ignalling. a | Aribbon repr ion of

monoubiquitin (Protein Data Bank (PDB) |den1:ﬁe!1mz)’“ Uh\qu\t\n contains a 5-stranded -sheet, & 3.5-turn a-helix and
ashert 3 helix. Seven solvent-exposed Lys residues (blue) are available to assemble ubiquitin chains. and the hydrophebic
residues Leu8 (greenl, lle44 fred) and Vel 70 {yellow) serve a5 a platform for many ubiquitin-binding domain (UBD)
interactions. b | Free ubiquitin in solution is a dynamic molecule with conformational diversity. Distinct conformations

are selected by individual UBDs and several are shown here to highlight the dynamic range of motions that ubiquitin
displaysinsolution’. c | Ribbon representation of Lys48-linked diubiquitin (PDB identifier 1AAR), Lys48-linked

chains form compact structures as a result of inter-moiety interactions. The isopeptide bond linkage is shown in cyan.

d |Ribbon representation of Lys63-| [ml:eddlubiqulrln (PDE \defmfler).,],ESJ Thel;bpephde bond linkage is shown in
cysn. & | Ribb of linear diubi 1. forming a pep Met1 and Gly76 (PDB
identifier 2WAN)". Ly563 linked and linear ubiquitin chains have more extendad conformations than Lys48-linked chains.
Linkage of ubiquitin molecules into a polymer enhances the structural diversity for robust signalling. In each case. the
linker and its neighbourina recion are chemicallv diverse.

Although ubiquitin is the most well understood post-translation modifier, there is a
growing family of ubiquitin-like proteins (UBLs) that modify cellular targets in a
pathway that is parallel to but distinct from that of ubiquitin. These alternative
modifiers include: SUMO (Sentrin, Smt3 in yeast), NEDD8 (Rubl in yeast), ISG15
(UCRP), APGS8, APG12, FAT10, Ufm1 URM1 & Hubl.

These related molecules have novel functions and influence diverse biological processes.
There is also cross-regulation between the various conjugation pathways since some proteins

can become modified by more than one UBL, and sometimes even at the same lysine residue.

For instance, SUMO modification often acts antagonistically to that of ubiquitination and
serves to stabilize protein substrates. Proteins conjugated to UBLs are typically not targeted
for degradation by the proteasome, but rather function in diverse regulatory activities.
Attachment of UBLs might alter substrate conformation, affect the affinity for ligands or other
interacting molecules, alter substrate localization and influence protein stability.

Ubiquitin-like molecules

11/12/2010
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More recently, it has become evident that protein modification by ubiquitin also has
unconventional (non-degradative) functions such as the regulation of DNA repair and
endocytosis. These non-traditional functions are dictated by the number of ubiquitin
units attached to proteins (mono- versus poly-ubiquitination) and also by the type of
ubiquitin chain linkage that is present.

Ubiquitin becomes covalently linked to itself and/or other proteins either as a single
molecule or as poly-ubiquitin chains. The attachment of ubiquitin to the -amine of
lysine residues of target proteins requires a series of ATP-dependent enzymatic steps
by E1 (ubiquitin activating), E2 (ubiquitin conjugating) and E3 (ubiquitin ligating)
enzymes. The C-terminal Gly75-Gly76 residues of ubiquitin are the key residues that
function in the diverse chemistry of ubiquitin reactions. Ubiquitin can be conjugated to
itself via specific lysine (K6, K11, K27, K29, K33, K48 or K63) residues which results
in diverse types of chain linkages. These covalent ubiquitin bonds (isopeptide
linkages) can be reversed by specific deubiquitinating enzymes which remove
ubiquitin conjugates from proteins and disassemble ubiquitin chains.biquitin

chains.

Ubiquitin acts as a signalling component that can trigger molecular events in cells. It does
this by operating as a reversible and highly versatile regulatory signal for ubiquitin-
binding domains (UBDs) in cellular proteins, new varieties of which are still being
discovered. Many molecular details of signal transmission from ubiquitylated proteins
(substrates that are modified following wvarious cellular stimuli) to effector proteins
(ubiquitin receptors containing one or more UBDs) have been elucidated in the past decade

Ubiquitin-binding domains (UBDs) are modular elements that bind non-covalently to the
protein modifier ubiquitin. Recent atomic-level resolution structures of ubiquitin-UBD
complexes have revealed some of the mechanisms that underlie the versatile functions of
ubiguitin in vivo.
The preferences of UBDs for ubiquitin chains of specific length and linkage are central to
these functions.

These preferences originate from multimeric interactions, whereby UBDs synergistically
bind multiple ubiquitin molecules, and from contacts with regions that link ubiquitin
molecules into a polymer.

The sequence context of UBDs and the conformational changes that follow their binding

to ubiquitin also contribute to ubiquitin signalling. These new structure-based insights
provide strategies for controlling cellular processes by targeting ubiquitin-UBD interfaces.

10
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Ubiquitin binding domains

Ubiquitin-binding domains — from
structures to functions

Ivan Dikic**, Seichi Wakatsukill and Kylie J. Walters'

Abstract | Ubiquitin-binding domains (UBDs) are modular elements that bind non-covalently
to the protein medifier ubiquitin. Recent atomic-level resolution structures of ubiquitin-UBD
complexes have revealed some of the mechanisms that underlie the versatile functions of
ubiquitin in vive. The preferences of UBDs for ubiquitin chains of specific length and linkage
are central to these functions. These preferences originate from multimeric interactions,
whereby UBDs synergistically bind multiple ubiquitin molecules, and from contacts with
regions that link ubiquitin molecules into a polymer. The sequence context of UBDs and the
conformational changes that follow their binding to ubiquitin alse contribute to ubiquitin
signalling. These new structure-based insights provide strategies for controlling cellular
processes by targeting ubiquitinUBD interfaces.

NRMCB 2009
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Specialized sets of ubiguitin-binding domains (UBDs) can read these post-translaticnal

modifications and mediate different outputs depending on the protein in which they are
embedded.

a Complex assembly through oligomerization

Oligomerization domain

by Sommem  mmnlY S

Double-sided ubiquitin interactions

a | Two UBDs in the same protein can bridge two ubiquitylated substrates.
Alternatively, two proteins carrying oligomerization demains and UBDs can indirectly
bridge the same ubiquitylated substrate. In both cases this results in the formation of

protein complexes, which might help to amplify a signal or activate a downstream
process.

mn
Nature Reviews Molecular Cell Biology 10, 659-671 (October 2009)

b | Specialized UBDs have also been discovered that

can selectively discriminate
between different types of ubiquitin chains.

b Linkage selectivity

009,

Lys63
p— !_st - - Lyi;——————r—f—\
Homotypic polyubiquitin Branched polyubiquitin Linear polyubiquitin

Nature Reviews Molecular Cell Biology 10, 659-671 {(Qctober 2009}
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Nature Revicws Molccular Celf Bielogy 10, 659-671 [October 2009)
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Table 1| The functional and structural diversity of ubiquitin-binding domainz

Ubiquitin- Representative protein*

binding domain

a-Helix

um 55a (human) and Rpn10 (yeast). Vps27.
STAM. epsins and RAPBO (UIMC1)

IUIM (alsoknown  RABEXS

asMI

DUIM HRS.

UBM Polymerase iota and reversionless 1

UBAN NEMO, ABIN1-ABIN3 and optineurin

UBA Rad?3 (yeast) and R23A (human), Dsk2
and NER1

GAT GGA3 and TOM1

CUE Vps0.TABZ and TAB3

VHS. STAM and GGA3

Zincfinger (ZnF)

uez Polymerase-h; polymerase-k and
Tax1BP1

NZF NPL4, Vips36. TABZ (MAP3K7IPZ) and
TAB3 (MAP3KTIP3)

ZnF A20 RABEXS (RABGEF1) and A20 (TNFAIP3)

Znf UBP (also Isopeptidase T (USP5) and HDACG

known as PAZ)

Plekstrin homology (PH) domain

PRU RPN13

GLUE EAP45 (VPS36)

Ubiquitin-conjugating (Ubc)-like domain

UEV

UBC
Others
SH3

PFU
Jab1/MPN

UEV1 (UBEZV1) and MMS2
UBCHSC (UBEZD3)
Slat and CIN8S (SH3KBP1)

Ufd3 (Doal)
Prpt

Function

Proteasome degradation. endocytosis.
MVE biogenesis and DNA repair

Endocytosis

MVB biogenesis
DNA damage tolerance
Nuclear factor-kBsignalling

Proteasome targeting, kinase
regulation and autophagy

MVE biogenesis
Endocytosis and kinase regulation
MVE biogenesis

DMA damage tolerance and nuclear
factor-xB signalling

ERAD. MVB biogenesis and kinase
regulation

Endocytosis and kinase regulation

Proteasome function, aggresome
function and autophagy

Proteasome function

MVB biogenesis

DNA repair, MVB biogenesis and
kinase regulation

Ubiguitin transfer

Endocyrosis
ERAD
RNA splicing
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UBDs that bind monoubiquitin  (UIM, IUIM, MIU, UBZ)

Lysine-linkage-specific UBDs (Rad23-K48; UBA-domain: K63;
Tab2-NZF: KK63)

UBDs specific for linear ubiquitin chains (Met-Gly)

Multivalent ubiquitin-UBD interactions

Ubiguitin

UBA /

\

Ubiquitin

Figure 4 | Ubiquitin is recognized by structurally diverse domains. The structures of several ubiquitin-ubiquitin-bind-
ing domein (UBD) comple:xes. Ubiquitin (grey) i shown in the same erientation to highlight the common use of s f-strand
surface by diverse UBDs. a | Ribbor ion of ubiquitin in compl it iated (UBA) domain of
protein linking AP with cyioakalelonl {PLIC1; light blue) {Protein Data Bank (PDE) lndemrﬁerl]lﬁ}"‘ b |Ribbon
representation of ubiquitin in complex with the A20-type zinc finger (ZnF) domain (yellow) of RABS guanine nucteotide
exchange factor (RABEXS: also known as RABGEF1: light green) (PDB indentifier ZEIE, the nuclear protein localization 4
{NPL4) ZnF [NZF) domam(PDBindemif\er Q5W)" and the ZnF domain of the deubiquitinase (DUB; also known as
deubiquitylating or i enzyme) i i T ubiguitin-binding protein (UBP: pink) (PDB indenifier
2G45), The NZF domain binds luthe IieM-oeﬂLmd ruffa::e the A20 ZnF domain of RABEXS binds to an Asp58-centred
surface and the ZnF domain ofisopeptidase T UBP binds to the carbexyl terminus. Zinc atoms are shown as red spheres.
¢ | Ribbon representation of ubiquitin in complex with the E2 ubiquitin-conjugating enzyme UBCHSC (also known as
UBEZD3; orange} (PDBindentifier 2FUH). d | Ribben representation of ubiquitin in complex with the GRAM-like
wbiquitin-binding in EAP45 (GLUE) domain of ELL-associated protein of 45 kDa (EAP45: also known as VPS36: dark green)
(PDB identifier 2DX5)". & | Ribbon representation of ubiquitin in complex with the plekstrin homology for ubiquitin (PRU)
domain of regulatory particle. non-ATPase-like 13 (RPN13: dark blue) {residues 1-150: PDB idenifier 2250}, The side
chain atoms of His68 are showninyellow. The three-helix bundle structure of the UBA, E2 ubiquitin-cenjugating and
plekstrin homology domains binds o the llc44-centred hydrophabic patchin ubiquitin, but docs 50 n diverse menncrs

ly act on 8 woubxqmtm or ubiquitin moiety within a chain. By contrast. ZnF domains

11/12/2010
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Figure 5 | Multivalent i ions between ubiquitin and UBDs define chain specificity and increase affinity.

a| The ubiquitin-associsted 2 (UBAZ) domain (green} of a radiation sensitivity abnormal 23 human homelogue,
RADI3A. is sandwiched between the two ubiguitin moieties of Lys48-linked diubiquitin (grey) (Protein Data Bank
(PDB) indentifier 1706} This structure provides an explanation for the preference of this domain for Lys48-linked
chains: it contacts the ubiquitin linker region to expand its binding surface beyond that possible for monoubiquitin.

b | Structure of Lys63-linked diubiquitin bound to receptor associated protein 80 (RAPBO). illustrating why RAPB0
binds to Lys63-linked, but not Lys48-linked, chains (coordinates provided by 5. Fukai, University of Tokyo, |apan)™.

Its. i lix binds simul isly to two ubiquitin moieties, thereby increasing its affinity beyond that
possible with monoubiquitin and making the spacing between the two ubiquitin moieties greater than would be
achievable with the Lys48 linkage. ¢ | The UBAN (ubiquitin binding in ABINs (A20-binding inhibitor of nuclear
factor-«B proteins) and NEMO (nuclear factor-1B essential modulator)) demain in NEMO forms a coiled ceil, which
binds two linear diubiguitins’®. Extensive contacts are formed with both ubiquitin moieties, thus conveying specificity
for linear ubiquitin chains. d | The structure of the single-helix. double-sided ubiguitin-interacting mortif (UIM) of
hepatocyte growth factor-regulated tyrosine kinase substrate (HRS) bound to two ubiquitins reveals how it can target
two ubiquitin molecules with equsl sffinity (PDB indentifier 2D3G)¥. The ubiquitin molecules i pposi

sides of the UIM end with a similar binding mode.

Diversity of degradation signals in the
ubiquitin—proteasome system

Tommer Ravid* and Mark Hochstrasser!

Abstract | The ubiguitin—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 speoradic 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
medification with those that are controlled by protein folding or assembly, as frequently

occurs during protein quality control.

NRMCB 2008
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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

Segnale nella proteina da degradare: “degron”
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Unfolded protein response:
unfolded, damaged proteins > expose degrons that otherwise
are inside

1. The N-end rule pathway

2. E3a is the enzyme recognizin the N-terminus (RING-domain)

a & [

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-
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b Endopeptidases ¢ Met aminopeptidase

Metgx—m E@s—m

d Residue modification and addition

Arg
B s Bt s KSR PR L s
Gin —c —FAm—gy

Arg

transferase
o — s — T =, gy — D

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.

¢ | 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).

NO/O,
—

Phosphodegrons

Phosphodegron recognition by SCFd=
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 (ROX 3). Genetic and
Ao

PTG N TN TS PRI It U P

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,

dependent kinase-1; Cdkl) in late G1 phase. The pri-
mary function of Cln-Cdc28 kinase is to phosphorylate
substrate inhibitor of Cdk1 (Sicl), an inhibitor of cyclin
B-regulated kinase, thereby targeting Sicl for degradation
and enabling entry into S phase*. Phosphorylated Sic1 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).
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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 Band 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-1a-
specific prolyl hydroxylase uses molecular oxygen to
hydroxylate one or two specitic prolyl residues™*.

Summary

sUbiguitin is an intracellular signalling molecule that is conjugated to various
proteins. Ubiquitin conjugation to itself yields Lys- or Met-conjugated chains, thus
expanding its repertoire of signalling networks.

eUbiquitin-binding domains (UBDs) are modular elements that bind non-covalently
to the protein modifier ubiquitin.

#Specific ubiquitin-UBD interactions are crucial for the regulation of multiple cellular
functions, including protein stability, receptor trafficking, DNA damage responses
and inflammatory pathways.

«UBD preferences for distinct ubiquitin chains of specific length and linkage are
mediated through multimeric interactions, sequence context of the UBD and
conformational changes following binding.

«Structures of ubiquitin-UBD complexes have revealed mechanisms of selectivity
and specificity in their functional interactions in vivo.

sDefects in ubiquitin-UBD interactions are relevant for development of disease, such
as inflammation and cancer. The new structure-based insights provide strategies for
the design of new approaches that can therapeutically target ubiquitin-UBD
interaction surfaces.action surfa 21
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Molecular Cell

A Role for Ubiquitin in Selective Autophagy

Vadimir Kirkin,'** David G. McEwan,’ vana Novak,” and Ivan Dikic'-2*
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Ubiguitnation is the halmrark of proten degradation by the 28E pr H » the prot is
limited in its capacity todegrade oligomeric ard aggregated proteins. Removal of harmful protein aggregates
it madiated by autophagy, a mechanism by which the cell sequesters cylosolic carge and delivers it for
degradaticn by the lyscsome, Identification of autophagy recepiors, such as pB2/SQ5TM1 and NEBR1, which
sunullirmecusly bind bulh ubiguitin and aulophaygy-specific ubiguiis-like modilivrs, LC30GABARAP, his
provided a molocular link betwoon ubiquitination and autophagy. Thiz review explores the hypothosic that
ubiguitin represents a selective degradation signal suitable for targeting various types of cargo, ranging
from prote n aggregates to memrbrane-bound organeles and microbes.

tion in lysosomes (Welchman et al., 2005). Recent experimental
data have provided evidence for the invelvement of Ub in yet
another fundamental lysosome-dependent degradation system,
autophagy. This catabolic pathway, capable of targeting indi-
vidual proteins, larger macromolecular complexes, and complete
organelles, is of great importance for cellular homeostasis and
survival, while its deregulation has been linked to pathological
conditions, such as neurodegeneration and cancer (Ohsumi,
2001; Xie and Klionsky, 2007; Levine and Kroemer, 2008).
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Figure 4. Proposed Role of Ublquitination
and Autophagy Receptors in Mitophagy,
Pexophagy, Ribophagy and Xenophagy
Conjugation of monoUl {data not showr) or Ub
chains (dapictad) to the ribosomal proteins or
those msiding in the limiting membranes of organ-
allas, such as mitochondria and pamxsomas,
may constitute a signal that directs tamgetad aulo-
phagosama tomation. Intracallular bacteria ars
also associated with Ub; however, the natura of
thiz assodation is kes dear. p2 and MBR1 form
oligomers and bind both Ub and ATGE/LC3 on
tha phagophora and, thamby, might macharisti-
cally link ubiguitination to selective autophagy.
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