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1. Introduction
Post-translational modifications used in the form of small

proteinaceous moieties provide a system much more versatile
and flexible than small molecule modifications such as
phosphorylation and acetylation. Since its discovery in the
mid-1970s, the pioneering ubiquitin (Ub) protein has been
accompanied by a number of ubiquitin-like (UBL) modifiers,
all taking advantage of the globular �-grasp ubiquitin
superfold. Together they form a rather large and divergent
superfamily of UBL molecules, which are involved in the
regulation of cellular activities extending into almost every
corner of eukaryotic life. Accurate interpretation of the
signals mediated via small protein modifiers is dependent

on the correct employment of a multitude of ubiquitin- and
UBL-binding domains (UBDs), which have coevolved
alongside their interaction partners.
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In parallel to the single entities known as UBLs, ubiquitin-
like folds are now also recognized as important integral
elements of proteins, forming so-called ubiquitin-like do-
mains (ULDs), which are present in a large variety of protein
families. A subgroup of such proteins has combined a ULD
with a UBD within the same polypeptide chain, endowing
the resulting protein with unique properties, such as intramo-
lecular interaction and autoregulation. The most studied of
the ULD/UBD proteins are the ubiquitin shuttle receptor
families (RAD23, the Dsk2/ubiquilin proteins and DDI1),
which are involved in the targeting of polyubiquitinated
proteins for proteasomal degradation. Alongside the ULD/
UBA-containing proteasomal shuttle factors, new proteins
with alternative ULD/UBD combinations are being identi-
fied, including the UBX/UBA proteins primarily function-
ing in the ERAD pathway as well as SLD/SIM proteins,
which contain modules resembling the small ubiquitin-
like modifier (SUMO), SUMO-like domain (SLD), to-
gether with SUMO-interacting motifs (SIMs). In this
review, we focus on proteins displaying a ULD/UBD
architecture and discuss their roles in the regulation of
various cellular activities as well as in the etiology of
human diseases such as neurodegenerative disorders,
muscle atrophy, and tumorigenesis.

2. Ubiquitin Superfold Domains

2.1. Ubiquitin: An Overview
The importance of ubiquitin is convincingly illustrated by

the evolutionary conservation of its 76 amino acids, which
between mammals, yeast, and plants only differs at three
positions. Structurally, ubiquitin adopts a compact globular
fold, known as the “ubiquitin fold” or “ubiquitin superfold”,
characterized by a five-stranded �-sheet with a single helix
on top and an exposed C-terminal tail which extends to
participate in the covalent linkage to target proteins1 (Figure
1). This conjugation, relying on the sequential activity of
the ubiquitin activating (E1), conjugating (E2), and ligating
(E3) enzymes, results in the addition of a ubiquitin moiety
to either the ε-amino group of a lysine residue or the extreme
N-terminus of a polypeptide, which further has the potential
to be extended by the action of E4 elongation enzymes to
form polyubiquitin chains.2,3 Traditionally, ubiquitin conju-
gation has been believed to invariably serve as the final
station in the destiny of a protein, serving to target its
substrates for degradation by the proteasome. Today, how-
ever, we know that ubiquitination influences a broad
repertoire of cellular processes and that the fate of the target

Figure 1. Variations of the ubiquitin �-grasp superfold in protein domains. Structural comparison of the ubiquitin-like folds characterized to
date, based on published structural information provided by NMR- and crystallography-based studies as follows: (1) ubiquitin1 (PDB code 1UBQ),
(2) SUMO-1146 (PDB code 1A5R), (3) the UBX domain in p47147 (PDB code 1I42), (4) the PB1-domain in p62148 (PDB code 1PFJ), and
(5) the UBL in Rad23149 (PDB code 1OQY). The figures were prepared using the program Pymol (http://pymol.sourceforge.net/).
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protein depends on the number of ubiquitin moieties
conjugated as well as the type of lysine linkage used for the
ubiquitin-ubiquitin conjugation.4 Whereas the addition of
a single ubiquitin to a target protein (monoubiquitination)
may alter protein activity and localization (regulating en-
docytosis, lysosomal targeting, meiosis, and chromatin
remodelling), the formation of a diverse array of ubiquitin
chains (polyubiquitination) is implicated in events such as
proteasomal targeting, immune signaling pathways (e.g., the
NFκB cascade), and DNA repair.5 Importantly, in order to
enable a dynamic regulation of signaling events, ubiquiti-
nation is, similar to phosphorylation, a reversible process
which is specifically counteracted by the deubiquitination
(DUB) family of proteases.6

2.2. Ubiquitin-Like Modifiers
Together with an average 107-108 copies of ubiquitin per

cell,7-9 there are a large number of small proteins resembling
ubiquitin in their primary or higher order structures, which
can be conjugated to and, consequently, alter the fate of their
target proteins. Common to most of these so-called ubiquitin-
like modifiers (UBLs) is the utilization of an E1/E2/E3-like
conjugation machinery as well as a requirement of proteolytic
processing prior to protein activation. The UBL modifiers
characterized to date include the SUMOs (small ubiquitin-
like modifiers) -1, -2, and -310 (Figure 1), which like ubiquitin
also have the capacity to participate in chain formation,
Nedd8 (aka Rub1 or related to Ub-1), the ATG8 (Autophagy-
8) family, UFM-1 (ubiquitin-fold modifier-1), HUB-1 (ho-
mology to Ub-1), the diubiquitin molecules ISG15 (Interferon-
stimulated gene 15) and FAT10 (human leukocyte antigen
F associated),11 as well as MUB (membrane-anchored UBL-
fold). The discovery of the most recent UBL family member,
the MUB, has revealed yet a unique feature in the ubiquitin
system, providing a UBL which is elegantly targeted to
cellular membranes by prenylation.12

Besides performing overlapping as well as unique roles,
there appears to be considerable cross-talk and sometimes
also competition between ubiquitin and the various UBLs.10

For instance, a subgroup of ubiquitin ligases, including the
E3 TOPORS, seems to display dual activities and has the
capacity to conjugate both ubiquitin and SUMO-1 to target
proteins.13,14 Other ubiquitin E3 ligases are instead dependent
on a preceding sumoylation event, as shown for RNF4, which
specifically mediates K48-linked polyubiquitination and
proteasomal degradation of sumoylated PML-RARR onco-
protein in acute promyelocytic leukemia (APL) patients
treated with arsenic trioxide.15,16 In other cases, target proteins
have been found to be modified, in a competitive manner,
by either ubiquitin or SUMO-1 at the same residue, providing
a powerful switch mechanism by which the fate of a protein
can rapidly be altered.10 Moreover, a direct connection
between different UBLs has been made evident by the
discovery of polyubiquitin chains in which UBLs, such as
SUMO and Nedd8, are integrated, forming so-called heter-
ologous ubiquitin chains. However, the mechanism behind
the generation of such chains, as well as their physiological
relevance, is currently poorly understood.4

2.3. Ubiquitin-Binding Domains
In comparison to small molecule modifiers, protein

modifications generated by the addition of an entire protein
moiety provide a larger and chemically more varied surface

area with the enclosed potency of multifaceted cellular
interpretations. This feature has promoted the coevolution
of UBLs, on one hand, and a multitude of UBL-binding
domains (UBDs), on the other. The g16 thus far character-
ized UBDs are in general rather small (20-150 amino acids)
and diverge in both structure and patterns of ubiquitin
recognition. A majority of the UBDs fold into R-helical-
based structures, including the UBA (ubiquitin-associated
domain), UIM (ubiquitin-interacting motif), DIUM (double-
sided ubiquitin-interacting motif), MIU (motif interacting
with ubiquitin), CUE (coupling of ubiquitin conjugation to
ER degradation), GAT [GGA (Golgi-localized, gamma-ear-
containing, ADP-ribosylation-factor-binding protein), and
TOM (target of Myb) domains. Nonhelical UBDs are also
frequent and can be exemplified by the different ubiquitin-
binding zinc fingers (ZnF) such as NZF (Npl4 zinc finger)
and PAZ (polyubiquitin-associated zinc finger), the Ubc
domain present in E2 enzymes, as well as the UEV
(ubiquitin-conjugating enzyme variant), GLUE (GRAM-like
ubiquitin-binding in Eap45), Jab1/MPN, and PFU (PLAA
family ubiquitin binding) domains. Besides their structural
similarities, helical UBDs also share a common attraction
to the same binding surface on the ubiquitin moiety, formed
by the hydrophobic patch including and surrounding isoleu-
cine 44 (Ile44). In contrast, ZnF-based UBDs, such as the
A20-ZnF and the ZnF-UBP, display highly variable modes
of ubiquitin recognition, which is in keeping with their highly
divergent biological roles (for review see ref 17). Further-
more, while some UBDs appear to be strictly connected to
a certain protein function, such as the exclusive presence of
UBZ and UBM domains in Y-family DNA polymerases,18

others fail to follow any general rules in correlation to
functionality.

Although in most cases the binding between the to date
described UBDs and ubiquitin is of low or moderate affinity,
characterizing ubiquitin-mediated protein interactions as
flexible and highly dynamic, there are examples where the
interaction is much stronger.19-21 In fact, Kd values between
the various UBDs and ubiquitin range between 2 and 500
µM, and in many cases the affinity of binding is strongly
enhanced (10-100 times) by the recruitment of multiple
ubiquitin moieties in the form of multiple consecutive
monoubiquitins or polyubiquitin chains. Interestingly, the
UBD that displays the strongest binding affinity to ubiquitin
is the ZnF-UBP module present in proteins such as HDAC6,
BRAP2/IMP, IsoT, and Usp5. The ZnF-UBPs in these
proteins fold into a compact globular structure with a deep
binding pocket that accommodates the C-terminal diglycine
motif of ubiquitin with Kd values in the low micromolar
range.20,21

On the basis of the apparent correlation between linkage
specificity and cellular functionality, it has been proposed
that different ubiquitin chain conformations ought to be
recognized by distinct UBDs. However, so far in vitro
experiments have been unable to identify any selectivity of
the majority of UBDs toward any type of linkage.22 Instead,
specificity appears to be conveyed by surrounding domains
within the same protein or another protein within a larger
protein complex. Then again, when evaluating and comparing
affinities and specificities in regard to UBDs, it is important
to keep in mind that most of the to date published interaction
studies have been performed utilizing methods which
measure the binding properties of recombinantly expressed
isolated protein domains. Moreover, it is still unclear whether
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local concentrations of the binding partners can create
environments where the effective affinity is significantly
amplified in the context of a living cell.

Alongside the discovery of new protein domain variants
resembling the ubiquitin superfold, new types of UBDs have
also been described. Importantly, one such domain was
recently characterized in the Rpn13 subunit of the protea-
somal regulatory particle, which was found to contain a novel
ubiquitin-binding motif in the N-terminal part of the protein.
Given its structural similarity to phosopholipid-binding PH
domains, this new motif was named pleckstrin-like receptor
for ubiquitin or in short Pru. The Pru domain folds into two
continuous, antiparallel �-sheets that are connected by loop
regions, where the loop regions unexpectedly extend to
contact ubiquitin with high affinity (Kd ≈ 30 and 90 nM for
mono- and diubiquitin, respectively).23,24 In addition to Pru
and the conventional ubiquitin-binding domains discussed
above, the discovery of a ubiquitin-binding function in a
subclass of proline-recognizing SH3 domains25,26 further
underscores a complexity of ubiquitin-mediated regulation
that is yet to be explored.

2.4. UBL-Binding Domains
In contrast to the well-studied UBDs, protein domains that

recognize the related UBL modifiers are still quite poorly
characterized. However, multiple studies have recently
described motifs specifically recognizing SUMOs, brought
together under the term SUMO-interacting motif (SIM)
(previously also known as SUMO-binding domain (SBD)),
which rather than forming a modular structure, interacts with
SUMO via merely a few amino acids. The SIMs commonly
consist of a hydrophobic consensus sequence including
clusters of Val, Ile, and Leu, which is flanked by a stretch
of acidic and/or phosphorylated residues.27-30 Interestingly,
the interaction between a SUMO and the corresponding SIM
is in general of significantly higher affinity than most
ubiquitin/UBD interactions, displaying Kd values of 2-3 µM.
This feature may explain the observation that a single
SUMO/SIM binding event is in general sufficient to generate
a biological readout,31 while ubiquitin-mediated signaling in
many cases requires chain formation or multiple or tandem
interactions. Moreover, analogous to ubiquitin itself, a
SUMO/SIM interaction event can be reinforced by SUMO

polymerization as well as the presence of multiple SIMs in
the target protein.32

In the context of UBL-binding domains, it is important to
mention that in addition to ubiquitin, many of the classical
UBDs also recognize a variety of integral ULDs as well as
the UBLs Nedd8 and FAT10, most likely due to their high
sequence and structural homologies. A few examples of
crucial importance are the recruitment of proteasomal shuttle
factors (e.g., RAD23/Dsk2/DDI1) to the UIM domains in
the proteasomal subunit Rpn10/S5a,33-36 the intramolecular
interaction between the ULD and UBA2 domains in
RAD23,37 as well as the UBA domain-mediated recruitment
of FAT10 by Nub1L.38 Furthermore, novel Nedd8-interacting
motifs are also in the process of being identified, for instance,
in Nub1/Nub1L, which contains conserved stretches of
leucine-rich sequences that appear to recognize Nedd8.39 In
conclusion, the relationship between the various UBL/ULDs
and their corresponding UBDs is highly complex. It should
without a doubt be expected that the current paradigms will
be subject to modification when challenged in vivo.

2.5. Integral Ubiquitin-Like Domains (ULDs)
In conjunction with the evolution of UBLs, larger cellular

proteins have also taken advantage of the valuable properties
displayed by ubiquitin and genetically integrated ubiquitin-
like folds within their coding region. Such integral ubiquitin-
like domains come in several flavors, among which the most
frequently occurring is the ubiquitin-like domain, the ULD.
The ULD (also known as UBQ, ubiquitin homologues) is
defined as a region of 45-80 amino acids which strongly
resembles ubiquitin in primary sequence as well as 3D
structure40 (Figures 1 and 2). ULD motifs are widely spread
in eukaryotic proteins and appear in proteasomal shuttle
factors such as RAD23 (Figure 1) and Dsk2/ubiquilin, E3
ligases including Parkin and Elongin B (a component of the
multisubunit VHL E3 ubiquitin complex), the chaperone
cofactors Bag1 and Scythe, as well as the DUB enzyme
USP14 (for review, see ref 41). Besides these ULDs found
in proteins linked to the cellular machinery coping with
protein folding and degradation, the presence of integral
ULDs extends also into proteins involved in the regulation
of signal transduction and enzymatic activity. For instance,
IKKR and IKK� (IκB kinase R and �), two related serine/

Figure 2. Sequence alignment of ULDs displayed by proteins involved in UPS-mediated degradation and immune signaling pathways.
Sequence comparison of the ULDs in RAD23A, RAD23B, UBQLN1, UBQLN2, UBQLN3, UBQLN4, Parkin, Bag1, DDI1, IKKA, IKKB,
IKKE, and TBK1. Domain boundaries were chosen by aligning the corresponding protein sequences with ubiquitin, where after the resulting
ULDs were aligned using the MAFFT program.150 Conserved residues are shown in black or gray background. Whereas ULDs derived
from proteins within the same protein family or from proteins with similar functions share quite high sequence homologies, ULDs in
unrelated proteins can be rather divergent. In most cases, however, the hydrophobic core centered around Ile44 (arrowhead) in ubiquitin is
preserved also in integral ULD domains.
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threonine kinases required for phosphorylation of IκB and
subsequent NFκB activation, both comprise regions that
resemble ubiquitin. However, whereas IKK� displays a
distinct ULD, which is essential for its kinase activity, the
actual presence of a ULD in IKKR is still an area of
controversy.42 More recently, ULD domains were also
identified in two additional immune-response inducible
kinases resembling the IKKs, namely, TBK1 and IKK-i, both
proteins in which the ULD was shown to mediate functions
essential for substrate binding as well as kinase activity per
se.43 It is interesting to note that while substitution of the
RAD23 ULD with the authentic sequence of ubiquitin can
fully restore the UV-protective functions of the protein,44

the catalytic activity of IKK� is abolished when replacing
the ULD with bona fide ubiquitin,42 suggesting that the
intrinsic differences between integral ULDs are important
for protein function.

Another variant of an integral protein domain that re-
sembles ubiquitin is the ubiquitin-regulatory X domain
(UBX), a protein module which despite sharing only low
sequence homology with ubiquitin nevertheless folds into a
structure highly similar to the ubiquitin superfold, differing
from ubiquitin itself only by one expanded surface loop
between the third and fourth �-strands of the domain45

(Figure 1). UBX domains are commonly placed in the
absolute C-terminal region of the host protein, which in most
cases belong to one of several evolutionary conserved
families, including FAF-1, p47, SAKS1, TUG, UBXD1,
UBXD3, and Rep8.40,46

A third group of integral ULDs is formed by the PB1
(Phox and Bem1) domains, which is present in proteins such
as p62 (Figure 1), MEK5, and PKC (� and ι/λ) and represents
a functionally incoherent group of ubiquitin-resembling folds
that within a higher order structure have shown importance
for signal transmission.47,48

The family of ULD-containing proteins is continuously
growing, and it should be mentioned that many proteins
appear to contain borderline ULD domains, in which the
ULDs are rather divergent and may or may not be connected
with the ubiquitin-proteasome pathway. In addition to the
above-mentioned ULDs, there are additional integral protein
domains that resemble other ubiquitin-like modifiers. One
example of such domains is the SUMO-like domain (SLD),
which will be further discussed below.

2.6. Further Applications of the Ubiquitin
Superfold in Protein Design

In light of the poor sequence similarities between many
of the identified proteins utilizing the ubiquitin superfold,
Kiel and Serrano recently presented a new approach to
classify the proteins, known to date, that display the structural
features of a �-grasp ubiquitin superfold within their coding
region.49 By making manual estimations based on structural
data they thereby formulated a consensus fingerprint se-
quence that can be used in order to classify the established
ULDs and in addition simplify identification of novel ULDs.
Deviating from the above-described classical ULDs, domains
exploiting the ubiquitin superfold also include the RA
(RalGDS/AF6 Ras-association domain), RBD (Raf-like Ras-
binding domain), PI3_rbd (Ras-binding domain of PI3Kinase-
like proteins), as well as P1 subdomain of the Band 4.1/
FERM domain, referred to as the B41/ERM domain.49 These
domains all fold into a ubiquitin-like R/� roll, which by using
small structural alterations display unique surfaces that

expose different binding epitopes, thus enabling the recruit-
ment of specific interaction partners and regulation of a broad
array of cellular activities.49

3. ULD/UBDs in Combination
In eukaryotic proteins, the different types of ULD and

UBD domains are used in combination with an extensive
assortment of other protein modular domains and are thereby
involved in a wide spectrum of cellular processes. A common
feature of UBD-containing proteins is their predilection to
become ubiquitinated themselves, an event mediated via a
process known as “coupled monoubiquitination”, a unique
type of ubiquitination which is dependent on the presence
of a functional UBD and in many cases independent of an
E3 ligase.50-53 Coupled monoubiquitination of UBD-contain-
ing proteins importantly provides a means of intramolecular
interaction and consequently intramolecular regulation of
protein activity (e.g., autoinhibition). One group of proteins
has taken this attribute one step further by combining a ULD
and a UBD within a single open reading frame, giving rise
to the ULD/UBD family of proteins (Figure 3), among which
the best characterized group is formed by the ULD/UBA
ubiquitin shuttle receptors/factors.

3.1. ULD/UBA Proteins: Shuttle Buses to the
Final Destination

The main site of protein degradation in the cell is the
proteasome, a multisubunit protease that recognizes and
degrades proteins tagged by ubiquitin chains. Traditionally,
ULD/UBA proteins are commonly entitled “proteasomal
shuttle factors”, based on their mutual ability of simulta-
neously binding ubiquitin chains54 and directly interacting
with the 26S proteasome,34,55 thus targeting ubiquitinated
proteins for proteasomal degradation (for reviews, see refs
56-58). Members of the ULD/UBA family were first
discovered in yeast and include RAD23 (radiation-sensitive
mutant 23) and Dsk2 (Dominant suppressor of Kar1)/
ubiquilin proteins, together with DDI1 (DNA damage-
inducible protein), proteins which all display an N-terminal
ULD, combined with one or two C-terminal UBA domains
(Figure 3). Given the essential nature of protein degradation,
evolution has provided the ULD/UBA ubiquitin shuttle
factors with multiple docking sites on the proteasome,
ensuring the proper delivery of its cargo (Figure 4). Utilizing
their ULD domain RAD23, Dsk2/ubiquilin, and DDI1 all
bind directly to both Rpn10/S5a and Rpn1,33,55,59 two subunits
of the 19S proteasomal regulatory particle, a targeting
mechanism which is further backed up by a direct recognition
of ubiquitin chains by the proteasome itself. Traditionally,
Rpn10/S5a has been considered the major proteasomal
receptor for ubiquitin, but recently Rpn13, another subunit
of the regulatory particle, has also been found to function
as a direct binding site for K48-linked ubiquitin chains.23,24

The functional relevance of Rpn13 as a ubiquitin receptor
is strongly reinforced by in vivo data from yeast experiments,
in which the loss of Rpn13, together with Rpn10-deficiency,
results in a reduced ability to handle stress induced by
increased levels of misfolded proteins.23,24 Interestingly, the
ubiquitin-binding Pru domain of Rpn13 was found to interact
potently with the proteasomal shuttle factors RAD23 and
Dsk2/ubiquilin, further ensuring the targeting of proteins
destined for degradation, to the proteasome.23,24 The rel-
evance of ULD/UBA proteins for this targeting process is
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evident, given that alteration of yeast Dsk2 and/or RAD23
expression levels strongly affects the efficiency of protein
degradation. Individual overexpression of either Dsk2 or
RAD23 gives rise to accumulation of polyubiquitinated
proteins and cell toxicity,34,60,61 while deletion of Dsk2 and/
or RAD23 likewise results in impaired protein degradation.62

ULD/UBA proteins have been evolutionarily conserved
from yeast to man, expanding in number and functionality
with the complexity of the organism. The lack of lethality
observed in single mutant yeast strains suggests a partially
overlapping functional relationship between the ULD/UBA
proteins. Indeed, the ubiquitin shuttle factors have been
reported to both physically interact with as well as in some
cases have the capacity to substitute for one another.
However, the fact that these proteins have acquired unique
and specific functions later in evolution is evident from the
analysis of mice deficient for the proteasomal shuttle factor
RAD23. Specifically, despite the presence of two murine
RAD23 homologues (RAD23A and RAD23B), mice lacking
RAD23B barely survive into adulthood, displaying severe
developmental impairment and intrauterine or neonatal
lethality in 90% of the cases.63 These observations in higher

mammals, together with studies in yeast, imply several
separate functions of the RAD23 proteins, mediated via
different regions of the protein. In addition to its ULD and
duplicate of UBAs, RAD23 also contains an STI domain
(overlapping with the domain formerly known as the XPC-
binding domain or R4BD) which mediates an interaction with
XPC (Xeroderma Pigmentosum group C protein), a protein
essential for recognition of DNA damage and initiation of
nucleotide excision repair (NER).64 In fact, RAD23 was
initially identified as a modulator of NER given the reduced
NER activity observed in RAD23-deficient yeast strains.65

Even though the exact function of RAD23 in this process is
not yet fully understood, multiple studies point toward a role
in the stabilization of the XPC protein (providing protection
from the ubiquitin/proteasome system) and/or a scaffolding
function during the recruitment of XPC to NER lesions.66,67

The proteasomal shuttle factor Dsk2 has even further
multiplied throughout evolution and in mammals given rise
to four family members, known as the ubiquilins or PLICs
(ubiquitin-like proteins or proteins linking integrin-associated
protein (IAP) to the cytoskeleton, respectively), distinguished
by numbers 1-4. Similar to RAD23, mammalian ubiquilins

Figure 3. Domain organization of a selection of the so far characterized ULD/UBD proteins. A selection of proteins containing different
combinations of ULD and UBD domains, arranged in the following families: ULD/UBA, UBX/UBA, ULD/ZnF-UBP, and SLD/SIM. In
addition, the ULD/UBX protein TUG is shown in the bottom panel. Abbreviations are indicated in the right panel.
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have retained their shuttling activity and recently been
suggested to be involved in formation of aggresomes, given
the reported augmentation of ubiquilin-1 transcription in
response to misfolded protein stress,68 together with the
recently observed recruitment of ubiquilin-2 protein to sites
of aggresome formation69 (Figure 4). A role of ubiquilins in
this process is entirely in line with their implied involvement
in the etiology of neurodegenerative diseases caused by
protein misfolding and aggregation. More specifically, based
on the observed accumulation of ubiquilin proteins in
pathogenic Lewy bodies, their interaction with presenilins,69,70

and the reported involvement of ubiquilin-1 in the trafficking

of the amyloid precursor protein APP,71 the ubiquilins have
been linked to Alzheimer’s Disease (AD) as well as
spinocerebellar ataxia type I (SCA1).72,73 An important role
of ubiquilin proteins in AD has been further supported by
in vivo studies in Drosophila, where loss of the sole ubiquilin
family member, ubiquilin-1, has been linked to age-depend-
ent neurodegeneration and reduced lifespan, processes during
which it genetically interacts with the presenilins.74,75 Inter-
estingly, ubiquilins have been found to interact with Eps15,
a binding event that by extension suggests a putative model
in which ubiquilin-1/2 plays crucial roles during the traf-
ficking of protein aggregates to the aggresome.68,76

Figure 4. Role of ULD/UBA proteins in proteasomal degradation. After the sequential activity of ubiquitin E1 activating, E2 conjugating,
E3 ligating, and E4 elongating enzymes, polyubiquitinated substrates are recognized by the UBA domain in the proteasomal shuttle factors,
RAD23, ubiquilin family proteins, and DDI1. Subsequently, utilizing their integral ULD domains, the shuttle factors directly interacts with
multiple sites on the proteasome (Rpn1, Rpn10, and Rpn13), thus serving to target their ubiquitinated cargo for degradation. Given the
requirement of protein degradation for removal of damaged, abnormally folded, or simply undesired proteins, as well as the proper regulation
of most cellular activities, the entire UPS system offers an important source of human pathogenesis.
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The least studied of the ULD/UBA proteins is DDI1. DDI1
contains a retroviral protease-like domain, in contrast to the
STI1-like domains of RAD23 and Dsk2/ubiquilin, and has
been proposed, although not proven, to participate in the
preparation (e.g., deubiquitination) of substrates for the
proteasome.77 A recent study of DDI1 defined this ULD/
UBA family member as a multifunctional protein and
concluded that the different domains displayed by the DDI1
open reading frame are individually responsible for the
involvement of DDI1 in regulated protein turnover, in Pds1-
dependent S phase checkpoint control, and in exocytosis
(mediated via a direct interaction with SNARE proteins (t/
v)), respectively.78

3.2. Crosstalk Makes Perfection
There is an obvious, however not fully understood,

crosstalk between the three main families of proteasomal
shuttle factors. Clearly, they are all involved in homo- as
well as heterodimerization, forming complexes that can be
interrupted in the presence of ubiquitin since UBA/ubiquitin
(or ULD/Rpn10) binding is preferred over a ULD/UBA
interaction.79 In agreement, it has been shown that disruption
of intramolecular ULD-UBA domain interactions in RAD23
potentiates its binding to ubiquitin. Interestingly, structural
investigations suggest that RAD23 activity is regulated in a
competitive manner, given that the integral UBA domain,
the proteasome itself as well as the ubiquitin ligase Ufd2,
all recognize the same binding surface of the RAD23 ULD
domain.80 The clustering of ULD/UBA proteins indeed
exhibits a regulatory role but may also be important for
protein functionality given the current belief that multiple
ubiquitin receptor molecules have the capacity to interact
with a single polyubiquitin chain, thereby joining forces to
ensure a safe delivery to the proteasome and protect the
ubiquitin chain from premature deubiquitination in the
cytoplasm.79 This model is backed up by recent data showing
that ubiquitin chains form rather flexible and accessible
structures in solution.81,82 This is true for K63-linked ubiquitin
chains in particular, which under physiological conditions
form elongated structures without any stable intersubunit
interfaces.82,83 In contrast, at neutral pH K48-linked chains
fold into a relatively closed conformation, consequently
hiding important residues such as L8, I44, and V70 at the
interdomain interface.84 Despite this sequestration of key
interaction surfaces, studies have indicated that the interdo-
main interfaces nevertheless retain a high flexibility, thereby
allowing these residues to interact with their cognate UBDs.84

This finding is further endorsed by the observation that the
recruitment of K48 diubiquitin to Rpn10 induces a confor-
mational transition in the ubiquitin chain, thus allowing a
direct contact between the hydrophobic patch of ubiquitin
and the two UIM motifs of Rpn10.85

In most cases the binding of a ubiquitinated substrate to a
proteasomal shuttle factor is synonymous with destruction.
However, there are several layers of complexity in this
system that ought to be remembered. First, in some situations
the binding to a ULD/UBA protein has been found to
stabilize the interaction partner. This has been observed for
the ubiquilin proteins, which stabilize p53 and IκBR, as well
as for RAD23 that protects the XPC protein from proteaso-
mal degradation.34,61 Second, whereas shuttle proteins display
rather promiscuous binding to substrates in assays performed
in vitro, in vivo situations appear to provide a higher level
of specificity, where non-UBA sequences together with other,

external, factors are likely to contribute to a meticulous fine
tuning of the system.22 This has, for instance, shown to be
the case for Sic1, which in contrast to in vitro results in the
living cell appears to be solely governed by RAD23.58 Third,
the intimate relationship between shuttle factors and ubiquitin
ligases are also likely to contribute to the specificity.

In light of the high structural homology shared by the
multitude of UBL modifiers and integral ULDs, it is
interesting to note that while ubiquitin as well as most ULDs
are directly recruited to the proteasome, others fail to interact
with any of the proteasomal subunits. To understand the
underlying mechanism behind this, the so far characterized
ULDs have been compared in extensive bioinformatic
analyses. Interestingly, these studies have identified a pro-
teasomal-targeting motif (PIM) present in all domains known
to interact with the proteasome, including ubiquitin itself,
as well as Nedd8 and the ULDs in RAD23, ubiquilin
proteins, and Parkin. In agreement, the SUMO proteins,
which are not to recruited to the proteasome, are all lacking
such a motif.86

Given the close proximity of the proteasomal shuttle
factors to the proteasome itself, constantly delivering ubiq-
uitinated proteins for degradation, it is worth noting that they
themselves are highly stable within the cell. The burning
question of how RAD23, Dsk2/ubiquilin, and DDI1 are
protected from proteasomal degradation has been addressed
by Dantuma and co-workers, who by a combinatorial
approach based on biochemistry and yeast genetics could
elegantly establish that the C-terminally located UBA
domains of these proteins display an evolutionary conserved,
cis-acting, protective function which is essential for protein
stability as well as functionality. In their experiments they
observed that in the absence of an intact UBA domain,
proteasomal shuttling factors themselves become short-lived
proteasomal substrates that are directly recruited to the
proteasome via their ULDs.37

3.3. UBX/UBA: Bridging the Proteasome with
ERAD

There are areas in the cell in which proteasomal degrada-
tion is not sufficient but requires reinforcement by other
AAA-type ATPase complexes with more specialized activi-
ties. One such is the p97/Cdc48/VCP (valosin-containing
protein) complex, which complements proteasomes in the
obliteration of misfolded and unassembled proteins and
protein complexes in the endoplasmatic reticulum (ER), in
the process known as ERAD (ER-associated protein degra-
dation)87 (Figure 5). Residing in close proximity to the ER,
where it functions to dislocate substrate proteins into the
cytoplasm through a retro-translocation pore, p97 forms a
ring-shaped complex consisting of six identical subunits
(homohexamer), each composed of two ATPase domains and
an N-terminal domain responsible for substrate binding.
Although p97 itself has the ability to interact with ubiquitin,
efficient targeting of ubiquitinated substrates to the ERAD
pathway is dependent on ubiquitin-binding adaptor proteins.
Similar to the UPS system, ERAD shuttle factors are
characterized by a stereotypic combination of one UBD
together with a ubiquitin-like module. However, in contrast
to the proteasome, p97 specifically interacts with UBX-
domain-containing proteins rather than the classical ULDs
(Figure 5). One of the best-studied p97 adaptors is the UBX/
UBA-containing protein p47 (Shp1 in yeast), which utilizes
its UBX domain to directly bind the p97 N-terminus in order
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to deliver its cargo for disassembly. In addition to the founder
p47, vertebrate genomes contain at least two additional
homologous family members, p37 and UBXD4. Importantly,
p37 does not contain a UBA domain and is not implicated
in the ERAD pathway but rather in a novel membrane fusion
pathway essential for the biogenesis and maintenance of the
ER and Golgi compartments.88 Also essential to the ERAD
pathway is the highly conserved NPL4-UFD1 complex,
which in yeast comes together to form a ULD/UBD-
containing protein complex, where the ULD in NPL4 is
complemented by discrete ubiquitin-binding domains in
UFD1. In higher species, NPL4 has acquired an additional
C-terminal ubiquitin-binding zinc finger, thereby in itself
fulfilling the criteria for an ERAD shuttle factor.89,90

Besides the classical set of p47 homologues, there are other
proteins in which a UBX is combined with a UBA domain
or an alternative UBD. A few such proteins, all implicated
in the ERAD pathway (as well as other functions), include
SAKS1 (aka 2B28 or Y33K)91 and FAF-1 (Fas-associated
factor 1), both showing a UBA/UBX topology (which in the

latter case is complemented by two supplementary ubiquitin-
like motifs of unknown function),92 as well as the related
UBXD7 protein, which in addition to UBA/UBX domains
also contains a UIM motif. It is clear that the duplication of
UBDs in UBXD7 mediates a stronger binding to ubiquitin
chains, but the functional relevance of this event remains to
be established.93 What is clear, however, is that UBXD7 is
crucial for the recruitment of p97 to the ER membrane.94

Besides these examples of UBX/UBD-containing proteins
there is one, so far, identified protein in which a UBX domain
is found in combination with a classical ULD. This recently
described protein, TUG (tether-containing UBX domain for
GLUT4)/ASPL/UBXD9, does not appear to be involved in
protein degradation but rather in protein redistribution within
the cell, more specifically in insulin-induced GLUT4 mo-
bilization to the plasma membrane and by extension glucose
uptake.95,96

Also recruited to p97, together with the UBX/UBD shuttle
factors and their ubiquitinated cargo, are the deubiquitinating
enzymes VCIP13597,98 and Otu199 as well as Ufd2.99 Ufd2

Figure 5. UBX proteins: Major regulators of ERAD. The ERAD pathway is essential for removal of misfolded and improperly assembled
proteins and protein complexes in the ER. Following the recognition of an ERAD-destined substrate, target proteins are ubiquitinated and
retro-translocated into the cytoplasm by the combined action of among others, the AAA-type ATPase p97, the transmembrane proteins
Derlin-1 and HERP, as well as multiple UBX-containing proteins. Importantly, UBX/UBD-containing proteins such as p47 and the NPL4/
UFD1 complex functions as essential cofactors of p97, exhibiting essential roles as ERAD-substrate shuttle factors, anchors for p97 at the
ER membrane, and in addition display auxiliary roles in the final delivery of ERAD substrates to the proteasome.
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is an E4 enzyme, which in addition to extending ubiquitin
chains by a few moieties, also has the capacity to recruit
RAD23 and Dsk2/ubiquilin proteins, an event important for
the subsequent delivery and final destruction of ERAD
substrates by the proteasome.100 Interestingly, Ufd2 has been
shown to compete with Rpn1 for a common binding site
within the RAD23 ULD, an observation that has provided
an elegant model for how ubiquitin conjugation per se and
the process of proteasomal delivery may be linked.101 In
short, these three proteins are proposed to form a molecular
platform where the proteasomal and ERAD degradative
pathways may converge.100

The identification of TUG as a p97-interacting protein is
only one example in a large group of ERAD-unrelated
proteins, which in recent years have shown to be recruited
to p97 and thereby expanded our view of p97 functionality
and importance. In fact, all 13 UBX-containing proteins
encoded in the human genome are targeted to p97, including
the classical UBX/UBA shuttle factors, as well as UBX-
only proteins, deficient in ubiquitin binding and consequently
involved in activities uncoupled from protein degradation.102

Indeed, p97 is known to play an essential role during the
proteolytic activation of a subset of transcription factors,103,104

in the regulation of ER-residing enzymes such as HMGR,105,106

and in the targeted degradation of specific substrates.102,107,108

Furthermore, a large number of ubiquitin ligases, deriving
from all known families of E3s, were recently found to
directly interact with the UBX/UBA shuttle proteins and/or
p97 itself, consequently implicating a broader utilization of
p97 for protein degradation than previously anticipated,
extending far beyond ERAD.102 These findings are entirely
in keeping with the high abundance of p97 in mammalian
cells. A comprehensive list of UBX- as well as UBX/UBD-
containing proteins is still far from complete, and the
characterization of new proteins as well as an increased
knowledge regarding UBX/UBD protein function will be
important subjects in the near future.

New levels of understanding, as well as complexity, of
the proteolytic pathways are continuously reported, not only
by identification of novel players and new shuttle factors
but also in the discovery of new functions for old players.
For instance, the ubiquilin family member ubiquilin-4/
UBIN109 was recently rediscovered (and confusingly named
CIP75 for “Connexin43-interacting protein of 75 kDa”) as
a novel regulator of gap junction communication between
cells. In this report, ubiquilin-4 was described as a protein
mainly residing in the ER, where it was proposed to control
the turnover of Connexin43, a major component of gap
junctions. More specifically, ubiquilin-4 was shown to
function both to facilitate the dislocation of Connexin43 from
the ER as well as the subsequent targeting of the protein for
ERAD-mediated degradation.110

3.4. Ubiquitin-Binding Zn Fingers: Providing
Variations to the ULD/UBD Paradigm

In the past few years, several additional classes of proteins,
in which alternative ULD/UBD combinations are employed,
have accompanied the established ULD/UBA and UBX/UBA
families. One such protein is the above-described ERAD-
linked adaptor protein NPL4. Another example is the
ZNF216 protein, in which a ubiquitin-binding A20-type of
zinc finger is combined with an AN1-type zinc finger.
Despite lacking a classical ULD, ZNF216 nevertheless shows
the typical characteristics of a proteasomal shuttling factor

(e.g., displays the dual capacity to interact simultaneously
with both polyubiquitin chains and the proteasome) but
additionally appears to function as a negative regulator of
NFκB signaling.111 A recent study has moreover implicated
ZNF216 as well as the entire UPS system in the etiology of
muscle dystrophy diseases, given the reported up-regulation
of ZNF216 in response to induced muscle atrophy, together
with the finding that mice deficient of ZNF216 display a
resistance to atrophy.112 Interestingly, the founder member
of the AN-1 family of proteins, first discovered in Xenopus,113

contains a ULD together with an AN1-type zinc finger. It is
not clear whether the AN1-type zinc finger has the ability
to bind ubiquitin, but if this is the case, the evolutionary
conserved AN1 family of proteins may constitute a novel
group of ULD/UBD proteins.

Another ULD/UBD-containing protein is p62/Sequesto-
some-1, a multifunctional protein, which in conjunction with
a PB1 and UBA also contains a ZnF-ZZ domain.114,115 p62
is implicated in the regulation of bone remodelling, inflam-
mation, neurotrophin biology, and obesity115 but is also
recognized for its involvement in the formation of seques-
tosomes, cytoplasmic compartments where ubiquitinated
proteins are stored while waiting for removal by the
autophagic machinery.114,116 Whereas the PB1 and ZnF-ZZ
domain mediates interactions with atypical PKCs and the
TNFR signaling adaptor RIP, respectively,115 the UBA
domain of p62, analogous to the ULD/UBA proteins,
recognizes polyubiquitinated substrates and promotes their
delivery to the proteasome (as demonstrated for ubiquitinated
tau protein117). In fact, in the absence of p62 the targeting
of tau to the proteasome is abolished117 and has in the brain
of p62 -/- mice been observed to cause aggregation of K63-
polyubiquitinated proteins (including tau),118,119 resulting in
phenotypes including anxiety, depression, and loss of work-
ing memory.118 Formation of insoluble inclusion bodies as
well as the behavioral abnormalities displayed by p62-/-
mice in many ways resemble the symptoms displayed by
AD patients, which is in agreement with the suggested
involvement of p62 in neurodegenerative disorders.

NBR1 (next to breast cancer 1/neighbor of BRCA1 gene
1) was recently discovered as a ULD/UBD structural
homologue of p62, which together with p62 is recruited to
ubiquitin-positive protein aggregates.120 Both NBR1 and p62
have been reported to bind to the ATG8 family of autophagy-
specific UBL proteins (in mammals represented by the LC3
and GABARAP subfamilies), a binding that is mediated via
consensus motifs referred to as LIR (LC3-interacting region)
or LRS (LC3-recognition sequence) domains.120-122 An-
chored in this dual capacity of simultaneously binding
ubiquitin and ATG8 proteins, p62 and NBR1 have recently
been suggested to promote the targeting of polyubiquitinated
substrates to autophagosomes for lysosomal degradation.120,122

Indeed, in parallel with the proteasomal and ERAD-linked
shuttle factors, it is reasonable to also speculate the existence
of autophagy-specific shuttle factors (e.g., p62 and NBR1),
particularly in view of the fact that p62 and NBR1 have been
shown to deliver ubiquitinated cargo into autophagosomes
and are themselves also substrates for autophagy.

3.5. ULD/UBDs: Important Regulators of the Cell
Cycle

A dynamic and finely tuned control of cell cycle regulatory
proteins by the proteasome is essential for cell prolifera-
tion.123 Indeed, the three yeast ULD/UBA protein families
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display partially redundant roles required for progression
through mitosis given that the main defect in yeast strains
deficient of Rad23, Dsk2, and Ddi1 is a delay in G2/M
transition as well as anaphase,124 a phenotype that when
combined with loss of Rpn10 (e.g., Rad23/Dsk2/Rpn10 LOF)
generates a mitotic arrest.54 Besides these conventional
players, other ULD/UBD proteins appear to display more
dynamic and specialized functions in the regulation of cell
cycle progression. One of these is KPC2 (Kip1 ubiquitina-
tion-promoting complex 2), a ULD/UBA protein which in
complex with KPC1 forms the ubiquitin ligase KPC,125

responsible for ubiquitination of the CDK inhibitor p27Kip1

at the G0 f G1 transition. The close proximity of the two
KPC subunits enables newly ubiquitinated p27Kip1 to im-
mediately be recognized by KPC2 and delivered to the
proteasome, thereby providing a dynamic and rapid route
by which a cell is permitted to leave the G0 resting status
and initiate proliferation.126 The role of ULD/UBA proteins
in cell cycle control has been further emphasized by studies
in Xenopus laeVis, where the ubiquilin-1 homologue XDRP1
has been found to be important for the degradation of mitotic
cyclins in egg extracts.127

3.6. ULD/UBA Proteins: Also Targeting Nedd8
and FAT10

Besides the above-discussed proteins, the ULD/UBD
family has one additional member, somewhat hidden behind
the scenes. In contrast to the other shuttle factors, Nub1
(Nedd8 ultimate buster-1/negative regulator of ubiquitin-like
proteins 1) as well as its splice variant Nub1L does not bind
ubiquitin itself but instead interacts with the UBL modifiers
Nedd8 and Fat10, thus targeting other types of substrates
for proteasomal degradation.38,128,129 Similar to other ULD/
UBAs, Nub-1L utilizes its three UBA domains to recruit
Nedd8/Fat10 and its N-terminal ULD to deliver its cargo to
the proteasome.38 However, in contrast to RAD23 and Dsk2/
ubiquilin proteins, Nub1 and Nub1L are not protected from
proteasomal degradation but are themselves degraded to-
gether with their substrates. Interestingly, Nub1L was
recently shown to interact with synphilin-1-interacting protein
and, similar to other ULD/UBAs, also accumulate in Lewy
bodies in patients with Parkinson’s disease (PD) and de-
mentia as well as glial cytoplasmic inclusions in multiple
system atrophy (MSA).130

4. Recycling of the Dogma: SLD/SIM Proteins
The rationale of combining a protein homology domain

with the corresponding interacting domain is not unique to
ULD/UBD-containing proteins but has been utilized in
multiple other configurations, including the intramolecular
interactions between poly proline-rich regions and the SH3
domain as well as phoshotyrosine residues and the SH2
domain in the cytoplasmic Src family kinases (SFKs).131

Within the family of ubiquitin-like modifiers this phenom-
enon has expanded from ULD/UBDs to also include SUMO-
like domains in combination with SUMO-interacting motifs.
The discovery of integral SUMO-like domain proteins
(SLDs) is relatively novel. As recently as 2006, the first
examples of SLDs were reported and classified, forming a
protein family denoted as the RENi family (based on the
identity of the three first characterized family members,
namely, Rad60, Esc2, and NIP45).132 In parallel to the
identification of Rad60 as a SLD protein, another report

characterized Rad60 to additionally contain several SUMO-
interacting motifs. Together these studies thereby exposed
Rad60 as the first SLD/SIM-containing protein. The coexist-
ence of these domains was moreover shown to be important
for Rad60 self-association as well as Rad60 activation during
the replication stress-response DNA repair,133 thus indicating
a functional significance of an SLD/SIM architecture in
Rad60.

5. ULD/UBDs in Disease and Therapeutics
Given the requirement of a properly functioning protea-

somal system for removal of abnormally folded and damaged
proteins as well as regulatory proteins controlling prolifera-
tion, differentiation, and apoptosis, defects in such an
important system are an indisputable source of human
pathogenesis. As already discussed, ULD/UBA proteins, such
as RAD23 and the ubiquilins, are strongly implicated in the
etiology of neurodegenerative diseases and accumulate in
pathogenic protein aggregates. In particular, ubiquilin-1 and
-2 display multiple links to Alzheimer’s disease (AD). First,
ubiquilin-1 interacts directly with the presenilin proteins,
essential subunits of the γ-secretase complex which is
responsible for cleavage of amyloid precursor proteins,
accumulation of A� peptides, and consequently formation
of amyloid plaques.72 Second, ubiquilin-1 has been shown,
independently of the γ-secretase complex, to influence the
intracellular trafficking and maturation of A�;71 Third, genetic
variations in the ubiquilin-1 loci have been proposed to be
directly linked to AD.134 However, this is still an area of
controversy, and no specific mutations have yet been
characterized.135 Furthermore, other ubiquilin family mem-
bers have been associated with different types of neurode-
generative disorders, including the reported involvement of
ubiquilin-4 in SCA1 (spinocerebellar ataxia type 1), a
disorder caused by a polyglutamine repeat expansion in the
ataxin-1 protein.73

As there are always two sides to a coin, excessive protein
degradation, similar to insufficient degradation, can also
trigger human pathogenesis. Indeed, the degradative functions
of the entire UPS system are accordingly implicated in the
etiology of catabolic syndromes such as muscle atrophy,
hyperthyroidism, sepsis, and cachexia in cancer patients.136

Moreover, in light of the regulatory roles displayed by ULD/
UBA proteins during cell-cycle control, these proteins may
provide yet another source of carcinogenesis.116

Besides the proteasomal shuttle factors, proteins in the
ERAD pathway have also been linked to disease. For
instance, a single point mutation in p97, R155H, has been
identified as an underlying cause of hereditary inclusion body
myopathy with Paget disease of bone and frontolobal
dementia (IBMPFD). Interestingly, the R155H mutation does
not affect the ATPase activity or the typical hexameric
configuration of p97. Nevertheless, p97 R155H mutant
protein gives rise to impaired protein degradation, causing
an abnormal accumulation of ubiquitinated proteins in
IBMPFD patients.137 Structural investigations of p97 in
complex with NPL4-UFD1 have mapped R155 to the contact
surface between p97 and the NPL4-UFD1 complex, and
shown that an RfH mutation at this position completely
abolishes binding, thus providing a molecular explanation
for the disease.138 It is interesting to remark that the same
binding surface on p97 has been found to mediate the
interaction with p47,139 further emphasizing the importance
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of UBX/UBD shuttle factors for the proper targeting of
ERAD substrates to the p97 complex.

Since the activity of ULD/UBA family members are
important for the regulation of proteins including cell-cycle
regulators, oncogenes. and tumor suppressors, targeting these
proteins as well as the entire UPS system has become a
promising strategy in the development of new cancer
therapeutics.140 One such approach is the application of the
proteasomal inhibitor Bortezomib (Velcade and PS-341).
Bortezomib is a dipeptide boronic acid analogue which has
shown to limit cell proliferation, target the NFκB pathway,
trigger ER stress, as well as induce caspase-dependent
apoptosis and decrease angiogenic cytokine production in
tumor cells.141 It is already frequently used in relapsing
multiple myeloma with good effects,142 and its utilization in
the treatment of other hematologic cancers as well as solid
tumors is currently under investigation with promising
results.141 Besides its apparent application in the fight against
cancer, Bortezomib and other proteasomal inhibitors have
shown positive effects in therapies targeting disorders such
as AL amyloidosis,143 autoimmune and inflammatory dis-
eases, and myocardial infarction.144 Even though targeting
nonenzymatic proteins such as ULD/UBDs is not a trivial
assignment, they still comprise a group of highly interesting
therapeutic targets. Identification of the small molecules
ubistatins, specifically blocking the binding of ubiquitinated
proteins to substrate shuttle factors,145 may give a hint of
what is achievable in the future.

6. Conclusions and Future Perspectives
Investigation of ULD/UBD proteins is an intense area of

research that in the close future surely will expand and offer
many surprises and opportunities. New classes of ULD
domains and new combinations of ULD/UBDs are continu-
ously being reported, revealing novel information not only

in regard to functionality but also to the mechanisms of
intramolecular regulation. In addition there are a multitude
of questions concerning the already described ULD/UBDs
and, in particular, the extensive cross-talk between them that
remain to be addressed. Furthermore, even though ULD/UBA
proteins have not been directly linked to cancer they are
highly interesting as putative targets for cancer therapy.
Targeting these proteins could provide higher flexibility and
specificity as well as less unwanted side effects as compared
with the currently available UPS-targeting substances that
in most cases target the proteasome itself. Identification of
the so-called ubistatins, small molecules specifically blocking
the binding of ubiquitinated proteins to substrate shuttle
factors,145 is a good starting point on the road toward new
strategies in the clinics.

7. Acknowledgments
We acknowledge V. Kirkin, F. Ikeda, K. Husnjak, V.

Nagy, D. McEwan, and R. H. Palmer for discussions and
critical reading of the manuscript. Many thanks to K.
Hofmann for putting together the ULD alignment in Figure
2 and P. Goswami who has been helpful in generating the
ULD structures for comparison in Figure 1. We apologize
to investigators whose important contributions were not
included in this review. C.G. is supported by a Human
Frontier Science Program (HFSP) postdoctoral fellowship.

8. References
(1) Vijay-Kumar, S.; Bugg, C. E.; Cook, W. J. J. Mol. Biol. 1987, 194,

531.
(2) Hershko, A.; Ciechanover, A. Annu. ReV. Biochem. 1998, 67, 425.
(3) Hoppe, T. Trends Biochem. Sci. 2005, 30, 183.
(4) Ikeda, F.; Dikic, I. EMBO Rep. 2008, 9, 536.
(5) Haglund, K.; Dikic, I. EMBO J 2005, 24, 3353.
(6) Soboleva, T. A.; Baker, R. T. Curr. Protein Pept. Sci. 2004, 5, 191.
(7) Haas, A. L.; Bright, P. M. J. Biol. Chem. 1985, 260, 12464.

Table 1. Nomenclature for Proteins Involved in the UPS/ERAD Pathways (S. cereWisiae versus H. sapiens)

yeast nomenclature mammalian nomenclature function/physiological relevance

UPS system
DDI1 DDI1 UBL/UBA ubiquitin shuttle receptors, UPS

DDI2 S-phase checkpoint control (cell cycle)
exocytosis

Dsk2 ubiquilin-1 (PLIC-1) UBL/UBA ubiquitin shuttle receptor, UPS
ubiquilin-2 (PLIC-2) aggresome formation
ubiquilin-3 neurodegenerative diseases
ubiquilin-4 (UBIN) regulation of gap junctions

RAD23 RAD23A (HHR23A) UBL/UBA ubiquitin shuttle receptor, UPS
RAD23B (HHR23B) DNA repair (NER)

Rpn10 S5a (PSMD4) 19S proteasomal subunit, regulatory particle, ubiquitin receptor
Rpn13 Rpn13 (ADRM1) 19S proteasomal subunit, regulatory particle, ubiquitin receptor
Ubp6 USP14 deubiquitinating enzyme (DUB)

ERAD pathway
Cdc48 p97/PSMD2/VPC AAA-type ATPase, homohexameric, ERAD
Shp-1 p47 UBX/UBA protein, ubiquitin shuttle receptor in ERAD

UBXN2A
UBXN2B/p37

NPL4 NPL4 ULD/ZF-UBP containing ERAD shuttle factor
UFD1 UFD1 complements NPL4 to form an ERAD-specific ubiquitin shuttle

receptor
UBX2 UBXD7 UBX/UBA protein with an additional UIM, ubiquitin shuttle

receptor in ERAD
Faf1p FAF-1/UBXD12 UBX/UBA protein involved in apoptosis

SAKS1/UBXN1/UBXD10 UBX/UBA protein, involved in protein degradation

other functions
TUG (UBXD9, ASPL) ULD/UBX protein, involved in insulin-induced GLUT4

mobilization to the plasma membrane and in extension glucose
uptake

Ufd2 UBE4B E4 ubiquitin elongation enzyme

1492 Chemical Reviews, 2009, Vol. 109, No. 4 Grabbe and Dikic



(8) Haas, A. L.; Bright, P. M. J. Biol. Chem. 1987, 262, 345.
(9) Jahngen, J. H.; Haas, A. L.; Ciechanover, A.; Blondin, J.; Eisenhauer,

D.; Taylor, A. J. Biol. Chem. 1986, 261, 13760.
(10) Johnson, E. S. Annu. ReV. Biochem. 2004, 73, 355.
(11) Schwartz, D. C.; Hochstrasser, M. Trends Biochem. Sci. 2003, 28,

321.
(12) Downes, B. P.; Saracco, S. A.; Lee, S. S.; Crowell, D. N.; Vierstra,

R. D. J. Biol. Chem. 2006, 281, 27145.
(13) Rajendra, R.; Malegaonkar, D.; Pungaliya, P.; Marshall, H.; Rasheed,

Z.; Brownell, J.; Liu, L. F.; Lutzker, S.; Saleem, A.; Rubin, E. H.
J. Biol. Chem. 2004, 279, 36440.

(14) Weger, S.; Hammer, E.; Heilbronn, R. FEBS Lett. 2005, 579, 5007.
(15) Lallemand-Breitenbach, V.; Jeanne, M.; Benhenda, S.; Nasr, R.; Lei,

M.; Peres, L.; Zhou, J.; Zhu, J.; Raught, B.; de The, H. Nat. Cell
Biol. 2008, 10, 547.

(16) Tatham, M. H.; Geoffroy, M. C.; Shen, L.; Plechanovova, A.;
Hattersley, N.; Jaffray, E. G.; Palvimo, J. J.; Hay, R. T. Nat. Cell
Biol. 2008, 10, 538.

(17) Hurley, J. H.; Lee, S.; Prag, G. Biochem. J. 2006, 399, 361.
(18) Bienko, M.; Green, C. M.; Crosetto, N.; Rudolf, F.; Zapart, G.; Coull,

B.; Kannouche, P.; Wider, G.; Peter, M.; Lehmann, A. R.; Hofmann,
K.; Dikic, I. Science 2005, 310, 1821.

(19) Husnjak, K.; Elsasser, S.; Zhang, N.; Chen, X.; Randles, L.; Shi, Y.;
Hofmann, K.; Walters, K. J.; Finley, D.; Dikic, I. Nature 2008, 453
(7194), 481.

(20) Pai, M. T.; Tzeng, S. R.; Kovacs, J. J.; Keaton, M. A.; Li, S. S.;
Yao, T. P.; Zhou, P. J. Mol. Biol. 2007, 370, 290.

(21) Reyes-Turcu, F. E.; Horton, J. R.; Mullally, J. E.; Heroux, A.; Cheng,
X.; Wilkinson, K. D. Cell 2006, 124 (6), 1197.

(22) Raasi, S.; Varadan, R.; Fushman, D.; Pickart, C. M. Nat. Struct. Mol.
Biol. 2005, 12, 708.

(23) Husnjak, K.; Elsasser, S.; Zhang, N.; Chen, X.; Randles, L.; Shi, Y.;
Hofmann, K.; Walters, K. J.; Finley, D.; Dikic, I. Nature 2008, 453,
481.

(24) Schreiner, P.; Chen, X.; Husnjak, K.; Randles, L.; Zhang, N.; Elsasser,
S.; Finley, D.; Dikic, I.; Walters, K. J.; Groll, M. Nature 2008, 453,
548.

(25) He, Y.; Hicke, L.; Radhakrishnan, I. J. Mol. Biol. 2007, 373, 190.
(26) Stamenova, S. D.; French, M. E.; He, Y.; Francis, S. A.; Kramer,

Z. B.; Hicke, L. Mol. Cell 2007, 25, 273.
(27) Hannich, J. T.; Lewis, A.; Kroetz, M. B.; Li, S. J.; Heide, H.; Emili,

A.; Hochstrasser, M. J. Biol. Chem. 2005, 280, 4102.
(28) Hecker, C. M.; Rabiller, M.; Haglund, K.; Bayer, P.; Dikic, I. J. Biol.

Chem. 2006, 281, 16117.
(29) Minty, A.; Dumont, X.; Kaghad, M.; Caput, D. J. Biol. Chem. 2000,

275, 36316.
(30) Song, J.; Durrin, L. K.; Wilkinson, T. A.; Krontiris, T. G.; Chen, Y.

Proc. Natl. Acad. Sci. U.S.A. 2004, 101, 14373.
(31) Kerscher, O. EMBO Rep. 2007, 8, 550.
(32) Ulrich, H. D. Mol. Cell 2008, 32, 301.
(33) Kleijnen, M. F.; Alarcon, R. M.; Howley, P. M. Mol. Biol. Cell 2003,

14, 3868.
(34) Kleijnen, M. F.; Shih, A. H.; Zhou, P.; Kumar, S.; Soccio, R. E.;

Kedersha, N. L.; Gill, G.; Howley, P. M. Mol. Cell 2000, 6, 409.
(35) Walters, K. J.; Kleijnen, M. F.; Goh, A. M.; Wagner, G.; Howley,

P. M. Biochemistry 2002, 41, 1767.
(36) Walters, K. J.; Lech, P. J.; Goh, A. M.; Wang, Q.; Howley, P. M.

Proc. Natl. Acad. Sci. U.S.A. 2003, 100, 12694.
(37) Heessen, S.; Masucci, M. G.; Dantuma, N. P. Mol. Cell 2005, 18,

225.
(38) Schmidtke, G.; Kalveram, B.; Weber, E.; Bochtler, P.; Lukasiak, S.;

Hipp, M. S.; Groettrup, M. J. Biol. Chem. 2006, 281, 20045.
(39) Tanaka, T.; Kawashima, H.; Yeh, E. T.; Kamitani, T. J. Biol. Chem.

2003, 278, 32905.
(40) Buchberger, A. Trends Cell Biol 2002, 12, 216.
(41) Hartmann-Petersen, R.; Gordon, C. Semin. Cell. DeV. Biol. 2004,

15, 247.
(42) May, M. J.; Larsen, S. E.; Shim, J. H.; Madge, L. A.; Ghosh, S.

J. Biol. Chem. 2004, 279, 45528.
(43) Ikeda, F.; Hecker, C. M.; Rozenknop, A.; Nordmeier, R. D.; Rogov,

V.; Hofmann, K.; Akira, S.; Dotsch, V.; Dikic, I. EMBO J. 2007,
26, 3451.

(44) Watkins, J. F.; Sung, P.; Prakash, L.; Prakash, S. Mol. Cell. Biol.
1993, 13, 7757.

(45) Buchberger, A.; Howard, M. J.; Proctor, M.; Bycroft, M. J. Mol.
Biol. 2001, 307, 17.

(46) Schuberth, C.; Buchberger, A. Cell. Mol. Life Sci. 2008, 65 (15),
2360.

(47) Sumimoto, H.; Kamakura, S.; Ito, T. Sci. STKE 2007, 2007, re6.
(48) Terasawa, H.; Noda, Y.; Ito, T.; Hatanaka, H.; Ichikawa, S.; Ogura,

K.; Sumimoto, H.; Inagaki, F. EMBO J. 2001, 20, 3947.
(49) Kiel, C.; Serrano, L. J. Mol. Biol. 2006, 355, 821.

(50) Hoeller, D.; Hecker, C. M.; Wagner, S.; Rogov, V.; Dotsch, V.; Dikic,
I. Mol. Cell 2007, 26, 891.

(51) Woelk, T.; Oldrini, B.; Maspero, E.; Confalonieri, S.; Cavallaro, E.;
Di Fiore, P. P.; Polo, S. Nat. Cell Biol. 2006, 8, 1246.

(52) Hoeller, D.; Crosetto, N.; Blagoev, B.; Raiborg, C.; Tikkanen, R.;
Wagner, S.; Kowanetz, K.; Breitling, R.; Mann, M.; Stenmark, H.;
Dikic, I. Nat. Cell Biol. 2006, 8, 163.

(53) Polo, S.; Sigismund, S.; Faretta, M.; Guidi, M.; Capua, M. R.; Bossi,
G.; Chen, H.; De Camilli, P.; Di Fiore, P. P. Nature 2002, 416, 451.

(54) Wilkinson, C. R.; Seeger, M.; Hartmann-Petersen, R.; Stone, M.;
Wallace, M.; Semple, C.; Gordon, C. Nat. Cell Biol. 2001, 3, 939.

(55) Schauber, C.; Chen, L.; Tongaonkar, P.; Vega, I.; Lambertson, D.;
Potts, W.; Madura, K. Nature 1998, 391, 715.

(56) Elsasser, S.; Finley, D. Nat. Cell Biol. 2005, 7, 742.
(57) Hartmann-Petersen, R.; Seeger, M.; Gordon, C. Trends Biochem. Sci.

2003, 28, 26.
(58) Verma, R.; Oania, R.; Graumann, J.; Deshaies, R. J. Cell 2004, 118,

99.
(59) Saeki, Y.; Saitoh, A.; Toh-e, A.; Yokosawa, H. Biochem. Biophys.

Res. Commun. 2002, 293, 986.
(60) Funakoshi, M.; Sasaki, T.; Nishimoto, T.; Kobayashi, H. Proc. Natl.

Acad. Sci. U.S.A. 2002, 99, 745.
(61) Ortolan, T. G.; Tongaonkar, P.; Lambertson, D.; Chen, L.; Schauber,

C.; Madura, K. Nat. Cell Biol. 2000, 2, 601.
(62) Rao, H.; Sastry, A. J. Biol. Chem. 2002, 277, 11691.
(63) Ng, J. M.; Vrieling, H.; Sugasawa, K.; Ooms, M. P.; Grootegoed,

J. A.; Vreeburg, J. T.; Visser, P.; Beems, R. B.; Gorgels, T. G.;
Hanaoka, F.; Hoeijmakers, J. H.; van der Horst, G. T. Mol. Cell.
Biol. 2002, 22, 1233.

(64) Masutani, C.; Sugasawa, K.; Yanagisawa, J.; Sonoyama, T.; Ui, M.;
Enomoto, T.; Takio, K.; Tanaka, K.; van der Spek, P. J.; Bootsma,
D.; et al. EMBO J. 1994, 13, 1831.

(65) Miller, R. D.; Prakash, L.; Prakash, S. Mol. Gen. Genet. 1982, 188,
235.

(66) Ortolan, T. G.; Chen, L.; Tongaonkar, P.; Madura, K. Nucleic Acids
Res. 2004, 32, 6490.

(67) Xie, Z.; Liu, S.; Zhang, Y.; Wang, Z. Nucleic Acids Res. 2004, 32,
5981.

(68) Heir, R.; Ablasou, C.; Dumontier, E.; Elliott, M.; Fagotto-Kaufmann,
C.; Bedford, F. K. EMBO Rep. 2006, 7, 1252.

(69) Massey, L. K.; Mah, A. L.; Ford, D. L.; Miller, J.; Liang, J.; Doong,
H.; Monteiro, M. J. J. Alzheimers Dis. 2004, 6, 79.

(70) Mah, A. L.; Perry, G.; Smith, M. A.; Monteiro, M. J. J. Cell Biol.
2000, 151, 847.

(71) Hiltunen, M.; Lu, A.; Thomas, A. V.; Romano, D. M.; Kim, M.;
Jones, P. B.; Xie, Z.; Kounnas, M. Z.; Wagner, S. L.; Berezovska,
O.; Hyman, B. T.; Tesco, G.; Bertram, L.; Tanzi, R. E. J. Biol. Chem.
2006, 281, 32240.

(72) Bird, T. D. N. Engl. J. Med. 2005, 352, 862.
(73) Davidson, J. D.; Riley, B.; Burright, E. N.; Duvick, L. A.; Zoghbi,

H. Y.; Orr, H. T. Hum. Mol. Genet. 2000, 9, 2305.
(74) Ganguly, A.; Feldman, R. M.; Guo, M. Hum. Mol. Genet. 2008, 17,

293.
(75) Li, A.; Xie, Z.; Dong, Y.; McKay, K. M.; McKee, M. L.; Tanzi,

R. E. Hum. Mol. Genet. 2007, 16, 2626.
(76) Regan-Klapisz, E.; Sorokina, I.; Voortman, J.; de Keizer, P.; Roovers,

R. C.; Verheesen, P.; Urbe, S.; Fallon, L.; Fon, E. A.; Verkleij, A.;
Benmerah, A.; van Bergen en Henegouwen, P. M. J. Cell. Sci. 2005,
118, 4437.

(77) Sirkis, R.; Gerst, J. E.; Fass, D. J. Mol. Biol. 2006, 364, 376.
(78) Gabriely, G.; Kama, R.; Gelin-Licht, R.; Gerst, J. E. Mol. Biol. Cell

2008, 19, 3625.
(79) Kang, Y.; Vossler, R. A.; Diaz-Martinez, L. A.; Winter, N. S.; Clarke,

D. J.; Walters, K. J. J. Mol. Biol. 2006, 356, 1027.
(80) Goh, A. M.; Walters, K. J.; Elsasser, S.; Verma, R.; Deshaies, R. J.;

Finley, D.; Howley, P. M. BMC Biochem. 2008, 9, 4.
(81) Wang, Q.; Young, P.; Walters, K. J. J. Mol. Biol. 2005, 348, 727.
(82) Varadan, R.; Assfalg, M.; Haririnia, A.; Raasi, S.; Pickart, C.;

Fushman, D. J. Biol. Chem. 2004, 279, 7055.
(83) Tenno, T.; Fujiwara, K.; Tochio, H.; Iwai, K.; Morita, E. H.; Hayashi,

H.; Murata, S.; Hiroaki, H.; Sato, M.; Tanaka, K.; Shirakawa, M.
Genes Cells 2004, 9, 865.

(84) Varadan, R.; Walker, O.; Pickart, C.; Fushman, D. J. Mol. Biol. 2002,
324, 637.

(85) Haririnia, A.; D’Onofrio, M.; Fushman, D. J. Mol. Biol. 2007, 368,
753.

(86) Upadhya, S. C.; Hegde, A. N. Trends Biochem. Sci. 2003, 28, 280.
(87) Meusser, B.; Hirsch, C.; Jarosch, E.; Sommer, T. Nat. Cell Biol. 2005,

7, 766.
(88) Uchiyama, K.; Totsukawa, G.; Puhka, M.; Kaneko, Y.; Jokitalo, E.;

Dreveny, I.; Beuron, F.; Zhang, X.; Freemont, P.; Kondo, H.
DeVelopmental Cell 2006, 11, 803.

(89) Meyer, H. H.; Wang, Y.; Warren, G. EMBO J 2002, 21, 5645.

ULD-UBD Proteins Chemical Reviews, 2009, Vol. 109, No. 4 1493



(90) Ye, Y.; Meyer, H. H.; Rapoport, T. A. J. Cell Biol. 2003, 162, 71.
(91) McNeill, H.; Knebel, A.; Arthur, J. S.; Cuenda, A.; Cohen, P.

Biochem. J. 2004, 384, 391.
(92) Song, E. J.; Yim, S. H.; Kim, E.; Kim, N. S.; Lee, K. J. Mol. Cell.

Biol. 2005, 25, 2511.
(93) Hartmann-Petersen, R.; Wallace, M.; Hofmann, K.; Koch, G.;

Johnsen, A. H.; Hendil, K. B.; Gordon, C. Curr. Biol. 2004, 14, 824.
(94) Schuberth, C.; Buchberger, A. Nat. Cell Biol. 2005, 7, 999.
(95) Bogan, J. S.; Hendon, N.; McKee, A. E.; Tsao, T. S.; Lodish, H. F.

Nature 2003, 425, 727.
(96) Tettamanzi, M. C.; Yu, C.; Bogan, J. S.; Hodsdon, M. E. Protein

Sci. 2006, 15, 498.
(97) Uchiyama, K.; Jokitalo, E.; Kano, F.; Murata, M.; Zhang, X.; Canas,

B.; Newman, R.; Rabouille, C.; Pappin, D.; Freemont, P.; Kondo,
H. J. Cell Biol. 2002, 159, 855.

(98) Wang, Y.; Satoh, A.; Warren, G.; Meyer, H. H. J. Cell Biol. 2004,
164, 973.

(99) Rumpf, S.; Jentsch, S. Mol. Cell 2006, 21, 261.
(100) Richly, H.; Rape, M.; Braun, S.; Rumpf, S.; Hoege, C.; Jentsch, S.

Cell 2005, 120, 73.
(101) Kim, I.; Mi, K.; Rao, H. Mol. Biol. Cell 2004, 15, 3357.
(102) Alexandru, G.; Graumann, J.; Smith, G. T.; Kolawa, N. J.; Fang, R.;

Deshaies, R. J. Cell 2008, 134, 804.
(103) Rape, M.; Hoppe, T.; Gorr, I.; Kalocay, M.; Richly, H.; Jentsch, S.

Cell 2001, 107, 667.
(104) Shcherbik, N.; Haines, D. S. Mol. Cell 2007, 25, 385.
(105) Doolman, R.; Leichner, G. S.; Avner, R.; Roitelman, J. J. Biol. Chem.

2004, 279, 38184.
(106) Hampton, R. Y.; Gardner, R. G.; Rine, J. Mol. Biol. Cell 1996, 7,

2029.
(107) Cao, K.; Nakajima, R.; Meyer, H. H.; Zheng, Y. Cell 2003, 115,

355.
(108) Fu, X.; Ng, C.; Feng, D.; Liang, C. J. Cell Biol. 2003, 163, 21.
(109) Matsuda, M.; Koide, T.; Yorihuzi, T.; Hosokawa, N.; Nagata, K.

Biochem. Biophys. Res. Commun. 2001, 280, 535.
(110) Li, X.; Su, V.; Kurata, W. E.; Jin, C.; Lau, A. F. J. Biol. Chem.

2008, 283, 5748.
(111) Huang, J.; Teng, L.; Li, L.; Liu, T.; Li, L.; Chen, D.; Xu, L. G.;

Zhai, Z.; Shu, H. B. J. Biol. Chem. 2004, 279, 16847.
(112) Hishiya, A.; Iemura, S.; Natsume, T.; Takayama, S.; Ikeda, K.;

Watanabe, K. EMBO J 2006, 25, 554.
(113) Linnen, J. M.; Bailey, C. P.; Weeks, D. L. Gene 1993, 128, 181.
(114) Seibenhener, M. L.; Geetha, T.; Wooten, M. W. FEBS Lett. 2007,

581, 175.
(115) Moscat, J.; Diaz-Meco, M. T.; Wooten, M. W. Trends Biochem. Sci.

2007, 32, 95.
(116) Hoeller, D.; Hecker, C. M.; Dikic, I. Nat. ReV. Cancer 2006, 6, 776.
(117) Babu, J. R.; Geetha, T.; Wooten, M. W. J. Neurochem. 2005, 94,

192.
(118) Ramesh Babu, J.; Lamar Seibenhener, M.; Peng, J.; Strom, A. L.;

Kemppainen, R.; Cox, N.; Zhu, H.; Wooten, M. C.; Diaz-Meco,
M. T.; Moscat, J.; Wooten, M. W. J. Neurochem. 2008, 106, 107.

(119) Wooten, M. W.; Geetha, T.; Babu, J. R.; Seibenhener, M. L.; Peng,
J.; Cox, N.; Diaz-Meco, M. T.; Moscat, J. J. Biol. Chem. 2008, 283,
6783.

(120) Kirkin, V. L. T.; Sou, Y.; Bjørkøy, G.; Nunn, J.; Bruun, J. A.; Shvets,
E.; McEwan, D. G.; Clausen, T. H.; Wild, P.; Bilusic, I.; Theurillat,
J. P.; Øvervatn, A.; Ishii, T.; Elazar, Z.; Komatsu, M.; Dikic, I.;
Johansen, T. Mol. Cell 2009, doi:10.1016/j.molcel.2009.01.020.

(121) Ichimura, Y.; Kumanomidou, T.; Sou, Y. S.; Mizushima, T.; Ezaki,
J.; Ueno, T.; Kominami, E.; Yamane, T.; Tanaka, K.; Komatsu, M.
J. Biol. Chem. 2008, 283, 22847.

(122) Pankiv, S.; Clausen, T. H.; Lamark, T.; Brech, A.; Bruun, J. A.;
Outzen, H.; Overvatn, A.; Bjorkoy, G.; Johansen, T. J. Biol. Chem.
2007, 282, 24131.

(123) Konstaninova, I.; Tsimokha, A.; Mittenberg, A. Int. ReV. Cell Mol.
Biol. 2008, 267, 59.

(124) Diaz-Martinez, L. A.; Kang, Y.; Walters, K. J.; Clarke, D. J. Cell
DiV. 2006, 1, 28.

(125) Kamura, T.; Hara, T.; Matsumoto, M.; Ishida, N.; Okumura, F.;
Hatakeyama, S.; Yoshida, M.; Nakayama, K.; Nakayama, K. I. Nat.
Cell Biol. 2004, 6, 1229.

(126) Hara, T.; Kamura, T.; Kotoshiba, S.; Takahashi, H.; Fujiwara, K.;
Onoyama, I.; Shirakawa, M.; Mizushima, N.; Nakayama, K. I. Mol.
Cell. Biol. 2005, 25, 9292.

(127) Tanaka, K.; Funakoshi, M.; Kobayashi, H. Biochem. Biophys. Res.
Commun. 2006, 350, 774.

(128) Kamitani, T.; Kito, K.; Fukuda-Kamitani, T.; Yeh, E. T. J. Biol.
Chem. 2001, 276, 46655.

(129) Kito, K.; Yeh, E. T.; Kamitani, T. J. Biol. Chem. 2001, 276, 20603.
(130) Tanji, K.; Mori, F.; Kakita, A.; Zhang, H.; Kito, K.; Kamitani, T.;

Takahashi, H.; Wakabayashi, K. Acta Neuropathol. 2007, 114, 365.
(131) Boggon, T. J.; Eck, M. J. Oncogene 2004, 23, 7918.
(132) Novatchkova, M.; Schneider, G.; Fritz, R.; Eisenhaber, F.; Schleiffer,

A. Nucleic Acids Res. 2006, 34, W214.
(133) Raffa, G. D.; Wohlschlegel, J.; Yates, J. R., III; Boddy, M. N. J. Biol.

Chem. 2006, 281, 27973.
(134) Bertram, L.; Hiltunen, M.; Parkinson, M.; Ingelsson, M.; Lange, C.;

Ramasamy, K.; Mullin, K.; Menon, R.; Sampson, A. J.; Hsiao, M. Y.;
Elliott, K. J.; Velicelebi, G.; Moscarillo, T.; Hyman, B. T.; Wagner,
S. L.; Becker, K. D.; Blacker, D.; Tanzi, R. E. N. Engl. J. Med.
2005, 352, 884.

(135) Smemo, S.; Nowotny, P.; Hinrichs, A. L.; Kauwe, J. S.; Cherny, S.;
Erickson, K.; Myers, A. J.; Kaleem, M.; Marlowe, L.; Gibson, A. M.;
Hollingworth, P.; O’Donovan, M. C.; Morris, C. M.; Holmans, P.;
Lovestone, S.; Morris, J. C.; Thal, L.; Li, Y.; Grupe, A.; Hardy, J.;
Owen, M. J.; Williams, J.; Goate, A. Ann. Neurol. 2006, 59, 21.

(136) Lecker, S. H.; Goldberg, A. L.; Mitch, W. E. J. Am. Soc. Nephrol.
2006, 17, 1807.

(137) Weihl, C. C.; Dalal, S.; Pestronk, A.; Hanson, P. I. Hum. Mol. Genet.
2006, 15, 189.

(138) Isaacson, R. L.; Pye, V. E.; Simpson, P.; Meyer, H. H.; Zhang, X.;
Freemont, P. S.; Matthews, S. J. Biol. Chem. 2007, 282, 21361.

(139) Dreveny, I.; Kondo, H.; Uchiyama, K.; Shaw, A.; Zhang, X.;
Freemont, P. S. EMBO J. 2004, 23, 1030.

(140) Dikic, I.; Crosetto, N.; Calatroni, S.; Bernasconi, P. Eur. J. Cancer
2006, 42, 3095.

(141) Roccaro, A. M.; Vacca, A.; Ribatti, D. Recent Patents Anticancer
Drug DiscoV. 2006, 1, 397.

(142) Richardson, P. G.; Mitsiades, C. Future Oncol. 2005, 1, 161.
(143) Wechalekar, A. D.; Hawkins, P. N.; Gillmore, J. D. Br. J. Hamaetol.

2008, 140, 365.
(144) Shah, I. M.; Di Napoli, M. CardioVasc. Hematol. Disord. Drug

Targets 2007, 7, 250.
(145) Verma, R.; Peters, N. R.; D’Onofrio, M.; Tochtrop, G. P.; Sakamoto,

K. M.; Varadan, R.; Zhang, M.; Coffino, P.; Fushman, D.; Deshaies,
R. J.; King, R. W. Science 2004, 306, 117.

(146) Bayer, P.; Arndt, A.; Metzger, S.; Mahajan, R.; Melchior, F.; Jaenicke,
R.; Becker, J. J. Mol. Biol. 1998, 280, 275.

(147) Yuan, X.; Shaw, A.; Zhang, X.; Kondo, H.; Lally, J.; Freemont, P. S.;
Matthews, S. J. Mol. Biol. 2001, 311, 255.

(148) Gervais, V.; Lamour, V.; Jawhari, A.; Frindel, F.; Wasielewski, E.;
Dubaele, S.; Egly, J. M.; Thierry, J. C.; Kieffer, B.; Poterszman, A.
Nat. Struct. Mol. Biol. 2004, 11, 616.

(149) Wang, Q.; Goh, A. M.; Howley, P. M.; Walters, K. J. Biochemistry
2003, 42, 13529.

(150) Katoh, K.; Misawa, K.; Kuma, K.; Miyata, T. Nucleic Acids Res.
2002, 30, 3059.

CR800413P

1494 Chemical Reviews, 2009, Vol. 109, No. 4 Grabbe and Dikic




