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1. Introduction

The covalent conjugation of ubiquitin (Ub) is mediated by
a three-step enzymatic reaction. 1) A Ub-activating enzyme
(E1) catalyzes an energy-dependent reaction (energy provid-
ed by ATP), giving a high-energy thioester bond between the
carboxy group of the terminal glycine residue of ubiquitin and
a cysteine moiety of the enzyme. 2) One of several Ub carrier
proteins (E2; also known as Ub-conjugating enzymes, UBCs)
transferres ubiquitin from the high-energy thioester bond on
E1 to a high-energy thioester bond on E2. 3) One of
numerous substrate-specific Ub-protein ligases (E3s) cata-
lyzes a third reaction. Depending on the type of the ligase,
ubiquitin can generate a third high-energy thioester bond on
this enzyme (in case of HECT (homologous to the E6-AP C-
terminus) domain ligases), or it can be transferred directly to
the ligase-bound substrate (in case of RING (really interest-
ing gene) domain ligases). In many cases, the reaction
progressively generates a polyUb chain, in which the first

Ub moiety is attached to an e-NH2

group of a Lys residue in the substrate.
The Ub moieties are linked to one
another by an isopeptide bond be-
tween the C-terminal Gly of one
moiety and the e-NH2 group of the
internal Lys48 of the previous one.[1]

Proteins thus modified are targeted for degradation by the
26S proteasome, which is an enzyme with three different
proteolytic activities, chymotrypsin-like, trypsin-like, and
peptidylglutamyl-peptide hydrolyzing activity. During protein
degradation, Ub is recycled through the activity of deubiqui-
tinating enzymes (DUBs), which disassemble ubiquitin chains
by hydrolyzing the isopeptide bond between the C-terminal
glycine of Ub and the amino group of the lysine residue in
either the more proximal Ub moiety in the chain or the
substrate (in case it is the first Ub moiety). Proteasomal
degradation of Ub-tagged proteins plays an important role in
regulating basic cellular processes, among them control of cell
cycle and division, maintenance of the cellular quality control,
and regulation of the level of transcription factors.[2] Ub has
seven internal lysine residues, and the general hypothesis has
been that chains based on linkages through lysines other than
Lys48 serve non-proteolytic functions. For example, several
steps in the activation of NF-kB or regulation of endocytosis
are mediated by Lys63-linked Ub chains.[3] In these cases, the
modification controls the function of the tagged protein that is
not eliminated.

For many years, the accepted notion had been that the
chain 1) must contain at least four Ub moieties;[4] 2) is made
of Ub moieties that are linked through internal Lys48;[5] and
3) is anchored to an e-NH2 group of a lysine residue in the
target substrate.[6] However, recent findings show a much
broader set of Ub-based proteolytic signals, which will be
discussed herein.

The conjugation of ubiquitin (Ub) to proteins is involved in the
regulation of many processes. The modification serves as a recognition
element in trans, in which downstream effectors bind to the modified
protein and determine its fate and/or function. A polyUb chain that is
linked through internal lysine (Lys)-48 of Ub and anchored to an
internal Lys residue of the substrate has become the accepted
“canonical” signal for proteasomal targeting and degradation.
However, recent studies show that the signal is far more diverse and
that chains based on other internal linkages, as well as linear or het-
erologous chains made of Ub and Ub-like proteins and even monoUb,
are recognized by the proteasome. In addition, chains linked to resi-
dues other than internal Lys were described, all challenging the current
paradigm.
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2. Single and multiple monoubiquitinations

Several recent studies show that the proteasome can
recognize substrates that were modified through a single or
multiple monoubiquitinations (Figure 1). Thus, a peptide with

a minimal length of 20 residues is efficiently degraded when
linearly fused to Ub without a requirement for further chain
extension.[7] For these linear fusions, it has been shown that
a single Ub can support the degradation of extensions of up to
approximately 150 residues.[8] An example of a naturally
occurring substrate that is degraded following a single
monoubiquitination on a specific Lys residue is paired box 3
protein (PAX3), a regulator of muscle differentiation. This
reaction is catalyzed by the TAF1 ligase.[9] Similarly, the
conjugation of a single Ub leads to proteasomal degradation
of the cell adhesion receptor syndecan 4, which is involved in
cell migration.[10]

For some substrates, modification through multiple mon-
oubiquitinations is necessary to promote their proteasomal
degradation. For instance, p105, the precursor of the NF-kB
transcription factor p50, has to be monoubiquitinated on
multiple lysines in the C-terminal domain of the molecule in
order to be processed, releasing the N-terminal p50 segment,
which is the active subunit of the transcription factor.[11] The
cell-cycle regulator cyclin B1 is degraded by the proteasome
following multiple monoubiquitinations catalyzed by APC/C
Ub ligase.[12] Restricting the number of lysine residues that
serve as Ub anchors “forces” the generation of oligoUb and/
or polyUb chain(s).[12]

These findings suggest a new dynamic concept of the
density/avidity of the Ub signal: the spatial arrangement of
a large enough number of single Ub moieties that bind to
multiple points of the proteasomal Ub receptors ascertains
strong binding of the tagged substrate to the proteasome,
leading to its efficient and processive degradation. Restriction
of the number of Ub anchors on the substrate forces the
formation of a polyUb chain, in which the moieties that are
bound to one another substitute for the single moieties that
are otherwise distributed among several anchors along the
substrate. The concept of a dynamic and adaptive signal can
be further extended to include, among other characteristics,
the length of the substrate. Whereas a single Ub has the

lowest affinity to the proteasome, the progressive elongation
of the chain gradually increases the affinity. Thus, for short
substrates, a single moiety or a short Ub chain may be
sufficient to bind them strongly enough to the proteasome to
secure their efficient degradation. Longer substrates may
need longer chains. This hypothesis has been corroborated by
a recent study, in which it was demonstrated that a single Ub
can support the degradation of artificial (HA repeats) or
naturally occurring (Hug1, Cks2, and a-synuclein) substrates
made of up to approximately 150 residues.[8]

3. PolyUb chains

Homogenous Ub chains based on identical internal linkages

Ubiquitin is a polypeptide that consists of 76 residues with
seven lysine residues in positions 6, 11, 27, 29, 33, 48, and 63.
The most common Ub polymer involved in targeting a sub-
strate for degradation is a homogeneous chain in which each
Ub moiety is linked through an isopeptide bond to Lys48 of
the preceding conjugated Ub moiety.[5, 13] It was assumed that
only such chains can target substrates for proteasomal
degradation. Mass spectrometry analysis[13] has shown that
homogeneous chains based on linkages of lysine residues 29,
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Figure 1. Monoubiquitination. a) Modification of a protein through
single monoubiquitination. b) Modification of a protein through multi-
ple monoubiquitinations. Gray sphere: Ub, black sphere: Lys (K).
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11, 27, and 6 (in decreasing abundance) can also mediate
proteasomal degradation. For example, several studies have
shown that homogeneous chains based on Lys11 linkages and
synthesized by APC/C Ub ligase[14] are important mediators
of protein degradation during cell division.[15] The assembly of
such chains, which (as Lys48-linked chains) also bind to the S5
subunit of the proteasome,[16] possibly depends on a TEK box
motif found both on Ub and on the substrate.[15b]

Other studies have shown that Lys33-linked[17] and Lys63-
linked chains[18] are also recognized by the proteasome. Thus,
it appears that homogeneous chains based on linkages of all
Ub internal lysine residues (Figure 2) can target proteins for
proteasomal degradation. However, it should be noted that
some of the studies were carried out using cell-free systems
and may thus not reproduce the corresponding cellular events
realistically.

Heterogenous Ub chains based on distinct internal linkages

Because Ub chains are synthesized enzymatically, it was
natural to assume that they are homogenous, that is, linked by
the same internal Lys residue. However, mass spectrometry
analyses showed that mixed chains, in which linkages of
different internal lysine residues are involved (Figure 3a), can
also target proteins for proteasomal degradation. An example
for such a protein is cyclin B1, which, besides being targeted
by multiple monoubiquitinations,[12] was also shown to be
targeted by short ubiquitin chains containing internal linkages
of lysines 11, 48, and 63.[15c] In order to generate a signal of
sufficient Ub density, it is possible that different proteins use
mixtures of chains of different lengths and internal linkages,
depending on the availability of Ub anchors.

Additionally, multiply branched (forked) chains have
been described,[19] in which more than one Ub moiety is
attached to the previously conjugated molecule (Figure 3 b).
However, these chains bind poorly to the proteasome,[19a,20]

suggesting that they do not target proteins for degradation.

For example, autoubiquitination of Ring1B generates mixed
multiply branched chains based on linkages of lysines 6, 27,
and 48; these chains stimulate the monoubiquitinating ligase
activity of the protein toward its substrate histone H2A.[19b]

Figure 2. Homogeneous ubiquitin chains. Chains based on linkages involving lysines 6, 11, 27, 29, 33, 48, or 63.

Figure 3. Heterogeneous ubiquitin chains. a) Mixed chains based on
linkages involving different lysines. b) Multiply branched (forked)
chains, in which several ubiquitin moieties are anchored to distinct Lys
residues in a single ubiquitin moiety.
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Heterologous mixed chains of ubiquitin and ubiquitin-like
proteins

The Lys residues of certain proteins can be modified by
the small ubiquitin modifier (SUMO), a Ub-like (UbL)
protein. This modification regulates a variety of processes,
including stress response and DNA repair, signal transduc-
tion, and targeting of proteins to their proper subcellular
compartments.[21] SUMO can be conjugated to a Lys residue
of the substrate as a monomer or, similar to Ub, it can form
a homogeneous chain. Recently, SUMOylation and ubiquiti-
nation have been shown to cooperate with one another.
Initially, it was shown that cells treated with the proteasome
inhibitor MG132 accumulate chains of SUMO1,[22] and
SUMO2 and SUMO3,[23] thus suggesting that such chains
are involved in targeting proteins for degradation. In a differ-
ent experiment, purification of Ub adducts also gave SUMO2
conjugates,[23] therefore suggesting that this UbL can be part
of a polyUb chain (Figure 4). Furthermore, it was suggested,
though not shown directly, that (mono- or poly-)SUMOyla-
tion is a prerequisite for subsequent polyubiquitination and
degradation, thus linking the two modifications to the same
pathway.[23]

Direct evidence that heterologous chains consisting of
both SUMO and Ub can lead to proteasomal degradation
came from studies on treatment of acute promyelocytic
leukemia (APL) with arsenic trioxide, showing that the drug
induces the degradation of the promyelocytic leukemia/
retinoic acid receptor alpha (PML-RARa) fusion protein.
The protein first undergoes polySUMOylation, recruiting the
RING finger protein 4 (RNF 4) Ub ligase.[24] The subsequent
elongation by polyubiquitination of the SUMO chains targets
PML-RARa for proteasomal degradation.[24b] In another
example, it was shown that removal of the SUMO-specific
protease SENP1 (a deSUMOylating enzyme) leads to sup-
pression of the hypoxic response by targeting the hypoxia
inducible factor (HIF) 1a for rapid degradation. It was further
shown that HIF1a is SUMOylated, recruiting the ubiquitin

ligase protein von Hippel Lindau (pVHL) to HIF1a and thus
resulting in its ubiquitination and degradation.[25] Deletion of
SENP1 probably stabilizes the SUMO chain on HIF1a, thus
rendering the elongation of the SUMO chain by Ub and
consequently HIF1a degradation more efficient. It is still not
clear what stimulates SUMOylation of HIF1a in the first place
and how this modification is related to normoxia, in which
specific proline residues in the protein are hydroxylated,
a process that was also reported to recruit the pVHL ligase.[26]

These examples highlight another layer of complexity of
the Ub system that broadens the signal beyond the homoge-
nous Lys48 based polyubiquitin chains. The partnership
between the two different modification systems may contrib-
ute to a more precise regulation of protein degradation.
However, it should be noted that the formation of heteroge-
neous chains may be of limited biological role, and their
involvement in proteasomal recognition is yet to be expanded
to additional targets. It is possible that proteins are primarily
SUMOylated for non-proteolytic functions and are ubiquiti-
nated later in order to be directed to the proteasome.

Linear Ub chains

In the Ub chains described above, the moieties are
conjugated to one another through isopeptide bonds between
the C-terminal Gly76 of the distal Ub molecule, and different
internal lysines of the proximal one. Recently, another type of
chain was described in which the linkages are conjugated to
one another head-to-tail. Here, the C-terminal residue of one
moiety is linked in a peptide bond to the N-terminal residue
of the more proximal one (Figure 5). The linear chain is
assembled by the linear ubiquitin chain assembly complex
(LUBAC, a Ub ligase), which consists of three proteins, the
SHANK-associated RH domain-interacting protein (SHAR-
PIN), a longer isoform of heme-oxidized iron-regulatory
protein 2 (IRP2) Ub ligase-1 (HOIL-1L), and the HOIL-1L-
interacting protein (HOIP).[27] It was shown that LUBAC can
assemble linear Ub chains on GFP, to which the first Ub is
fused at the N-terminus. This modification results in protea-
somal degradation of the tagged GFP, suggesting a potential
involvement of linear Ub chains in the recognition of
substrates by proteasomal receptors.[28] Supporting these data
is the finding that a linear tetraUb chain was shown to
promote the degradation of the eukaryotic replication clamp
protein PCNA. This reaction is mediated by the complex of
AAA ATPase cell division protein 48 (CDC48), nuclear
protein localization 4 (NPL4), and Ub fusion degradation
1 (UFD1) proteins.[29]

4. Non-lysine sites of ubiquitination

Internal sites of ubiquitination

In the majority of cases, ubiquitination occurs on internal
Lys residues of the target substrates. However, recent studies
showed that, in some cases, Ub can be conjugated through an
ester bond to Ser or Thr, or through a thioester bond to Cys

Figure 4. Heterologous ubiquitin chains. Chains made of Ub and
a Ub-like protein.
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(Figure 6).[30] For example, the mouse g-herpes virus E3 ligase
mK3 along with Ube2j2, the cognate E2 enzyme ubiquitinates
the cytoplasmic tail of the major histocompatibility complex I
heavy chain (MHC) preferentially on Thr and Ser. The
protein is then degraded through the endoplasmic reticulum
associated degradation (ERAD) pathway.[31] In a different
study, it was shown that neurogenin (NGN), a transcription
factor that regulates neuronal differentiation, is ubiquitinated
both on Lys and non-Lys residues (Cys, Ser, and Thr, and the
N-terminal residue). Importantly, Ub chains that are anch-
ored to different residues can serve as proteasomal degrada-
tion signals.[30b, c]

N-terminal ubiquitination

It appears that, besides modifying internal residues, a Ub
chain can be generated on the a-NH2 group of the N-terminal
residue of the substrate (Figure 7).[32]

The first protein that was shown to be targeted through N-
terminal ubiquitination was myoblast determination protein 1
(MyoD).[32] This study was followed by several additional
reports on other proteins that are similarly ubiquitinated.[33]

N-terminal ubiquitination raises the interesting hypothesis
that N-terminal acetylation, which is a common post-transla-
tional modification, serves to protect proteins from ubiquiti-
nation and subsequent destruction.[34]

The utilization of additional Ub anchors most probably
provides the system with additional layers of flexibility, which
is required for fine tuning of the proteolysis of its myriad
substrates.

5. Non-consensus sites of ubiquitination

Ubiquitin conjugation is catalyzed by a complex series of
enzymatic reactions and intuitively appears to be highly
specific. Therefore, it was surprising to discover that there are
no known consensus or homologous ubiquitination sites. It
appears that the ubiquitination sites are unique for a few
proteins, for some they share vague characteristics, whereas
for many others they appear to be promiscuous.

For one group of proteins, for example, p19INK4d, PAX3,
IkBa, and p53, specific anchoring lysines have been identi-
fied, though the surrounding residues do not share obvious
common features. There can be a single or multiple anchors,
and if there are multiple anchors, they are typically clustered
in one region of the target protein. However, the degree of
specificity (i.e., the involvement of other lysine residues
besides those at the site) and the requirement for all lysine
residues in the cluster to target the specific substrate vary. For
example, in p19INK4d, the major Ub acceptor is Lys62,[35]

whereas in PAX3, modification of either Lys437 or Lys475
is sufficient to target the protein for degradation (and
ubiquitination of one residue even prevents the modification
of the second one).[9b] Ubiquitination of IkBa occurs on Lys21
and/or Lys22,[36] whereas for p53, it is a cluster of 6 lysine
residues in the C-terminal domain that were reported to be
modified.[37]

A more systematic analysis of ubiquitination sites was
carried out by tandem mass spectrometry of yeast proteins,[38]

enabling semi-quantitative and unbiased mapping of post-
translational modification sites.[39] By analyzing the datasets
generated in these studies, Catic and co-workers found that,
with one exception, all lysines modified by Ub must reside on
the surface of the protein, and even for the single exception,
in which the lysine residue is buried, ubiquitination requires
prior unfolding of the protein (Lys370 in glutamate dehydro-
genase 1).[40] There is also a clear preference for ubiquitina-
tion in loops, followed by ubiquitination in a helices (a spiral
structure of a protein, in which the backbone N�H group of

Figure 6. Ubiquitination on residues other than Lys (Cys (C), Ser (S),
and Thr (T)).

Figure 7. Ubiquitination on an N-terminal residue.

Figure 5. Linear ubiquitin chains. Chains in which the Ub moieties are
linked head-to-tail.
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one amino acid is bound to the backbone C=O group of the
amino acid four residues away).[40] Interestingly, Ub lysine
residues 48 and 63, which are modified most frequently in
polyUb chains, reside within loops. Attempts to identify
unique neighboring residues adjacent to ubiquitinated lysines
did not give clear results.[40] Similar findings were also
reported in an independent study, thus demonstrating that
preferred sites of ubiquitination are surface-accessible lysine
residues that are located in the ordered secondary region
(coil> helix> b-sheet> turn) and surrounded by small, pos-
itively charged residues.[41]

In many cases, ubiquitination sites are difficult to identify.
For example, in the case of the p105 precursor of NF-kB,
ubiquitination must occur on multiple lysine residues (� 30)
that are localized in the C-terminal part of the molecule
(� 500 residues segment). However, the exact location of the
modified residues does not seem to affect the outcome:
apparently, the number of modified residues determines the
extent and rate of processing of p105.[11, 42]

For many other substrates, the ubiquitination sites are not
specific. Thus, cyclin B1 can be ubiquitinated on any single
lysine residue within the molecule, even if inserted at artificial
sites.[43] Similar findings were reported for the z chain of the T-
cell antigen receptor.[44]

The low evolutionary conservation of ubiquitination sites
probably attests to the vitality and adaptability of the
ubiquitin–proteasome system (UPS), one of the most impor-
tant roles of which is the removal of foreign, mutated, and
otherwise denatured/misfolded proteins.

6. Summary and Outlook

The countless number of proteolytic substrates and the
need to set a “hierarchy” for their funneling into the
degradation machinery probably required the evolvement of
many different signals that are recognized by the proteasome
and the shuttling proteins. Different structures and lengths of
Ub chains can provide subtle alterations to the extent of
interaction between the proteasome and the substrates, thus
regulating affinity and degradation rates. It should be noted
that the most common chains targeting the majority of
substrates for degradation are still Lys48-linked chains, but
even for those, the finding that they also contain other
linkages may provide them with different characteristics
required for fine tuning of the binding characteristics to the
proteasome, and hence of the proteolytic process. It should be
emphasized that the multiplicity of linkages within a predom-
inantly Lys48-linked chain can also reflect the promiscuity of
the conjugation system rather than a biological requirement,
and all the proteasome needs is a “critical mass” of Ub
moieties linked through Lys48. Also, aberrations in the Ub
system underlie the pathogenesis of numerous pathologies,
including malignancies and neurodegenerative disorders. The
added level of complexity and specificity of the signal is
probably also mirrored in these aberrations. Therefore,
a thorough understanding of the mechanism of proteasomal
recognition will allow the development of highly specific
drugs that have limited side effects.

Research in the laboratory of A.C. is supported by grants from
the Dr. Miriam and Sheldon Adelson Foundation for Medical
Research (AMRF), the Israel Science Foundation (ISF), and
the Deutsch-Israelische Projektkooperation (DIP; together
with T.S.). A.C. is an Israel Cancer Research Fund (ICRF)
USA Professor. Research in the laboratory of T.S. is supported
by grants from the Deutsche Forschungsgemeinschaft (DFG).

Received: July 16, 2012
Published online: November 4, 2012

[1] A. Hershko, A. Ciechanover, Annu. Rev. Biochem. 1998, 67,
425 – 479.

[2] a) R. J. Mayer, A. Ciechanover, M. Rechsteiner, Protein Degra-
dation Handbook, Vol. 1, Wiley-VCH, Weinheim, 2005 ; b) R. J.
Mayer, A. Ciechanover, M. Rechsteiner, Protein Degradation
Handbook, Vol. 2, Wiley-VCH, Weinheim, 2006 ; c) R. J. Mayer,
A. Ciechanover, M. Rechsteiner, Protein Degradation Hand-
book, Vol. 3, Wiley-VCH, Weinheim, 2006 ; d) R. J. Mayer, A.
Ciechanover, M. Rechsteiner, Protein Degradation Handbook,
Vol. 4, Wiley-VCH, Weinheim, 2008.

[3] a) Z. J. Chen, L. J. Sun, Mol. Cell 2009, 33, 275 – 286; b) E.
Lauwers, Z. Erpapazoglou, R. Haguenauer-Tsapis, B. Andre,
Trends Cell Biol. 2010, 20, 196 – 204.

[4] J. S. Thrower, L. Hoffman, M. Rechsteiner, C. M. Pickart,
EMBO J. 2000, 19, 94 – 102.

[5] V. Chau, J. W. Tobias, A. Bachmair, D. Marriott, D. J. Ecker,
D. K. Gonda, A. Varshavsky, Science 1989, 243, 1576 – 1583.

[6] a) A. Ciechanover, S. Elias, H. Heller, S. Ferber, A. Hershko, J.
Biol. Chem. 1980, 255, 7525 – 7528; b) K. D. Wilkinson, M. K.
Urban, A. L. Haas, J. Biol. Chem. 1980, 255, 7529 – 7532; c) A.
Hershko, A. Ciechanover, H. Heller, A. L. Haas, I. A. Rose,
Proc. Natl. Acad. Sci. USA 1980, 77, 1783 – 1786; d) A. Ciechan-
over, H. Heller, S. Elias, A. L. Haas, A. Hershko, Proc. Natl.
Acad. Sci. USA 1980, 77, 1365 – 1368.

[7] N. Shabek, Y. Herman-Bachinsky, A. Ciechanover, Proc. Natl.
Acad. Sci. USA 2009, 106, 11907 – 11912.

[8] N. Shabek, Y. Herman-Bachinsky, S. Buchsbaum, O. Lewinson,
M. Haj-Yahya, M. Hejjaoui, H. A. Lashuel, T. Sommer, A. Brik,
A. Ciechanover, Mol. Cell 2012, 48, 87 – 97.

[9] a) S. C. Boutet, S. Biressi, K. Iori, V. Natu, T. A. Rando, Mol.
Cell 2010, 40, 749 – 761; b) S. C. Boutet, M. H. Disatnik, L. S.
Chan, K. Iori, T. A. Rando, Cell 2007, 130, 349 – 362.

[10] L. Carvallo, R. Munoz, F. Bustos, N. Escobedo, H. Carrasco, G.
Olivares, J. Larrain, J. Biol. Chem. 2010, 285, 29546 – 29555.

[11] Y. Kravtsova-Ivantsiv, S. Cohen, A. Ciechanover, Mol. Cell 2009,
33, 496 – 504.

[12] N. V. Dimova, N. A. Hathaway, B. H. Lee, D. S. Kirkpatrick,
M. L. Berkowitz, S. P. Gygi, D. Finley, R. W. King, Nat. Cell Biol.
2012, 14, 168 – 176.

[13] E. B. Dammer, C. H. Na, P. Xu, N. T. Seyfried, D. M. Duong, D.
Cheng, M. Gearing, H. Rees, J. J. Lah, A. I. Levey, J. Rush, J.
Peng, J. Biol. Chem. 2011, 286, 10457 – 10465.

[14] a) A. Williamson, K. E. Wickliffe, B. G. Mellone, L. Song, G. H.
Karpen, M. Rape, Proc. Natl. Acad. Sci. USA 2009, 106, 18213 –
18218; b) T. Wu, Y. Merbl, Y. Huo, J. L. Gallop, A. Tzur, M. W.
Kirschner, Proc. Natl. Acad. Sci. USA 2010, 107, 1355 – 1360;
c) M. J. Garnett, J. Mansfeld, C. Godwin, T. Matsusaka, J. Wu, P.
Russell, J. Pines, A. R. Venkitaraman, Nat. Cell Biol. 2009, 11,
1363 – 1369.

[15] a) M. L. Matsumoto, K. E. Wickliffe, K. C. Dong, C. Yu, I.
Bosanac, D. Bustos, L. Phu, D. S. Kirkpatrick, S. G. Hymowitz,
M. Rape, R. F. Kelley, V. M. Dixit, Mol. Cell 2010, 39, 477 – 484;
b) L. Jin, A. Williamson, S. Banerjee, I. Philipp, M. Rape, Cell
2008, 133, 653 – 665; c) D. S. Kirkpatrick, N. A. Hathaway, J.

Ubiquitination
Angewandte

Chemie

197Angew. Chem. Int. Ed. 2013, 52, 192 – 198 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1146/annurev.biochem.67.1.425
http://dx.doi.org/10.1146/annurev.biochem.67.1.425
http://dx.doi.org/10.1016/j.molcel.2009.01.014
http://dx.doi.org/10.1016/j.tcb.2010.01.004
http://dx.doi.org/10.1093/emboj/19.1.94
http://dx.doi.org/10.1126/science.2538923
http://dx.doi.org/10.1073/pnas.77.4.1783
http://dx.doi.org/10.1073/pnas.77.3.1365
http://dx.doi.org/10.1073/pnas.77.3.1365
http://dx.doi.org/10.1073/pnas.0905746106
http://dx.doi.org/10.1073/pnas.0905746106
http://dx.doi.org/10.1016/j.molcel.2012.07.011
http://dx.doi.org/10.1016/j.molcel.2010.09.029
http://dx.doi.org/10.1016/j.molcel.2010.09.029
http://dx.doi.org/10.1016/j.cell.2007.05.044
http://dx.doi.org/10.1074/jbc.M110.155812
http://dx.doi.org/10.1016/j.molcel.2009.01.023
http://dx.doi.org/10.1016/j.molcel.2009.01.023
http://dx.doi.org/10.1038/ncb2425
http://dx.doi.org/10.1038/ncb2425
http://dx.doi.org/10.1074/jbc.M110.149633
http://dx.doi.org/10.1073/pnas.0907887106
http://dx.doi.org/10.1073/pnas.0907887106
http://dx.doi.org/10.1073/pnas.0912802107
http://dx.doi.org/10.1038/ncb1983
http://dx.doi.org/10.1038/ncb1983
http://dx.doi.org/10.1016/j.molcel.2010.07.001
http://dx.doi.org/10.1016/j.cell.2008.04.012
http://dx.doi.org/10.1016/j.cell.2008.04.012
http://www.angewandte.org


Hanna, S. Elsasser, J. Rush, D. Finley, R. W. King, S. P. Gygi, Nat.
Cell Biol. 2006, 8, 700 – 710; d) K. E. Wickliffe, A. Williamson,
H. J. Meyer, A. Kelly, M. Rape, Trends Cell Biol. 2011, 21, 656 –
663.

[16] O. V. Baboshina, A. L. Haas, J. Biol. Chem. 1996, 271, 2823 –
2831.

[17] a) L. Bedford, R. Layfield, R. J. Mayer, J. Peng, P. Xu, Neurosci.
Lett. 2011, 491, 44 – 47; b) P. Xu, D. M. Duong, N. T. Seyfried, D.
Cheng, Y. Xie, J. Robert, J. Rush, M. Hochstrasser, D. Finley, J.
Peng, Cell 2009, 137, 133 – 145.

[18] Y. Saeki, T. Kudo, T. Sone, Y. Kikuchi, H. Yokosawa, A. Toh-e,
K. Tanaka, EMBO J. 2009, 28, 359 – 371.

[19] a) H. T. Kim, K. P. Kim, F. Lledias, A. F. Kisselev, K. M.
Scaglione, D. Skowyra, S. P. Gygi, A. L. Goldberg, J. Biol.
Chem. 2007, 282, 17375 – 17386; b) R. Ben-Saadon, D. Zaaroor,
T. Ziv, A. Ciechanover, Mol. Cell 2006, 24, 701 – 711.

[20] H. T. Kim, K. P. Kim, T. Uchiki, S. P. Gygi, A. L. Goldberg,
EMBO J. 2009, 28, 1867 – 1877.

[21] a) G. J. Praefcke, K. Hofmann, R. J. Dohmen, Trends Biochem.
Sci. 2012, 37, 23 – 31; b) J. R. Gareau, C. D. Lima, Nat. Rev. Mol.
Cell Biol. 2010, 11, 861 – 871; c) E. Meulmeester, F. Melchior,
Nature 2008, 452, 709 – 711.

[22] V. Matafora, A. D�Amato, S. Mori, F. Blasi, A. Bachi, Mol. Cell.
Proteomics 2009, 8, 2243 – 2255.

[23] J. Schimmel, K. M. Larsen, I. Matic, M. van Hagen, J. Cox, M.
Mann, J. S. Andersen, A. C. Vertegaal, Mol. Cell. Proteomics
2008, 7, 2107 – 2122.

[24] a) V. Lallemand-Breitenbach, M. Jeanne, S. Benhenda, R. Nasr,
M. Lei, L. Peres, J. Zhou, J. Zhu, B. Raught, H. de The, Nat. Cell
Biol. 2008, 10, 547 – 555; b) M. H. Tatham, M. C. Geoffroy, L.
Shen, A. Plechanovova, N. Hattersley, E. G. Jaffray, J. J. Palvimo,
R. T. Hay, Nat. Cell Biol. 2008, 10, 538 – 546; c) S. R. Weisshaar,
K. Keusekotten, A. Krause, C. Horst, H. M. Springer, K.
Gottsche, R. J. Dohmen, G. J. Praefcke, FEBS Lett. 2008, 582,
3174 – 3178.

[25] J. Cheng, X. Kang, S. Zhang, E. T. Yeh, Cell 2007, 131, 584 – 595.
[26] a) M. Ivan, K. Kondo, H. Yang, W. Kim, J. Valiando, M. Ohh, A.

Salic, J. M. Asara, W. S. Lane, W. G. Kaelin, Jr., Science 2001,
292, 464 – 468; b) N. Masson, C. Willam, P. H. Maxwell, C. W.
Pugh, P. J. Ratcliffe, EMBO J. 2001, 20, 5197 – 5206; c) P.
Jaakkola, D. R. Mole, Y. M. Tian, M. I. Wilson, J. Gielbert, S. J.
Gaskell, A. Kriegsheim, H. F. Hebestreit, M. Mukherji, C. J.
Schofield, P. H. Maxwell, C. W. Pugh, P. J. Ratcliffe, Science
2001, 292, 468 – 472.

[27] a) B. Gerlach, S. M. Cordier, A. C. Schmukle, C. H. Emmerich,
E. Rieser, T. L. Haas, A. I. Webb, J. A. Rickard, H. Anderton,
W. W. Wong, U. Nachbur, L. Gangoda, U. Warnken, A. W.
Purcell, J. Silke, H. Walczak, Nature 2011, 471, 591 – 596; b) F.
Ikeda, Y. L. Deribe, S. S. Skanland, B. Stieglitz, C. Grabbe, M.
Franz-Wachtel, S. J. van Wijk, P. Goswami, V. Nagy, J. Terzic, F.
Tokunaga, A. Androulidaki, T. Nakagawa, M. Pasparakis, K.
Iwai, J. P. Sundberg, L. Schaefer, K. Rittinger, B. Macek, I. Dikic,
Nature 2011, 471, 637 – 641; c) F. Tokunaga, T. Nakagawa, M.
Nakahara, Y. Saeki, M. Taniguchi, S. Sakata, K. Tanaka, H.
Nakano, K. Iwai, Nature 2011, 471, 633 – 636.

[28] T. Kirisako, K. Kamei, S. Murata, M. Kato, H. Fukumoto, M.
Kanie, S. Sano, F. Tokunaga, K. Tanaka, K. Iwai, EMBO J. 2006,
25, 4877 – 4887.

[29] S. Zhao, H. D. Ulrich, Proc. Natl. Acad. Sci. USA 2010, 107,
7704 – 7709.

[30] a) S. W. Tait, E. de Vries, C. Maas, A. M. Keller, C. S. D�Santos,
J. Borst, J. Cell Biol. 2007, 179, 1453 – 1466; b) G. S. McDowell,
R. Kucerova, A. Philpott, Biochem. Biophys. Res. Commun.
2010, 400, 655 – 660; c) J. M. Vosper, G. S. McDowell, C. J.
Hindley, C. S. Fiore-Heriche, R. Kucerova, I. Horan, A. Philpott,
J. Biol. Chem. 2009, 284, 15458 – 15468; d) K. Cadwell, L.
Coscoy, Science 2005, 309, 127 – 130.

[31] X. Wang, R. A. Herr, W. J. Chua, L. Lybarger, E. J. Wiertz, T. H.
Hansen, J. Cell Biol. 2007, 177, 613 – 624.

[32] K. Breitschopf, E. Bengal, T. Ziv, A. Admon, A. Ciechanover,
EMBO J. 1998, 17, 5964 – 5973.

[33] a) I. Fajerman, A. L. Schwartz, A. Ciechanover, Biochem.
Biophys. Res. Commun. 2004, 314, 505 – 512; b) J. Yang, Y.
Hong, W. Wang, W. Wu, Y. Chi, H. Zong, X. Kong, Y. Wei, X.
Yun, C. Cheng, K. Chen, J. Gu, FEBS Lett. 2009, 583, 1409 –
1414; c) J. Trausch-Azar, T. C. Leone, D. P. Kelly, A. L.
Schwartz, J. Biol. Chem. 2010, 285, 40192 – 40200; d) Y. Wang,
Q. Shao, X. Yu, W. Kong, J. E. Hildreth, B. Liu, J. Virol. 2011, 85,
4510 – 4519; e) S. Aviel, G. Winberg, M. Massucci, A. Ciechan-
over, J. Biol. Chem. 2000, 275, 23491 – 23499; f) M. Ikeda, A.
Ikeda, R. Longnecker, Virology 2002, 300, 153 – 159.

[34] a) T. Meinnel, A. Serero, C. Giglione, Biol. Chem. 2006, 387,
839 – 851; b) T. Meinnel, P. Peynot, C. Giglione, Biochimie 2005,
87, 701 – 712.

[35] M. Thullberg, J. Bartek, J. Lukas, Oncogene 2000, 19, 2870 –
2876.

[36] D. C. Scherer, J. A. Brockman, Z. Chen, T. Maniatis, D. W.
Ballard, Proc. Natl. Acad. Sci. USA 1995, 92, 11259 – 11263.

[37] M. S. Rodriguez, J. M. Desterro, S. Lain, D. P. Lane, R. T. Hay,
Mol. Cell. Biol. 2000, 20, 8458 – 8467.

[38] a) J. Peng, D. Schwartz, J. E. Elias, C. C. Thoreen, D. Cheng, G.
Marsischky, J. Roelofs, D. Finley, S. P. Gygi, Nat. Biotechnol.
2003, 21, 921 – 926; b) A. L. Hitchcock, K. Auld, S. P. Gygi, P. A.
Silver, Proc. Natl. Acad. Sci. USA 2003, 100, 12735 – 12740.

[39] a) H. Zhou, J. D. Watts, R. Aebersold, Nat. Biotechnol. 2001, 19,
375 – 378; b) D. Lin, D. L. Tabb, J. R. Yates III, Biochim.
Biophys. Acta Proteins Proteomics 2003, 1646, 1 – 10.

[40] A. Catic, C. Collins, G. M. Church, H. L. Ploegh, Bioinformatics
2004, 20, 3302 – 3307.

[41] J. M. Danielsen, K. B. Sylvestersen, S. Bekker-Jensen, D.
Szklarczyk, J. W. Poulsen, H. Horn, L. J. Jensen, N. Mailand,
M. L. Nielsen, Mol. Cell. Proteomics 2011, 10, M110 003590.

[42] S. Cohen, H. Achbert-Weiner, A. Ciechanover, Mol. Cell. Biol.
2004, 24, 475 – 486.

[43] R. W. King, M. Glotzer, M. W. Kirschner, Mol. Biol. Cell 1996, 7,
1343 – 1357.

[44] D. Hou, C. Cenciarelli, J. P. Jensen, H. B. Nguygen, A. M.
Weissman, J. Biol. Chem. 1994, 269, 14244 – 14247.

.Angewandte
Minireviews

Y. Kravtsova-Ivantsiv, A. Ciechanover, and T. Sommer

198 www.angewandte.org � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2013, 52, 192 – 198

http://dx.doi.org/10.1038/ncb1436
http://dx.doi.org/10.1038/ncb1436
http://dx.doi.org/10.1016/j.tcb.2011.08.008
http://dx.doi.org/10.1016/j.tcb.2011.08.008
http://dx.doi.org/10.1016/j.neulet.2010.12.064
http://dx.doi.org/10.1016/j.neulet.2010.12.064
http://dx.doi.org/10.1016/j.cell.2009.01.041
http://dx.doi.org/10.1038/emboj.2008.305
http://dx.doi.org/10.1074/jbc.M609659200
http://dx.doi.org/10.1074/jbc.M609659200
http://dx.doi.org/10.1016/j.molcel.2006.10.022
http://dx.doi.org/10.1038/emboj.2009.115
http://dx.doi.org/10.1016/j.tibs.2011.09.002
http://dx.doi.org/10.1016/j.tibs.2011.09.002
http://dx.doi.org/10.1038/nrm3011
http://dx.doi.org/10.1038/nrm3011
http://dx.doi.org/10.1038/452709a
http://dx.doi.org/10.1038/ncb1717
http://dx.doi.org/10.1038/ncb1717
http://dx.doi.org/10.1038/ncb1716
http://dx.doi.org/10.1016/j.febslet.2008.08.008
http://dx.doi.org/10.1016/j.febslet.2008.08.008
http://dx.doi.org/10.1016/j.cell.2007.08.045
http://dx.doi.org/10.1126/science.1059817
http://dx.doi.org/10.1126/science.1059817
http://dx.doi.org/10.1093/emboj/20.18.5197
http://dx.doi.org/10.1126/science.1059796
http://dx.doi.org/10.1126/science.1059796
http://dx.doi.org/10.1038/nature09816
http://dx.doi.org/10.1038/nature09814
http://dx.doi.org/10.1038/nature09815
http://dx.doi.org/10.1038/sj.emboj.7601360
http://dx.doi.org/10.1038/sj.emboj.7601360
http://dx.doi.org/10.1073/pnas.0908764107
http://dx.doi.org/10.1073/pnas.0908764107
http://dx.doi.org/10.1083/jcb.200707063
http://dx.doi.org/10.1016/j.bbrc.2010.08.122
http://dx.doi.org/10.1016/j.bbrc.2010.08.122
http://dx.doi.org/10.1074/jbc.M809366200
http://dx.doi.org/10.1126/science.1110340
http://dx.doi.org/10.1083/jcb.200611063
http://dx.doi.org/10.1093/emboj/17.20.5964
http://dx.doi.org/10.1016/j.bbrc.2003.12.116
http://dx.doi.org/10.1016/j.bbrc.2003.12.116
http://dx.doi.org/10.1016/j.febslet.2009.04.011
http://dx.doi.org/10.1016/j.febslet.2009.04.011
http://dx.doi.org/10.1074/jbc.M110.131615
http://dx.doi.org/10.1128/JVI.01925-10
http://dx.doi.org/10.1128/JVI.01925-10
http://dx.doi.org/10.1074/jbc.M002052200
http://dx.doi.org/10.1006/viro.2002.1562
http://dx.doi.org/10.1016/j.biochi.2005.03.011
http://dx.doi.org/10.1016/j.biochi.2005.03.011
http://dx.doi.org/10.1038/sj.onc.1203579
http://dx.doi.org/10.1038/sj.onc.1203579
http://dx.doi.org/10.1073/pnas.92.24.11259
http://dx.doi.org/10.1128/MCB.20.22.8458-8467.2000
http://dx.doi.org/10.1038/nbt849
http://dx.doi.org/10.1038/nbt849
http://dx.doi.org/10.1073/pnas.2135500100
http://dx.doi.org/10.1038/86777
http://dx.doi.org/10.1038/86777
http://dx.doi.org/10.1016/S1570-9639(02)00546-0
http://dx.doi.org/10.1016/S1570-9639(02)00546-0
http://dx.doi.org/10.1093/bioinformatics/bth407
http://dx.doi.org/10.1093/bioinformatics/bth407
http://dx.doi.org/10.1128/MCB.24.1.475-486.2004
http://dx.doi.org/10.1128/MCB.24.1.475-486.2004
http://www.angewandte.org

