
Cellular strategies for making monoubiquitin signals

N. Harish Ramanathan and Yihong Ye
Laboratory of Molecular Biology, National Institute of Diabetes and Digestive and Kidney
Diseases, National Institutes of Health, Bethesda, MD 20892, USA

Abstract
Post-translational modification of proteins with ubiquitin regulates a variety of eukaryotic cellular
processes. Ubiquitin can be conjugated to substrates either as a single moiety
(monoubiquitination) or as isopeptide bond-linked chains (polyubiquitination), creating an array of
ubiquitin signals. It has been established that monoubiquitination can serve important functions in
many biological processes such as the regulation of gene transcription, protein trafficking, and
DNA repair. Surprisingly, little is known about the mechanisms by which monoubiquitin signals
are produced in the cell. Here, we discuss the potential cellular strategies for generating
monoubiquitinated proteins using a few, relatively well characterized examples of
monoubiquitinated proteins. These strategies include coupling ubiquitination to low affinity
ubiquitin binding, using monoubiquitination-dedicated E2 conjugating enzymes, and restricting
ubiquitin chain elongation. Some of these principles may be applicable to protein modifications
involving ubiquitin like proteins (UBLs), which often occur in monomeric form.
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Ubiquitin, a 76 amino acid polypeptide, can be covalently linked to lysine (Lys), or at lesser
frequencies to serine, threonine, cysteine and the N-terminal amino group for some
substrates 1; 2. Ubiquitination can be classified into two major types termed
monoubiquitination and polyubiquitination, respectively, depending on whether a single
ubiquitin moiety or a polymerized chain is attached. Polyubiquitination may be further
defined based on which Lys residue in the most proximal ubiquitin the more distal ubiquitin
is attached to 3. Distinct forms of ubiquitination encode different signals, which are
deciphered by a collection of ubiquitin binding domain (UBD)-containing proteins in the
cell. The interplay between diverse ubiquitin signals and the corresponding receptors can
change subcellular localization, stability, and protein-protein interactions for the modified
polypeptides, and thus generate distinct cellular functions. For example, Lys48-linked
ubiquitin chains can target proteins to the proteasome for degradation 4, whereas
monoubiquitination often confers non-degradative activities when the substrate is involved
in the regulation of gene transcription, the DNA damage response, and protein
trafficking 5; 6.

Ubiquitination generally requires three types of enzymes: an activating enzyme (E1), a
conjugating enzyme (E2), and an ubiquitin ligase (E3). The human genome encodes two
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E1s, approximately 40 E2s, and 600–1000 E3s 3; 7. The E1s activate ubiquitin by covalently
linking it to their active site cysteine 8. Subsequently, ubiquitin is transferred to the catalytic
cysteine in an E2 enzyme. Ubiquitin can be further relayed to the catalytic site of a HECT
(Homologous to E6-AP Carboxyl Terminus) domain-containing E3 before being conjugated
to substrate 9, or transferred directly from E2 to substrate with the assistance of a RING
(Really Interesting New Gene) domain-containing E3 7. The interactions between these
enzymes and the chemistry underlying ubiquitin conjugation have been subject to many
reviews 1; 3; 8. However, the mechanisms that permit synthesis of different ubiquitin
modifiers, particularly mono-ubiquitin signals, have not been surveyed. This is somewhat
surprising considering that almost every functional aspect of monoubiquitination has been
covered by one or more recent reviews 5; 6; 10–14. We therefore direct our attention
specifically to the potential cellular strategies that allow mono-ubiquitinated proteins to be
generated. Our goal is to summarize our current understanding of this topic, which may
provide a framework for further dissecting the mechanisms of protein monoubiquitination.

Monoubiquitination of endocytic proteins: coupling ubiquitination to
ubiquitin binding

A widespread function of monoubiquitination is to direct modified proteins to specific
subcellular localizations, as demonstrated for many endocytosed proteins 11. Intriguingly,
many endocytic regulators themselves undergo monoubiquitination 15. These endocytic
regulators often use their ubiquitin binding domains to couple substrate recruitment to the
ubiquitination reaction, defining a mechanism termed coupled monoubiquitination 16; 17.

E3-dependent coupled ubiquitination
One of the best studied monoubiquitinated endocytic regulators is the epidermal growth
factor (EGF) receptor pathway substrate clone 15 (Eps15). Eps15 is monoubiquitinated in
cells stimulated with EGF 18. In vitro ubiquitination assays identified the carboxyl terminus
of Eps15 as an essential element for ubiquitination 15; 19. This region contains two ubiquitin
interacting motifs (UIM1 and UIM2). It turns out that monoubiquitin binding by UIM2 can
be used to recruit the E3 ubiquitin ligase Nedd4, which leads to Eps15
monoubiquitination 17.

Nedd4 is the mammalian homologue of the yeast ubiquitin ligase Rsp5 that is responsible
for ubiquitination of many endocytic proteins. Nedd4/Rsp5 belongs to the family of the
HECT domain-containing E3s, most of which carry a tryptophan-tryptophan motif (WW) 20.
This motif can interact with substrates bearing a PPxY (x, any amino acid) sequence, which
often leads to polyubiquitination of the associated substrate 21; 22 (Fig. 1A). Eps15 does not
contain a PPxY motif. Instead, it uses its UIM2 to recognize an ubiquitin moiety attached to
Nedd4 as a result of Nedd4 auto-ubiquitination. This interaction must occur in a special
configuration to allow a Lys residue of Eps15, positioned in proximity to the Nedd4 active
site, to receive ubiquitin from Nedd4 (Fig. 1B).

Why does the interaction of Eps15 with Nedd4 only produce a monoubiquitinated product,
whereas Nedd4 clearly has the capacity to polyubiquitinate substrates as demonstrated for
certain PPxY motif-containing proteins? One possible explanation is the self-inactivation
model in which monoubiquitinated Eps15 folds back, allowing the conjugated ubiquitin
moiety to bind its own UIM motif. This could prevent further rounds of association of
Nedd4 with Eps15 that is required for ubiquitin chain elongation Intramolecular interactions
between a UIM and ubiquitin have been demonstrated for numerous proteins, and have been
proposed as a regulatory mechanism that governs the interactions of UIM domain-
containing ubiquitin receptors with monoubiquitinated client proteins 23–25. However,
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existing experimental evidence is not fully compatible with this model. Specifically, when a
mutant ubiquitin defective in UIM binding was used, Eps15 still undergoes
monoubiquitination by ubiquitin-modified Nedd4 17.

In an alternative model, Woelk and colleagues proposed that the difference in substrate
interaction may direct the catalytic activity of Nedd4 towards either mono- or
polyubiquitination. UIMs usually bind ubiquitin with low affinities (kD in the range of 100–
400 µM) and fast dissociation kinetics 16. Thus, monoubiquitinated Eps15 is expected to
dissociate from Nedd4 before a second round of ubiquitin transfer occurs. This is
exemplified by the observation that Nedd4 overexpression in vivo leads to increased
monoubiquitination of Eps15 in the absence of any stable interactions between Eps15 and
Nedd4 15. By contrast, the Nedd4/Rsp5p WW motifs can bind substrates carrying PPxY
motif with higher affinities. For example, Nedd4/Rsp5p contains 4 WW motifs and it was
demonstrated that the third WW motif in Nedd4 can interact with a single PPxY motif with
a dissociation constant of ~4µM 26. In addition, some Nedd4 substrates contain more than
one PPxY motif, which may cooperate with each other to further increase the binding
affinity. High affinity interaction of E3 with substrates presumably allows the substrate to
receive multiple ubiquitin moieties in a single encounter with Nedd4 and thus should
increase the processivity of Nedd4-mediated ubiquitination towards certain PPxY-
containing substrates. However, experimental data that correlate the Nedd4-substrate
binding affinity with substrate ubiquitination status are required to prove this model.

In addition to Nedd4, the E3 ligase Parkin can also monoubiquitinate Eps15. The underlying
mechanism is reminiscent of Nedd4-mediated coupled ubiquitination, but with an interesting
twist. Parkin is a RING E3 ubiquitin ligase 27 and mutations in Parkin have been linked to
the onset of Parkinson’s disease 28. The amino-terminus of Parkin carries an ubiquitin like
domain (UBL) that can bind to some ubiquitin receptors in a similar fashion as ubiquitin.
Consistent with this, Parkin can interact with Eps15 via its UBL domain and the UIMs in
Eps15. Importantly, this interaction is analogous to the ubiquitin-UIM interaction, as it
brings Eps15 close to a Parkin-associated E2, leading to Eps15 monoubiquitination (Fig.
1C) 25. Importantly, in the case of Parkin-mediated mono-ubiquitination, it has been
demonstrated that once Eps15 is monoubiquitinated, the UIM motif can interact with the
ubiquitin moiety attached to Eps15, which converts Eps15 into a closed conformation that is
unable to bind Parkin (BOX1) 25. This restricts the ubiquitination reaction to only attach one
ubiquitin to Eps15.

E3-Independent coupled monoubiquitination
In essence, coupled ubiquitination employs weak interactions between a UBD and ubiquitin
(or a UBL domain), which recruit a UBD domain-containing substrate to an ubiquitin carrier
(E2 or HECT domain E3). An extension of this concept was established recently by Hoeller
and colleagues who demonstrated that a UBD domain in the substrate can directly interact
with ubiquitin attached to the E2 active site, and thus position the substrate in proximity to
E2 for ubiquitin transfer independent of E3s 29 (Fig. 1D). In vitro ubiquitination studies
using recombinant proteins carrying various UBDs demonstrated that these UBD-containing
substrates can all be monoubiquitinated in a manner dependent on the UBD-ubiquitin
interactions. Interestingly, only certain E2s can ubiquitinate a given substrate, indicating that
specific E2 properties may be required for productive interactions between a UBD-
containing substrate and an E2-ubiquitin thioester. The physiological relevance of these
findings in endocytic regulation awaits further characterization, but existing evidence
suggest that this mechanism may also be used to monoubiquitinate UBD-containing proteins
in other cellular processes 24.
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Monoubiquitination of Histone: the choice of enzyme matters
The chromatin structural protein histone H2A was the first protein identified to undergo
ubiquitination. In 1977, Goldknopf et al. reported that a fraction of histone H2A exists in the
cell as a fusion protein containing an isopeptide bond-linked non-histone portion 30. The
identity of this non-histone adduct was later demonstrated to be ubiquitin 31, a ubiquitously
expressed eukaryotic polypeptide initially discovered as a lymphocyte differentiation
regulator 32. In 1980, Ciechanover and colleagues re-discovered ubiquitin as a post-
translational modifier (they named it ATP-dependent proteolysis factor 1 or APF-1) that can
be attached to proteins as polymerized chains to regulate protein stability 33–35. However,
ubiquitination does not seem to affect the stability of histone H2A because H2A is primarily
modified with a single ubiquitin moiety on Lys119. Although the function of histone
ubiquitination was unclear at the time of its discovery, the observation that the level of
ubiquitinated histone is modulated during cell division, DNA repair and replication had
linked its putative functions to transcriptional regulation and the DNA damage response,
functions that are now widely appreciated 13; 36.

In vitro ubiquitination of purified histone H2A and H2B (thereafter referred as histones) was
initially established using a crude chromatographic protein preparation containing an E1 and
a mixture of E2s, which showed that histone ubiquitination can occur independently of
E3 37. Jentsch and colleagues later established Rad6 as the E2 that can catalyze histone
monoubiquitination in vitro 38. It was subsequently found that yeast strains deficient in Rad6
have reduced levels of ubiquitinated histone H2B, establishing Rad6 as the major E2 for
H2B ubiquitination in vivo 39. Although several other studies identified additional E2s that
can catalyze histone ubiquitination either in the absence or presence of an E3 ligase in
vitro 13; 36; 40–42, these E2s are not absolutely essential for histone ubiquitination in the cell,
demonstrating some degree of E2 specificity for histone ubiquitination in the cellular
context 37; 38; 43. To date, the physiologically relevant E2 for histone H2A ubiquitination is
still unclear.

E3 independent histone ubiquitination does not involve any ubiquitin binding domains.
Instead, the carboxyl-terminus of Rad6 and Cdc34, two E2s that ubiquitinate histones in
vitro, has a stretch of acidic aspartate residues 44. This sequence is absent from E2s that fail
to ubiquitinate histones such as UBC1. Because removal of this sequence from Rad6 and
Cdc34 abrogates their ubiquitinating activity towards histones 41; 44; 45, and transfer of this
acidic sequence to UBC1 allows the latter to gain histone monoubiquitinating activity 46, the
acidic tail of these E2s may interact directly with a basic region in histones to cause their
ubiquitination. This can obviate the requirement for E3 because the major function of E3s is
to bring substrates into proximity of an ubiquitin-thioester (attached to the active site
cysteine of an E2 or a HECT domain E3). Interestingly, although the E2 acidic sequence is
critical for histone ubiquitination in vitro, it is not conserved in the higher eukaryotic Rad6
homologues. Higher eukaryotic cells may employ additional factors such as E3 ubiquitin
ligases to facilitate histone recruitment to E2s 47–51.

Why do histones only get monoubiquitinated in the cell? It seems that the choice of the E2-
E3 partners may be a crucial factor. Although all E2s contain a core ubiquitin conjugating
(UBC) domain that is highly similar in structure, the UBC cores from different E2s often
contain distinct surface properties, which allow E2s to form distinct interactions with
ubiquitin or cofactors (see below) 52. In particular, subtle variations in the E3 binding site
allow different E2s to team up with distinct E3 ligases 3. Consequently, some E2-E3 pairs
particularly excel at initiating a ubiquitination reaction (transferring ubiquitin to substrate),
whereas others are specialized in elongating ubiquitin chains (catalyzing ubiquitin-ubiquitin
ligation) 53. Rad6, the physiological E2 for H2B 39, seems to belong to the cohort that
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prefers to add only a single ubiquitin to substrates when acting with certain E3 ligases (see
below).

Monoubiquitination specific conjugating systems
Recent studies have established polyubiquitination as a two-step reaction, in which a single
ubiquitin moiety is first transferred from an ubiquitin carrier to the substrate. Next, in an
elongation step, additional ubiquitin molecules are conjugated to the pre-existing ubiquitin
molecule to form chains. Whether or not a ubiquitin molecule is conjugated to a Lys residue
in the substrate or in a pre-existing ubiquitin molecule appears to be determined by the
selection of E2s because E2s with distinct and dedicated roles in ubiquitination initiation and
chain extension have been demonstrated 53. Hence, monoubiquitination may be achieved by
only engaging an initiating E2 (Box 1). Examples of monoubiquitination carried out by
initiation specific E2s include the above mentioned Rad6, and UBE2T. The former was
known to monoubiquitinate histones 38; 39 and the DNA replication licensing factor
PCNA 54, whereas the latter cooperates with the cognate E3 FANCL to conjugate only one
ubiquitin moiety to a specific Lys residue in FANCD2 55.

Why are some E2s active in monoubiquitinating substrates, but are essentially inert in chain
elongation? The answer to this question comes from comparing the chemistry of the
ubiquitination initiation and elongation reactions, which appear to involve different sets of
E2 interactions. The initiation reaction requires interactions between elements near a Lys
acceptor in the substrate and an E2-ubiquitin thioester. Although some E2s can interact with
specific sequence motifs in proximity to a Lys acceptor in the substrate 56; 57, most
substrates do not seem to contain a consensus sequence for E2 recognition. Therefore,
substrate-E2 interactions must be labile and relatively non-specific in nature. In principle, a
stochastic collision between an E2 and a Lys-containing segment in substrate that has been
positioned in proximity to an E2 active site should be sufficient to initiate ubiquitination. In
contrast, chain elongation requires aligning a specific acceptor Lys in the substrate-bound
ubiquitin to an E2 active site. Thus, the steric constraints for ubiquitin chain elongation
likely distinguish between E2s that can add a single, versus multiple, ubiquitins to a given
substrate.

Ubiquitin chain elongation can be achieved by several mechanisms. First, direct interactions
between residues surrounding an acceptor Lys in ubiquitin and an E2 active site may bring a
specific Lys in ubiquitin in proximity to the E2 active site, as was initially proposed for
Cdc34 58. A well illustrated example is the yeast chain forming E2 UBC1 59. Three residues
(Thr84, Gln122 and Ala124) near the UBC1 active site appear to communicate with a
critical Tyr residue in proximity to Lys48 in the acceptor ubiquitin, allowing UBC1 to
specifically catalyze Lys48-linked ubiquitination 59. These residues are not conserved in the
monoubiquitinating E2 UBC4, a member of the UBE2D family. As expected, substitution of
these residues in UBC1 to the corresponding amino acids in UBC4 eliminates the chain
forming capability of UBC1, converting it to a monoubiquitinating E2 59. Second, a
ubiquitin binding protein capable of interacting with an E2 may serve as the matchmaker,
bringing the acceptor ubiquitin close to the donor E2-ubiquitin thioester, as demonstrated by
UBE2N-UEV1A-mediated assembly of Lys63-linked ubiquitin chain (BOX 2) 60; 61. In this
regard, failure to evolve a strategy to effectively engage an acceptor ubiquitin might be the
cause of incompetence in chain formation for some E2s.

In addition to residues close to the active site, many E2s have evolved other ways to
communicate with ubiquitin, which allow them to gain chain forming capabilities. Three
additional modes of E2-ubiquitin interactions have been reported. First, many chain
forming-E2s such as UBE2S and UBE2G2 use a helix segment to interact with a patch of
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hydrophobic residues centered around Ile44 in the donor ubiquitin that has been attached to
their active sites. This interaction appears to restrict the flexibility of donor ubiquitin, which
may open a ‘channel’ through which an acceptor ubiquitin can attack the donor ubiquitin-E2
thioester complex 62. UBE2S also interacts with a motif termed the TEK box in the acceptor
ubiquitin, which further enhances its chain forming activity 62. The E2 UbcH5c also
contains a non-covalent ubiquitin binding site, but the binding site is distal from the E2
active site. This so-called backside ubiquitin binding has been shown to be required for
polyubiquitination of BRCA1, a catalytic subunit of the BRCA1-BARD1 RING E3
complex 63. Hence, non-covalent E2-ubiquitin interactions can profoundly influence the
chain forming capability of E2. Monoubiquitination-dedicated E2 may simply result from
failure to gain ubiquitin-interacting activities or additional E2 interactions that suppress
ubiquitin binding (see below).

Finally, a unique ubiquitin activating and conjugating enzyme was recently reported, which
can monoubiquitinate the transcription factor Pax3 to induce its degradation by the
proteasome during post-natal myogenesis 64. This ubiquitin conjugating enzyme, termed as
Taf1, is a subunit/co-activator of the transcription factor TFIID complex (formerly called
TafII250) 65. Taf1 is unusual in that it contains both ubiquitin-activating (E1-like) and
ubiquitin-conjugating (E2-like) activities in a single polypeptide 66. It was proposed that
direct interaction of substrates with Taf1 may be sufficient for monoubiquitination, but the
underlying mechanism is unclear 65; 66.

Restricted ubiquitin chain formation generates monoubiquitin signals
Although E2s with dedicated roles in ubiquitin chain initiation and elongation have been
reported, the boundary between the two classes is not fixed. In fact, the E2 ubiquitin
conjugating activity can be modulated by various interactions, which may switch a chain-
forming E2 to a monoubiquitinating E2 and vice versa. For example, the UBE2D family
member UBC4 in yeast only monoubiquitinates cyclin A in conjunction with the ubiquitin
ligase APC 67. Likewise, UBE2D3 monoubiquitinates IκB when acting with SCF 68.
Intriguingly, UBE2D3 can form polyubiquitin chains on BRCA1 63, but the UBE2D3-
BRCA1 complex predominantly catalyzes monoubiquitination of the estrogen receptor 69.
Thus, conjugating partner and substrate choice can influence E2 activity and determine if a
single ubiquitin is added or extended into a chain.

Another example of altered E2 activity is seen in Rad6. Rad6 has a backside ubiquitin
binding site similar to the one described for UBE2D3 70. However, when Rad6 acts in
conjunction with the E3 ligase Rad18, Rad18 can compete with ubiquitin for binding to
Rad6. This inhibits the chain forming activity of Rad6 and thus allows only
monoubiquitination to occur on PCNA 71. In light of this finding, we speculate that the
interaction of certain E3s with UBE2D3 may similarly inhibit backside ubiquitin binding,
and therefore restrict this E2 to only produce monoubiquitinated proteins. However, this
model cannot explain why the UBE2D3-BRCA1 complex forms chains on BRCA1, but
prefers to only monoubiquitinate the estrogen receptor. Further experiments are required to
characterize the unknown factor(s) that influences the catalytic activity of a given E2-E3
pair towards either mono- or polyubiquitination.

E2-E3 interactions can impact the E2 chain-forming capability in several other ways. For
example, RING E3-dependent polyubiquitination usually requires multiple rounds of E2-E3
interactions because an E2 generally cannot bind to E1 and E3 simultaneously 72; 73. Thus, it
is conceivable that a chain-forming E2 needs to have evolved a mechanism to re-associate
with E3 after each round of ubiquitin transfer, and this E3-E2 reunification should occur
before the substrate leaves the complex. Indeed, the chain-forming E2 Cdc34 forms a high
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affinity yet dynamic interaction with its cognate E3 SCF, which is required for
polyubiquitination of the substrate Sic1 58; 74. Interestingly, the chain-forming activity of
Cdc34 is drastically diminished when in complex with the E3 RAG1 75. The interaction
between Cdc34 and RAG1 appears to be mediated by residues not present in the
conventional E2-E3 interface 75; 76. It is possible that this unusual mode of interaction does
not favor E2-E3 re-association, which could explain why the ubiquitinated product of
RAG1-Cdc34 is mostly a monoubiquitinated species.

The concentration of a particular E3 ligase relative to a given substrate can also dictate
whether the substrate receives a single ubiquitin or a polyubiquitin chain. This was
demonstrated for ubiquitination of p53 by the oncogenic E3 ligase Mdm2. Lower levels of
Mdm2 activity induce p53 monoubiquitination, which does not affect the stability of p53,
but results in the export of p53 from the nucleus. In contrast, high levels of Mdm2 activity,
which induces polyubiquitination and degradation of p53 in the nucleus 77. What remains
unclear mechanistically is how fluctuations in E3 concentrations can influence the mono- vs.
polyubiquitination reaction. One possibility is that low concentrations of E3 favor substrate
dissociation, which could terminate chain extension.

Another mechanism that cells use to restrict chain elongation, thus favoring
monoubiquitination of substrates, is to avoid E2-E2 cooperation (BOX2). E2 cooperation
can be achieved by E2 homo-oligomerization. E3-dependent E2 oligomerization has been
reported for UBE2G2 and UBE2N, which is required for the polyubiquitinating activities of
these E2s 78–80. In addition, UBE2D3 can be assembled into a large oligomeric complex
independently of E3 by simultaneously engaging two ubiquitin molecules, one bound to the
E2 active site and the other to the E2 backside 63; 81. This oligomeric assembly is required
for polyubiquitination of BRCA1 63. Since many monoubiquitinating E2s do not contain this
backside ubiquitin binding activity 53, lack of E2 oligomerization may contribute to the
monoubiquitination preference of these E2s. Moreover, many polyubiquitination reactions
require cooperation between two distinct E2s, one for chain initiation and one for elongation
(BOX 2) 53; 56; 67; 68; 82; 83. Currently, there is no evidence suggesting that different E2s can
cooperate in a hetero-oligomeric complex. In fact, the chain initiation and elongation
reactions are independent of each other in cases examined to date. This is best illustrated by
a recent study that showed that PCNA monoubiquitinated by Rad6 can serve as a substrate
for the elongating E2 complex UBC13-MMS2, which assembles a Lys63-linked ubiquitin
chain on PCNA 84. This finding raises an important question: How can certain
monoubiquitinated substrates such as histones evade a chain elongating E2 to remain
monoubiquitinated in the cell?

Finally, cells can make use of additional protein cofactors to restrict chain elongation,
resulting in monoubiquitinated proteins. One well known example is that the presence of a
ubiquitin binding domain in a polyubiquitination reaction can significantly reduce the
processivity of chain formation in vitro 85; 86. The binding of a UBA domain to
ubiquitinated protein might inhibit the previously mentioned ubiquitin-E2 interactions to
terminate chain extension. Another class of chain restricting factors is deubiquitinating
enzyme (also termed deubiquitinase), which usually acts to completely disassemble
polyubiquitin chains. In this regard, it is intriguing to learn that a deubiquitinase has recently
been implicated in producing monoubiquitinated protein 87. In this case, a ubiquitin chain is
first assembled on the proteasome subunit Rpn10 by Rsp5, which is subsequently trimmed
by the deubiquitinase (DUB) Ubp2 to yield monoubiquitinated Rpn10.
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Modification with ubiquitin like proteins
Ubiquitin like proteins (UBLs) comprise a family of small proteins that resemble ubiquitin
in structure despite the lack of significant sequence similarity. Like ubiquitin, UBLs can be
covalently linked to substrates by the action of an analogous E1-E2-E3 enzyme cascade.
Interestingly, most UBL modifications take place in monomeric form. The lack of
processivity for UBL conjugation can be attributed to several factors. First, UBLs generally
do not contain all the Lys residues at positions corresponding to those in ubiquitin. Second,
even when a Lys residue equivalent to that in ubiquitin is present, the environment in which
the UBL Lys is located is not completely identical to that for the corresponding Lys in
ubiquitin (Fig. 2 A, B, E, F). Moreover, critical residues in proximity to the E2 active sites
are often variable between UBL E2s and the chain-forming ubiquitin E2s (Fig. 2C, D).
These distinctions collectively may prevent the Lys residues in UBLs from attacking a
corresponding E2-thioester complex, causing incompetence in chain formation.

Interestingly, among UBLs, the small ubiquitin-like modifier SUMO is unique as it can form
chains on substrates. The human genome encodes three SUMO homologues that can be
conjugated to substrates, but chains are preferentially formed with SUMO2 and SUMO3
because these chains are usually formed via a Lys residue that is only present at an N-
terminal extension in these SUMO variants. Enzymes involved in sumoylation in human
include one E1 hetero-complex comprising AOS1 and UBA2, one E2 UBE2I, and a few
E3s 88. Initial in vitro sumoylation analyses revealed an E3-independent mechanism
reminiscent of the Rad6-mediated histone ubiquitination. Specifically, interactions between
UBE2I and a SUMO consensus motif (SCM) [I/V/L]–K–X–[D/E] (X is any amino acid)
present in a SUMO substrate can dock a SUMO-charged E2 to the substrate 88; 89,
positioning the Lys acceptor within the SCM for attacking the E2-SUMO thioester 90.

How can UBE2I not only initiate sumoylation but also catalyze chain elongation?
Biochemical and structural studies demonstrated the existence of a SUMO binding site on
the backside of UBE2I similar to the ubiquitin binding site on UBE2D3. This backside E2-
SUMO interaction, when disrupted, abolishes SUMO chain formation 91. Although the
precise mechanism by which this SUMO-E2 interaction governs chain formation is unclear,
it has been speculated that such an interaction, if it occurs in the context of a dimeric UBE2I
assembly, may bring an acceptor SUMO in proximity to a donor UBE2I-SUMO complex to
facilitate SUMO-SUMO ligation analogous to UBE2N-UEV1-mediated ubiquitin chain
formation (BOX 2). The E2s for other UBLs do not seem to contain this backside UBL
binding activity, which would explain their preference for producing mono-UBL-modified
proteins.

Perspectives
In summary, the cell has acquired a variety of strategies to produce ubiquitinated proteins. In
our view, the most important factor that influences mono- versus polyubiquitination
decisions is the regulation of E2 activity. Specific strategies have been evolved that allow
certain E2s to form ubiquitin chains. These include E2-ubiquitin interaction, E2-E2
cooperation, and dynamic E2-E3 interactions. Meanwhile, when an E2 fails to acquire chain
forming capability or their chain forming activity is negatively influenced by cofactors or
deubiquitinating enzymes, it becomes a monoubiquitination-specific E2. The human genome
contains ~40 E2s. It is unclear how many of these E2s are capable of producing
monoubiquitinated proteins in cells. A systematic survey of E2 interactions (including E2-
ubiquitin, E2-E2, and E2-E3 interactions) and the resulting ubiquitination products would
provide a comprehensive view on this issue. Another major outstanding question is how a
monoubiquitinated protein can evade a chain elongating E2 to remain monoubiquitinated in
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the cell. The key to this question may lie in how the E2 functions are regulated spatially and
temporally in the cell, which may limit their access to certain monoubiquitinated proteins.
The scope of deubiquitination-mediated chain restriction in monoubiquitination should also
be further explored, which may reveal additional substrates that use this mechanism to
achieve monoubiquitination. A key question in this model is to understand the mechanism
that allows the substrate-conjugated ubiquitin to escape deubiquitinase-mediated cleavage.
Investigations along these lines will no doubt give us important insights into the mechanisms
underlying this crucial protein modification.
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BOX 1 Potential strategies for generating monoubiquitin signals

To make monoubiquitinated proteins, a ubiquitination reaction needs to be terminated
after the conjugation of the first ubiquitin moiety. The schematics depict several potential
mechanisms that may allow a monoubiquitinated protein to evade chain extension. A,
The substrate dissociation model. If a substrate has a fast dissociation rate for E3, the
substrate will be released from E3 before another E2-ubiquitin thioester joins the reaction
for chain extension. The rebinding of monoubiquitinated substrate to the E3 may be
unfavorable due to competitive binding of non-ubiquitinated substrates to the E3. B, The
self-inactivation model. For coupled ubiquitination, rebinding of Eps15 to the E3 Parkin
is inhibited by an intramolecular interaction between the Eps15 UIM and the attached
monoubiquitin moiety. C, The E2 incompetent model. Ubiquitin chain formation often
involves an initiation E2 (iE2) and an elongating E2 (eE2). Chain elongation usually
requires interactions between the pre-attached ubiquitin molecule and an E2-ubiquitin
thioester. Monoubiquitination may be achieved by using only iE2, which is intrinsically
defective in E2-ubiquitin interactions and therefore lacks chain elongating activity. D, E,
The chain restricting model. Certain E2s with chain-forming capability may fail to
produce ubiquitin chains due to the presence of chain restricting factors. These chain-
restricting regulators may inhibit chain extension by abolishing E2-ubiquitin interactions
or E2-E2 cooperation. D, For PCNA, the E3 Rad18 inhibits ubiquitin binding to the
backside of Rad6, which restricts chain elongation. E, Chain restriction can also be
achieved by engaging a deubiquitinase that trims assembled ubiquitin chain to produce
monoubiquitinated proteins. Note that a color version of the figure is available online.
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BOX 2 E2-E2 cooperation during chain formation

To generate polyubiquitin chains, E2s often need to cooperate with one another. The
schematics depict several possible ways of E2 cooperation during ubiquitin chain
assembly. It is apparent that E2-E2 cooperation needs to be avoided when
monoubiquitinated proteins are the favored product. For simplicity, the schemes only
show the very first step in chain extension, that is the formation of a di-ubiquitin
molecule. i, After conjugation of the first ubiquitin to the substrate, an initiation E2 (iE2)
dissociates from E3. An elongation E2 (eE2) carrying a ubiquitin in its active site then
binds the E3-substrate complex. The elongation E2 can be a different E2 or in some cases
the same as iE2. eE2 is capable of engaging a specific Lys (blue star) in the pre-attached
ubiquitin (yellow) to form di-ubiquitin on the substrate. ii, The initiation step is the same
as shown in (i). The elongation E2 in this case is a dimeric E2 complex. The UBE2N
carries a ubiquitin in its active site, whereas UEV1A can interact with the substrate-
attached ubiquitin non-covalently. This interaction positions Lys63 of ubiquitin in
proximity to the active site of UBE2N for receiving the next ubiquitin. iii, Some ubiquitin
E2s as well as the SUMO E2 contains a backside ubiquitin or SUMO binding site.
Although un proven, these E2s may be able to form a homo-oligomer analogous to the
UBE2N-UEV1A complex. The back-side ubiquitin binding by one E2 may help to orient
a specific Lys in the substrate-attached ubiquitin for attacking the ubiquitin thioester on
the other E2. iv, The endoplasmic reticulum-associated E3 gp78 forms homo-oligomer in
cells. It contains a high affinity binding site for its cognate E2 UBE2G2, which facilitates
E2-E2 self-interaction, leading to polymerization of ubiquitin chain on the active site of
UBE2G2. En bloc chain transfer then allows a substrate to receive multiple ubiquitin
moieties in a single encounter with the gp78-associated E2 78; 79. Note that a color
version of the figure is available online.

Ramanathan and Ye Page 16

Crit Rev Biochem Mol Biol. Author manuscript; available in PMC 2013 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1. Monoubiquitination of endocytic proteins
To initiate ubiquitination, a ubiquitin acceptor (usually a Lys residue) in the substrate (red
star) needs to be positioned in proximity to an ubiquitin carrier that contains a thioester-
linked (indicated by “~”) ubiquitin at its active site. The ubiquitin carrier can be either an E2
or a HECT domain E3 such as Nedd4. A, The HECT domain E3 Nedd4 contains several
WW domains that directly recognize a PPXY motif in the substrate (S), leading to the
transfer of ubiquitin from Nedd4 to the substrate. B, C, D, Coupled monoubiquitination. B,
Substrate recruitment is mediated by interactions of a UBD domain in the substrate (e.g.
UIM in Eps15) with a ubiquitin moiety attached to Nedd4. C, The Parkin E3 ligase uses its
UBL domain to recruit Eps15. D, An E3 independent mechanism of monoubiquitination. In
this case, the UIM domain in Eps15 directly binds the active site-linked ubiquitin on an E2
to mediate ubiquitin transfer in the absence of an E3. Note that a color version of the figure
is available online.
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Figure 2. A structural comparison of the ubiquitin and the Nedd8 conjugation systems
A, B, The environment surrounding Lys48 (red) of ubiquitin and the corresponding Lys in
Nedd8 is not completely identical. Note that the yellow labeled residues are not conserved
between ubiquitin and Nedd8. C, D, A comparison of UBC1 and UBC12. The boxes
indicate the UBC core. Active site cysteines are shown in red. Residues critical for UBC1-
dependent Lys48-linked polyubiquitination are shown in yellow. Note that the
corresponding residues in UBC12 are different (labeled in magenta). E, F, The environment
surrounding Lys11 of ubiquitin and the corresponding residue in Nedd8. Although most
residues (labeled in green) in proximity to Lys11 (red) are conserved between ubiquitin and
Nedd8, the position of the Glu34 side chain is distinct. In ubiquitin, Glu34 makes close
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contact with Lys11 to suppress its pKa for nucleophilic attack on an E2-ubiquitin
thioester 62. Note that a 7.2A gap exists between Glu34 and Lys11 in Nedd8. The following
structures were used for the analyses (Protein databank code (PBD) 1UBQ, ubiquitin 92;
1NDD, Nedd8 93; 1TTE, UBC1 94; 3O2U, UBC12 95). Note that a color version of the
figure is available online.
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