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In this issue of Genes & Development, Yang and col-
leagues (pp. 1847–1858) identify new components of a
small ubiquitin-like modifier (SUMO)-like interaction net-
work that orchestrates and fine-tunes the Fanconi anemia
(FA) pathway and replication-coupled repair. This new
pathway emphasizes the intricate interplay of ubiquitin
(Ub) and SUMO networks in the DNA damage response.

Ubiquitin (Ub) and the related small ubiquitin-like mod-
ifier (SUMO) (hereafter commonly referred to as ubiqui-
tin-like proteins ½UBLs�) are part of sophisticated and
complex post-translational modification systems (Deribe
et al. 2010). Ub and SUMO share substantial levels of se-
quence homology and become attached to proteins by
similar conjugation machineries (Kerscher et al. 2006;
Schulman and Harper 2009; Ye and Rape 2009; Gareau and
Lima 2010). Both modifications are recognized, or read, by
specialized domains that integrate conjugated UBLs into
dynamic and complex interaction networks underlying
many biological processes, like DNA repair pathways (Fig.
1A,B; Bergink and Jentsch 2009; Dikic et al. 2009). Ub and
SUMO are actively deconjugated from their substrates in
a highly controlled spatiotemporal manner, thus assuring
the plasticity of UBL-mediated protein–protein interac-
tions (Reyes-Turcu et al. 2009; Grabbe et al. 2011). Impor-
tantly, some proteins bear integral UBL domains as part of
larger structures, but do not form conjugates with cellular
proteins (Grabbe and Dikic 2009). Together, the dynamic
nature of Ub- and SUMO-based complex networks form
the basis for UBL-mediated cellular signaling events.

Ub and SUMO encode multivalent signaling molecules

Ub and SUMO are transcribed as precursor molecules
that require processing prior to their conjugation. Sub-
sequently, both modifiers are typically attached to lysine

residues of target proteins and can be conjugated either as
monomers or as polymeric chains that are generally
linked through internal lysine residues (Ikeda and Dikic
2008). Conjugation of Ub and SUMO typically relies on
the coordinated activity of the catalytic E1–E2–E3 triad,
but compared with Ub, the SUMO conjugation machinery
is less complex. SUMO becomes activated by the dimeric
UBA2 (Ub-associated domain 2)/AOS1 complex and is
subsequently transferred to Ubc9, the only known SUMO
E2 (Kerscher et al. 2006; Gareau and Lima 2010). Although
Ubc9 is able to transfer SUMO directly to substrates, it
typically interacts with SUMO E3 ligases that mediate an
optimal positioning of the SUMO-loaded E2 and the sub-
strate to allow for efficient substrate SUMOylation (Gareau
and Lima 2010). Well-characterized E3 SUMO ligases
are Ran-binding protein 2 (RanBP2) and the family of SP-
RING-containing proteins, including the yeast Siz proteins
and the human family of protein inhibitor of STAT (PIAS)
proteins. In contrast to SUMOylation, the activation and
conjugation of Ub involves at least two E1 enzymes,
dozens of E2 enzymes, and hundreds of different Ub E3
ligases that specifically interact to select and modify nu-
merous substrates (Schulman and Harper 2009; Ye and
Rape 2009). Finally, both Ub and SUMO are actively hy-
drolyzed and removed from their substrates by specialized
cysteine proteases: the deubiquitinating enzymes (DUBs)
and the SUMO-specific proteases (SENP1–3), respectively
(Reyes-Turcu et al. 2009; Gareau and Lima 2010).

Only one Ub isoform has been found, and modification
of substrates with a single ubiquitin (monoubiquitina-
tion) has been associated with alterations in protein
activity and localization (for example, through endocyto-
sis, meiosis, and transcriptional regulation) (Ikeda and
Dikic 2008). PolyUb (polyubiquitination) chains, linked
through one or several of Ub’s seven lysines, are associ-
ated with 26S proteasomal degradation, immune signal-
ing, and DNA repair (Ikeda and Dikic 2008; Grabbe and
Dikic 2009). Ub can also be linked into chains via
C-terminal diglycine–N-terminal Met-1 linkages (linear
or head-to-tail ubiquitination) by the LUBAC E3 ligase
complex, and this fulfills essential roles in nuclear factor-
kB (NF-kB) signaling pathways (Iwai and Tokunaga 2009).
While only a single, highly conserved Ub is found in
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lower and higher eukaryotes, four SUMO forms (SUMO
1–4) have been identified in humans. Among these, only
SUMO1–3 are conjugated to substrates. SUMO2 and
SUMO3 share 97% sequence identity and show ;50%
amino acid identity with SUMO1. SUMO2/3 are able to
form SUMO chains mainly via lysine residue Lys 11,
while modification by SUMO1 preferentially occurs as
a monomodification (Geoffroy and Hay 2009; Gareau and
Lima 2010). SUMO1 may also be conjugated to the end of
an extending SUMO2/3 chain, thereby terminating chain
elongation (Gareau and Lima 2010). Like ubiquitination,
modification by SUMO generally acts to modulate the
dynamics of protein–protein interactions, thereby control-
ling critical cellular pathways. Distinctive functions of
mono- or polymodification with SUMO are just beginning
to be uncovered (Ulrich 2008). Interestingly, however,
polymeric chains of SUMO2/3 can trigger substrate ubiq-
uitination by recruiting SUMO-targeted ubiquitin ligases
(STUbL) such as Slx5/8 proteins in Saccharomyces cer-
evisiae or RING finger protein 4 (RNF4) in mammals, thus
exemplifying the intimate cross-talk of UBL modification
systems (Perry et al. 2008; Geoffroy and Hay 2009).

Ub-binding domains (UBDs) and SUMO-binding
domains

An important aspect of Ub and SUMO signaling is that
they are recognized and coupled to specific cellular

responses by interactions with effector proteins contain-
ing specialized UBDs and SUMO-interacting motifs
(SIMs), respectively (Hecker et al. 2006; Grabbe et al.
2011). Numerous studies have addressed the structures,
functions, and Ub specificities of a wide variety of UBDs,
of which >20 distinct families have been identified so far
(Dikic et al. 2009). These UBDs employ specialized
structural and functional characteristics that determine
their ability to recognize and bind to different types of
modifications. For example, the Pru (Plexstrin receptor
for Ub) of the proteasomal receptor Rpn13 or UBA of
several shuttling receptors binds preferentially to Lys 48
Ub chains (Raasi et al. 2005; Husnjak et al. 2008), whereas
the NZF (Npl4-like zinc finger) domain of TAK1-binding
protein 2 (TAB2) preferentially binds to Lys 63-linked
polyUb chains with much higher affinity than Lys 48
chains (Kulathu et al. 2009; Sato et al. 2009), and ubiquitin
binding by the ABIN and NEMO (UBAN) domain of the
IKK adaptor NEMO specifically binds to linear ubiquitin
chains (Rahighi et al. 2009). Importantly, UBDs not only
recognize ubiquitin conjugates but can also function as
readers for proteins, which contain ubiquitin-like domains
(Grabbe et al. 2011). A paradigm stems from the Rad23
protein, which has an N-terminal ubiquitin-like domain
that binds to the UBD of the 26S proteasomal ubiquitin
receptor RPN10/S5 (Dantuma et al. 2009). Rad23 is in-
volved in nucleotide excision repair (NER) via the XPC
(xeroderma pigmentosum group C) protein complex. XPC
has been shown to interact with RAD23A and RAD23B,
which contain an N-terminal ubiquitin-like domain and
C-terminal UBA domains (Bergink and Jentsch 2009).

Similar to what has been observed for ubiquitin,
signaling by SUMO often relies on the recognition of
the post-translational mark by a specialized interaction
module, termed the SIM (Hecker et al. 2006). In many
cases SIM-mediated interactions direct the assembly of
protein complexes, like the SIM-dependent targeting of
CENP-E and Daxx to the centromere or PML nuclear
bodies, respectively (Lin et al. 2006; Zhang et al. 2008).
SIMs have been identified in a wide range of proteins and
are typically characterized by a short consensus sequence
of hydrophobic residues ½(V/I/L)-X-(V/I/L)-(V/I/L) or (V/I/
L)-(V/I/L)-X-(V/I/L)�, which folds into a small b sheet that
becomes inserted between an a helix and a b sheet of the
interacting SUMO molecule (Hecker et al. 2006). Se-
quence variations within the hydrophobic core of some
characterized SIMs may allow selective recognition of
distinct SUMO paralogs (Gareau and Lima 2010). Nota-
bly, in some cases, acidic residues are flanking the hy-
drophobic core, and NMR studies suggest that the acidic
stretch mediates electrostatic interactions with a surface
area formed by basic residues of SUMO (Fig. 1; Hecker
et al. 2006). Importantly, negative charges that stabilize
SUMO/SIM interactions can also be provided by phos-
phorylation of serine or threonine residues in close
proximity to the hydrophobic core. Thus, it has been
demonstrated that in a subset of SIM-containing proteins,
including the PIAS family proteins or PML, phosphory-
lation by the serine/threonine kinase 2 (CK2) within
a phosphoSIM module enhances the binding to SUMO

Figure 1. UBD and SIM interaction surfaces on Ub and SUMO
are not conserved. Structural alignment of a molecular ribbon
representation of Ub (magenta; Protein Data Bank ½PDB�: 1aar)
and SUMO-3 (cyan; PDB: 2rpq). On Ub, the canonical Leu 8, Ile
44, and Val 70 residues that contact UBDs are indicated (see
Dikic et al. 2009). Val 30, Phe 32, Ile 34, Thr 38, and Leu 43 on
SUMO3 have been shown to contact a canonical SIM in MCAF1
(the MBD1 ½methyl-CpG-binding domain protein 1�-containing
chromatin-associated factor 1) (Sekiyama et al. 2008). A similar
surface in SUMO1 or SUMO2/3 has also been shown to be
involved in binding to the hydrophobic SIM region of PIAS family
members (Hecker et al. 2006). Remarkably, positively charged
residues in SUMO paralogs, including Lys 33 of SUMO2, which is
conserved in the SLD2 of UAF1, contribute to SIM binding. Note
that opposite surfaces on SUMO and Ub serve as interaction
platforms for the respective binding modules. The image was
generated using University of California at San Francisco Chimera
(release date May 24, 2011; http://www.cgl.ucsf.edu/chimera).
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paralogs (Stehmeier and Muller 2009). This mechanism
could act as a molecular switch that modulates the
dynamics of SUMO/SIM interactions. A novel aspect in
the understanding of SUMO/SIM interactions came from
the observation that SUMO2 chains can be recognized by
proteins containing several repetitive SIMs, such as the
STUbL RNF4 ligase, which contains four N-terminal
SIMs (Perry et al. 2008; Geoffroy and Hay 2009). In ad-
dition to the identified SIMs, a protein family with in-
ternal SUMO-like domains (SLDs) has been identified.
Members of the RENi protein family, which is defined by
the yeast Rad60 and Esc2 proteins and mammalian
NIP45, harbor two tandem-positioned SLDs within their
C-terminal regions (Novatchkova et al. 2005). Recent
biochemical and structural work indicates that the SLD2
of Rad60 and NIP45 interacts noncovalently with Ubc9
in a similar manner to SUMO1 (Prudden et al. 2009;
Sekiyama et al. 2010). It is noteworthy, however, that the
SLD2 domains of RENi family members are not recog-
nized by canonical SUMO1- or SUMO2/3-binding SIMs
or by the tandem SIMs of RNF4 (Sekiyama et al. 2010).
Accordingly, the SLD2 of RENi proteins lacks a cluster of
positively charged residues that is part of the SIM-binding
pocket in SUMO paralogs (Prudden et al. 2009; Sekiyama
et al. 2010).

SUMO and Ub networks in DNA repair pathways

Accumulating evidence indicates that SUMO/Ub-medi-
ated protein–protein interactions are particularly impor-
tant in the DNA damage response network, which allows
cells to cope with different types of genotoxic stress
(Bergink and Jentsch 2009; Ulrich and Walden 2010).
Upon DNA damage, a cell initiates extensive decision-
making processes that balance between repair of the
DNA lesion or more rigorous consequences, such as cell
death. To correct the DNA lesions, highly complex repair
systems have evolved that all rely on the timely and
spatially controlled assembly and disassembly of protein
complexes. This process is commonly referred to as DNA
damage response and is initiated by proteins that recog-
nize the actual DNA damage, followed by recruitment
of proteins that mediate repair pathways (Bergink and
Jentsch 2009).

The importance of ubiquitin and SUMO in DNA repair
is best illustrated on the proliferating cell nuclear anti-
gen (PCNA), which is loaded as a trimeric ring on DNA
strands and functions as a processivity factor for DNA
polymerases and as a moving platform for factors that are
involved in replication-linked functions (Bergink and
Jentsch 2009). In S phase, PCNA is alternatively modified
by monoubiquitination, Lys 63-linked polyubiquitina-
tion, and SUMOylation at the evolutionarily conserved
lysine Lys 164 (Moldovan et al. 2007). PCNA ubiquitina-
tion is induced by DNA damage and is essential for DNA
repair by the error-free and error-prone branches of the
RAD6 pathway. Monoubiquitination, which is catalyzed
by the E2 enzyme Rad6 together with the E3 ligase Rad18,
facilitates translesion DNA synthesis (TLS) by recruit-
ment of TLS polymerases that contain specific ubiquitin-

binding motifs (Fig. 2A; Bienko et al. 2005). Lys 63-linked
polyubiquitination, which involves the dimeric E2 Mms2/
Ubc13 and the ligase Rad5, directs PCNA to the error-free
repair pathway (Hoege et al. 2002). SUMOylation of
PCNA inhibits recombination by mediating the recruit-
ment of the anti-recombinogenic factor Srs2 via a canon-
ical SIM in Srs2 (Pfander et al. 2005). The work on PCNA
thus exemplifies the concept of an ubiquitin/SUMO
switch that allows the dynamic exchange of binding
partners.

Double-strand breaks (DSBs) are repaired by either the
homologous recombination (HR) or nonhomologous end-
joining (NHEJ) pathways. A characteristic feature of DSB
repair in mammals is the rapid accumulation of repair
factors, including the recombinase RAD51 and the ubiq-
uitin–ligase BRCA1 in subnuclear foci (Venkitaraman
2004; Yan and Jetten 2008). Recent data demonstrate
that the assembly of these structures on the damaged
chromatin is triggered by a pathway that integrates
SUMOylation and Lys 63-linked ubiquitination-depen-
dent processes. Lys 63-linked chains, which are formed by
the RING-type ligases RNF8 and RNF168, serve as an
anchor for the ubiquitin-interacting motif (UIM) domain-
containing adaptor protein RAP80 that finally brings
BRCA1 into repair foci (Fig. 2B; Yan and Jetten 2008; Doil
et al. 2009; Stewart et al. 2009). Intriguingly, after expo-
sure of cells to a variety of genotoxic agents, such as
hydroxyurea or cisplatin, SUMO as well as PIAS family
members are also recruited to DNA damage foci. More-
over, PIAS1 and PIAS4 promote BRCA1 accumulation at
these sites and stimulate SUMOylation of BRCA1, which
in turn appears to influence the ubiquitin–ligase activity
of BRCA1 (Fig. 2B; (Galanty et al. 2009; Morris et al.
2009). The importance of PIAS family members for DNA
DSB repair is also supported by an increased sensitivity to
DNA-damaging agents and a failure to carry out efficient
HR and NHEJ in cells that have compromised expression
of PIAS1 or PIAS4 (Galanty et al. 2009; Morris et al. 2009).
Although the critical substrates of SUMO at DNA
damage foci remain to be defined and the molecular
details need to be elucidated, these data substantiate
the idea of extensive SUMO/Ub cross-talk in DNA repair
pathways.

DSBs are also required for efficient progression of meio-
sis, V(D)J recombination during early B- and T-cell de-
velopment, and switching of the mating type in yeast
(Bergink and Jentsch 2009). DSB responses are initiated by
recruitment of the heterotrimeric MRN complex com-
posed of the DSB repair protein MRE11, DNA repair
protein RAD50, and nibrin (Williams et al. 2010). This
complex mediates the formation of single-stranded
stretches of DNA at the site of lesion that quickly become
covered by the trimeric RPA complex. This step is followed
by the action of RAD52 and BRCA2, which replace the
RPA complex with the RAD51 recombinase that mediates
the actual DNA recombination (Liu and Heyer 2010). It has
been shown that RAD52 becomes SUMOylated, but only
when DSBs are present (Sacher et al. 2006). As a conse-
quence, SUMOylated RAD52 becomes stabilized into foci,
possibly interfering with proteasomal degradation.

Ub and SUMO networks in DNA repair
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Complexity rose again with the identification of Slx5
and Slx8 in yeast, two proteins initially linked to genome
stability in S. cerevisiae (Perry et al. 2008). Both proteins
contain a RING domain commonly found in E3 ligases
that mediate heterodimerization. Both Slx5 and Slx8 con-
tain SIM domains that interact with SUMO, and the RING
finger of Slx8 mediates ubiquitination of SUMOylated
substrates (Perry et al. 2008). The Slx5/Slx8 dimer has
recently been implicated in DNA repair at the nuclear
pore complex. The mammalian homolog of Slx5/Slx8 is
RNF4, which, besides a RING domain, contains four SIM
domains (Geoffroy and Hay 2009). RNF4 has been shown
to bind strongly to SUMO chains and mediates the sub-
sequent ubiquitination of SUMO chains. The biological
significance of RNF4 as a STUbL became clear with the
observation that the tripartite motif-containing protein
PML and the leukemogenic fusion protein PML-RARa,
which causes acute promyelocytic leukemia, are de-
graded in a SUMO-dependent RNF4-mediated process
(Geoffroy and Hay 2009). This pathway can be triggered
by administration of the anti-leukemogenic drug arsenic,
which induces a rapid polySUMOylation of PML and
PML-RARa, after which the SUMOs become recognized
by RNF4 (Fig. 2C; Geoffroy and Hay 2009).

Another example of the involvement of SUMO net-
works relates to the base excision repair (BER) pathway
that is activated upon damage to DNA bases, such as

alkylation, deamidation, or oxidation. These lesions are
recognized by glycosylases that remove the lesion, lead-
ing to an abasic site (apurinic or apyrimidinic ½AP�). As
a consequence, the phosphodiester bond 59 of the AP site
is cleaved by AP endonucleases (APE), followed by repair
of the gap. One of these glycosylases is thymine–DNA
glycosylase (TDG), which hydrolyzes the N-glycosidic
bonds of thymine or uracil in the case when these are
mismatched with guanine. TDG has been shown to be
modified with SUMO, which results in the dissociation of
the enzyme from the affected site (Hardeland et al. 2002).
Structural data revealed that the conjugated SUMO in-
teracts with a SUMO-binding motif within the molecule
itself, leading to a structural rearrangement of the en-
zyme that terminates DNA binding (Baba et al. 2005).

Ub-like domains, SLDs, and signaling networks
in DNA repair

In this issue of Genes & Development, D’Andrea and
coworkers (Yang et al. 2011) further emphasize the
interconnectivity and significance of the Ub/SUMO con-
jugation machineries and recognition of these modifica-
tions by UBDs and SIMs in DNA repair pathways. In their
study, Yang et al. (2011) focused on two key pathways
responsible for sensing DNA damage and initiating
repair: the Fanconi anemia (FA) pathway and replication-

Figure 2. Interplay of Ub and SUMO networks in DNA repair pathways. Three different scenarios underscoring the relevance of
selective Ub–UBD and SUMO–SIM interactions in DNA repair pathways. (A) The SLD–SLIM-mediated deubiquitination of PCNA-Ub
and FANCD2-Ub coordinates HR and TLS. (B) A ubiquitin-SUMO cross-talk mediates the assembly of DNA damage foci. (C) Polymeric
chains of SUMO2/3 can trigger substrate ubiquitination by recruiting STUbLs such as RNF4 that contain repetitive SIMs. At the
moment, it remains unclear whether RNF4 creates SUMO/Ub mixed chains or modifies substrates with SUMO and Ub on two
separate lysine residues. See the text for more detailed descriptions.
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coupled repair. A key protein in the FA pathways is
FANCD2 (FA, complementation group D2 protein),
which belongs to the family of FA proteins (Moldovan
and D’Andrea 2009). At present, 15 FA proteins have been
identified, and mutations in these proteins are the cause
of an autosomal recessive and X-linked genetic disorder
in which patients suffer from congenital abnormalities,
bone marrow failure, and pronounced cancer susceptibil-
ity (Moldovan and D’Andrea 2009). One feature of FA
cells is their extreme sensitivity to DNA cross-linking
agents like mitomycin C and cisplatin. Upon DNA
damage, the majority of FA proteins cooperate to form
an active E3 ligase that, together with the Ub E2 enzyme
UBE2T, catalyzes monoubiquitination of FANCD2 and
FANCI. As a direct consequence, monoubiquitinated
FANCD2 and FANCI are translocated to specific chro-
matin foci, where they recruit and colocalize with other
DNA repair proteins (Moldovan and D’Andrea 2009).

FANCD2-Ub and PCNA-Ub thus play critical roles in
mediating DNA damage responses, and it has been
demonstrated that cellular levels of both FANCD2-Ub
and PCNA-Ub directly control the extent and duration
of HR and TLS repair (Bergink and Jentsch 2009). It is
therefore crucial to tightly regulate the dynamics of
monoubiquitination on FANCD2 and PCNA and to
control the DUB-mediated removal of Ub from these
proteins at certain time points. USP1 has been identified
as the DUB for FANCD2-Ub and PCNA-Ub, since loss of
USP1 leads to accumulation of FANCD2-Ub and PCNA-
Ub, even in cases without DNA damage (Nijman et al.
2005). Moreover, cells lacking USP1 are more sensitive to
DNA cross-linking agents, as observed in cells derived
from FA patients, underscoring the relevance of USP1 and
deubiquitination in repair pathways. USP1 interacts with
UAF1 (USP1-associated factor 1), an 80-kDa protein that
stabilizes and activates USP1 (Cohn et al. 2007).

Previously, it was unclear how the UAF1/USP1 DUB
complex was recruited to FANCD2-Ub and PCNA-Ub.
Yang et al. (2011) now demonstrate the involvement of
SLD/SIM-mediated interactions. The UAF1 protein con-
tains eight WD40 repeats at its N terminus, and Yang
et al. (2011) were able to identify two SLDs within the C
terminus of UAF1. These SLDs are ;100 residues in size
and share between 50% and 60% sequence similarity
with the SUMO2 protein. This is in contrast with SLDs of
RENi family members, which are more closely related to
SUMO1 (Novatchkova et al. 2005). In addition, the SLDs
contain the prototypical C-terminal diglycine present in
Ub and SUMO, which has been observed in multiple Ub-
like domains and SLDs. The D’Andrea laboratory (Yang
et al. 2011) also discovered two SIM-like domains (SLIM)
in FANCI and hELG1 that mediate recruitment of UAF1
to FANCD2 or PCNA, respectively (Fig. 2A). Importantly,
the interaction between isolated SLD2 and FANCI is
dependent on the integrity of its SLIM. Similar to canon-
ical SIMs, SLIMs are characterized by hydrophobic resi-
dues and a cluster of acidic residues, which may also be
flanked by phosphorylated amino acids. The negatively
charged residues in SLIMs likely form electrostatic in-
teractions with conserved lysine residues of SLD2 in

a similar way to SUMO–SIM interactions. Importantly,
however, SLD2 does not bind to canonical SIMs of PIAS
family members, and, vice versa, SUMO paralogs do not
interact with the SLIM of FANCI, indicating the specificity
and selectivity of these binding modules. Future structural
studies will be aimed at elucidating the critical determi-
nants and molecular details underlying this specificity.

As mentioned above, SLDs have been identified in
proteins of the RENi family (Novatchkova et al. 2005).
For example, the RAD60 DNA repair protein contains
two SLDs at its C terminus and is involved in DNA DSB
repair, recovery from replication arrest, and cell viability.
It has been shown that RAD60 SLD2 is able to mimic
SUMO by a noncovalent interaction with the SUMO E2
Ubc9 within the Ubc9 SUMO interaction interface.
Disruption of this interaction leads to genomic instability
and effects associated with disturbances in SUMO con-
jugation. Additional SLDs are found in NIP45, another
member of the RENi family of proteins. NIP45 also
contains two SLDs, and it has been demonstrated that
SLD2 is able to compete with a noncovalent SUMO-
binding site on the SUMO E2, thereby preventing SUMO
chain elongation in vitro. This is consistent with the
observation that the SLD2 domain of S. cerevisiae
RAD60 inhibits longer SUMO chain formation and that
disturbance of the RAD60 SLD2–Ubc9 interaction leads
to DNA damage hypersensitivity. Furthermore, the crys-
tal structure of NIP45 SLD2 in complex with Ubc9
revealed conserved residues that are also present in
SUMO1, which are well conserved in other RENi family
members (Novatchkova et al. 2005; Prudden et al. 2009).
One intriguing question that remains is why SLDs are
paired and separated by a short linker sequence. Until
now, only the second SLD has been shown to interact
with SUMO, although the proximal SLD has been
reported to interact with the SUMO E1 (Prudden et al.
2009). How the specificity of the SLDs toward SUMO or
SLDs could be explained structurally remains to be an-
swered, just like the role of the linker sequence between
both SLDs.

Parallels between ubiquitin-like domains and SLDs

In addition to Ub and SUMO, the family of UBL family
members has expanded to approximately a dozen mem-
bers, like F-associated transcript 10 (FAT10) and ISG15,
which share sequence homology with Ub. Human leuko-
cyte antigen FAT10 is a small UBL of which no physio-
logical substrate has yet been identified (Hochstrasser
2009). Fusion of FAT10 to artificial substrates, like green
fluorescent protein (GFP), leads to degradation by the 26S
proteasome, linking FAT10 to proteasomal degradation
when covalently conjugated to a substrate (Groettrup
et al. 2008). ISG15, on the other hand, is up-regulated
upon exposure of cells to type I interferon and is involved
in cellular antiviral responses within the innate immune
system (Hochstrasser 2009). Both FAT10 and ISG15—like
the SLDs identified in UAF1 and the RENi family—
contain two ubiquitin-like domains in a tandem array.
It might therefore be possible that this unique double

Ub and SUMO networks in DNA repair
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pattern could serve as new recognition and binding motif
for a new type of ubiquitin-(like)-binding domain.

Conclusions

By identifying a central role for SLD–SLIM mediated
protein–protein interactions in DNA repair pathways,
this study by Yang et al. (2011) has expanded our insights
into the multifaceted roles of the Ub and SUMO in-
teraction networks. The interplay between highly dy-
namic and often transient UBL modifications at one end
and recognition of ubiquitin-(like)-binding domains at the
other end allows the creation of flexible and highly
complex interconnected signaling networks that mediate
essential cellular response programs. These networks are
fine-tuned by selective post-translational modifications,
such as observed for the phosphoSIM, and possibly by
relaxed UBL-binding selectivity in vivo (for example, as
discussed by Ikeda et al. 2010). With the discovery of new
UBLs and new ubiquitin-(like)-binding domains, these
networks will grow in size and complexity, requiring the
need for new technologies to study them.
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