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Abstract: The cellular response to DNA damage involves multiple pathways that work
together to promote survival in the face of increased genotoxic lesions. Proteins in these
pathways are often posttranslationally modified, either by small groups such as phosphate,
or by protein modifiers such as ubiquitin or SUMO. The recent discovery of many more
SUMO substrates that are modified at higher levels in damage conditions adds weight to
the accumulated evidence suggesting that sumoylation plays an important functional role in
the DNA damage response. Here we discuss the significance of DNA damage-induced
sumoylation, the effects of sumoylation on repair proteins, sumoylation dynamics, and
crosstalk with other posttranslational modifications in the DNA damage response.
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1. Introduction

Maintenance of genome integrity is a dynamic task, requiring a fast and coordinated response to
increased DNA damage from either exogenous genotoxins or endogenous lesions. This is known as the
DNA damage response (DDR), and entails an elaborate signaling network that connects the detection
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of damage to chromatin modifications, cell-cycle control, and various modes of DNA repair, as well as
other adaptive changes in cell physiology [1]. Sumoylation, the covalent linkage of a small protein,
SUMO (approx. 100 amino acids), to a lysine residue or residues on substrate proteins, has been
implicated in this response. The enzymatic pathways of sumoylation and desumoylation have been
reviewed elsewhere [2—4] and are briefly summarized in Figure 1. SUMO is first processed from
an inactive precursor by a SUMO protease that removes a few C-terminal amino acids. This
conjugation-proficient form then undergoes three enzymatic steps, catalyzed sequentially by SUMO
El, E2, and E3 enzymes, to become covalently linked to a lysine residue on a substrate. Substrates can
be poly-sumoylated on one residue or multiply sumoylated on several residues. The removal of SUMO
is catalyzed by several desumoylation enzymes. Like other posttranslational modifications, SUMO
enables rapid and reversible modulation of protein function via changes in enzymatic activity,
conformation, interactions, or stability (Figure 1). At the molecular level, such changes allow proteins to
achieve the complex choreography necessary to carry out their roles. At the cellular level, this
molecular flexibility permits fast adaptation to changing conditions, promoting survival. Sumoylation,
like other posttranslational modifications, is therefore well suited to managing and fine-tuning the
DDR network. Several recent reviews have described various contributions of sumoylation to genome
integrity, both alone and in collaboration with other modifications [5-13]. In addition, specific
functions of sumoylation in DNA repair, such as stimulating BRCA1’s ubiquitin ligase activity,
helping to recruit repair proteins to double-strand breaks [14,15], and facilitating the release of the
homologous recombination protein Rad52 from DNA [16], have been reviewed in the last issue and an
extensive list of SUMO substrates involved in DNA replication and repair has been compiled [17].

Figure 1. The sumoylation cycle and three commonly seen effects of substrate
sumoylation. For simplicity, only enzymes from S. cerevisiae are shown. SUMO is
processed by the Ulp1 protease to expose a diglycine (GG) motif, which is adenylated and
transferred to cysteine (C) residues in SUMO E1 and then E2 enzymes. SUMO is
conjugated to a lysine residue (K) or residues (not shown) on the substrate either directly
by the E2, or more frequently with the help of SUMO E3s. The SUMO moiety is shown as
the surface representation of the SUMO-1 structure [18,19]. Poly-SUMO chains can form
when SUMO is conjugated to lysines on the protein itself (not shown).
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Most relevant to this review, the list of sumoylation substrates modified in response to damage has
recently expanded [20,21]. This indication that sumoylation may play a wider role in the DNA damage
response than was previously appreciated raises several questions. What is the precise function of
sumoylation in each of these cases? It is already clear that there is no single outcome of sumoylation
for its target proteins, but common themes may be shared amongst certain substrates. How is
sumoylation controlled—via activation of a central DDR enzyme, like the ATM/ATR DNA damage
checkpoint, or via regulation of the substrate? What is the relative contribution of desumoylation to
overall sumoylation levels in stress-induced and normal conditions, and to protein function? How do
sumoylation events integrate with other modifications at damage sites? This review will discuss
possible answers to these questions, with reference to our own work in budding yeast as well as recent
research from other laboratories in yeast and mammalian systems.

2. The Significance of DNA Damage-Induced Sumoylation (DDIS)

The observation that sumoylation of many replication and repair proteins increases following DNA
damage immediately offers the attractive theory that this response helps to facilitate replication
and bring about repair. The recruitment of PIAS SUMO E3s (homologs of yeast Sizl and Siz2) to
double-strand break (DSB) sites in human cells and the impairment of homologous recombination
(HR) when sumoylation is defective support this idea and provide strong evidence that sumoylation is
playing a functional role in the damage response to DSBs [14,15,20,22-26]. Our results further
showed that one of the roles of sumoylation in the response to DSBs is to facilitate the very first step
of repair by promoting resection, generating the ssDNA tails required for homology search [20]. This
likely involves multiple sumoylation events, as seven of the twelve proteins required for resection are
sumoylated [20]. Sumoylation also regulates other steps of recombinational repair. Proteins acting
after DSB resection, such as Rad52, Rad59 and RPA, are also sumoylated in response to DNA
damage, and sumoylation of Rad52 in yeast and RPA in human cells have both been shown to promote
recombination in specific assays [16,22,24,27]. Furthermore, defects in the SUMO E2 Ubc9 and the
SUMO ligase Mms21 lead to the accumulation of joint recombination molecules, indicating that
recombination has not been completed effectively or excessive recombination has been initiated [25].
This phenotype suggests that sumoylation can promote the resolution of these structures and/or
channel recombination into pathways that generate fewer joint molecules. Besides HR, sumoylation
also contributes to other repair processes such as nucleotide excision repair (NER) and base excision
repair (BER) [21,28].

However, these widespread effects of sumoylation do not tell us whether DDIS is an independent
DNA damage signaling mechanism in its own right, or an outcome of other signaling pathways or
repair processes. In the first scenario, DDIS responds directly to DNA damage and helps to trigger
repair independently of other DDR pathways. In this case, the induction mechanism may be directly
linked to damage sensing and increase the sumoylation of several proteins at once. In support of this
model, many DDIS events in yeast do not rely on the known DNA damage checkpoint signaling
kinases, but partly depend on upstream damage detectors such as the Mrel1-Rad50-Xrs2 complex
(MRX) (Figure 2; [20,24]). Currently the precise mechanism by which the damage signal is
transmitted to the relevant enzymes and/or substrates to increase sumoylation is unknown. However,
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because MRX is required for sumoylation induction of a group of HR proteins, and deletion of its
end-clipping partner Sae2 also reduces substrate sumoylation [20], ssDNA generation may contribute
to the signaling process. Since deletion of the ATM homolog Tell has little effect on sumoylation, it is
unlikely that the Tell recruitment function of MRX plays a key role. In the second scenario, elevated
sumoylation of replication and repair proteins under damage conditions is not a signal to initiate repair,
but is a consequence of increased repair that is ongoing. This possibility implies that sumoylation is a
normal event that occurs as part of that protein’s repair function, and repair is upregulated independently.
In this case, the induction mechanism may be indirect and vary for individual proteins. For instance,
certain proteins need to be recruited to DNA in order to be modified by SUMO, suggesting that a
separate recruitment signal is responsible for the increase in sumoylation. An example of this is the
mammalian ATM checkpoint mediator protein MDC1, whose recruitment to damage sites via binding
to phosphorylated H2AX is required for its radiation-induced sumoylation (Figure 2; [23]). Both
models could explain the long-standing observation that cells defective in sumoylation are hypersensitive
to DNA damage [14,15,20,25,26,29-31]. The timing of the modifications detected—i.e., sumoylation
levels increasing with length of damage treatment (at least from 30 minutes to 2 hours) [22,24] and
persisting for hours after the damaging agent is removed—could support either theory. It is likely that
both scenarios are true, and DDIS could act as both a trigger and an effector mechanism depending on
the substrates and repair processes involved.

As widespread sumoylation has previously been reported for other stress conditions, such as heat
shock and oxidative stress [32,33], it is possible that increased sumoylation is a general cellular
response to stress of any kind, and does not specifically respond to DNA damage. Modification events
that are not ordinarily crucial could perhaps provide extra ‘backup’ in unfavorable conditions. For
example, there is some evidence that increased sumoylation in the mouse brain may be protective
against ischemic damage [34]. However, the nature of the protection afforded by increased general
sumoylation is unclear, and yeast mutants that accumulate sumoylated species, such as ulp24 or six84,
are not resistant to stress [27,35,36]. Also arguing against this ‘generalized stress’ theory are the
examples of specificity: the fact that sumoylation targets a subset of proteins under specific conditions.
For example, the human ubiquitin ligase RNF168 is sumoylated in response to IR but not UV [37].
While some NER proteins are sumoylated in response to both UV and MMS, a few are specifically
modified in only one of these conditions [20,21]. It has also been suggested that increased sumoylation
in stress conditions may be an indication of sick and dying cells and is not a functional and helpful
response. However, sumoylation induction can also be detected in cells treated with low doses of
genotoxins that would go on to recover from damage, although higher doses generally increase
levels of modified protein [20,21]. Together with the defects in coping with DNA damage in
sumoylation-deficient mutants, this argues that damage-induced sumoylation does occur and is
functional under non-lethal damage conditions.
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Figure 2. Simplified scheme showing DDIS and its possible integration within the
response to DNA damage, such as DSBs. Components of the checkpoint and sumoylation
responses are colored blue and green respectively. The Mecl checkpoint is activated by
long stretches of RPA-coated ssDNA, whereas MRX and possibly other factors (?) are
required for DDIS. For simplicity, the checkpoint contributions of MRX and Tell are not
depicted. The number of Mecl checkpoint and DDIS substrates are based on systematic
studies in budding yeast under several DNA damage conditions including DSBs [20,38].
P, S and Ub indicate phosphorylation, sumoylation and ubiquitination events, respectively.
An example of the interplay between these modifications involving H2AX, MDCI, and
RNF4 is shown as described in the text. Grey arrows specify recruitment to DSBs.
Phosphatases (PPases) and desumoylating enzymes (Ulps) remove phosphate and SUMO
respectively, enabling reversibility of the modification. Note that sumoylation is required
for efficient generation of RPA-coated ssDNA at DSBs, thus indirectly affecting Mecl
checkpoint activation (not shown). However, DDIS is largely not required for cell cycle
regulation in other DNA damage conditions, such as MMS.
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3. The Effects of Sumoylation on DNA Repair Proteins

The effect of sumoylation on each substrate is difficult to predict, given the variety of different
outcomes discovered so far for the handful of substrates whose sumoylation sites have been
characterized. Sumoylation site identification is at present the limiting factor for such studies, since
detecting bona fide sumoylated species using current mass spectrometry techniques is challenging [39,40].
A large proportion of sumoylation sites do not conform to the consensus (WKXD/E) motif, making
educated guesswork difficult [33,41]. Compounding these issues is the variety of modification patterns
that may occur on a single protein (mono- or polysumoylation at different residues) and the possibility
of alternative lysines being used if the regular sites are mutated. As with ATR/ATM-induced
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checkpoint phosphorylation events, the effects of a single modification at a specific site may be subtle,
and thus the absence of one sumoylation event may not result in an obvious damage sensitivity
phenotype. Given the observation that sumoylation often targets several proteins acting in the same
step of DSB repair, or multiple subunits of a complex [20,42], the effects of sumoylation may be
achieved through the simultaneous modification of multiple functionally related proteins. These
concerns make it challenging to dissect the roles of sumoylation of each substrate, and identify those
substrates whose sumoylation contributes most to cell survival under particular conditions.

Despite these obstacles, progress has been made in uncovering the effects of sumoylation on
individual proteins. SUMO modification may alter intrinsic protein properties such as enzymatic activity,
as with BRCALI [14,15], or DNA binding ability, as with Rad52 and the BER enzyme thymine DNA
glycosylase [16,28]. More examples are discussed in the accompanying review from Altmannova et al. [17].
Perhaps the most interesting function of sumoylation with regard to the DNA damage response
concerns changes in protein-protein interactions, since repair proteins are sequentially assembled into
large ‘damage foci’ following DNA damage in both yeast and mammalian cells [13,43]. Like its
cousin ubiquitin, SUMO can be recognized by proteins with the cognate binding domain (SUMO
Interaction Motif or SIM), allowing a modified protein to recruit cofactors. The SUMO-SIM interaction
has been implicated for several functions of PCNA, the DNA replication polymerase clamp. During
repair of replication blockage in budding yeast, sumoylated PCNA interacts with the DNA helicase
Srs2, which dismantles Rad51 recombination filaments and thus generally disfavors recombination [44,45].
This regulation is thought to give way to other repair pathways that are less risky for the cell. Sumoylated
PCNA also interacts with the alternative clamp loader subunit Elgl, thought to be involved in the
unloading of sumoylated PCNA from DNA [46]. Both Srs2 and Elgl contain SIMs in tandem with
PCNA-interacting motifs that together are important for recognition of sumoylated PCNA [46—48]. More
evidence for the importance of SUMO-SIM interactions comes from the observation that SUMO-SIM
blocking peptides sensitize mammalian cells to ionizing radiation and inhibit non-homologous end
joining repair of DSBs, suggesting that sumoylation-dependent interactions either have a direct impact on
DSB repair or influence it indirectly [49,50]. The importance of this type of cofactor binding is also
underlined by the discovery of SUMO-like domains and the corresponding SUMO-like interaction
domains in other protein partners. For example, a SUMO-like domain on the deubiquitinating enzyme
regulator UAF1 binds to a SIM on the Fanconi anemia protein FANCI, promoting deubiquitination of
FANCI’s partner FANCD2 and subsequent interstrand crosslink repair [51]. In addition, a SUMO-like
domain on the S. pombe protein Rad60 can bind to the SUMO conjugation enzyme Ubc9 and is
involved in the removal of covalent Topl1-DNA adducts [52].

4. Sumoylation Dynamics

It is simplistic to state that DNA damage-induced sumoylation must always facilitate repair, since
both sumoylation and desumoylation are likely to contribute to substrate function (Figure 2).
Mutations in both sumoylation and desumoylation enzymes have deleterious effects on cell growth and
DNA damage sensitivity [6,35,53]. The fact that sumoylated forms are difficult to preserve in cell
extracts and constitute only a small proportion of total protein at any time suggests that sumoylation is
a particularly dynamic type of modification. Transient sumoylation has been suggested to have
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permanent effects on substrate conformation [54]; alternatively, timely sumoylation and desumoylation
may trigger reversible changes in substrates in order to facilitate multi-step processes. For example,
Rad52 sumoylation inhibits DNA binding and might therefore be required to assist in release of the
protein from DNA, after which desumoylation would return it to a DNA binding-competent form [16].
More long-lived sumoylation may influence the localization of substrates and related proteins
containing SUMO interaction domains within the nucleus; for example, PML bodies aggregate many
proteins using SUMO as ‘glue’, a process that is regulated by the desumoylating enzyme SENP6 [55,56].
Unrepaired DNA breaks have also been reported to move to nuclear pores, where one or more
sumoylated proteins may be recognized by SIM interactions with SIx5 [12,57]. SIx5, along with its
partner SIx8, has been proposed to ubiquitinate sumoylated proteins and promote their turnover,
although the identity of these putative substrates is as yet unknown.

Sumoylation and desumoylation may be controlled at the individual substrate level, or more
centrally at the level of the enzyme. These methods of regulation are not mutually exclusive, and
elements of both enzyme and substrate control are likely to occur locally at damage sites. Modification
according to the status of the substrate occurs in the case of MDCI1, which is sumoylated only when
bound to phosphorylated H2AX (Figure 2; [23]). The clearest example of enzyme-level regulation is
the recruitment of PIAS proteins to DSB sites [14,15], which presumably increases sumoylation of
several substrates at once. However, since desumoylating activity is high in the cell, it has been
suggested that the major effect of genotoxic stress may be to protect substrates from desumoylation
rather than increase their sumoylation [58]. One example where control is both substrate-specific and
desumoylation-dependent is the single-strand DNA binding protein RPA, whose RPA70 subunit
dissociates from the SUMO protease SENP6 following camptothecin treatment, allowing more stable
sumoylation [22]. Because the binding of sumoylated proteins to their SIM-containing partners can
shield the SUMO moiety from desumoylating enzymes, an attractive possibility is that positive
feedback could maintain or amplify the DDIS signal when initial sumoylation events are stabilized by
protein-protein interactions.

5. Crosstalk with other Posttranslational Modifications

Phosphorylation, as the modification responsible for the DNA damage checkpoint kinase cascade,
is a prime candidate for signaling damage to sumoylation targets and/or enzymes, and could be
indirectly responsible for DNA damage-induced sumoylation. However, more than one study has
shown that checkpoint signaling and DDIS are separable. For example, genotoxic stress-induced
sumoylation of the NF-xB modulator NEMO is ATM-independent [59]. In budding yeast, sumoylation

ATR
or

of repair substrates does not require phosphorylation by the central checkpoint kinases Mecl
Tell*™, providing strong evidence that checkpoint and DDIS are not interdependent (Figure 2; [20]).
This conclusion does not exclude the possibility of cross-talk between the two pathways, and a few
examples are given below. In yeast, Mec1*™ deletion in budding yeast greatly increases the sumoylation
of many repair substrates at lower levels of damage [20]. The explanation for this phenomenon is still
obscure, but it is possible that desumoylation could be controlled by a Mecl”*™-dependent
phosphorylation mechanism, even though sumoylation may be induced via other means. In support of

this idea, transcription of the desumoylating enzyme for NEMO, SENP2, is induced in an ATM-dependent
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manner [60]. Conversely, sumoylation may also affect some damage-induced phosphorylation. Mutation
of sumoylation enzymes results in a modest delay in phosphorylation of the effector kinase Rad53“™?
in response to MMS and a stronger delay after DSBs [20]. It was also reported that mutation of the
desumoylating enzyme Ulp2 results in a slightly delayed checkpoint response and recovery, although
others have found that Rad53“™ is dephosphorylated with WT kinetics [61,62]. Another study found
that sumoylation of the RNA Pol II subunit Rpb] restrains Rad53“™ phosphorylation in yeast deficient for
transcription-coupled repair [63]. Finally, both Mecl and DDIS regulate replication and repair, where
more extensive cross-talk can be expected (Figure 2). It is clear that further work is needed to obtain a
full picture of the interplay between the two modifications and to distinguish direct from indirect effects.

Since the discovery that PCNA can be modified by either SUMO or ubiquitin on the same lysine
residue, the interaction between these two types of modifications has been in the spotlight. As
illustrated in this case, SUMO and ubiquitin modifications on the same protein are generally not
competitive, though there are a few examples where the two modifications have an antagonistic
relationship [64,65]. More complex crosstalk between the two systems has also emerged, notably the
ubiquitination of sumoylated targets recognized by SIM-containing ubiquitin E3 ligases known as
SUMO-targeted ubiquitin ligases (STUbLs). The outcome of this ubiquitination is thought to be
proteasomal degradation of the sumoylated target and recycling of the modification [11,66], though
examples of direct targets shown to be regulated in this way have thus far been few. Now, three labs
have independently shown that the DNA damage adaptor protein MDCI is sumoylated and is a target
for the mammalian STUbL RNF4 (Figure 2; [23,67,68]). Ubiquitination and degradation of sumoylated
MDCI1 removes it and its binding partner 53BP1 from the damaged locus, thereby allowing
recruitment of downstream recombination proteins including CtIP, RPA and Rad51 [23,67,68]. Other
examples of sumoylation promoting ubiquitin ligation at DSBs include the increased catalytic activity
of BRCA1 when sumoylated [14,15], and the recruitment of the ubiquitin E3 subunit BMI1 to damage
sites following sumoylation by CBX4, in mammalian cells [69]. Interestingly, recruitment of CBX4 to
IR damage depends on poly(ADP-ribosyl)ation, rather than phosphorylation or ubiquitination [69].

Another posttranslational modification enzyme shown to change its interaction with targets based
on their sumoylation status is the deacetylase HDAC3, which preferentially binds and deacetylates
sumoylated HIPK2, a p53-regulating kinase [70]. In support of an antagonistic relationship between
sumoylation and acetylation, a new study from Ullmann and colleagues has shown that acetylation of
SUMO itself can prevent its interaction with certain SIM-containing partners [71]. They suggest that
acetylation of SUMO may be a mechanism to release SUMO-SIM binding, thereby allowing access to
desumoylation enzymes. Although this additional layer of control has so far not been observed for
DNA repair substrates, the authors note that the interface between SUMO and SIM in the repair
enzyme thymine DNA glycosylase contains potentially acetylated residues, suggesting that examples
of such combined regulation relevant to repair remain to be discovered.

6. Concluding Remarks

Although it is clear that many questions remain unanswered, the pace of research into the functions
of posttranslational modifications in DNA repair has accelerated in recent years. Gradually,
mechanistic explanations for the long-observed role of sumoylation in the DNA damage response are
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emerging. Though many of these studies will have to contend with extensive inter-regulation between
sumoylation and other modifications as the picture becomes more complex, the recent discoveries of
new sumoylation substrates involved in replication and repair should provide a good starting point to
look for further molecular mechanisms that contribute to the DNA damage response.

Conflict of Interest Statement
The authors declare no conflict of interest.
Acknowledgments

We thank Inn Chung, Julian Lange, and Chris Lima for comments on the manuscript. This work
was supported by NIH grant ROIGM080670 and American Cancer Society Research Scholar Grant
RSG-12-013-01-CCG to X.Z.

References

1. Ciccia, A.; Elledge, S.J. The DNA damage response: Making it safe to play with knives. Mol. Cell
2010, 40, 179-204.

2. Geiss-Friedlander, R.; Melchior, F. Concepts in sumoylation: A decade on. Nat. Rev. Mol. Cell
Biol. 2007, 8, 947-956.

3. Wang, Y.; Dasso, M. SUMOylation and deSUMOylation at a glance. J. Cell Sci. 2009, 122,
42494252,

4. Gareau, J.R.; Lima, C.D. The SUMO pathway: Emerging mechanisms that shape specificity,
conjugation and recognition. Nat. Rev. Mol. Cell Biol. 2010, 11, 861-871.

5. Bekker-Jensen, S.; Mailand, N. The ubiquitin- and SUMO-dependent signaling response to DNA
double-strand breaks. FEBS Lett. 2011, 585, 2914-2919.

6. Dou, H.; Huang, C.; van Nguyen, T.; Lu, L.S.; Yeh, E.T. SUMOylation and de-SUMOylation in
response to DNA damage. FEBS Lett. 2011, 585, 2891-2896.

. Ulrich, H.D. Ubiquitin and SUMO in DNA repair at a glance. J. Cell Sci. 2012, 125, 249-254.

8. Zlatanou, A.; Stewart, G.S. A PIAS-ed view of DNA double strand break repair focuses on
SUMO. DNA Repair 2010, 9, 588-592.

9. Bergink, S.; Jentsch, S. Principles of ubiquitin and SUMO modifications in DNA repair. Nature
2009, 458, 461-467.

10. Morris, J.R. SUMO in the mammalian response to DNA damage. Biochem. Soc. Trans. 2010, 38,
92-97.

11. Praefcke, G.J.; Hofmann, K.; Dohmen, R.J. SUMO playing tag with ubiquitin. Trends Biochem.
Sci. 2012, 37,23-31.

12. Nagai, S.; Davoodi, N.; Gasser, S.M. Nuclear organization in genome stability: SUMO
connections. Cell Res. 2011, 21, 474-485.

13. Polo, S.E.; Jackson, S.P. Dynamics of DNA damage response proteins at DNA breaks: A focus on
protein modifications. Genes Dev. 2011, 25, 409—433.



Biomolecules 2012, 2 385

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Galanty, Y.; Belotserkovskaya, R.; Coates, J.; Polo, S.; Miller, K.M.; Jackson, S.P. Mammalian
SUMO E3-ligases PIAS1 and PIAS4 promote responses to DNA double-strand breaks. Nature
2009, 462, 935-939.

Morris, J.R.; Boutell, C.; Keppler, M.; Densham, R.; Weekes, D.; Alamshah, A.; Butler, L.;
Galanty, Y.; Pangon, L.; Kiuchi, T.; Ng, T.; Solomon, E. The SUMO modification pathway is
involved in the BRCA1 response to genotoxic stress. Nature 2009, 462, 886—890.

Altmannova, V.; Eckert-Boulet, N.; Arneric, M.; Kolesar, P.; Chaloupkova, R.; Damborsky, J.;
Sung, P.; Zhao, X.; Lisby, M.; Krej¢i, L. Rad52 SUMOylation affects the efficiency of the DNA
repair. Nucleic Acids Res. 2010, 38, 4708—4721.

Altmannova, V.; Kolesar, P.; Krej¢i, L. SUMO wrestles with recombination. Biomolecules 2012,
2, 350-375.

Bayer, P.; Arndt, A.; Metzger, S.; Mahajan, R.; Melchior, F.; Jaenicke, R.; Becker, J. Structure
determination of the small ubiquitin-related modifier SUMO-1. J. Mol. Biol. 1998, 280, 275-286.

Song, J.; Durrin, L.; Wilkinson, T.A.; Krontiris, T.G.; Chen, Y. Identification of a SUMO-binding
motif that recognizes SUMO-modified proteins. Proc. Natl. Acad. Sci. USA 2004, 101,
14373-14378.

Cremona, C.A.; Sarangi, P.; Yang, Y.; Hang, L.E.; Rahman, S.; Zhao, X. Extensive DNA
damage-induced sumoylation contributes to replication and repair and acts in addition to the Mec1
checkpoint. Mol. Cell 2012, 45, 422—432.

Silver, H.R.; Nissley, J.A.; Reed, S.H.; Hou, Y.M.; Johnson, E.S. A role for SUMO in nucleotide
excision repair. DNA Repair 2011, 10, 1243—-1251.

Dou, H.; Huang, C.; Singh, M.; Carpenter, P.B.; Yeh, E.T. Regulation of DNA repair through
deSUMOylation and SUMOylation of replication protein A complex. Mol. Cell 2010, 39, 333-345.

Luo, K.; Zhang, H.; Wang, L.; Yuan, J.; Lou, Z. Sumoylation of MDCI is important for proper
DNA damage response. EMBO J. 2012, 31, doi:10.1038/embo0j.2012.158.

Sacher, M.; Pfander, B.; Hoege, C.; Jentsch, S. Control of Rad52 recombination activity by
double-strand break-induced SUMO modification. Nat. Cell Biol. 2006, 8, 1284—1290.

Branzei, D.; Sollier, J.; Liberi, G.; Zhao, X.; Maeda, D.; Seki, M.; Enomoto, T.; Ohta, K_;
Foiani, M. Ubc9- and Mms21-mediated sumoylation counteracts recombinogenic events at
damaged replication forks. Cell 2006, /27, 509-522.

Maeda, D.; Seki, M.; Onoda, F.; Branzei, D.; Kawabe, Y.; Enomoto, T. Ubc9 is required for
damage-tolerance and damage-induced interchromosomal homologous recombination in
S. cerevisiae. DNA Repair 2004, 3, 335-341.

Burgess, R.C.; Rahman, S.; Lisby, M.; Rothstein, R.; Zhao, X. The SIx5-SIx8 complex affects
sumoylation of DNA repair proteins and negatively regulates recombination. Mol. Cell. Biol.
2007, 27, 6153-6162.

Hardeland, U.; Steinacher, R.; Jiricny, J.; Schar, P. Modification of the human thymine-DNA
glycosylase by ubiquitin-like proteins facilitates enzymatic turnover. EMBO J. 2002, 21,
1456-1464.

Potts, P.R.; Yu, H. Human MMS21/NSE2 is a SUMO ligase required for DNA repair. Mol. Cell.
Biol. 2005, 25, 7021-7032.



Biomolecules 2012, 2 386

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Andrews, E.A.; Palecek, J.; Sergeant, J.; Taylor, E.; Lehmann, A.R.; Watts, F.Z. Nse2, a
component of the Smc5-6 complex, is a SUMO ligase required for the response to DNA damage.
Mol. Cell. Biol. 2005, 25, 185-196.

Zhao, X.; Blobel, G. A SUMO ligase is part of a nuclear multiprotein complex that affects DNA
repair and chromosomal organization. Proc. Natl. Acad. Sci. USA 2005, 102, 4777-4782.

Zhou, W.; Ryan, J.J.; Zhou, H. Global analyses of sumoylated proteins in Saccharomyces
cerevisiae. Induction of protein sumoylation by cellular stresses. J. Biol. Chem. 2004, 279,
32262-32268.

Golebiowski, F.; Matic, I.; Tatham, M.H.; Cole, C.; Yin, Y.; Nakamura, A.; Cox, J.; Barton, G.J;
Mann, M.; Hay, R.T. System-wide changes to SUMO modifications in response to heat shock.
Sci. Signal. 2009, 2, ra24, doi:10.1126/scisignal.2000282.

Lee, Y.J; Mou, Y.; Maric, D.; Klimanis, D.; Auh, S.; Hallenbeck, J.M. Elevated global
SUMOylation in Ubc9 transgenic mice protects their brains against focal cerebral ischemic
damage. PLos One 2011, 6, €25852.

Li, S.J.; Hochstrasser, M. The yeast ULP2 (SMT4) gene encodes a novel protease specific for the
ubiquitin-like Smt3 protein. Mol. Cell. Biol. 2000, 20, 2367-23717.

Mullen, J.R.; Kaliraman, V.; Ibrahim, S.S.; Brill, S.J. Requirement for three novel protein
complexes in the absence of the Sgs1 DNA helicase in Saccharomyces cerevisiae. Genetics 2001,
157,103-118.

Danielsen, J.R.; Povlsen, L.K.; Villumsen, B.H.; Streicher, W.; Nilsson, J.; Wikstrom, M.;
Bekker-Jensen, S.; Mailand, N. DNA damage-inducible SUMOylation of HERC2 promotes
RNFS8 binding via a novel SUMO-binding Zinc finger. J. Cell Biol. 2012, 197, 179-187.

Chen, S.H.; Albuquerque, C.P.; Liang, J.; Suhandynata, R.T.; Zhou, H. A proteome-wide analysis
of kinase-substrate network in the DNA damage response. J. Biol. Chem. 2010, 285, 12803—-12812.
Jeram, S.M.; Srikumar, T.; Pedrioli, P.G.; Raught, B. Using mass spectrometry to identify
ubiquitin and ubiquitin-like protein conjugation sites. Proteomics 2009, 9, 922-934.

Hsiao, H.H.; Meulmeester, E.; Urlaub, H. Identification of endogenous SUMOI1 accepter sites by
mass spectrometry. Methods Mol. Biol. 2012, 8§93, 431-441.

Blomster, H.A.; Imanishi, S.Y.; Siimes, J.; Kastu, J.; Morrice, N.A.; Eriksson, J.E.; Sistonen, L.
In vivo identification of sumoylation sites by a signature tag and cysteine-targeted affinity
purification. J. Biol. Chem. 2010, 285, 19324-19329.

Wohlschlegel, J.A.; Johnson, E.S.; Reed, S.I.; Yates, J.R., 3rd. Global analysis of protein
sumoylation in Saccharomyces cerevisiae. J. Biol. Chem. 2004, 279, 45662—45668.

Lisby, M.; Rothstein, R. Choreography of recombination proteins during the DNA damage
response. DNA Repair 2009, 8, 1068—-1076.

Papouli, E.; Chen, S.; Davies, A.A.; Huttner, D.; Krejci, L.; Sung, P.; Ulrich, H.D. Crosstalk
between SUMO and ubiquitin on PCNA is mediated by recruitment of the helicase Srs2p.
Mol. Cell 2005, 19, 123—-133.

Pfander, B.; Moldovan, G.L.; Sacher, M.; Hoege, C.; Jentsch, S. SUMO-modified PCNA recruits
Srs2 to prevent recombination during S phase. Nature 2005, 436, 428—433.



Biomolecules 2012, 2 387

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

38.

59.

60.

61.

Parnas, O.; Zipin-Roitman, A.; Pfander, B.; Liefshitz, B.; Mazor, Y.; Ben-Aroya, S.; Jentsch, S.;
Kupiec, M. Elgl, an alternative subunit of the RFC clamp loader, preferentially interacts with
SUMOylated PCNA. EMBO J. 2010, 29, 2611-2622.

Armstrong, A.A.; Mohideen, F.; Lima, C.D. Recognition of SUMO-modified PCNA requires
tandem receptor motifs in Srs2. Nature 2012, 483, 59-63.

Kolesar, P.; Sarangi, P.; Altmannova, V.; Zhao, X.; Krejci, L. Dual roles of the SUMO-interacting
motif in the regulation of Srs2 sumoylation. Nucleic Acids Res. 2012, doi:10.1093/nar/gks484.

Li, Y.J.; Stark, JM.; Chen, D.J.; Ann, D.K.; Chen, Y. Role of SUMO:SIM-mediated
protein-protein interaction in non-homologous end joining. Oncogene 2010, 29, 3509-3518.

Li, Y.J.; Perkins, A.L.; Su, Y.; Ma, Y.; Colson, L.; Horne, D.A.; Chen, Y. Gold nanoparticles as a
platform for creating a multivalent poly-SUMO chain inhibitor that also augments ionizing
radiation. Proc. Natl. Acad. Sci. USA 2012, 109, 4092-4097.

Yang, K.; Moldovan, G.L.; Vinciguerra, P.; Murai, J.; Takeda, S.; D’Andrea, A.D. Regulation of
the Fanconi anemia pathway by a SUMO-like delivery network. Genes Dev. 2011, 25, 1847—1858.
Heideker, J.; Prudden, J.; Perry, J.J.; Tainer, J.A.; Boddy, M.N. SUMO-targeted ubiquitin ligase,
Rad60, and Nse2 SUMO ligase suppress spontaneous Topl-mediated DNA damage and genome
instability. PLoS Genet. 2011, 7, ¢1001320.

Jacquiau, H.R.; van Waardenburg, R.C.; Reid, R.J.; Woo, M.H.; Guo, H.; Johnson, E.S.;
Bjornsti, M.A. Defects in SUMO (small ubiquitin-related modifier) conjugation and deconjugation
alter cell sensitivity to DNA topoisomerase I-induced DNA damage. J. Biol. Chem. 2005, 280,
23566-23575.

Hay, R.T. SUMO: A history of modification. Mol. Cell 2005, 18, 1-12.

Shen, T.H.; Lin, H.K.; Scaglioni, P.P.; Yung, T.M.; Pandolfi, P.P. The mechanisms of
PML-nuclear body formation. Mol. Cell 2006, 24, 331-339.

Hattersley, N.; Shen, L.; Jaffray, E.G.; Hay, R.T. The SUMO protease SENP6 is a direct regulator
of PML nuclear bodies. Mol. Biol. Cell 2011, 22, 78-90.

Nagai, S.; Dubrana, K.; Tsai-Pflugfelder, M.; Davidson, M.B.; Roberts, T.M.; Brown, G.W_;
Varela, E.; Hediger, F.; Gasser, S.M.; Krogan, N.J. Functional targeting of DNA damage to a
nuclear pore-associated SUMO-dependent ubiquitin ligase. Science 2008, 322, 597-602.

Janssens, S.; Tinel, A.; Lippens, S.; Tschopp, J. PIDD mediates NF- x B activation in response to
DNA damage. Cell 2005, 123, 1079-1092.

Huang, T.T.; Wuerzberger-Davis, S.M.; Wu, Z.H.; Miyamoto, S. Sequential modification of
NEMO/IKKgamma by SUMO-1 and ubiquitin mediates NF-kB activation by genotoxic stress.
Cell 2003, 115, 565-576.

Lee, M.H.; Mabb, A.M.; Gill, G.B.; Yeh, E.T.; Miyamoto, S. NF-kB induction of the SUMO
protease SENP2: A negative feedback loop to attenuate cell survival response to genotoxic stress.
Mol. Cell 2011, 43, 180-191.

Schwartz, D.C.; Felberbaum, R.; Hochstrasser, M. The Ulp2 SUMO protease is required for cell
division following termination of the DNA damage checkpoint. Mol. Cell. Biol. 2007, 27,
6948—6961.



Biomolecules 2012, 2 388

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Lee, M.T.; Bakir, A.A.; Nguyen, K.N.; Bachant, J. The SUMO isopeptidase Ulp2p is required to
prevent recombination-induced chromosome segregation lethality following DNA replication
stress. PLoS Genet. 2011, 7, €1001355.

Chen, X.; Ding, B.; LeJeune, D.; Ruggiero, C.; Li, S. Rpbl sumoylation in response to UV
radiation or transcriptional impairment in yeast. PLoS One 2009, 4, ¢5267.

Ulrich, H.D. Mutual interactions between the SUMO and ubiquitin systems: A plea of no contest.
Trends Cell Biol. 2005, 15, 525-532.

Moldovan, G.L.; Pfander, B.; Jentsch, S. PCNA, the maestro of the replication fork. Cell 2007,
129, 665-679.

Heideker, J.; Perry, J.J.; Boddy, M.N. Genome stability roles of SUMO-targeted ubiquitin ligases.
DNA Repair 2009, 8, 517-524.

Yin, Y.; Seifert, A.; Chua, J.S.; Maure, J.F.; Golebiowski, F.; Hay, R.T. SUMO-targeted ubiquitin
E3 ligase RNF4 is required for the response of human cells to DNA damage. Genes Dev. 2012,
26, 1196-1208.

Galanty, Y.; Belotserkovskaya, R.; Coates, J.; Jackson, S.P. RNF4, a SUMO-targeted ubiquitin
E3 ligase, promotes DNA double-strand break repair. Genes Dev. 2012, 26, 1179-1195.

Ismail, I.H.; Gagne, J.P.; Caron, M.C.; McDonald, D.; Xu, Z.; Masson, J.Y.; Poirier, G.G.;
Hendzel, M.J. CBX4-mediated SUMO modification regulates BMI1 recruitment at sites of DNA
damage. Nucleic Acids Research 2012, 40, 5497-5510.

De la Vega, L.; Grishina, I.; Moreno, R.; Kruger, M.; Braun, T.; Schmitz, M.L. A
Redox-regulated SUMO/acetylation switch of HIPK?2 controls the survival threshold to oxidative
stress. Mol. Cell 2012, 46, 472-483.

Ullmann, R.; Chien, C.D.; Avantaggiati, M.L.; Muller, S. An acetylation switch regulates
SUMO-dependent protein interaction networks. Mol. Cell 2012, 46, 759-770.

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



