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In Brief

Gonzalez-Prieto et al. identify hundreds
of preferential non-covalent interactors of
human small ubiquitin-like modifier
(SUMO) family members using mass
spectrometry-based proteomics,
enabling the definition of an optimal
SUMO interaction motif. The functionality
of the non-homologous end joining DNA
double-strand break repair pathway core
complex is regulated by SUMO-mediated
interactions.
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SUMMARY

In contrast to our extensive knowledge on covalent small ubiquitin-like modifier (SUMO) target proteins, we
are limited in our understanding of non-covalent SUMO-binding proteins. We identify interactors of different
SUMO isoforms—monomeric SUMO1, monomeric SUMO2, or linear trimeric SUMO2 chains—using a mass
spectrometry-based proteomics approach. We identify 379 proteins that bind to different SUMO isoforms,
mainly in a preferential manner. Interestingly, XRCC4 is the only DNA repair protein in our screen with a pref-
erence for SUMO2 trimers over mono-SUMO?2, as well as the only protein in our screen that belongs to the
non-homologous end joining (NHEJ) DNA double-strand break repair pathway. A SUMO interaction motif
(SIM) in XRCC4 regulates its recruitment to sites of DNA damage and phosphorylation of S320 by DNA-
PKcs. Our data highlight the importance of non-covalent and covalent sumoylation for DNA double-strand
break repair via the NHEJ pathway and provide a resource of SUMO isoform interactors.

INTRODUCTION

Post-translational modification of proteins regulates virtually all
biological processes in a dynamic manner. These post-transla-
tional modifications include modification by small chemical
groups, including phosphorylation, methylation, and acetylation,
and modification by small proteins belonging to the ubiquitin
family (Deribe et al., 2010). Ubiquitin can modify targets in a
monomeric form as well as in a large variety of polymeric forms
(Swatek and Komander, 2016). Extensive sets of enzymes
mediate the conjugation and deconjugation of target proteins
with these modifying groups. Kinases and ubiquitin ligases are
classical examples of these particularly large sets of enzymes
(Zheng and Shabek, 2017). Equally important for the transduc-
tion of these signals are the non-covalent interactors that are
equipped with specific domains to recognize and bind modified
proteins. Examples include the SH2 domain that recognizes
phosphorylated-tyrosine residues (Pawson, 2004) and ubiqui-
tin-binding motifs, including the ubiquitin-intereacting motif
(UIM), the ubiquitin-binding zinc finger (UBZ), and the ubiquitin
binding in ABIN and NEMO (UBAN) domain (Husnjak and Dikic,
2012). Tandem ubiquitin binding domains enable the specific
recognition of differential types of ubiquitin polymers.

The ubiquitin family is composed of ~1 dozen ubiquitin-
like proteins, including Nedd8, small ubiquitin-like modifiers
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(SUMO), Interferon stimulated gene 15 (ISG15), ubiquitin-fold
modifier 1 (UFM1), and autophagy-related modifiers ATG8 and
ATG12 (Cappadocia and Lima, 2018). Here, we focus on signal
transduction by SUMOs (Flotho and Melchior, 2013). Compared
to ubiquitin, the enzymatic machinery that mediates its conjuga-
tion and deconjugation is of low complexity and includes the
dimeric E1 SUMO activating enzyme (SAE); a single E2 (UBCY9/
UBE2Il) and ES3 ligases, including protein inhibitor of activated
STAT1-4 (PIAS), RanBP2, and ZNF451. SUMO proteases are
SENP1-3, SENP5-7, DESI1 and -2, and USPL1 (Hickey et al.,
2012).

Conjugated SUMOs are predominantly located in nuclei, regu-
lating nuclear processes, including transcription, replication,
maintaining genome integrity, transport, and pre-mRNA splicing.
Mice deficient for SUMO signaling die at the early post-implanta-
tion stage, displaying nuclear aberrations, including altered nu-
clear bodies, nucleoli, and nuclear architecture, and mitotic
problems including anaphase bridges (Nacerddine et al., 2005).

In the last 6 years, our knowledge regarding covalent SUMO
target proteins has increased considerably as a result of progress
in the proteomics approaches to enrich and identify these targets,
including the conjugated lysines in these targets. Several thou-
sand SUMO target proteins have been identified so far in a site-
specific manner (Hendriks et al., 2017, 2018; Hendriks and Verte-
gaal, 2016; Tammsalu et al., 2014). SUMOs are conjugated to
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lysines in target proteins that are frequently located in the sumoy-
lation consensus motif KXE ({s is a residue with a large hydropho-
bic side chain) or the inverted motif [ED]xKys under regular cell
culture conditions (Hendriks et al., 2018; Matic et al., 2010).
Extended sumoylation consensus motifs include the phosphory-
lation-dependent sumoylation motif (PDSM) (Hietakangas et al.,
2006) and the negatively charged amino acid-dependent sumoy-
lation motif (NDSM) (Yang et al., 2006). The SUMO proteome is
dynamic and alters under stress conditions, including heat stress
and blocking of the proteasome (Golebiowski et al., 2009; Liebelt
et al.,, 2019). The ability of SUMO to co-regulate functionally
related proteins has attracted considerable attention in the field
(Jentsch and Psakhye, 2013; Johnson and Blobel, 1999; Psakhye
and Jentsch, 2012). Mutating SUMO acceptor lysines in one indi-
vidual target protein does not notably alter its functionality as long
as other proteins in the network remain SUMO modified. Only
upon the loss of sumoylation of a considerable set of functionally
related proteins is loss of their functionality noted.

In contrast to our vast knowledge on covalent SUMO
signaling, we are limited in our understanding of non-covalent
SUMO signaling. Initial studies have uncovered a non-covalent
SUMO interaction motif (SIM) that contains three large hydro-
phobic residues flanked by one or more acidic residues (Agui-
lar-Martinez et al., 2015; Hecker et al., 2006). These hydrophobic
residues in SIMs form a parallel 8 sheet pairing with the  sheet in
SUMO to mediate their interaction (Sekiyama et al., 2008).
Furthermore, a ZZ zinc finger in HERC2 was found to enable
SUMO interaction (Danielsen et al., 2012).

Interestingly, these SIMs play important roles in the assembly
of promyelocytic leukemia protein (PML) nuclear bodies. The
PML protein contains a SIM that may be important for nuclear
body assembly and for the accumulation of SUMO in these
bodies (Shen et al., 2006). Furthermore, oxidation-mediated
PML multimerization is important as nucleation event for nuclear
body formation (Sahin et al., 2014). Interestingly, these bodies
can be assembled in vitro via phase separation when PML and
SUMO are present (Banani et al., 2016). Furthermore, SIMs
have been found in SUMO-targeted ubiquitin ligases (STUbLS)
(Lescasse et al., 2013; Prudden et al., 2007). Multiple SIMs in
these STUbLs enable their interaction with poly-sumoylated pro-
teins, which are subsequently ubiquitinated and degraded by the
proteasome (Lallemand-Breitenbach et al., 2008; Tatham et al.,
2008). STUbLs are important for the maintenance of genome
stability (Galanty et al., 2012; Vyas et al., 2013; Yin et al., 2012)
and primarily target auto-sumoylated SAE, UBC9 and SUMO
E3 ligases for degradation (Kumar et al., 2017; Salas-Lloret et
al., 2019).

Given the limited set of non-covalent SUMO interactors that is
currently known, we set out to enrich these proteins from lysates
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using recombinant non-conjugatable SUMO1, SUMO2, and a
SUMO2 trimer. This enabled us to identify large sets of
proteins that preferentially interact with SUMO1, SUMO2, or
SUMO2 trimers.

RESULTS

A non-covalent SUMO isoform-specific binding screen
Aiming to identify both common and differential non-covalent
binders to mono-SUMO1, mono-SUMO2, and SUMO2 poly-
mers, 10xHIS-tagged versions of SUMO1, SUMO2, and a
linear triple SUMO2 fusion were recombinantly produced in
Escherichia coli. These constructs lacked the SUMO C-terminal
di-Gly motif to prevent covalent binding to target proteins. Next,
the HIS-tagged SUMO variants were bound to nickel-nitrilotri-
acetic acid (Ni-NTA) beads and incubated with whole-cell ex-
tracts from Hela cells. Uncoated Ni-NTA beads were used as
negative control. While the HIS-SUMO1- and HIS-SUMO2-
coated beads enabled the identification of SUMO monomer
and multimer interacting proteins, the HIS-SUMO2 linear trimer
fusion-coated beads enabled the identification of proteins that
interacted with SUMO polymers. Subsequently, proteins binding
to the different SUMO isoforms were eluted and trypsin digested.
The resulting peptides were identified by liquid chromatography-
tandem mass spectrometry (LC-MS/MS) analysis (Figure 1A).
Elution with 8 M urea buffer enabled us to release the SUMO
binding proteins from the beads without releasing the high
amounts of SUMOs used, facilitating the identification of the in-
teracting proteins by MS. Adding imidazole to the 8 M urea buffer
further increased the elution of binding proteins together with the
SUMO isoforms. Four independent biological replicates were
performed (Figure S1A). Detection of RNF4 as an expected
SUMO interactor served as a positive control. Furthermore,
heatmap analysis of the identified proteins indicated that
biological replicates clustered together by condition, indicating
high reproducibility (Figure S1B).

Proteins binding to each of the different SUMO isoforms were
identified and quantified. After removing common contaminants
and non-consistently identified proteins, qualitative and quanti-
tative analyses were performed for 1,520 identified protein
groups. Compared to the control sample, 379 proteins were
identified to bind to SUMO1, SUMO2, and/or polySUMO2. A to-
tal of 83 proteins bound significantly to SUMO1, 279 to SUMO?2,
and 247 to polySUMO?2 in a preferential manner (Figure 1B; Data
S1, Dataset 1). While 102 and 90 proteins were able to exclu-
sively bind to either monomeric-SUMO2 or SUMO2 polymers,
respectively, only 8 were exclusively bound to monomeric
SUMO1; 51 of the 379 interacting proteins were able to bind
SUMO irrespective of its isoform (Figure 1C; Data S1, Dataset 1).

Figure 1. Purification and identification of SUMO isoform-specific binders

(A) Experimental setup. Ni-NTA beads as control or coated with either SUMO1, SUMO2, or SUMO2 trimer were incubated with a Hela lysate under native
conditions and SUMO interactors were purified. Subsequently, SUMO binders were eluted, trypsin digested, and identified by mass spectrometry.

(B) Volcano plots depicting the identified interactors for SUMO1, SUMO2, or SUMO?2 trimer. Each dot represents a protein; each colored dot in orange, red,
or purple represents a significantly enriched protein compared to the control beads in SUMO1, SUMO2, or SUMO?2 trimer-coated beads, respectively,
from 4 independent experiments (Student’s t test with a permutation-based false discovery rate [FDR] of 0.05 and SO = 0.1).

(C) Venn diagram representing the 379 identified interacting proteins with either SUMO1, SUMO2, or SUMO?2 trimer.

See also Figure S1.
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Interacting proteins with a preference for SUMO1,
SUMO2, or SUMO2 trimer

To study interactions between the 83 SUMO1-binding proteins
in more detail (Figure 1B; Data S1, Dataset 1), we performed
STRING analysis (Szklarczyk et al., 2015), followed by a search
for highly interconnected clusters (Figure 2A). We identified clus-
ters of proteins corresponding to the nuclear lamina, PML
bodies, participating in sumoylation or mRNA splicing, and
RNA metabolic processes. Furthermore, Gene Ontology anal-
ysis was performed for the 83 SUMO1-binding proteins (Fig-
ure 2B; Data S1, Dataset 2). Consistently, SUMO binding and
SUMO transferase activities were the most highly enriched mo-
lecular functions and RNA processing was the most highly en-
riched biological process.

We then performed STRING analysis for the 279 SUMO2-
binding proteins (Figure S2), and searched for highly intercon-
nected clusters (Figure 2C). Similar to SUMO1-binding proteins,
sumoylation and RNA metabolic processes-related clusters
were identified. Moreover, a cluster of DNA damage response-
related proteins was also identified, which was not present
among the SUMOT1-binding proteins. Furthermore, Gene
Ontology analysis identified several different DNA repair path-
ways as biological processes and binding to different types
of DNA lesions as molecular function (Figure 2D; Data S1,
Dataset 3).

STRING analysis was also performed for the 247 proteins
binding to SUMO2 trimers (Figure S3A) to search for highly inter-
connected clusters (Figure 3A). As previously identified for
SUMO1 and SUMO2, protein sumoylation and RNA metabolic
processes were identified, and, similarly to SUMO2, a DNA
damage response protein cluster was also identified. Remark-
ably, other protein clusters were also identified compared to
SUMO1 or SUMO2 monomers, including mRNA splicing, chro-
matin organization, and microtubule-based movement clusters.
Gene Ontology analysis of the SUMO2 trimer binders revealed
several DNA damage response pathways as significantly en-
riched biological processes and molecular functions related to
sumoylation, DNA repair, and chromatin modification (Figure 3B;
Data S1, Dataset 4). The affinity of some of the SUMO2
trimer binding proteins identified by MS was confirmed by
immunoblotting (Figure S3B).

Overlap between SUMO binding proteins and SUMO
substrates
The SUMO proteome has been intensively studied, achieving the
identification of >40,000 SUMO acceptor lysines in >6,000 pro-
teins so far (Hendriks et al., 2017). We investigated which frac-
tions of the SUMO1, SUMO2, or SUMO2 trimer binding proteins
were also identified as covalent SUMO substrates (Figure 4A).
This percentage was close to 90% in all cases. However, when
we looked at the average amount of sumoylation sites per pro-
tein comparing SUMO1, SUMO2, or SUMO2 trimer-binding pro-
teins (Figure 4B; Data S1, Dataset 5), we observed that this num-
ber was significantly higher in SUMO2 trimer-binding proteins,
indicating that proteins binding to SUMO2 chains are more
extensively sumoylated.

We decided to investigate whether this was also true for
SUMO1-conjugated proteins. However, the amount and size of
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available datasets for SUMO1 sites are scarce compared to
SUMO?2 sites. In a previous study, using a SUMO1-T95R mutant,
Impens et al. (2014) identified 295 SUMO1 sites. We aimed to
complement this study and increase the number of identified
SUMO1 sites. Using a similar strategy to the one we previously
used for SUMO?2 sites (Hendriks et al., 2014), we used a
10xHIS-tagged lysine-deficient Q92R SUMO1 mutant. HIS-
SUMO1-modified proteins were purified using Ni-NTA beads
and subsequently digested with the protease LysC. After a sec-
ond Ni-NTA-mediated HIS purification, SUMO1 conjugates
attached to the LysC remnant containing the sumoylated lysines
were treated with trypsin, resulting in peptides bearing the
EQTGG remnant attached to the SUMO1-conjugated lysine,
which were subsequently identified by MS (Figure 4C). Using
this strategy, we identified 315 SUMO1 sites on 172 proteins,
55 of the identified sites of which were overlapping with the
ones that had already been identified (Impens et al., 2014) (Fig-
ure 4D; Data S1, Datasets 6 and 7). Considering the identified
SUMO1 sites from both Impens et al. (2014) and this study
(Data S1, Dataset 7), the percentage of non-covalent SUMO1
binders that are also identified as covalent SUMO1 target pro-
teins is high (Figure 4E; Data S1, Dataset 8).

Toward high-affinity SIMs

We evaluated whether SUMO binding proteins have preferential
affinity for SUMO1 or SUMO2 (Data S1, Dataset 1). We estab-
lished a threshold of 2-fold difference for either SUMO isoform
(Figure 5A). Recombinant proteins containing the SIMs from
RNF4, a STUbL, have been used previously as traps to purify
endogenously sumoylated proteins due to their high affinity for
SUMO (Da Silva-Ferrada et al., 2013). Interestingly, we have
identified proteins with higher affinities for SUMO2 chains than
RNF4 (Figure 5A; Data S1, Dataset 1), including MORCS,
TDP2, SETDB1, SLX4, MRE11A, and C18orf25. We searched
for in silico predicted SIMs in these proteins using the GPS-
SUMO tool (Zhao et al., 2014) and synthesized biotinylated pep-
tides containing SIMs in these proteins and mutant counterpart
peptides in which long aliphatic residues (I/L/V) had been
mutated into alanines. We performed ELISA assays using wells
coated with SIM- or mutant SIM-bearing peptides and tested
the binding of SUMO2 trimers (Eifler et al., 2018) (Figures 5B
and S4A). As a reference, we included peptides corresponding
to RNF4 SIMs. SIMs in MORC3 or SETDB1, which have higher
affinities for SUMO2 compared to RNF4 (Figure 5A), showed
higher binding in the SIM-peptide ELISA assay. The affinity for
SUMO2 was abolished in the case of the mutant counterpart
peptides.

Next, proteins with a preference for SUMO1, SUMO?2, or no
preference for SUMO isoforms were analyzed to search for pre-
dicted SIMs (Data S1, Dataset 9). Next, the predicted SIMs were
analyzed by iceLogo (Colaert et al., 2009) to search for putative
isoform-specific SIM motifs (Figures 5C and S4B). While amino
acids with acidic side chains such as aspartic acid and glutamic
acid were overrepresented in the region surrounding the SIMs in
proteins with higher affinity for SUMO?2, in the SIMs of proteins
with higher affinity for SUMO1, lysines and prolines were en-
riched in close proximity to the SIM. We investigated whether
peptides containing corresponding motifs could be used for
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the generation of more efficient SUMO traps compared to RNF4
SIM-based traps. Biotinylated peptides were synthesized, con-
taining putative SIMs or their respective mutant counterparts,
and their affinities for SUMO2 were evaluated by ELISA (Figures
5D and S4C). First, SUMO2 preferential motif peptides contain-
ing multiple acidic residues that are known to contribute to their
high affinity for SUMOs (Hecker et al., 2006) had a higher affinity
for SUMO2 trimers as compared to RNF4 SIMs. Peptides con-
taining the SUMO1-preferential motif or its mutant counterpart
showed no affinity for SUMO2 trimers. Of note, we have been un-
able to identify a SUMO1 antibody that is functional in ELISA.
Second, we tested whether the high-affinity SUMO2 SIM could
be used to improve SUMO2 traps. We bound the biotinylated
peptides to streptavidin-coated agarose beads, incubated
them with cell lysate, washed the beads, and eluted with 8 M
urea buffer. Subsequently, we verified the purification efficiency
of SUMO2 conjugates by immunoblotting (Figure 5D). Our re-
sults indicate that the SUMO-2 preferential trap improved
the enrichment of SUMO2 conjugates compared to the RNF4
SIM-based trap.

A SIM in XRCC4 facilitates its recruitment to DNA
damage sites

We compared the relative enrichment of the SUMO2 binding
proteins with the SUMO2 trimer binding proteins with a cutoff
of 2-fold preference (Figure 6A; Data S1, Dataset 1). While pro-
tein groups involved in mMRNA splicing had higher affinity for

6 Cell Reports 34, 108691, January 26, 2021

SUMO2 polymers, RNA metabolic processes-related protein
groups had higher affinity for mono- or multi-SUMO2. Protein
groups involved in the DNA damage response and protein su-
moylation had similar affinity to SUMO2 and SUMQO2 trimer,
with the exception of the DNA repair protein XRCC4, which
had 7.2 times higher affinity for SUMO2 trimers (Figure G6A).
XRCC4 participates in the non-homologous end joining (NHEJ)
DNA double-strand break (DSB) repair pathway. Other proteins
involved in NHEJ include KU70, KU80, DNA-PKcs, ligase IV,
and XLF, among others (Chang et al., 2017; Yang et al., 2016).
Interestingly, although XRCC4 was identified as a strong
SUMO?2 trimer binder, none of the other mentioned NHEJ factors
were identified as SUMO-binding proteins (Figure 1B; Data S1,
Dataset 1). However, while only 2 SUMO2 conjugation sites
have been described for XRCC4, XRCC4 partner proteins in
NHEJ KU70, KU80, and DNA-PKcs are extensively sumoylated
(Hendriks et al., 2017, 2018). We hypothesized that the SIMs in
XRCC4 may be promoting the formation of NHEJ DNA DSB
repair complexes via SUMO-SIM interactions.

Sequence analysis of XRCC4 predicted 2 putative SIMs, puta-
tive SIM1 in position 33-36 (VITL) and putative SIM2 in position
181-184 (ILVL). Putative SIM1 is located in the Head domain of
XRCC4, adjacent to the XLF interacting region, and putative
SIM2 is located in the coiled-coil domain, overlapping with the
ligase IV-interacting region (Figure 6B). We generated GFP-
tagged single and double mutants for these putative SIMs by
mutating the long aliphatic residues into alanines and tested their
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(A) Graph depicting the fraction of SUMO binders for which SUMO2 conju-
gation sites have been described.

(B) Graph depicting the number of sumoylation sites identified per protein
group in SUMO1, SUMO2, or SUMO2 trimer binders. Each dot represents a
protein group. *p < 0.05 Mann-Whitney test.

(C) Experimental design for identification of SUMO1 conjugation sites. Lysine-
deficient HIS-SUMO1-Q92R conjugates were purified from cells, treated with
LysC endopeptidase, re-purified, and treated with trypsin. EQTGG remnant-
bearing peptides corresponding to SUMO1 conjugation sites were identified
by mass spectrometry.

(D) Graph depicting the number of SUMO1 conjugation sites identified in a
previous study (Impens et al., 2014), this study, and the overlap between them.
(E) Graph depicting the fraction of SUMO1, SUMO2, and SUMO2 trimer
binders for which SUMO1 conjugation sites have been identified.

ability to bind SUMO?2 trimers (Figure 6C). Mutating putative
SIM1 (mut1) reduced the binding of GFP-XRCC4 to the
SUMO?2 trimer, confirming that it acts as a real SIM, whereas
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mutating putative SIM2 (mut2) had no effect on SUMO2 trimer
binding, indicating that this is not a functional SIM.

SUMO signaling occurs at DNA DSBs (Galanty et al., 2009;
Morris et al., 2009), and SIMs in other repair factors such as
SLX4 facilitate their recruitment to DNA damage sites (Gonza-
lez-Prieto et al., 2015; Ouyang et al., 2015). Therefore, we inves-
tigated whether the SIM in XRCC4 was also facilitating its recruit-
ment to local sites of DNA damage. To exclude the possibility
that differences in XRCC4 recruitment were due to differences
in the recruitment of other components of the NHEJ machinery,
the recruitment of KU70 was also monitored as positive control.
U20S cells were transfected with Ku70-mCherry and constructs
encoding either wild-type or SIM mutant GFP-XRCC4. Two days
after transfection, DNA damage was induced by multiphoton
laser and the recruitment of both constructs was studied in a
time-course experiment (Figures 6D and 6E). After laser micro-
irradiation, GFP-XRCC4 accumulated at DNA damage sites
(Video S1). As hypothesized, removing the SIM significantly
reduced the relative recruitment of XRCC4 to the damaged
DNA. As an alternative strategy to study the importance of su-
moylation for the recruitment of GFP-XRCC4 and Ku70-mCherry
to local sites of DNA damage, we treated the cells with SUMO-E1
inhibitor ML-792 at 1 uM (He et al., 2017) for 4 h before laser mi-
cro-irradiation experiments, which was sufficient to produce an
average reduction of 78% in the amount of SUMO conjugates
(Figure S5A). Inhibition of the SUMO E1 enzyme has a similar ef-
fect on the recruitment of GFP-XRCC4 to DNA damage tracks
compared to the removal of the SIM (Figures 6D and 6E). Inter-
estingly, mutating the SIM in XRCC4 was sufficient to cause a
2-fold increase in the sensitivity to the DSB-inducing agent Bleo-
cin compared to the wild type (Figures 6F and S5B), demon-
strating the functional importance of the SIM. Ku70-mCherry
was also recruited to DNA damage sites, re-localizing from the
nucleoli to the DNA damage sites as previously described (Fig-
ures 6D and 6E; Video S2) (Moore et al., 2011). No significant dif-
ferences were observed in the recruitment of Ku70-mCherry to
the local sites of DNA damage induced either by the co-expres-
sion of the different GFP-XRCC4 wild-type and SIM mutant con-
structs or by the inhibition of the SUMO E1 enzyme (Figures 6D
and 6E).

Next, we aimed to identify the sumoylated proteins that
bind the SIM in XRCCA4. To this end, we performed a co-immuno-
precipitation experiment with GFP-XRCC4-rescued U20S
XRCC4 /= cells in the presence and absence of Bleocin, and
we identified the differentially interacting proteins by mass spec-
trometry (Figure 7A; Data S1, Dataset 10). We found that the SIM
mutant has reduced affinity for ligase 1V, and we confirmed this
finding by immunoblotting (Figure 7B). Consistently, the stability
of ligase IV was decreased in GFP-XRCC4 SIM mutant-rescued
XRCC4-deficient cells (Figure 7C). The affinity of other members
of the NHEJ complex, including KU70/80 and DNA-PKcs for the
agarose beads in negative control samples, was too high to
enable the detection of differential affinity between wild-
type and SIM mutant GFP-XRCC4 constructs. Nevertheless,
XRCC4 phosphorylation on serine 320 in response to Bleocin
(Figure SB6A) was completely abolished in the SIM mutant (Fig-
ure 7D). Interestingly, XRCC4 S320 phosphorylation is mediated
by DNA-PKcs (Lee et al., 2004; Sharma et al., 2016; Yu et al.,
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Figure 5. Toward a more efficient SUMO2 trap

(A) SUMO1-SUMO?2 differential binding. Average enrichment to control beads of protein groups binding to SUMO1 and/or SUMO2 were compared and a fold-
difference (log2) was established and plotted in order from preferential SUMO1 binding toward preferential SUMO2 binding. Each dot represents a protein group.
Dotted lines indicate thresholds for preferential SUMO binding.

(B) Results from the SUMO?2 trimer binding ELISA of selected SIM-containing peptides and controls as indicated. Average and standard deviation from
3 independent experiments in triplicate (n = 9) are shown.

(C) IceLogo of predicted SIMs from preferential SUMO2 binders.

(D) Results from the SUMO2-trimer ELISA using a peptide containing the preferential SUMO2 SIM motif and controls. Average and standard deviation from
3 independent experiments in triplicate (n = 9) are shown. ****p < 0.0001 for a t test.

(E) Streptavidin beads were coated with peptides containing the indicated SIMs and incubated with cell lysate, washed, and eluted with 8 M urea buffer. SUMO
conjugates were analyzed by immunoblotting. The experiment was performed twice.

See also Figure S4.

2003) and this modulates DNA bridging during classical NHEJ  missense mutation (W43R) is located close to the SIM and is

(Normanno et al., 2017). also associated with the destabilization of ligase IV. We investi-
We conclude that the formation of the classical NHEJ DNA  gated whether this mutation affects SUMO-binding of XRCC4.

repair complex is facilitated and stabilized via SUMO-SIM inter-  Therefore, we tested the affinity of GFP-XRCC4-W43R for

actions (Figure 7E). Consistent with this model, mutating posi- SUMO2 trimers (Figure S6D). The XRCC4-W43R mutation

tions 181-184 (ILVL) of XRCC4 into alanines (LiglV mutant), strongly reduced the SUMO binding of XRCC4 to the same

which abrogated the interaction of XRCC4 with ligase IV (Fig- extent as the classical SIM mutant. Thus, the W43R missense

ure S6B), thus destabilizing the NHEJ complex by hampering  mutation of XRCC4, causing microcephalic primordial dwarfism,

end bridging (Ochi et al., 2014), reduced the recruitment or reten-  could be related to reduced SUMO binding.

tion of XRCC4 at local sites of DNA damage induced by laser mi-

cro-irradiation. Mutating both the SIM and the ligase IV interac- DISCUSSION

tion domain had an additive effect (Figure S6C), which

suggests that SUMO and ligase IV modulate DNA bridging and  Different SUMO isoform binders

NHEJ stability at damage sites in a cooperative manner. Here, we have investigated proteins that bind SUMO family
Mutations in XRCC4 are associated with microcephalic pri- members in a non-covalent manner. SUMO1 and SUMO2/3

mordial dwarfism (Guo et al.,, 2015; Murray et al., 2015). A  differ 53% in their amino acid sequence. Nevertheless, they
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(legend continued on next page)
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share the same protein structure and enzymatic machinery.
SUMOQ2/3 is the most abundant isoform in human cells (Saitoh
and Hinchey, 2000). Interestingly, while 298 of the 379 SUMO-
binding proteins do not bind to SUMO1, only 9 of 379 are exclu-
sive SUMO1 binders (Figure 1C). This implies that non-covalent
binding is more selective for signal transduction in the case of
SUMO1 compared to SUMO2.

Interestingly, SUMO2 trimer-binding proteins are covalently
sumoylated to a higher degree compared to SUMO2 mono-
mer-binding proteins (Figure 4B), supporting the idea of a feed-
forward mechanism in the stabilization of protein complexes via
SUMO-SIM interaction, as previously described (Psakhye and
Jentsch, 2012). Moreover, poly-sumoylation may determine pro-
tein fate by enabling the participation of a protein in different pro-
tein complexes, depending on its sumoylation levels and SUMO
chain extension state.

Compared to previous studies aiming to identify SUMO inter-
actors in a proteome wide manner (Aguilar-Martinez et al.,
2015; Cox et al., 2017; Hecker et al., 2006; Ouyang et al., 2009)
and compared to 44 proteins independently described inthe liter-
ature to interact with SUMO (Aguilar-Martinez et al., 2015; Ana-
mika and Spyracopoulos, 2016; Arriagada et al., 2011; Cappado-
cia et al.,, 2015; Cho et al., 2009, 2013; Cong et al., 2011;
Danielsen et al., 2012; de la Cruz-Herrera et al., 2017; Diehl
etal.,2016; Duetal., 2010; Eisenhardt et al., 2015; Escobar-Cab-
rera et al., 2011; Garzdn et al., 2011; Guervilly et al., 2015; Guzzo
etal., 2014; Hickey et al., 2012; Hwang and Lee, 2017; Kaur et al.,
2017; Lecona et al., 2016; Li et al., 2017; McLaughlin et al., 2016;
Meng et al., 2016; Merrill et al., 2010; Meulmeester et al., 2008;
Ouyang et al., 2009; Saether et al., 2011; Sahoo et al., 2017; San-
tiago et al., 2009; Schellenberg et al., 2017; Seenivasan et al.,
2019; Sekiyama et al., 2008; Sridharan and Azuma, 2016; Srira-
machandran etal., 2019; Sun etal., 2014; Sung et al., 2011; Tapia
et al., 2014; Tatham et al., 2008; Wang et al., 2019; Zhang et al.,
2008, 2019), 302 of the 379 proteins identified in our study have
not been described before to interact with SUMO (79.7%) (Fig-
ure S7; Data S1, Dataset 11). From the group of 44 proteins inde-
pendently described in the literature to interact with SUMO,
including SUMO ligases, SUMO proteases, and STUbLs, we
identified 20 proteins in our study; 18 of these proteins are signif-
icantly enriched compared to control samples, whichis anindica-
tion of the high coverage of the SUMO interactor proteome we
have reached in our study. This number is considerably higher
compared to other previously published proteome-wide SUMO
interaction studies: Ouyang et al. (2009) (11 of 44), Aguilar-Marti-
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nezetal. (2015) (8 of 44), Hecker et al. (2006) (6 of 44), or Cox et al.
(2017) (1 of 44) (Data S1, Dataset 10). Furthermore, in our study,
the affinity for the different SUMO family members of each protein
was measured in a quantitative manner, while previous studies
were performed in a qualitative manner. Twenty of the 44 proteins
independently described in the literature to interact with SUMO
have not been identified in any of the proteome-wide screens,
which could be due to cell line-specific protein expression as
well as to the technical limitations of the methods used in the
different studies.

XRCC4 contains a functional SIM

Among the SUMO2-binding proteins, XRCC4 has a higher affin-
ity for SUMO2 trimers than for mono-SUMQO2. Interestingly,
mutating a single SIM in XRCC4 abolished its interaction with
SUMO2 trimers. This can be explained by XRCC4’s acting as a
dimer to form a complex with ligase IV (Sibanda et al., 2001).
Furthermore, XRCC4 forms long polymeric structures with XLF
(Ochi et al., 2014). Thus, mutating a single SIM in XRCC4 leads
to a loss of two SIMs in the XRCC4 dimer and potentially more
SIMs upon polymerization with XLF, which is consistent with a
loss of SUMO polymer binding.

Abolishing the interaction of XRCC4 with SUMO2 had the same
effect on recruitment kinetics to local sites of DNA damage as in-
hibiting the SUMO E1 enzyme (Figures 6D, 6E, and S5). Mutating
the SIM reduced the affinity of XRCC4 for ligase IV and conse-
quently reduced the stability of ligase IV (Figures 7A-7C). Unlike
other members of the classical NHEJ complex, sumoylation of
ligase IV has not been described at endogenous levels (Hendriks
et al., 2018), and ligase IV and SUMO stabilize XRCC4 at local
sites of DNA damage in a cooperative manner (Figure S6C).
The high affinity of the DNA-PK complex (KU70/80 and DNA-
PKcs) as a background binder hampered detecting differential af-
finities between wild type and SIM mutant GFP-XRCC4 con-
structs by MS analysis. However, XRCC4 S320 phosphorylation
in response to DNA damage, which is mediated by DNA-PKcs
(Lee et al., 2004; Sharma et al., 2016; Yu et al., 2003), was
completely abolished in the SIM mutant (Figure 7D). This piece
of evidence, combined with high endogenous sumoylation levels
of KU70, KU80, and DNA-PKcs, with 23, 19, and 9 sites, respec-
tively (Hendriks et al., 2018), indicates arole for sumoylation of the
DNA-PK complex members in recruiting XRCC4 via its SIM.

Functionally, mutating the SIM in XRCC4 was sufficient to
reduce cellular resistance to the DSB-inducing agent Bleocin
by 2-fold compared to the wild-type counterpart (Figure 6E).

(C) Affinity of different GFP-XRCC4 wild-type and SIM mutant constructs for SUMO?2 trimer. Lysates from U20S cells expressing either GFP-XRCC4 wild-type or
SIM mutant constructs were incubated with Ni-NTA beads coated or not coated with HIS-SUMO2 trimer, washed, and eluted. The amount of GFP-XRCC4 bound
to the beads was investigated by immunoblotting. The experiment was performed 3 times.

(D) Laser micro-irradiation experiments in U20S cells expressing Ku70-mCherry and different GFP-XRCC4 wild-type or SIM mutant constructs. After DNA
damage infliction, relative recruitment to the DNA damage sites was investigated in time course experiments. Furthermore, U20S cells expressing wild-type
GFP-XRCC4 were treated with 1 uM ML-792 before micro-irradiation experiments. Scale bars represent 10 um.

(E) Quantification of the relative recruitment of GFP-XRCC4 and Ku70-mCherry to the DNA damage sites from (D). Curves represent mean relative recruitment and
error bars represent the SEM of values from at least 3 independent experiments (Nwr = 74, Ngiv mut = 73, NutemL-792 = 91). Kruskal-Wallis tests were performed to
determine statistical differences using the area under the curve (AUC) (*p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001).

(F) Result of clonogenic assay to measure cellular sensitivity to the DSB-inducing agent Bleocin in U20S cells and U20S XRCC4 "~ cells rescued with
GFP-XRCC4 wild type or GFP-XRCC4 SIM mutant. Average and SEM of 3 different experiments is indicated (Nuzos, xrcca-wT, xrcca-sim mut = 15; Nxgcca—/— = 10).
*p < 0.05; *p < 0.01; ***p < 0.001; ***p < 0.0001 for t tests.

See also Figure S5.
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(B) Verification by immunobloting of the results in (A). The experiment was performed 3 times.

(C) Relative ligase IV levels in U20S XRCC4 /'~ cells complemented either with wild-type or SIM mutant constructs of GFP-XRCC4. Average and standard
deviation from 3 independent experiments is shown.

(legend continued on next page)
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This is in agreement with our expectations, as mutating a single
SIM is unlikely to completely abolish the functionality of the
highly SUMO-regulated NHEJ repair complex (Psakhye and
Jentsch, 2012). Effects in survival assays for other previously
described SIM mutants have been milder (Gonzalez-Prieto
et al., 2015; Guervilly et al., 2015; Ouyang et al., 2015). This is
in line with the concept of functional protein group regulation
proposed by Stefan Jentsch (Psakhye and Jentsch, 2012).

Future perspectives

The results obtained in this project lead to additional research
questions that could be further investigated. Surprisingly, we
could not identify the nuclear pore complex subunit RanBP2 as
a SUMO1-binding protein. RanBP2 is known to interact with the
most important exclusive SUMO1 target RANGAP1 (Mahajan
et al., 1997, 1998; Matunis et al., 1996, 1998; Vertegaal et al.,
2006). This indicates that our screen is not exhaustive, and many
more proteins may interact with SUMO only in the proper context
of the relevant covalent target proteins. Moreover, our set-up may
be suboptimal for proteins interacting with nuclear membranes.
Concerning SIM motifs, SIMs in proteins such as MORC3 or
SETDB1 have a higher affinity for SUMO2 compared to RNF4 (Fig-
ure 5A; Data S1, Dataset 1). Consistently, high SUMO2 affinity
SIMs in MORC3 and SETDB1 contain acidic stretches adjacent
to the long aliphatic residues, which is consistent with the high-af-
finity SUMO2 consensus SIM (Figure 5C). Furthermore, we noted
that whereas TDP2 is a very strong SUMO binder in our screen, the
corresponding SIM peptides did not bind to SUMO. This is consis-
tent with the notion that TDP2 binds to SUMO?2 via a split SIM
(Schellenberg et al., 2017). These results indicate that the split
SIM in TDP2 may be a very-high-affinity SUMO2-binding motif.
Other proteins with high affinities for SUMO2 in our screen also
lack acidic stretch-surrounded SIM motifs (e.g., ARL14EP, AT-
F7IP), which may be an indication that they also contain split
SIMs. Furthermore, detailed investigation of the functional rele-
vance of non-covalent SUMO interaction for the identified set of
proteins represents a considerable challenge.
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Antibodies

Mouse anti SUMO2/3

Mouse anti XRCC4
Rabbit anti PTRF

Rabbit anti ERCC1

Rabbit anti ARKL1

Rabbit anti RNF216
Rabbit anti ATRX

Rabbit anti BLM

Rabbit anti GFP

Rabbit anti DNA Ligase IV
Rabbit anti RNF4

Developmental Studies
Hybridoma Bank (DSHB),
University of lowa,
in-house produced

Signalway antibody
Bethyl

Cell Signaling Technology
Bethyl

Bethyl

Bethyl

Abcam

Novus Biologicals

Cell Signaling Technology
Eurogentec

Cat#8A2; RRID:AB_2198421

Cat#40455

Cat#A301-269; RRID:AB_937964
Cat#12345T; RRID:AB_2797890
Cat#A303-393; RRID:AB_10952106
Cat#A304-111; RRID:AB_2621360
Cat#A301-045; RRID:AB_2243144

Cat#Ab476-

100; RRID:AB_304596

Cat#NB600-308; RRID:AB_10003058

Cat#14649;

RRID:AB_2750871

Vyas et al., 2013

Bacterial and virus strains

BL21 competent cells In house produced N/A
DHb5alpha competent cells In house produced N/A
Chemicals, peptides, and recombinant proteins

Recombinant 10HIS-SUMO1 AGG this paper N/A
Recombinant 10HIS-SUMO2 AGG this paper N/A
Recombinant 10HIS-SUMO2 trimer AGG this paper N/A

ML-792

Bleocin

Biotin-Ahx-RNF4-1 WT peptide: TAGDEIVDLTCESL
Biotin-Ahx-RNF4-1 MUT peptide: TAGDEAADATCESL
Biotin-Ahx-RNF4-2 WT peptide: SLEPVVVDLTHNDS
Biotin-Ahx-RNF4-2 MUT peptide: SLEPVAADATHNDS
Biotin-Ahx-SETDB1-1 WT peptide: ESSRPTEIIEIPDEDDDVL
Biotin-Ahx-SETDB1-1 MUT peptide: ESSRPTEAAEIPDEDDDVL
Biotin-Ahx-SETDB1-2 WT peptide: IPDEDDDVLSIDSGDAGSR
Biotin-Ahx-SETDB1-2 MUT peptide: IPDEDDDAASIDSGDAGSR
Biotin-Ahx-SETDB1-3 WT peptide: EEVDGSLVRILFLDDKRCE
Biotin-Ahx-SETDB1-3 MUT peptide: EEVDGSLARAAFLDDKRCE
Biotin-Ahx-SETDB1-4 WT peptide: PYKPFYYILDITYGKEDVP
Biotin-Ahx-SETDB1-4 MUT peptide: PYKPFYYAADATYGKEDVP
Biotin-Ahx-SETDB1-5 WT peptide: AQSNPDDVLTLSSSTESEG
Biotin-Ahx-SETDB1-5 MUT peptide: AQSNPDDAATASSSTESEG
Biotin-Ahx-MORC3-1 WT peptide: IGKKGTRIIWNLRSYKNA
Biotin-Ahx-MORC3-1 MUT peptide: IGKKGTRAAAWNLRSYKNA
Biotin-Ahx-MORC3-2 WT peptide: GDDDDEDVIILEENSTPKP
Biotin-Ahx-MORC3-2 MUT peptide: GDDDDEDAAAAEENSTPKP
Biotin-Ahx-TDP2-1 WT peptide: CGGLPNNIVDVWEFLGKPK
Biotin-Ahx-TDP2-1 MUT peptide: CGGLPNNAADAWEFLGKPK
Biotin-Ahx-TDP2-2 WT peptide: EGHIIPRSLDLLGLEKLDC
Biotin-Ahx-TDP2-2 MUT peptide: EGHIIPRSADAAGLEKLDC
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MedKoo Biosciences
Merck-Millipore
this paper
this paper
this paper
this paper
this paper
this paper
this paper
this paper
this paper
this paper
this paper
this paper
this paper
this paper
this paper
this paper
this paper
this paper
this paper
this paper
this paper
this paper

Cat#407886; CAS: 1644342-14-2
Cat#203408; CAS: 55658-47-4

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
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Biotin-Ahx-MRE11A-1 WT peptide: LDDENTFKILVATDIHLGF this paper N/A
Biotin-Ahx-MRE11A-1 MUT peptide: LDDENTFKAAAATDIHLGF this paper N/A
Biotin-Ahx-MRE11A-2 WT peptide: NHFGRSMSVEKIDISPVLLQKG this paper N/A
Biotin-Ahx-MRE11A-2 MUT peptide: NHFGRSMSAEKADASPVLLQKG this paper N/A
Biotin-Ahx-MRE11A-3 WT peptide: PEQFLDDFIDLVIWGHEHEC this paper N/A
Biotin-Ahx-MRE11A-3 MUT peptide: PEQFLDDFADAAAWGHEHEC this paper N/A
Biotin-Ahx-MRE11A-4 WT peptide: TTKNYSEVIEVDESDVEED this paper N/A
Biotin-Ahx-MRE11A-4 MUT peptide: TTKNYSEAAEADESDVEED this paper N/A
Biotin-Ahx-SLX4-1 WT peptide: KLNEEDEVILLLDSDEELE this paper N/A
Biotin-Ahx-SLX4-1 MUT peptide: KLNEEDEAAAAADSDEELE this paper N/A
Biotin-Ahx-C180rf25-1 WT peptide: TWASPAEVVDLTLDEDSRR this paper N/A
Biotin-Ahx-SLX4-1 MUT peptide: TWASPAEAADATLDEDSRR this paper N/A
Biotin-Ahx-SUMO1binding WT peptide: FDTEKKPVVVVDKPDPPDE this paper N/A
Biotin-Ahx-SUMO1binding MUT peptide: FDTEKKPAAAADKPDPPDE this paper N/A
Biotin-Ahx-SUMO1binding WT peptide: FDTEKKPVVVVDKPDPPDE this paper N/A
Biotin-Ahx-SUMO1binding MUT peptide: FDTEKKPAAAADKPDPPDE this paper N/A
Biotin-Ahx-SUMO1/2binding WT peptide: KAGRDDDIVVIDKEDEGGA this paper N/A
Biotin-Ahx-SUMO1/2binding MUT peptide: KAGRDDDAAAADKEDEGGA  this paper N/A
Biotin-Ahx-SUMO2binding WT peptide: EGDEDDDIIVVDDDDDEGE this paper N/A
Biotin-Ahx-SUMO2binding MUT peptide: EGDEDDDAAAADDDDDEGE this paper N/A
Deposited data

Mass Spectrometry RAW data SUMO binders PRIDE partner repository PXD013842
Mass Spectrometry RAW data SUMO1 sites PRIDE partner repository PXD013844
Mass Spectrometry RAW data XRCC4 interactome PRIDE partner repository PXD022924
Experimental models: cell lines

U20S ATCC HTB-96
Hela EMBL N/A
HT-1080 ATCC CCL-121
HEK293T Michele P. Calos DuBridge et al., 1987
U20S - XRCC4 —/— Haico van Attikum - LUMC  N/A
HT-1080 - HIS-SUMO1-All KR-Q92R this paper N/A
Oligonucleotides

FW-SIM1 mutate: 5-GGAATCTGGTTTTGCTGCTACAGCTACTGATG this paper N/A
GTCATTC- &

RV-SIM1 mutate: 5'-GAATGACCATCAGTAGCTGTAGCAGCAAAACC this paper N/A
AGATTCC- 3

FW-SIM2 mutate: 5-CTTTATAAGCGGTTTGCTGCGGCGGCGAATGA this paper N/A
GAAGAAAAC- 3'

RV-SIM2 mutate 5'-GTTTTCTTCTCATTCGCCGCCGCAGCAAACCGC this paper N/A
TTATAAAG- 3

FW-XRCC4-W43R: 5'-CACTTACTGATGGTCATTCAGCAAGGACTGG this paper N/A
GACAGTTTCTGAATC-3

RV-XRCC4-W43R: 5'-GATTCAGAAACTGTCCCAGTCCTTGCTGAATG this paper N/A
ACCATCAGTAAGTG-3'.

BP-FW-eGFP: 5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGG this paper N/A
TGAGCAAGGGCGAG-3

BP-RV-XRCC4: 5-GGGGACCACTTTGTACAAGAAAGCTGGGTAAATC this paper N/A
TCATCAAAGAGGTCTTCTGGG-3'

Recombinant DNA

pDEST-eGFP-myc-XRCC4-WT this paper pAV3154
pDEST-eGFP-myc-XRCC4-SIM mutant this paper pAV3155

(Continued on next page)
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pDEST-eGFP-myc-XRCC4-LiglV this paper PAV3156
pDEST-eGFP-myc-XRCC4-SIM+LiglV mutant this paper pAV3157
pDEST-eGFP-myc-XRCC4-W43R this paper PAV3724
pDEST-mCherry-KU70 this paper PAV2926
pLX303-GFP-XRCC4 this paper PAV3575
pLX303-GFP-XRCC4-SIM mutant this paper pPAV3576
pLENTI-10HIS-SUMO1 AIIKR - Q92R IRES Puro this paper pPAV1591
pHIS-TEV30a-10HIS-SUMO1 AGG this paper pAV3294
pHIS-TEV30a-10HIS-SUMO2 AGG this paper PAV3295
pHIS-TEV30a-10HIS-AN11-SUMO2 trimer AGG this paper PAV3296
pLX303 David Root Addgene plasmid # 25897)

pDONR207

Thermo Fisher

(Yang et al., 2011)
N/A

Software and algorithms

Leica LAS X 3.7.0 Leica https://www.leica-microsystems.com/
products/microscope-software/p/
leica-las-x-Is/

MaxQuant 1.6.3.3 MaxQuant https://www.maxquant.org

Perseus 1.6.2.2 MaxQuant https://www.maxquant.org

Cytoscape 3.7.0 + stringApp 1.4.0 + MCODE 1.5.1

MS Excel — Office 365 version
GraphPad Prism 8
Fiji — Imaged distribution

National Resource for
Network Biology

Microsoft
GraphPad Software
Schindelin et al., 2012

https://cytoscape.org

https://www.microsoft.com/en-us
www.graphpad.com
https://fiji.sc/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Alfred
C.O. Vertegaal (vertegaal@lumc.nl).

Materials availability
All unique/stable reagents generated in this study are available from the Lead Contact upon reasonable request.

Data and code availability

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository
(Perez-Riverol et al., 2019) with the dataset identifiers PXD013842 (SUMO binders), PXD013844 (SUMO1 sites) and PXD022924
(GFP-XRCC4 interactors).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

U20S, Hela, HT-1080 and HEK293T cell lines listed in the Key resources table were cultured in DMEM high glucose medium sup-
plemented with 10% FBS and 100 U/mL penicillin plus 100 ung/mL streptomycin (Thermo-Fisher) at 37°C at 5% CO..

METHOD DETAILS

Plasmids construction

GFP-XRCC4 SIM mutants were constructed by site-directed mutagenesis using oligos: FW-SIM1: 5'-GGAATCTGGTTTTGCTGCTA
CAGCTACTGATGGTCATTC- 3/, RV-SIM1: 5-GAATGACCATCAGTAGCTGTAGCAGCAAAACCAGATTCC- 3/, FW-SIM2: 5'-CTTTA
TAAGCGGTTTGCTGCGGCGGCGAATGAGAAGAAAAC- 3, RV-SIM2: 5'-GTTTTCTTCTCATTCGCCGCCGCAGCAAACCGCTTATA
AAG- 3. Mutants were generated in ENTRY clone pENTR221 and transferred by Gateway cloning to pDEST-EGFP-myc. This
plasmid was produced by cloning EGFP in between the Ndel and Hindlll sites of pDEST-myc, a kind gift of Dr. Simon Boulton (Martin
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et al., 2005). GFP-XRCC4 W43R was constructed using site-directed mutagenesis using oligos: FW-W43R: 5'-CACTTACTGATGGT
CATTCAGCAAGGACTGGGACAGTTTCTGAATC-3' and RV-W43R: 5'-GATTCAGAAACTGTCCCAGTCCTTGCTGAATGACCATCAG
TAAGTG-3'. This mutant was generated directly in pDEST-EGFP-myc. KU70-mCherry was constructed by Gateway cloning using
clone ccsbBroadEn_00604 from the Human ORFeome library into pDest-mCherry-N1. pDest-mCherry-N1 was a kind gift from
Dr. Robin Shaw (Hong et al., 2010). GFP-XRCC4 wild-type and SIM mutant were amplified by PCR using oligos BP-FW-eGFP:
5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGTGAGCAAGGGCGAG-3' and BP-RV-XRCC4: 5'-GGGGACCACTTTGTAC
AAGAAAGCTGGGTaAATCTCATCAAAGAGGTCTTCTGGG-3' and transferred by a BP-Gateway reaction into pDONR207 and
then transferred by a Gateway LR reaction into pLX303, which was a gift from David Root (Addgene plasmid # 25897) (Yang
etal., 2011).

Antibodies

Primary antibodies used in this study are the following: mouse-anti-SUMO2/3 (8A2, obtained from Developmental Studies Hybrid-
oma Bank (DSHB), University of lowa, in-house produced), mouse-anti-XRCC4 (Signalway antibody, 40455), rabbit-anti-PTRF
(Bethyl, A301-269), rabbit-anti-ERCC1 (Cell Signaling Technology, 12345T), rabbit-anti-ARKL1 (Bethyl, A303-393), rabbit-anti-
RNF216 (Bethyl, A304-111), rabbit-anti-ATRX (Bethyl, A301-045), rabbit-anti-BLM (Abcam, ab476-100), rabbit-anti-GFP (Novus Bi-
ologicals, NB600-308), rabbit-anti-DNA Ligase IV (Cell Signaling Technology, 14649).

Cell culture and cell lines

U20S cells and Hela cells were grown in DMEM high glucose medium supplemented with 10% FBS and 100 U/mL penicillin plus
100 pg/mL streptomycin (Thermo-Fisher) at 37°C at 5% CO2. Cells were regularly tested for mycoplasm contamination and found to
be negative. U20S XRCC4 ™/~ cells were a kind gift from Dr. Haico van Attikum in our institute (Singh et al. under review). GFP-XRCC4
rescued cell lines were generated by lentiviral transduction with pLX303-GFP-XRCC4 and pLX303-GFP-XRCC4-SIM mutant. Next,
they were sorted for GFP intensity in a FACS Aria and the lowest 1% intense GFP-positive cells were selected.

Recombinant HIS-SUMO1, HIS-SUMO2, HIS-SUMO2 trimer production

SUMO isotypes for the SUMO binders screen were produced as described in Eifler et al. (2018). 10HIS-tagged SUMO1, SUMO2 or
SUMO?2 trimer, all three lacking the -GG terminal motif, were recombinantly expressed in BL21 cells by inducing protein expression at
an 0.D.ggg of 0.6 with 0.5 mM IPTG and incubated overnight at 25°C. Cells were lysed in 50 mM HEPES pH7.6, 0.5 M NaCl, 25 mM
MgCl,, 20% glycerol, 0.1% N-P40, 50 mM imidazole, 1 mM phenylmethanesulfonylfluoride (PMSF), and protease inhibitor cocktail
minus EDTA (Roche), and the HIS-SUMO constructs were purified from lysates by incubating with Ni-NTA beads (QIAGEN) for 3 h at
4°C. Beads were then washed twice in lysis buffer including PMSF and protease inhibitor cocktail (Roche, 11836170001) and twice in
lysis buffer without PMSF and protease inhibitor cocktail. Proteins were eluted by incubating with lysis buffer plus 500 mM imidazole
for 10 min at 4°C. The elution step was repeated three times.

SUMO binders sample preparation

400 pL Ni-NTA bead slurry was washed three times with wash buffer (50 mM Tris pH7.5, 150 mM NaCl, 0.5% NP-40, 50 mM imid-
azole) and split over 4 tubes. To three of them, 100 ng of recombinant HIS-SUMO1, HIS-SUMO2 or HIS-SUMO?2 trimer was added.
The last aliquot of beads was used as negative control. Beads were incubated with the different HIS-SUMO isotypes for 2 hr at 4°C
while rotating and then washed again 3 times with wash buffer.

Twenty confluent 15 cm dishes of Hela cells were lysed in 4 mL of lysis buffer (50 mM Tris pH7.5, 150 mM NaCl, 0.5% NP-40,
50 mM imidazole, Protease Inhibitor Mix without EDTA (Roche, 11836170001), sonicated 2 times for 10 s, split over 1.5 mL micro-
centrifuge tubes and centrifuged 1 hr at 4°C at 16,000 x g. Supernatants were pooled and input control sample was taken. A quarter of
the supernatant was added to each of the tubes containing the bead-bound SUMO isotypes or beads only and incubated 2 hr at 4°C.
Unbound control samples were also taken.

After incubation, beads were washed 3 times for 10 min with 500 uL of wash buffer, including one tube change. Subsequently, they
were washed 3 times for 10 min with 500 pL 50 mM Tris pH7.5, 150 mM NacCl, including one tube change. The first elution was per-
formed with 100 pL 8 M urea, 50 mM Tris pH7.5 for 30 min at room temperature. The second elution was performed with 100 pL 8 M
urea, 50 mM Tris pH7.5, 500 mM imidazole for 30 min at room temperature. Elutions were transferred to a pre-washed 0.45 um filter
column (Millipore), and centrifuged at 10,000 x g to separate the elution from the remaining beads. A small part of the elution was kept
for immunoblotting.

Samples from the first elution were concentrated by passing through a 5 kDa cut-off filter prewashed with elution buffer 1. Con-
centration was performed by centrifugation at 8,000 x g at room temperature in a temperature-controlled centrifuge. Next, the pro-
teins were washed once with 250 pL elution buffer. Concentrated sample-volumes were equalized at 25 pL using elution buffer 1.
Ammonium bicarbonate (ABC) was added to a final concentration of 50 mM from a 1 M stock. Dithiothreitol (DTT) was added to a
final concentration of 1 mM, and incubated for 30 min at room temperature, followed by adding 5 mM chloroacetamide (CAA) for
30 min at room temperature, and 5 mM extra DTT for 30 min at room temperature. Next samples were diluted 4-fold with 50 mM
ABC, and 500 ng of Trypsin (V5111, Promega) was added. Trypsinization was performed overnight, still and in the dark.
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SUMO-binding capacity of XRCC4 mutants
SUMOQO?2 trimer-binding capacity of the different GFP-XRCC4 constructs was assayed by using the aforementioned SUMO binders
enrichment protocol using cell lysates from cells transfected with the different GFP-XRCC4 plasmids.

SUMO1 conjugation sites sample preparation

Ten confluent 15 cm dishes of HT-1080 cells expressing lysine-deficient HIS-SUMO1-Q92R were treated as previously described
(Hendriks et al., 2014). In brief, cells were washed three times on the dish with ice-cold PBS before being scraped and collected. Sub-
sequently, the cell pellets were lysed in 10 pellet volumes of guanidine lysis buffer (6 M guanidine-HCI, 100 mM sodium phosphate, and
10 mM Tris, buffered at pH 8.0) and sonicated. Next, lysates were supplemented with imidazole to 50 mM and B-mercaptoethanol to
5mM. 20 plL (dry volume) of pre-washed Ni-NTA agarose beads (QIAGEN) were added per 1 mL lysate and incubated overnight at 4°C
while rotating. Next, beads were washed for at least 15 min with at least five bead volumes of the following wash buffers in order: wash
buffer 1 (6 M guanidine-HCI, 0.1% Triton X-100, 10 mM imidazole, 5 mM B-mercaptoethanol, 100 mM sodium phosphate, and 10 mM
Tris, pH 8.0), wash buffer 2 (8 M urea, 0.1% Triton X-100, 10 mM imidazole, 5 mM B-mercaptoethanol, 100 mM sodium phosphate,
10 mM Tris, pH 8.0), wash buffer 3 (8 M urea, 10 mM imidazole, 5 mM B-mercaptoethanol, 100 mM sodium phosphate, 10 mM Tris, pH
6.3), wash buffer 4 (8 M urea, 5 mM B-mercaptoethanol, 100 mM sodium phosphate, 10 mM Tris, pH 6.3), two times. Subsequently, all
wash buffer was removed from the beads, and proteins were eluted for 30 min with one bead volume of elution buffer (7 M urea,
500 mM imidazole, 100 mM sodium phosphate, and 10 mM Tris, buffered at pH 7.0). The elution procedure was repeated another
two times, and all eluates were pooled and passed through 0.45-uM filters (Ultrafree, Millipore). Finally, samples were concentrated
over 100 kDa cut-off filters (Vivacon 500, Sartorius Stedim) at 20°C and at 8,000 x g until 10-50 puL of sample remained.

After concentration, the proteins remaining on the filters were washed once with 250 uL of elution buffer minus imidazole and re-
concentrated. Final concentrated sumoylated proteins were removed from the filters and sequencing-grade endoproteinase Lys-C
(Wako) was added to the samples in a 1:25 enzyme/protein ratio and incubated for 4 h at room temperature, still and in the dark.
Subsequently, another 10 mM of fresh -mercapto-ethanol was added to the samples, and this was followed by an additional amount
of Lys-C equal to the first amount. The second incubation was performed overnight, at room temperature, still and in the dark. Next,
digests were transferred to 15-mL tubes and diluted with an amount of guanidinium lysis buffer equal to half the amount used to lyse
the initial cell pellet. The samples were then supplemented with imidazole to 50 mM and B-mercapto-ethanol to 5 mM. Next, 40 puL
(dry volume) Ni-NTA agarose beads (QIAGEN) were prepared per 1 mL sample. The equilibrated beads were added to the lysates and
allowed to tumble at 4°C for 5 h and washes and elutions were repeated as described for the first purification. Next, samples were
concentrated on 10 kDa cut-off spin filters (Vivacon 500, Sartorius Stedim) at 20°C and at 14,000 x g. Concentration was performed
until 10-25 pL of sample remained. After concentration, the proteins remaining on the filters were washed twice with 250 pL of elution
buffer minus imidazole and re-concentrated. Final concentrated sumoylated peptides were removed from the filters.

SUMO1 conjugated peptides were supplemented with ABC to 50 mM from a 1 M stock. DTT was added to a final concentration of
1 mM, and incubated 30 min at room temperature, followed by 5 mM Chloroacetamide (CAA) for 30 min at room temperature, and
5 mM extra DTT for 30 min at room temperature. Next samples were diluted 4 fold with 50 mM ABC and an amount of sequencing-
grade modified trypsin (V5111, Promega) was added equal to 25% of the Lys-C initially used in a single digestion step. Digestion was
performed overnight, at room temperature, still and in the dark.

Sample preparation of GFP-XRCC4 interactors

U20S XRCC4 '~ complemented with either wild-type or SIM mutant constructs of GFP-XRCC4 were treated or not with 5 ng/mL
Bleocin (Millipore) for two hours. Upon confluency, cells were scraped, washed in ice-cold PBS and lysed in 1 mL of ice-cold lysis
buffer (20 mM Tris pH 7.5, 150 mM NaCl, 1 mM MgCl,, 0.5% Triton X-100, protease inhibitors minus EDTA (Roche), 20 mM N-Ethyl-
maleimide (NEM)). Lysates were vortexed and incubated 1 hr at 4°C while rotating after adding 500 Units of Benzonase (Millipore) per
sample. Subsequently, samples were centrifuged for 1 hr at 20,000 x g and 4°C and supernatants were incubated with 50 uL of GFP-
Trap beads slurry (Chromotek) for 90 min at 4°C while rotating. Subsequently, beads were washed twice with 1 mL of wash buffer
(20 mM Tris pH 7.5, 150 mM NaCl, 1 mM MgCl,, protease inhibitors minus EDTA (Roche), 20 mM NEM) and 5 times with 1 mL 50 mM
ABC. Finally, beads were resuspended in 250 uL of 50 mM ABC and 500 ng of Trypsin (V5111, Promega) was added and samples
were incubated overnight at 37°C while shaking at 1,400 rpm. Digested peptides were separated from the beads by passing through
a pre-washed 0.45 um filter (Millipore).

Stage-tipping

Prior to LC-MS/MS analysis, all trypsin-digested peptide solutions were desalted and concentrated on STAGE-tips as described pre-
viously (Rappsilber et al., 2007) and eluted with 80% acetonitrile in 0.1% formic acid or 60% acetonitrile in 0.1% formic acid for the
GFP-XRCC4 samples. Elutions were vacuum dried, employing a SpeedVac RC10.10 (Jouan, France), and dissolved in 10 ul 0.1%
formic acid before online nanoflow liquid chromatography-tandem mass spectrometry (nanoLC-MS/MS).

Mass spectrometry data acquisition

All the experiments were performed on an EASY-nLC 1000 system (Proxeon, Odense, Denmark) connected to a Q-Exactive Orbitrap
(Thermo Fisher Scientific, Germany) through a nano-electrospray ion source. The Q-Exactive was coupled to a 15 cm analytical
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column with an inner-diameter of 75 um, in-house packed with 1.9 um C18-AQ beads (Reprospher-DE, Pur, Dr. Manish, Ammer-
buch-Entringen, Germany). The chromatography gradients were from 2% to 95% acetonitrile in 0.1% formic acid at a flow rate of
200 nL/min and the mass spectrometer was operated in a Data-Dependent Acquisition (DDA) mode. Different gradient lengths
and MS1 and MS2 settings are specified.

For the SUMO-binder screen, the gradient length was 60 min with a top-10 method and a scan range of 400-2000 m/z. Full-scan
MS spectra were acquired at a target value of 3 x 10° and a resolution of 70,000, and the Higher-Collisional Dissociation (HCD) tan-
dem mass spectra (MS/MS) were recorded at a target value of 1 x 10° and with a resolution of 17,500, and isolation window of 2.2 m/
z, and a normalized collision energy (NCE) of 25%. The minimum AGC target was 1x10°. The maximum MS1 and MS2 injection times
were 20 and 60 ms, respectively. Two technical repeats were performed per sample. The precursor ion masses of scanned ions were
dynamically excluded (DE) from MS/MS analysis for 60 s. lons with charge 1, and > 6, were excluded from triggering MS2 analysis.

For the SUMO1 sites identification, the gradient length was 125 min with a top-5 method and a scan range of 300-1750 m/z. Full-
scan MS spectra were acquired at a target value of 3 x 10° and a resolution of 70,000, and the HCD-MS/MS spectra were recorded at
atarget value of 1 x 1 0° and with a resolution of 17,500, an isolation window of 1.6 m/z, and a NCE of 25%. The minimum AGC target
was 2 X 102, The maximum MS1 and MS2 injection times were 20 ms and 250 ms, respectively. Samples were analyzed in technical
triplicates. The precursor ion masses of scanned ions were dynamically excluded (DE) from MS/MS analysis for 60 s. lons with charge
1, and > 6, were excluded from triggering MS2 analysis.

For the GFP-XRCC4 interactor screen, the gradient length was 90 min with a top-7 method and a scan range of 300-1600 m/z. Full-
scan MS spectra were acquired at a target value of 3 x 10° and a resolution of 70,000, and HCD-MS/MS spectra were recorded at a
target value of 1 x 10° and with a resolution of 35,000, and isolation window of 2.2 m/z, and a NCE of 25%. The minimum AGC target
was 1x10*. The maximum MS1 and MS2 injection times were 250 ms and 120 ms, respectively. The precursor ion masses of scanned
ions were dynamically excluded (DE) from MS/MS analysis for 20 s. lons with charge 1, and > 6, were excluded from triggering MS2
analysis.

Mass spectrometry data analysis

All raw data were analyzed using MaxQuant (version 1.6.3.3) as described previously (Tyanova et al., 2016a). We performed the
search against an in silico digested UniProt reference proteome for Homo sapiens including canonical and isoform sequences
(30" November 2018), or a canonical only in the case of the SUMOT1 sites (18" April 2019).

Database searches were performed according to standard settings with the following modifications for the different datasets.

For the SUMO binders, digestion with Trypsin/P was used, allowing 4 missed cleavages. Oxidation (M) and Acetyl (Protein N-term)
were allowed as variable modifications with a maximum number of 3. Carbamidomethyl (C) was disabled as a fixed modification.
Label-Free Quantification was enabled, not allowing Fast LFQ. Match between runs was performed with 0.7 min match time window
and 20 min alignment time window. All peptides were used for protein quantification. All tables were written.

For the SUMO1 sites, digestion with Trypsin/P was used, allowing 4 missed cleavages. Oxidation (M) and Acetyl (Protein N-term),
EQTGG (K) and Phospho (ST) were allowed as variable modifications with a maximum number of 5. Carbamidomethyl (C) was setas a
fixed modification. Label-Free Quantification was disabled. All peptides were used for protein quantification. All tables were written.

For the GFP-XRCC4 interactors, digestion with Trypsin/P, allowing 3 missed cleavages. Oxidation (M) and Acetyl (Protein N-term),
and Phospho (ST) were allowed as variable modifications with a maximum number of 3. Carbamidomethyl (C) was disabled as a fixed
modification and NEM (C) enabled. Label-Free Quantification was enabled, not allowing Fast LFQ. Match between runs was per-
formed with 0.7 min match time window and 20 min alignment time window. All peptides were used for protein quantification. All
tables were written.

Laser micro-irradiation experiments

Approximately 20,000 U20S cells were seeded in six-well dishes containing an 18 mm coverslip. The following day, GFP- and
mCherry-tagged protein construct plasmids were co-transfected in tandem using 1 pug of DNA per plasmid (2 pg in total) and
12 wl of PEI (1 mg/mL) for 24 hr. Subsequently, medium was replaced with fresh medium.

Laser micro-irradiation experiments were performed two days after transfection as in Gonzalez-Prieto et al. (2015). In brief, exper-
iments were performed using a Leica SP5 confocal microscope with an environmental chamber set to 37°C. Two days after trans-
fection, media was replaced by CO2-independent Leibovitz’'s L15 medium supplemented with 10% FCS and pen/strep. DNA
damage tracks of 1 um width were generated with a Mira mode-locked titanium-sapphire (Ti:Sapphire) laser (I = 800 nm, pulse
length = 200 fs, repetition rate = 76 MHz, output power = 80 mW) using a UV-transmitting 63x 1.4 NA oil immersion objective
(HCX PL APO; Leica). Confocal images were recorded before and after laser irradiation at 15 s time intervals over a period of
5 min. Images were analyzed using Leica LAS AF software. For statistical analysis of differences in the recruitment, non-parametric
Mann-Whitney’s or Kruskal-Wallis tests using the Area Under the Curve (AUC) were used.

Clonogenic survival assays

Three thousand cells per well were plated in 6-well plates and allowed to attach overnight before treatment. Bleocin (Millipore) was
added for 6 hours at different concentrations, after which medium was replaced for fresh DMEM. Subsequently, cells were allowed to
grow for 10 days and fixed for 5 minutes in paraformaldehyde 4% in PBS. Cells were stained with Crystal Violet 0.05% for 30 minutes
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and washed 3 times with water. Afterward, Crystal Violet was re-solubilized in methanol and O.D.sg5 was measured. The value of
untreated cells was set at 100%.

SIM-peptide binding assay

The SIM-peptide binding assays were performed as described in Eifler et al. (2018). In brief, peptides were synthesized on a SYRO I
synthesizer, using preloaded Wang resin and standard Fmoc Solid Phase Peptide Chemistry, with PyBop and Dipea as activator and
base. For the binding assay, wells of Streptavidin High Capacity Coated Plates (Sigma, 96-well, clear, S6940) were pre-washed three
times with 200 puL 1 x PBS per well. Peptides were added to the wells overnight at 4°C at a concentration of 500 pmol per mL. Sub-
sequently, blocking solution (0.4% BSA in PBS) was added for 30 min at room temperature and the wells were washed three times
with 200 puL 1 x PBS/0.05%Tween 20. The wells were incubated with 50 pL of recombinant SUMO2 trimer at 10 pug per mL for 90 min
at 4°C. Unbound protein was removed by washing three times with 200 uL PBS/0.05%Tween 20 and 50 puL of SUMO2/3 mouse
monoclonal antibody 8A2 (dilution 1:48) was added and incubated for 90 min at 4°C. Wells were washed another three times with
200 pL PBS/0.05%Tween 20 and 50 plL of horseradish peroxidase-coupled anti-mouse secondary antibody (dilution 1:200) was
added and incubated for 90 min at 4°C. Unbound antibody was removed by washing three times with 200 uL PBS/0.05% T Tween
20 and 100 ul of a 1:1 dilution of the reagents A and B in the Color Reagent Pack (R&D Systems) was added to the wells. The plate
was incubated at room temperature in the dark until the positive controls were colored and the reaction was stopped with 50 uL 1 M
H>SO,4 per well. Binding of the peptides was determined by measuring the absorbance at 450 nm in a plate reader (Perkin Elmer
Victor X3).

QUANTIFICATION AND STATISTICAL ANALYSIS

For the statistical analysis of mass spectrometry data, output from the analysis in MaxQuant from the SUMO binders was further
processed in the Perseus computational platform (v 1.6.2.2) (Tyanova et al., 2016b). LFQ intensity values were log2 transformed
and potential contaminants and proteins identified by site only or reverse peptide were removed. Samples were grouped in exper-
imental categories and proteins not identified in 4 out of 4 replicates in at least one group were also removed. Missing values were
imputed using normally distributed values with a 1.8 downshift (log2) and a randomized 0.3 width (log2) considering whole matrix
values. For the SUMO binders, the heatmap was based on Z-scores, and Volcano plots and Student’s t tests with a permutation
based FDR = 0.05 and an SO = 0.1 were performed. For the GFP-XRCC4 interactome, volcano plots comparing wild-type and
SIM mutants were constructed considering only significant GFP-XRCC4 interactors compared to GFP-only negative control. Stu-
dent’s t tests were performed with an FDR = 0.05 and an SO = 0.1.

Statistical analysis tables were exported and processed in MS Excel, for further filtering and processing of the data.

For data visualization and STRING analysis, significant hits were analyzed in Cytoscape v3.7.0, using stringApp v1.4.0 and MCODE
v1.5.1. Gene Ontology analysis was performed using the PANTHER overrepresentation test from the Gene Ontology Consortium.

Quantification of immunoblotting and microscopy data was performed using Fiji — Imaged distribution and LAS-X, respectively.
Statistical analysis of data was performed using GraphPad Prism 8 and Microsoft Excel software. Statistical details of individual ex-
periments can be found in the figure legends, including the statistical test performed and definition of center and dispersion repre-
sented. For every analysis, N represents the number of values considered in the statistical analysis.
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