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Chemical proteomics reveals a yH2AX-53BP1
interaction in the DNA damage response

Ralph E Kleiner', Priyanka Verma', Kelly R Molloy?, Brian T Chait? & Tarun M Kapoor™

DNA double-strand break repair involves phosphorylation of histone variant H2AX (‘yH2AX"), which accumulates in foci at
sites of DNA damage. In current models, the recruitment of multiple DNA repair proteins to YH2AX foci depends mainly on
recognition of this ‘mark’ by a single protein, MDC1. However, DNA repair proteins accumulate at yH2AX sites without MDC1,
suggesting that other ‘readers’ of this mark exist. Here, we use a quantitative chemical proteomics approach to profile direct,
phospho-selective YH2AX binders in native proteomes. We identify yH2AX binders, including the DNA repair mediator 53BP1,
which we show recognizes yH2AX through its BRCT domains. Furthermore, we investigate the targeting of wild-type 53BP1, or
a mutant form deficient in yH2AX binding, to chromosomal breaks resulting from endogenous and exogenous DNA damage.
Our results show how direct recognition of yYH2AX modulates protein localization at DNA damage sites, and suggest how
specific chromatin mark-reader interactions contribute to essential mechanisms ensuring genome stability.

faced by cells as they are continually exposed to endog-

enous and exogenous factors that generate DNA damage.
Cells have evolved mechanisms to recognize and repair DNA
damage, collectively known as the DNA damage response!, and
defects in this process can lead to disease. In addition, DNA-damaging
agents are a mainstay of anticancer therapy, and compounds that
perturb specific repair mechanisms are in clinical development?.
Therefore, characterizing the mechanisms underlying this criti-
cal genome-surveillance pathway is vital to our understanding
of disease etiology and may aid in the development of drugs that
target DNA repair.

The cellular response to DNA damage is a tightly controlled pro-
cess relying on the precise regulation of multiple complex molecular
events in the cell. These include the initial detection of DNA dam-
age among a vast excess of undamaged DNA, signal amplification
to concentrate DNA damage response factors at DNA lesions, and
cell cycle arrest and concomitant DNA repair or apoptosis when the
damage is deemed irreparable!. The specific orchestration of these
events depends on a number of factors, such as the genomic con-
text in which DNA damage occurs, the nature of the damage and
the cell cycle state. Therefore, understanding the molecular basis for
the localization of DNA repair factors in response to diverse types
of DNA damage and at different stages of repair is critical to gain-
ing a mechanistic understanding of this important cellular process.
In eukaryotes, DNA repair occurs within chromatin, which con-
sists of DNA and associated proteins. Chromatin proteins have a
central role in the DNA damage response because they facilitate
the propagation of cellular signals necessary to recruit DNA repair
factors to broken DNA’. A focus of much research in the mam-
malian DNA damage response has been the histone variant H2AX,
which is phosphorylated on its C terminus at DNA double-strand
breaks by ATM kinase®. Phosphorylated H2AX (‘YH2AX’) forms
megabase-size foci at double-strand breaks and is required for the
recruitment of a host of DNA damage response factors, enabling
proper repair of DNA damage'.

Although itis known that the recruitment of multiple DNA repair
factors to YH2AX foci involves a diverse array of interactions regu-
lated by post-translational modifications, we lack a comprehensive

_|_he maintenance of genome stability is a major challenge

understanding of the contribution of individual ‘marks’ to pro-
tein localization. Current models propose that MDCI is the pri-
mary ‘Treader’ of YH2AX, and affinity pulldowns from nuclear
extract with a YH2AX peptide support this view’. The recruitment
of downstream repair factors, such as 53BP1, BRCA1 and NBSI,
to YH2AX foci is considered to rely upon MDC1, as these proteins
either directly bind MDCI (ref. 6) or recognize MDC1-mediated
chromatin marks”®. However, several lines of evidence indicate
that DNA repair factors may localize to YH2AX foci in an MDCl1-
independent manner. Most importantly, the recruitment of repair
factors, such as 53BP1 and NBSI, to YH2AX sites in MDC1-deficient
mouse embryonic fibroblasts (MEFs) is not completely abolished®.
Additionally, high-resolution microscopy studies of YH2AX foci
composition show that MDC1 does not saturate all available
YH2AX sites and does not overlap with other DNA damage response
factors that it is proposed to recruit’®. Taken together, these data
suggest the existence of YH2AX readers other than MDC1. However,
identifying these proteins is challenging because of the lack of reli-
able methods to profile YH2AX-interacting proteins, particularly
those that may bind with low affinity (high-micromolar K,), as has
been reported for numerous protein-protein interactions involving
chromatin marks'’.

Recently, we developed a quantitative chemical proteomics
approach, CLASPI (crosslinking-assisted and stable isotope labeling
in cell culture-based protein identification), that we used to iden-
tify readers of the histone H3 N-terminal tail in cellular lysates'2%.
In this manuscript, we further develop this methodology to profile
direct and phospho-selective binders of YH2AX in HeLa cell lysate.
In addition to MDCI1, we identify readers of YH2AX involved in
the DNA damage response, including 53BP1. Because 53BP1
displayed the highest affinity for YH2AX among the proteins we
found, we investigated the significance of this interaction in response
to DNA damage. We rationally designed single-point mutations
within the 53BP1 tandem BRCA1 C-terminal (BRCT) domains
that perturb binding to YH2AX in vitro, and then we analyzed
wild-type and mutant 53BP1 localization and dynamics at YH2AX
foci generated using several different approaches in order to show
that a direct interaction between 53BP1 and YH2AX promotes
53BP1 recruitment to sites of DNA damage in cells.

"Laboratory of Chemistry and Cell Biology, The Rockefeller University, New York, New York, USA. 2Laboratory of Mass Spectrometry and Gaseous lon
Chemistry, The Rockefeller University, New York, New York, USA. *e-mail: kapoor@rockefeller.edu

NATURE CHEMICAL BIOLOGY | ADVANCE ONLINE PUBLICATION | www.nature.com/naturechemicalbiology 1


http://www.nature.com/doifinder/10.1038/nchembio.1908
http://www.nature.com/naturechemicalbiology/

a@g © 2015 Nature America, Inc. All rights reserved.

ARTICLE

NATURE CHEMICAL BIOLOGY boi: 10.1038/NCHEMBIO.1908

RESULTS

Chemical probes to identify binders of yH2AX

In order to identify YH2AX readers using CLASPI, we needed
a probe containing a photo-crosslinker and affinity handle that
recapitulates the selectivity and affinity of a known interaction.
Guided by available structural and biochemical data®!, we pre-
pared probe C (1), which encompasses the C-terminal YH2AX
motif, phospho-SQEY-OH (Fig. 1a and Supplementary Results,
Supplementary Fig. 1), that is necessary and sufficient for binding
the tandem BRCT domains of MDCI (hereafter ‘MDCI1-BRCT’).
This probe also contained a photo-crosslinker, benzoylphenylala-
nine (Fig. 1a,b), two residues upstream of the YH2AX motif, and
propargylglycine at the N terminus for ‘click chemistry’ with azido-
diazobenzene-biotin'® (Fig. 1a). Although this design was effective
for identifying histone H3 readers'?, when we photo-crosslinked
probe C in cellular lysate, we observed a high level of reactivity
that was independent of UV treatment but dependent on Cu(1)
(Supplementary Fig. 1), suggesting that direct protein labeling by
azido-diazobenzene-biotin occurred under the particular conditions
used. To circumvent this issue, we conjugated azido-diazobenzene-
biotin directly to probe C to generate probe 1 (2) (Fig. 1a), which
obviated the need for performing click chemistry in lysate.

We next assayed photo-crosslinking between probe 1 and puri-
fied, recombinant MDC1-BRCT. We observed a sigmoidal dose-
dependent increase in crosslinking upon increasing the concentra-
tion of probe 1 (EC;, = 0.31 £ 0.14 uM) (Fig. 1c¢ and Supplementary
Fig. 2). In contrast, photo-crosslinking to probe 2 (3) (Fig. 1a),
containing serine instead of phosphoserine but otherwise identical,
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proceeded with much lower efficiency (Fig. 1¢ and Supplementary
Fig. 2). Additionally, a 10-mer YH2AX peptide (IC,, = 4.4 + 1.6 uM),
but not the analogous non-phosphorylated H2AX peptide
(ICy, > 300 M), competitively inhibited photo-crosslinking between
MDCI1-BRCT and probe 1 (Fig. 1d,e and Supplementary Fig. 2).
Taken together, these results show that our CLASPI probes recapitu-
late the phospho-selectivity and affinity of a known YH2AX reader.

Characterization of YH2AX binders in Hela cell lysate

After validation with purified, recombinant MDCI1-BRCT, we
applied our CLASPI probes to identify YH2AX readers in cellu-
lar lysate. We investigated YH2AX interactions in lysate generated
from nocodazole-arrested HeLa cells, as prolonged mitotic arrest is
known to induce a DNA damage response'®. In addition, YH2AX
foci generated during antimitotic drug treatment has been associ-
ated with these compounds’ efficacy, and the DNA damage response
in this context is less well understood than in interphase cells.

To profile cellular YH2AX readers, we set up a comparative pro-
teomics experiment consisting of two photo-crosslinking reactions.
In the ‘affinity filter’ experiment (Fig. 2a), isotopically labeled lysate
was subjected to UV radiation with probe 1 (5 M) alone or probe 1
(5 uM) supplemented with YH2AX peptide (50 uM), which compet-
itively inhibits photo-crosslinking to proteins that bind the peptide
in this concentration regime. After UV, reactions were combined,
covalent probe-protein complexes were purified with streptavidin,
and LC-MS/MS analysis identified captured proteins and quanti-
fied the relative amount of photo-crosslinking between the two
samples (Fig. 2a). Pairs of experiments in which the probes and
SILAC labels were switched (termed ‘forward’
and ‘reverse’ experiments) were performed to
account for differences in protein abundance
between the two isotopically labeled lysates.

Our analysis of the forward and reverse
affinity filter experiments revealed two pro-
teins (top right quadrant, Fig. 2b) whose pho-
to-crosslinking was inhibited by the YH2AX
peptide (50 uM): MDCI, the known YH2AX
reader, which exhibited an enrichment ratio
(mean of forward and 1/reverse SILAC ratios)
of 5.3 (Fig. 2c and Supplementary Data
Set 1), and 53BP1 (Supplementary Fig. 3
and Supplementary Data Set 1), a DNA dam-
age response mediator'’-?°, which showed an
enrichment ratio of 2.3. We were unable to
detect MCPH1, a reported reader of YH2AX?!,
using our approach. However, since we have
also been unable to detect this protein in whole
cell lysate, we suspect that MCPH1 may pose
challenges for mass spectrometry analysis. To
validate the interaction with 53BP1, we used
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Figure 1| Chemical probes to capture direct yYH2AX interaction partners. (a) Chemical
structures of probe C, probe 1and probe 2. (b) A strategy for capturing direct ‘readers’ of YH2AX.
(c) Dose-dependent crosslinking of probe 1 or probe 2 to MDC1-BRCT. Purified MDC1-BRCT was
mixed with various concentrations of probe and exposed to 365 nm UV light (hv). Crosslinked
complexes were detected by western blot (WB) using streptavidin-based detection (see
Supplementary Fig. 10 for full blot). (d) Photo-crosslinking between probe 1and MDC1-BRCT

in the presence of a yYH2AX peptide (Ac-KKATQApSQEY-OH). Reactions containing probe 1
(1uM), MDC1-BRCT (200 nM) and various concentrations of yH2AX peptide were performed
and analyzed as described in ¢ (see Supplementary Fig. 10 for full blot). (e) Quantification

of crosslinking between MDC1-BRCT and probe 1in the presence of YH2AX or H2AX
(Ac-KKATQASQEY-OH) competitor peptides (Supplementary Fig. 2). Crosslinked species

were quantified by densitometry, and values were fit to a single-site binding model to calculate

an ICs,. Data represent mean values + s.d. (n = 3).

[Peptide competitor] (M)

western blotting to detect 53BP1 after capture
with probe 1 (5 uM) in lysate from nocodazole-
arrested or asynchronous cells and found that,
consistent with the mass spectrometry data,
protein recovery was inhibited by the YH2AX
peptide (50 uM) (Fig. 2d).

To further profile YH2AX readers in lysate,
we undertooka second comparative proteomics
experiment assaying phospho-selective interac-
tions. In the ‘selectivity filter’ experiment (Fig. 3a),
we examined photo-crosslinking between
probe 1 and probe 2 (5 uM) in lysate. Our analy-
sis identified several proteins (Fig. 3b, top right
quadrant) that exhibited phospho-selective
reaction with probe 1. Among these proteins,
we identified the known YH2AX reader MDCl1
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Figure 2 | Proteomic profiling of high-affinity direct binders of yYH2AX. (a) Schematic for the identification of cellular proteins whose photo-crosslinking
to probe 1is inhibited by the presence of soluble YH2AX peptide (Ac-KKATQApSQEY-OH). Isotopically labeled lysate generated from nocodazole-arrested
Hela cells was photo-crosslinked with probe 1 (5 uM) or probe 1 (5 uM) supplemented with YH2AX peptide (50 uM). After photo-crosslinking, samples
were combined and subjected to streptavidin-affinity pulldown. Following elution from beads, proteins were separated by SDS-PAGE and digested

in-gel with trypsin. LC-MS/MS analysis was then used to identify and quantify isotopically matched peptide pairs. (b) Plot of protein enrichment ratios
(expressed as log,) from ‘forward’ and ‘reverse’ labeling experiments. Proteins exhibiting reproducible enrichment ratios >1.5 are indicated. (€¢) MS1
spectra for an isotopically matched peptide pair for ‘forward’ and 'reverse’ experiments corresponding to the protein MDC1. (d) Western blot analysis of
53BP1 photo-crosslinking to probe 1in Hela cell lysate. Lysate from nocodazole-treated or untreated Hela cells was photo-crosslinked in the presence

of probe 1 (5 uM) or probe 1 (5 uM) supplemented with YH2AX peptide (50 uM). Streptavidin enrichment followed by western blotting with an
anti-53BP1 antibody was performed. DM1a (anti-a-tubulin) antibody was used to verify equal protein concentration. Data are representative of two
independent experiments (see Supplementary Fig. 10 for full blot).

(enrichment ratio = 3.9), as well as 53BP1 (enrichment ratio = 4.9),  (that is, with variability of forward’ and ‘reverse’ ratios <25%
thereby confirming MDC1 selectivity® and validating 53BP1 as a  from the mean) enrichment ratios larger than that of MDC1
selective reader of the phospho mark (Fig. 3b and Supplementary (Fig. 3b and Supplementary Data Set 2). Furthermore, we were
Data Set 2). We also found HSCARG, HADH2, DHRS4, able to detect several known chromatin-binding proteins—
SORD, UQCC and PSMB6, all of which exhibited reproducible POLG, SIRT1 and MCM2—which all showed reproducible
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Figure 3 | Proteomic profiling of phospho-selective direct binders of YH2AX. (a) Schematic for the identification of cellular proteins preferentially
photo-crosslinking to probe 1relative to probe 2. SILAC-labeled lysate generated from nocodazole-arrested Hela cells was photo-crosslinked with probe 1or
probe 2 (5 uM). After photo-crosslinking, samples were combined and subjected to streptavidin-affinity pulldown. Following elution from beads, proteins were
separated by SDS-PAGE and digested in-gel with trypsin. LC-MS/MS analysis was then used to identify and quantify isotopically matched SILAC peptide pairs.
(b) Plot of SILAC ratios (expressed as log,) from forward’ and reverse’ ‘selectivity filter' experiments. Known chromatin-binding proteins showing reproducible
photo-crosslinking behavior in the ‘forward’ and ‘reverse’ runs are indicated. (¢) MST spectra for a SILAC peptide pair from ‘forward’ and ‘reverse’ ‘selectivity
filter" experiments corresponding to the protein SIRT1. Red and blue circles identify isotope peaks for ‘light’ and 'heavy’ peptides, respectively. (d) Phospho-
selective photo-crosslinking of recombinant GFP-SIRT1. Lysate harvested from untreated or nocodazole-arrested HEK293T cells transiently expressing
GFP-SIRT1 was UV irradiated in the presence of probe 1, probe 2 or no probe. After photo-crosslinking, western blotting with streptavidin-based detection

was used to identify cellular proteins that reacted with the respective probes. The arrow indicates the band corresponding to GFP-SIRT1 as confirmed by
anti-GFP western blot. Data are representative of three independent experiments (see Supplementary Fig. 10 for full blot). (d) Phospho-selective
photo-crosslinking of recombinant GFP-HSCARG. Reactions were performed and analyzed as described in d (see Supplementary Fig. 10 for full blot).
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Figure 4 | Biochemical characterization of the 53BP1-yH2AX interaction. (a)

[53BP1-BRCT mutants] (uM)

Domain structure of 53BP1. Motifs involved in recruitment to yH2AX foci—

the oligomerization domain, tandem Tudor domains and UDR motif—are found in the C-terminal portion of the protein. (b) Photo-crosslinking of probes 1
and 2 to recombinant GST-tagged fragments of 53BP1. Proteins corresponding to residues 956-1354 or 1702-1972 were photo-crosslinked in the presence
of probe 1(5 uM), probe 2 (5 uM), or probe 1 (5 uM) with yH2AX peptide (100 uM). Western blotting with streptavidin-based detection was used to
analyze the extent of photo-crosslinking to the probe. Data are representative of two independent experiments (see Supplementary Fig. 10 for full blot).
() Characterization of binding between 53BP1-BRCT and fluorescein-pSQEY-OH or fluorescein-SQEY-OH peptides using fluorescence anisotropy. Data
represent the mean * s.d. (n = 3). (d) Characterization of competitive binding between fluorescein-pSQEY-OH and unlabeled tetrapeptides

(pSQEY-OH, pSQEY-NH2 and pSPTF-OH) for 53BP1-BRCT using fluorescence anisotropy. Data represent the mean + s.d. (n = 3). (e) A structural model
of 53BP1-BRCT binding to a YH2AX peptide. The structures of 53BP1-BRCT (PDB: 1KZY) and MDC1-BRCT:yH2AX (PDB: 2AZM) were aligned using
PyMOL. Putative interactions between conserved 53BP1-BRCT residues (teal) and YH2AX (green) are shown with dotted black lines. (f) Characterization
of binding between mutant 53BP1-BRCT proteins and fluorescein-pSQEY-OH using fluorescence anisotropy. Data represent the mean £ s.d. (n = 3).

enrichment ratios between 2.5 and 3.5 (Fig. 3b and Supplementary
Data Set 2). To validate the phospho-selective interactions between
YH2AX and these proteins, we chose two hits that are associated with
the DNA damage response, but for which direct molecular mecha-
nisms of recruitment to damaged chromatin are unknown: SIRT1
and HSCARG (Fig. 3¢ and Supplementary Fig. 3) (refs. 22-24).
We transiently expressed GFP-tagged full-length SIRT1 (hereafter
‘GFP-SIRT1’) or HSCARG (hereafter ‘GFP-HSCARG’) in HEK 293T
cells, and performed photo-crosslinking with probe 1 or probe 2
(5 uM) in lysate harvested from these cells. Western blotting showed
greater amounts of crosslinking between GFP-SIRT1 and probe 1 as
compared to probe 2 (Fig. 3d). Similarly, we observed higher effi-
ciency photo-crosslinking between GFP-HSCARG and probe 1 as
compared to probe 2 (Fig. 3e).

Taken together, our results demonstrate that our approach can
identify known direct binders of YH2AX, such as MDCI, and
also suggest the existence of additional ‘readers, including 53BP1,
SIRT1 and HSCARG. Of these proteins, only MDC1 and 53BP1
were identified in both the affinity and the selectivity analyses.
The inability of 50 uM YH2AX peptide to compete crosslinking to
SIRT1 and HSCARG in the ‘affinity filter’ experiment suggests that
these proteins do not bind the YH2AX peptide at this concentration
and therefore are likely to be weak but selective readers of YH2AX.

53BP1 binds yH2AX through its tandem BRCT domains

We next focused on characterizing the interaction between YH2AX
and 53BP1, a protein that promotes nonhomologous end-joining
(NHE])-mediated double-strand break repair*-?’. Although 53BP1
co-localizes with YH2AX foci during the DNA damage response,
its recruitment to double-strand breaks relies upon recognition
of orthogonal chromatin marks—methylated H3 K79 (ref. 28),

dimethylated H4 K20 (ref. 29) and ubiquitinated H2A/X K15
(ref. 30). We first mapped the region in 53BP1 responsible for
YH2AX binding. Because 53BP1 contains C-terminal tandem BRCT
domains (residues 1702-1972), a known phosphopeptide binding
motif**?, we investigated this region, as well as residues 956-1354,
which have been reported to bind a YH2AX peptide** (Fig. 4a).
We generated recombinant GST-fusion proteins containing these
regions and assayed photo-crosslinking with probe 1 or probe 2
(5 uM), as well as probe 1 (5 uM) with YH2AX competitor peptide
(100 uM). We observed inefficient and non-phospho-selective pho-
to-crosslinking between residues 956-1354 and our probes (Fig. 4b).
In contrast, the BRCT domains fragment displayed robust cross-
linking to probe 1, but inefficient crosslinking to probe 2 (Fig. 4b);
in addition, photo-crosslinking to probe 1 was inhibited by the
YH2AX peptide (100 uM) (Fig. 4b). These results indicate that
the tandem BRCT domains, and not residues 956-1354, mediate
phospho-specific binding of 53BP1 to YH2AX with K < 100 uM.
We next measured the affinity of the 53BP1 tandem BRCT
domains (hereafter ‘53BP1-BRCT’) for YH2AX using fluorescence
anisotropy. We synthesized fluorescently labeled YH2AX and
H2AX peptides and quantified direct binding to untagged, recom-
binant 53BP1-BRCT. We found that 53BP1-BRCT bound to the
YH2AX-derived fluorescein-phospho-SQEY-OH (K;=2.7+£0.28 uM),
whereas we could observe only ~10% of bound fluorescein-
SQEY-OH peptide by 53BP1-BRCT (50 uM) (Fig. 4c). Additionally,
we measured the affinity of unlabeled phospho-SQEY-OH
tetrapeptide (K; = 7.5+ 1.1 uM) for 53BP1-BRCT using a competition-
binding assay (Fig. 4d). Further, we found that 53BP1-BRCT
specifically binds the yH2AX-derived peptide over other phos-
phopeptides matching the consensus binding motif for tan-
dem BRCT domains®*? (phospho-SPTF-OH: K, = 46 + 4.4 uM;
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phospho-SQEY-NH2: K; = 25 £ 0.58 uM) (Fig. 4d). Taken together,
our results demonstrate a specific interaction between 53BP1-BRCT
and YH2AX, with affinity comparable to that of other chromatin-
binding interactions''.

53BP1 point mutants with reduced yYH2AX binding

For functional studies, we needed to generate 53BP1 mutants
lacking YH2AX binding. Therefore, we compared the X-ray crystal
structure of 53BP1-BRCT* with those of structurally character-
ized tandem BRCT domains found in MDCI (ref. 5) and BRCA1
(ref. 35) to generate a model for the 53BP1-BRCT and YH2AX
complex. We found two residues (R1811 and K1814 in 53BP1)
conserved between all three proteins that were positioned to inter-
act with YH2AX (Fig. 4e and Supplementary Fig. 4). Therefore,
to investigate whether these residues in 53BP1 mediated binding
to YH2AX, we generated recombinant 53BP1-BRCT with either
a R1811Q or K1814M mutation and measured affinity of these
mutants toward fluorescein-phospho-SQEY-OH. Our results
show a 13-fold or >26-fold decrease in affinity resulting from the
R1811Q (K, = 35 £ 6.2 uM) or K1814M (K, > 70 uM) mutations,
respectively (Fig. 4f).

We further characterized the K1814M mutation by introducing
GFP-tagged full-length 53BP1 (hereafter ‘WT GFP-53BP1’) or full-
length 53BP1 containing the K1814M mutation (hereafter ‘K1814M
GFP-53BP1’) (Supplementary Fig. 4) into 53BP1~/-TRF2"~ MEFs
(where one copy of TRF2 is flanked by loxP
sites) and photo-crosslinking with probe 1.
Consistent with our earlier findings, reac-
tion with probe 1 was reduced by the YH2AX
competitor peptide and further reduced
by the K1814M mutation (Supplementary
Fig. 4). These results show that the K1814M
mutation can be used to perturb YH2AX
binding in cells.
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Dynamics of 53BP1 recruitment

To examine the functional relevance of the
YH2AX-53BP1 interaction in cells, we used
quantitative immunofluorescence micro- ¢
scopy and/or live-cell imaging to analyze
the localization of WT or K1814M GFP-
53BP1 in response to DNA damage using three
different assays reporting on endogenous
(a telomere deprotection assay) and exoge-
nous DNA damage (‘laser scissors’ and gamma
irradiation assays). We first studied the role
of YH2AX binding in 53BP1 recruitment to
DNA damage sites using laser scissors, which
enable the real-time observation of pro-
tein accumulation at laser-induced DNA
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stage, we generally observed larger amounts of WT GFP-53BP1
recruitment than K1814M GFP-53BP1 recruitment. To quantify
these differences, we measured average GFP-53BP1 fluorescence
intensity in the laser-damaged region during the first 10 min follow-
ing laser exposure. At 10 min after laser damage, when GFP-53BP1
accumulation had reached a maximum, we found that cells express-
ing WT protein exhibited 1.7-fold greater median 53BP1 recruitment
to the laser ‘stripes’ than did cells expressing K1814M GFP-53BP1
(Supplementary Fig. 5). In addition, we calculated the initial rate of
53BP1 localization by fitting the change in fluorescence in the first
4 min of increasing GFP-53BP1 signal by linear regression. This
analysis revealed that the initial rate of WT-GFP-53BP1 recruitment
was 1.7-fold larger than that for K1814M GFP-53BP1 (Fig. 5b).
Taken together, our results show that YH2AX binding by the 53BP1
tandem BRCT domains increases the kinetics and overall amount of
53BP1 recruitment to DNA damage produced by ‘laser scissors.

53BP1 recruitment to DNA damage in the absence of MDC1
We also analyzed localization of WT and K1814M GFP-53BP1
to DNA damage sites in MDCI~~ MEFs (Supplementary Fig. 4).
MDCI1 mediates 53BP1 focus formation by promoting chromatin
ubiquitination®**” and methylation® but is not required for the pro-
tein’s initial recruitment’. In cells expressing WT GFP-53BP1 but
lacking MDC1, the kinetics and total accumulation of GFP-53BP1
in the first 10 min after laser irradiation were significantly attenuated
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breaks in live cells. Briefly, we generated local-
ized DNA damage in a defined nuclear vol-
ume, and followed GFP-53BP1 localization to
this region by confocal microscopy. We
observed the emergence of a ‘stripe’ of GFP-
53BP1 coinciding with the laser-damaged
region starting 1-2 min after laser exposure
(Fig. 5a and Supplementary Fig. 5) and
increasing over the next 6-8 min, after which
point the amount of GFP-53BP1 detected
within the region remained constant for
the duration of the experiment (Fig. 5a and
Supplementary Fig. 5).

Although we observed substantial variation
in the amount of 53BP1 localization to laser
‘stripes, possibly due to variation in cell cycle

Figure 5 | Live-cell analysis of 53BP1 localization at DNA damage produced by ‘laser scissors'.
(@) 53BP1/-TRF27- MEFs expressing WT or K1814M GFP-53BP1 were exposed to 405-nm laser
light in a stripe pattern, and GFP-53BP1 localization was monitored by confocal microscopy over
10 min (4 min, 6 min and 8 min time points can be found in Supplementary Fig. 5). Scale bars,
5 um. (b) Quantification of the initial rate of 53BP1 accumulation in WT and K1814M 53BP1-
expressing cells after laser damage. The change in fluorescence intensity was measured in the
first 4 min of recruitment and fit by linear regression analysis. The solid line corresponds to the
median of all data points (n = 69 WT cells, 86 K1814M cells; three independent experiments;
significance between median values was analyzed using the two-tailed Mann-Whitney test).
() MDC1~= MEFs expressing WT or K1814M GFP-53BP1 were exposed to 405-nm laser light in
a stripe pattern, and GFP-53BP1 localization was monitored by confocal microscopy over

10 min (4 min, 6 min and 8 min time points can be found in Supplementary Fig. 5). Scale bars,
5 um. (d) Quantification of the initial rate of 53BP1 accumulation in MDCT~~ MEFs. The change
in fluorescence intensity was measured between 2 min and 10 min following laser-induced
damage and fit by linear regression analysis. Data was analyzed and plotted as in b (n = 113 WT
cells, 98 K1814M cells; three independent experiments).
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compared to those of cells with MDC1 (Fig. 5¢
and Supplementary Fig. 5); however, we still
observed DNA damage-induced protein local-
ization in most cells. In contrast, in MDCI~~
MEFs expressing K1814M GFP-53BP1, we did
not observe redistribution of 53BP1 upon laser
damage in the majority of cells. We quantified
these differences by calculating the median rate
and amount of WT and K1814M GFP-53BP1
recruitment (Fig. 5d and Supplementary
Fig. 5) and found these values to be 4.4-fold
greater and 3.5-fold greater, respectively, in
cells containing WT GFP-53BP1. These results €
show that in the absence of MDCI, 53BP1
recruitment to DNA damage sites depends on

a direct interaction with YH2AX.

53BP1 localization at telomeric DNA
damage foci

We next analyzed 53BP1 localization in
response to endogenous DNA damage pro-
duced by conditional deletion of TRF2, a
subunit of the ‘shelterin’ complex®. TRF2
depletion initiates an ATM kinase-mediated
DNA damage response producing YH2AX
foci at telomeres®. In WT and K1814M GFP-
53BP1 cells, we observed a maximal response,
as determined by the number and intensity of
YH2AX and 53BP1 foci, 72 h after TRF2 dele-
tion (Fig. 6a). We more frequently observed
YH2AX foci lacking corresponding 53BP1
foci in the mutant cell line. To quantify these
differences, we measured two parameters:

K1814M
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Figure 6 | Comparative analysis of WT and K1814M 53BP1 and yH2AX foci generated in
response to TRF2 depletion or ionizing radiation (IR). (a) Immunofluorescence analysis of
53BP1/-TRF27- MEFs expressing WT or K1814M GFP-53BP1 72 h after treatment with 4-HT.
Cells were stained with anti-yH2AX (red), anti-GFP (green) and DAPI (blue). Scale bars, 20 um.
(b) Quantification of 53BP1 accumulation at YH2AX foci 72 h after 4-HT treatment.

first, the ratio of 53BP1 intensity to YH2AX
intensity evaluated over ~7,000 foci per condi-
tion, and second, the number of foci per cell,
as correlated with the extent of repair®. We
found the median 53BP1/YH2AX intensity to
be 1.4-fold greater in WT cells compared to
K1814M cells (WT ratio = 0.72, n = 7,329 foci;
K1814M ratio = 0.52, n = 6,985 foci) (Fig. 6b
and Supplementary Fig. 6), indicating greater
accumulation of WT protein at YH2AX foci.
We also observed a two-fold increase in the
amount of YH2AX foci defective in 53BP1
localization (53BP1/yH2AX ratio <0.125)
present in mutant 53BP1 cells (1,269/6,985

53BP1/yH2AX intensity was measured for all identified foci (n = 6,985 WT foci, 7,329 K1814M
foci; three independent experiments). Bins containing >2.5% of total foci are shown (full
distribution can be found in Supplementary Fig. 6). Here and throughout this figure, significance
between median 53BP1/yH2AX intensity values was analyzed using the two-tailed Mann-
Whitney test. (¢) Immunofluorescence analysis of 53BPT/-TRF2¥~ MEFs expressing WT or
K1814M GFP-53BP1 24 h after 12 Gy IR. White arrowheads indicate cells exhibiting gross defects
in 53BP1 localization at YH2AX foci. Scale bars, 20 um (5 um in inset). (d) Median 53BP1/yH2AX
intensity over all YH2AX foci during the course of the response to 12 Gy IR. Cells were analyzed

2 h (n=11,596 WT foci, 11,616 K1814M foci; three independent experiments), 8 h (n = 7,225 WT
foci, 10,196 K1814M foci; three independent experiments) and 24 h (n = 3,917 WT foci, 4,768
K1814M foci; three independent experiments) after IR treatment. (e) Quantification of cells
exhibiting major defects (>90% of yH2AX foci lack co-localizing 53BP1 foci) in 53BP1 localization
at YH2AX foci, measured 24 h after 12 Gy. Values represent mean £ s.d. (n > 50 cells per
experiment; three independent experiments).

foci, 18%) as compared to in WT 53BP1

cells (647/7,329 foci, 8.8%) (Fig. 6b and Supplementary Fig. 6).
Additionally, mutant 53BP1 cells displayed on average 26% more
YH2AX foci per cell (WT = 27 + 2.3 yH2AX foci/cell; K1814M =
34 +7.6 YH2AX foci/cell) (Supplementary Fig. 6), consistent with
a repair defect. Taken together, these results show that the K1814M
mutation that reduces YH2AX binding results in measurable defects
in 53BP1 localization at telomeric YH2AX foci.

53BP1 localization at IR-induced DNA damage foci

Wefurther characterized 53BP1recruitmentto DNA damagebytreat-
ing cells with ionizing radiation (IR), a standard assay for the analy-
sis of double-strand breaks. We monitored YH2AX and 53BP1 foci at
threetime pointsafter subjecting cells to two different doses of IR, 1 Gy
or 12 Gy. Consistent with previously published reports?, 1 Gy IR
resulted in ~30 YH2AX foci per cell within minutes (Supplementary
Fig. 7). These foci gradually disappeared over the course of
several hours, and >70% were resolved by 24 h after IR exposure
(Supplementary Fig. 7). We analyzed YH2AX and 53BP1 foci

at early (15 min after 1 Gy) and intermediate (4 h after 1 Gy)
time points after IR, but did not observe significant differences
in the distribution of 53BP1/yH2AX intensity between WT and
K1814M proteins (Supplementary Fig. 7). In contrast, analysis of
foci detected 24 h after DNA damage revealed significant differ-
ences. In K1814M cells, the median 53BP1/yH2AX intensity was
reduced (WT = 0.89, n = 1,295 foci; K1814M = 0.57, n = 1,074 foci)
(Supplementary Fig. 7), and 1.6-fold more foci showed defective
(with ratio <0.25) 53BP1 localization (WT: 62/1,295 foci, 20%;
K1814M: 334/1,074 foci, 31%) (Supplementary Fig. 7).

As expected, 12 Gy IR produced more YH2AX foci per cell than
did 1 Gy IR (Supplementary Fig. 8). Similar to the results after
1 Gy IR, quantification of 53BP1/yH2AX intensity at 24 h after
12 Gy IR (Fig. 6¢,d) revealed substantial differences in 53BP1 accu-
mulation, whereas analysis at early (2 h) and intermediate (8 h)
(Fig. 6d and Supplementary Fig. 8) stages of repair did not. At 24 h,
we found that the median 53BP1/yH2AX ratio in WT 53BP1 cells
(WT =0.89, n=3,917 foci) was 1.7-fold greater than in mutant cells
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(K1814M = 0.53, n = 4,768 foci) (Fig. 6d) and that 1.6-fold more
YH2AX foci in mutant cells exhibited defective 53BP1 localization
(ratio <0.25) (WT: 786/3,917 foci, 20%; K1814M: 1,456/4,768 foci,
31%) (Supplementary Fig. 8).

In addition to global differences in 53BP1 accumulation at late
stage YH2AX foci, we also observed a striking phenotype in a subset
of cells (15%) expressing mutant 53BP1 analyzed 24 h after 12 Gy IR
(Fig. 6¢.e). These cells contained ~10-20 YH2AX foci (similar to the
population average) but no corresponding 53BP1 foci. Instead, 53BP1
staining was diffuse, but still localized to the nucleus (Fig. 6¢; see
inset). In cells with WT GFP-53BP1, only 3% showed this gross defect
in 53BP1 co-localization (Fig. 6¢c,e). This population may reflect a
particular cell cycle state, although we note that interpreting and dis-
secting this phenotype may be challenging in this experimental set-
ting, as these experiments were performed in SV40LT-immortalized
MEFs, which are defective in multiple cell cycle checkpoints®. Taken
together, our findings indicate that proper targeting of 53BP1 to
late-repairing DNA damage foci involves an interaction mediated by
53BP1’s BRCT domains. Such foci are likely to be enriched in hetero-
chromatin relative to the foci analyzed at earlier time points®.

DISCUSSION

In this study, we used a quantitative chemical proteomics approach
to identify 53BP1, SIRT1 and HSCARG, in addition to MDCl, as
‘readers’ of YH2AX—a DNA damage-associated chromatin ‘mark’
We focused on direct 53BP1 recognition of YH2AX and showed
that disrupting this interaction leads to differences in accumula-
tion rate, MDCl-independent recruitment, and 53BP1 retention
at DNA breaks. Our work demonstrates how phosphorylation of
H2AX mediates diverse phosphoprotein interactions involved in
the DNA damage response.

Many of the key players in the DNA damage response are widely
conserved among eukaryotes. Notably, yeast possess homologs of
53BP1— the DNA repair factors Rad9 and Crb2. These proteins bind
to phosphorylated H2A (YH2A) through tandem BRCT domains*-%,
which are structurally conserved in 53BP1 homologs from yeast to
human (Supplementary Fig. 9). However, these domains are not
considered functionally significant in mammalian 53BP1, as stud-
ies with constructs lacking them have not revealed defects in DNA
repair or recruitment to YH2AX foci*-%. This raises the question:
what is the role of the tandem BRCT domains in 53BP1 that has
necessitated their evolutionary conservation? Our work provides
a resolution to this question by showing that YH2A or YH2AX
recognition through tandem BRCT domains is a conserved feature
of 53BP1 homologs from yeast to man. The key difference is that
the role of this interaction has diverged. Our findings suggest that
rather than serving as a necessary step for 53BP1 recruitment to
DNA damage sites, as in yeast, the mammalian 53BP1-yH2AX inter-
action has acquired a specialized function—contributing to 53BP1
recruitment kinetics, accumulation during late-stage DNA repair
and localization to telomeres. Interestingly, DNA damage signaling in
mammals,includingtherecruitmentof53BP1and BRCA1, reliesupon
chromatin ubiquitination by RNF8 and RNF168, for which homologs
have not been detected in yeast®®. We speculate that the increased
dependence on ubiquitin marks for DNA repair factor recruitment in
mammals has enabled the reassignment of phospho mark-mediated
interactions to other functions in the DNA damage response.

Together with published reports, our findings demonstrate that
accumulation of 53BP1 at double-strand breaks involves three pos-
sible chromatin-mediated interactions. How do these binding events
facilitate 53BP1 recruitment to DNA damage sites? Recognition of
methylated H4 K20 by 53BP1’s tandem Tudor domains is a low-
affinity interaction (K; ~20 uM)®, and binding of ubiquitinated
H2A K15 by the UDR motif could not be readily detected using
biophysical methods and is also likely to be a weak interaction®.
Therefore, we favor a model in which 53BP1 localization relies upon

multiple interactions and wherein no single epitope provides suffi-
cient binding energy for stable association (Supplementary Fig. 9).
This binding mode provides multiple points of regulation that enable
the precise control of 53BP1 activity in response to diverse cellular
parameters such as chromatin architecture and cell cycle stage. While
recognition of methyl and ubiquitin marks® is responsible for the
majority of 53BP1 recruitment to DNA damage sites, a direct inter-
action with YH2AX is involved in specific contexts, such as at late-
repairing foci and telomeric sites. Interestingly, these late-repairing
YH2AX foci may occur primarily in heterochromatic regions, where
DNA repair is known to proceed more slowly””. And, consistent
with our findings, the BRCT domains of 53BP1 have been impli-
cated in heterochromatic DNA repair; however, this process was not
examined in the context of direct YH2AX recognition*. Similarly,
telomeres are proximal to heterochromatic regions®. The heteroge-
neous response observed in individual cells at late time points is also
suggestive of cell cycle regulation of the YH2AX interaction. Further
studies will be needed to dissect the contributions of these various
factors to 53BP1-mediated DNA repair. Our studies also point to
recognition of YH2AX by SIRT1 and HSCARG. In a fashion similar
to what we found with 53BP1, these binding events may be relevant
in particular contexts or in combination with other interactions.

Recognition of phosphoserine and phosphothreonine can be
mediated by BRCT domains, conserved protein-interaction motifs
frequently found in DNA damage response proteins. Predicting rel-
evant ligands for these domains a priori is challenging, and potential
phosphopeptide binding by 53BP1-BRCT has been largely ignored.
Ourfindings, combined with available structural data, suggestamode
of recognition comparable to what has been observed in other mam-
malian tandem BRCT domains, including those in MDCI (ref. 5)
and BRCA1 (ref. 14). Similar to these domains, 53BP1-BRCT binds
multiple phosphopeptides matching the pS/T-X-X-F/Y consensus
sequence, although the peptides examined in this work were bound
with reduced affinity compared to YH2AX. Nevertheless, since the
K1814M mutation examined in this study would be likely to perturb
interactions with other cellular phosphopeptides, we cannot exclude
the possibility that the observed cellular effects may result from
impairment of 53BP1-BRCT interactions with other phosphopro-
teins in addition to YH2AX. To our knowledge, however, no other
phosphorylated cellular ligand for 53BP1-BRCT has been reported,
and therefore perturbation of YH2AX recognition remains the only
known functional output of the K1814M mutation.

Many characterized chromatin-binding modules exhibit weak
monovalent binding when assayed in vitro. These interactions are
thought to be relevant in a multivalent context, where synergistic
binding events between multiple chromatin-binding domains and
histone marks can generate interactions with high affinity and spec-
ificity®®. Our work demonstrates the utility of photo-crosslinking—
based approaches for profiling direct, modification-dependent
protein-protein interactions of varying affinities in lysate, and
it highlights the importance of these interactions in processes
that ensure genome stability. Adapting such approaches to in vivo
systems will be the next step to enable the characterization of these
interactions in their native context.

Received 22 April 2015; accepted 12 August 2015;
published online 7 September 2015

METHODS
Methods and any associated references are available in the online
version of the paper.
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ONLINE METHODS

Plasmids. A plasmid encoding cDNA for human MDC1-BRCT® was a gift from
S. Jackson (University of Cambridge). MDCI1-BRCT (residues 1883-2089) was
cloned into pDONR201 and then pDEST15 using Gateway technology (Life
Technologies). A plasmid encoding cDNA of human 53BP1 was a gift from T. de
Lange (Addgene plasmid #19836) (refs. 26). 53BP1-BRCT (residues 1702-1972)
was cloned into pGEX-6P-1 (GE Healthcare) using BamHI and Xhol restriction
sites. R1811Q and K1814M mutations were introduced into 53BP1 using overlap
extension PCR with mutagenic primers. Human 53BP1 (residues 956-1354) was
cloned into pGEX-6P-1 using EcoRI and Xhol restriction sites. Full-length wild-
type 53BP1 and K1814M 53BP1 were cloned into pDONR201 and then an ami-
no-terminal GFP-fusion retroviral vector based upon pMSCVpuro using Gateway
technology. A plasmid encoding cDNA for human SIRT1 was a gift from M.
Greenberg (Addgene plasmid #1791) and a plasmid encoding cDNA for human
HSCARG wasagiftfromN. Burgess-Brown (Addgene plasmid #39016). Full-length
SIRT1 and full-length HSCARG were cloned into a modified pCDNA3.1/Myc-
HisA (Life Technologies) vector containing an N-terminal eGFP tag.

Peptide probe synthesis. YH2AX- and H2AX-peptide probes (probe 1 and probe 2)
were prepared by conjugating a biotin-PEG-diazobenzene-N; affinity tag'® to
alkyne- and benzophenone-containing peptides using Cu(1)-catalyzed Azide-
Alkyne Cycoloaddition (CuAAC). Benzophenone and alkyne-containing modi-
fied peptides (for example, probe C) were synthesized by automated solid-phase
peptide synthesis using standard conditions. The peptide and biotin affinity tag
were reacted together in the presence of CuSO,, ascorbic acid, and TBTA using
standard conditions. Probes were purified by reverse-phase HPLC using a C18
stationary phase and elution with a gradient of water and acetonitrile. MALDI-MS
and ESI-MS characterization data are provided in Supplementary Table 1.

Protein expression and purification. All proteins were expressed in Escherichia
coli BL21(Rosetta) by induction overnight with IPTG (0.5 mM) at 18 °C. After
cell lysis, GST-fusion proteins were captured on a GSTrap 4B (GE Healthcare)
affinity matrix and eluted with glutathione-containing buffer (50 mM HEPES
pH 7.5, 150 mM NaCl, 10 mM vr-glutathione, 1 mM DTT). Proteins were then
dialyzed to remove glutathione and concentrated if needed using Amicon
Ultra-4 centrifugal filter units (EMD Millipore). For wild-type and mutant
53BP1-BRCT proteins, the GST tag was cleaved by incubation with PreScission
protease overnight, and the untagged proteins were purified by anion-exchange
chromatography as described previously*.

Photo-crosslinking and streptavidin enrichment. Photo-crosslinking of lysate
proteins to probes 1 and 2 was performed as previously described'?. Following
photo-crosslinking, SDS (0.5%) was added to the samples and they were incu-
bated with streptavidin agarose resin (Thermo Scientific) for 90 min at room tem-
perature (RT). The resin was washed with 1% SDS in PBS (3x), 6 M urea and 0.1%
SDS in PBS (6x), and 0.1% SDS in 250 mM NH,HCO, (3x). Proteins were eluted
by incubating twice with sodium dithionite-containing buffer (25 mM Na,S,0,
0.1% SDS, 250 mM NH,HCO;) for 1 h at RT. Samples were evaporated to dryness
in a SpeedVac. For photo-crosslinking to purified proteins, recombinant protein
(200 nM) was incubated with probe 1 or probe 2 for 20 min on ice and then irradi-
ated at 365 nm using a Spectroline ML-3500S UV lamp for 15 min on ice.

Preparation of whole-cell lysates. Whole-cell lysate from nocodazole-
arrested or asynchronous HeLa S3 cells was prepared as previously described
using a cryogenic grinding-based protocol'?. For proteomic analysis, HeLa S3
cells were cultured in medium containing *C¢*N,-L-arginine (22 mg/L) and
BC4*N,-L-lysine (50 mg/l) or L-arginine (21 mg/L) and L-lysine (48 mg/L).

Mass spectrometry. Mass spectrometry was performed essentially as described
previously'2. Dried protein samples were resuspended in LDS sample buffer
(Life Technologies), reduced and alkylated, and separated on a 4-12% Bis-Tris
gradient gel (Life Technologies), followed by in-gel trypsin digestion. Tryptic
peptides were purified and analyzed on an LTQ-Orbitrap XL mass spectrom-
eter (Thermo Scientific). Protein identification and quantitation of SILAC pep-
tide ratios was performed using MaxQuant®' version 1.2.2.5.

Fluorescence anisotropy. NH2-phospho-SQEY-OH or NH2-SQEY-OH peptides
were prepared by automated solid-phase peptide synthesis by standard methods
and reacted with NHS-fluorescein (Thermo Scientific). Fluorescein-labeled
tetrapeptides were purified by reverse-phase HPLC. Binding assays with 53BP1-
BRCT constructs were performed by combining fluorescein-labeled peptide
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(50 nM) with varying concentrations of purified protein in buffer (50 mM HEPES
pH 7.5, 150 mM NaCl, 1 mM DTT). After equilibration, fluorescence anisot-
ropy was measured using a BioTek Synergy Neo microplate reader. Dissociation
constants (K;) were calculated by fitting measured values to a four-parameter
sigmoidal dose-response curve. For competition binding assays, fluorescein-
phospho-SQEY peptide (50 nM) was combined with 53BP1-BRCT (6 uM)
and varying concentrations of competitor peptide in buffer (50 mM HEPES pH
7.5, 150 mM NaCl, 1 mM DTT) and fluorescence anisotropy was measured as
above. The half maximal inhibitory concentration (ICy,) was calculated by fitting
measured values to a four-parameter sigmoidal dose-response curve. Inhibition
constants (K;) were derived from IC;, using the following equation:

K;=B-I-K4/(Ly-Ry) + B-(Ry — Ly + B—Ky)

where B = bound ligand concentration; I = inhibitor concentration; L; = total
ligand concentration; Ry = total receptor concentration.

Cell culture and retroviral transduction. MDCI1-/~ (ref. 26) and TRF2"- 53BP1-/-
MEFs? were described previously. Cells were cultured at 37 °C in a humidified
atmosphere with 5% CO2 in DMEM (Life Technologies) supplemented with
15% FBS (HyClone) (for MEFs) or 10% BCS (HyClone) (for Phoenix cells),
1x penicillin-streptomycin and non-essential amino acids (Life Technologies)
and 2 mM L-glutamine (Life Technologies). To generate retrovirus, Phoenix
cells were transfected using a calcium phosphate protocol. Medium containing
retrovirus was harvested, supplemented with 4 pg/ml Polybrene (Sigma), and
applied to MEFs followed by selection with puromycin (Sigma).

Immunofluorescence microscopy. Telomeric foci were generated by TRF2
deletion in TRF2%- 53BPI7- Rosa26 Cre-ER™ MEFs by treatment with
4-HT (Sigma) as described previously?”’. Genomic foci were generated by
subjecting cells to gamma rays from a Cs-137 source. For imaging YH2AX and
GFP-53BP1 foci, cells on coverslips were fixed for 10 min at RT in PBS contain-
ing 3% paraformaldehyde and 2% sucrose adjusted to pH 7.3. After fixation,
cells were blocked and permeabilized with PBS containing 0.1% Triton X-100,
0.1% BSA (Sigma), and 3% donkey serum (Sigma). The following primary
antibodies were used: anti-phospho-Histone H2A.X clone JBW301 (EMD
Millipore #05-636-1, used at 1:1,000); anti-GFP (raised against full-length GFP
and affinity purified, used at 1 pg/ml). Secondary antibodies raised in don-
key (Jackson Immunoresearch) were used at 2 pg/ml and DNA was stained
with Hoechst 33342 (Thermo Scientific, 1 pg/ml). Coverslips were mounted
in ProLong Gold AntiFade Reagent (Life Technologies) and sealed with nail
polish. Images of fixed cells were acquired using Metamorph software and a
Zeiss Axiovert 200M microscope equipped with 63x objective and EMCCD
camera (Andor iXon). For quantification of GFP-53BP1/yH2AX intensity at
foci, fluorescence micrographs were background subtracted using a rolling ball
with 3-pixel radius (ImageJ) and YH2AX foci >4 pixels in area were defined
using a particle identification algorithm (Image]). GFP-53BP1 and YH2AX
integrated fluorescence intensity were measured in the defined focal region.

Western blot. For western blot analysis, the following antibodies were used: anti-
53BP1 (Bethyl, #A300-272A, used at 1:1,000), anti-GFP (used at 1 pg/m), anti-o.-
tubulin clone DM1o (Sigma #T6199, used at 1:5,000). IRDye-conjugated secondary
antibodies raised in goat and IRDye-conjugated streptavidin were purchased from
LI-COR Biosciences and used according to the manufacturer’s instructions.

Live cell imaging. For live-cell imaging, cells grown on glass-bottom culture
dishes (MatTek Corp), were incubated for 10 min with Hoechst 33342
(0.5 pug/ml) in Leibovitz’s L-15 medium without phenol red (Life Technologies)
supplemented with 15% FBS (HyClone). Cells were maintained at 37 °C and a
defined nuclear volume was exposed to a 405 nm laser (50% power output, 1 s)
using the Photonics Instruments Digital Mosaic system (Andor). Confocal
GFP fluorescence micrographs were acquired immediately after laser damage
using Metamorph software and a Zeiss Axiovert 200 microscope equipped with
63x objective, UltraView spinning disk confocal head (PerkinElmer), EMCCD
camera (Andor iXon) and solid-state 491 nm laser (Spectral Applied). To quan-
tify GFP-53BP1 recruitment, average GFP fluorescence intensity was measured
in a 6-pixel-wide region encompassing the site of laser exposure (Image]).

51. Cox, J. & Mann, M. MaxQuant enables high peptide identification rates,
individualized p.p.b.-range mass accuracies and proteome-wide protein
quantification. Nat. Biotechnol. 26, 1367-1372 (2008).
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