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Poly-ADP-ribosylation is a unique post-translational modification participating in many biological processes, such
as DNA damage response. Here, we demonstrate that a set of Forkhead-associated (FHA) and BRCA1 C-terminal
(BRCT) domains recognizes poly(ADP-ribose) (PAR) both in vitro and in vivo. Among these FHA and BRCT
domains, the FHA domains of APTX and PNKP interact with iso-ADP-ribose, the linkage of PAR, whereas the
BRCT domains of Ligase4, XRCC1, and NBS1 recognize ADP-ribose, the basic unit of PAR. The interactions
between PAR and the FHA or BRCT domains mediate the relocation of these domain-containing proteins to DNA
damage sites and facilitate the DNA damage response. Moreover, the interaction between PAR and the NBS1
BRCT domain is important for the early activation of ATM during DNA damage response and ATM-dependent
cell cycle checkpoint activation. Taken together, our results demonstrate two novel PAR-binding modules that
play important roles in DNA damage response.
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Post-translational modifications, such as protein phos-
phorylation, ubiquitination, acetylation, and methylation,
are important for numerous biological processes. Protein
ADP-ribosylation is a unique post-translational modi-
fication that has been shown to play critical roles in
many cellular events, especially DNA damage response
(Schreiber et al. 2006; Gibson and Kraus 2012).

Poly-ADP-ribosylation is catalyzed by poly-ADP-ribo-
sylation polymerases (PARPs) (Ame et al. 2004; Hottiger
et al. 2010). Using NAD+ as the donor, ADP-ribose is
covalently linked to the side chains of arginine, aspartic
acid, and glutamic acid residues in target proteins. After
catalyzing the first ADP-ribose on the target, other ADP-
riboses can be covalently linked onto the first ADP-ribose
to form both liner and branched polymers, known as
poly(ADP-ribose) (PAR) (Schreiber et al. 2006; Luo and
Kraus 2012). Following DNA damage, massive poly-ADP-
ribosylation is synthesized at DNA lesions within a few
seconds (D’Amours et al. 1999; Kim et al. 2005). To date,
two major nuclear substrates of poly-ADP-ribosylation are
known: the PARP1 enzyme itself and histones (Schreiber
et al. 2006; Messner and Hottiger 2011). Once PAR is

synthesized at the DNA damage site, it is also quickly
recognized and hydrolyzed by PAR glycosylase (PARG)
(D’Amours et al. 1999; Gagne et al. 2006; Kim et al.
2007a). Thus, the half-life of PAR at DNA damage sites
is very short, and the biological function of this dynamic
post-translation modification at DNA damage sites re-
mains elusive.

Recently, several PAR-binding proteins have been iden-
tified as the ‘‘readers’’ to recognize PAR signals (Karras
et al. 2005; Ahel et al. 2008; Wang et al. 2012), suggesting
that PAR is likely to function as recruiting signals to
induce DNA damage response factors to DNA damage
sites. To identify other PAR-binding modules, we exam-
ined both the Forkhead-associated (FHA) domain and the
BRCA1 C-terminal (BRCT) domain. The FHA and BRCT
domains are known as phospho-protein-binding domains.
Many FHA domain- or BRCT domain-containing proteins
are involved in DNA damage response (Li et al. 2002;
Glover et al. 2004; Mahajan et al. 2008; Mohammad and
Yaffe 2009). It has been shown that the FHA domains
recognize phospho-Thr (pThr) motifs (Sun et al. 1998;
Durocher et al. 1999, 2000; Li et al. 2002; Mahajan et al.
2008). For example, the FHA domain of Rad53 recognizes
the pThr motif of Rad9 in budding yeast (Sun et al. 1998),
the FHA domain of fission yeast NBS1 recognizes the
pThr of Ctp1(Williams et al. 2009), and the FHA domain
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of human NBS1 and RNF8 recognizes the pThr motifs of
MDC1 (Chapman and Jackson 2008; Spycher et al. 2008;
Wu et al. 2008; Lloyd et al. 2009). While the BRCT
domains have been shown to recognize phospho-Ser (pSer)
motifs (Manke et al. 2003; Yu et al. 2003), the BRCA1
BRCT domain binds pSer motifs in several downstream
partners (Yu et al. 2003; Yu and Chen 2004; Kim et al.
2007b; Liu et al. 2007; Wang et al. 2007). The MDC1 BRCT
domain recognizes the pS139 site of H2AX (Stucki et al.
2005). These phospho-protein-dependent interactions
are important for DNA damage checkpoint activation
and DNA damage repair. However, based on the peptide
screening, not all of the FHA and BRCT domains have
high affinity to phospho-proteins (Durocher et al. 2000;
Rodriguez et al. 2003). In particularly, our recent study
suggests that the BARD1 BRCT domain recognizes
ADP-ribose (Baer 2013; Li and Yu 2013). Thus, we asked
whether these domains have other binding partners besides
phospho-proteins.

Following the DNA damage, PAR is quickly synthe-
sized at the DNA damage sites. Interestingly, one ADP-
ribose residue contains two phosphate groups. Thus,
massive PAR synthesized upon DNA damage brings huge
amounts of phosphate moieties at DNA damage sites in
a very short period. We therefore wondered whether the
FHA and BRCT domains could recognize PAR. In this
study, we screened 19 FHA and BRCT domains and found
that five of them bind PAR both in vitro and in vivo.
Moreover, the interaction with PAR facilitates the fast
recruitment of these FHA or BRCT domain-containing
proteins to DNA lesions and the relevant DNA damage
repair process.

Results

A set of BRCT and FHA domains binds PAR

Since CHFR and APLF are known PAR-binding proteins,
which bind PAR via their PBZ motifs (Ahel et al. 2008; Li
et al. 2010; Oberoi et al. 2010), we used GST, recombinant
CHFR, and APLF PBZ motifs as negative and positive
controls, respectively, to screen PAR-binding domains.
We examined 19 FHA or BRCT domains and found that
two FHA domains (from PNKP and APTX), two BRCT
domains (from Ligase4 and XRCC1), and an FHA–BRCT
fusion domain (from NBS1) interacted with PAR (Fig. 1A).
Reverse pull-down assays confirmed the direct interac-
tion between PAR and these FHA/BRCT domains (Fig.
1B). Using isothermal titration calorimetry (ITC) assays,
we measured the affinity between PAR and these FHA/
BRCT domains (Fig. 1C), which is in the physiologically
relevant range and is similar to that between PAR and
other PAR-binding domains (Karras et al. 2005; Wang
et al. 2012). Since PAR is the ADP-ribose polymer with
mixed length and contains both linear and branched
forms, the affinity between the PAR-binding domain
and PAR could not be accurately measured. We then
measured the affinity between these FHA/BRCT domains
and ADP-ribose, the basic unit of PAR. The ITC results
show that the BRCT domains of Ligase4 and XRCC1 and

the FHA–BRCT fusion domain of NBS1 recognize ADP-
ribose. However, the FHA domains of PNKP and APTX
do not interact with ADP-ribose (Fig. 1D). Since the FHA
domains of PNKP and APTX recognize PAR, we wonder
whether these FHA domains interact with the linkage
between each ADP-ribose in PAR. We used phosphodies-
terase to digest PAR into iso-ADP-ribose, the linkage
between two individual ADP-riboses, and found that the
FHA domains of PNKP and APTX have high affinity with
iso-ADP-ribose (Fig. 1E). Following DNA damage, PAR is
heavily synthesized at DNA lesions (D’Amours et al. 1999;
Kim et al. 2005). It has been reported that PNKP, APTX,
Ligase4, XRCC1, and NBS1 all participate in DNA damage
response (Su 2006; Polo and Jackson 2011). We examined
the in vivo interactions between PAR and PNKP, APTX,
Ligase4, XRCC1, or NBS1. With ionizing radiation (IR)
treatment, PAR was significantly synthesized in the
cells and interacted with PNKP, APTX, Ligase4, XRCC1,
or NBS1 (Fig. 1F). Taken together, these results demon-
strate that a set of FHA/BRCT domains interacts with
PAR.

PAR-binding pockets are conserved in the BRCT
and FHA domains

Next, we examined the PAR-binding sites in these FHA/
BRCT domains. Different FHA or BRCT domains are
predicted to fold into similar secondary structures, re-
spectively, with binding pockets that can recognize pThr
or pSer motifs (Fig. 2A; Glover et al. 2004; Mahajan et al.
2008; Mohammad and Yaffe 2009). We asked whether the
similar binding pockets recognize iso-ADP-ribose and
ADP-ribose, respectively. For the FHA domains of PNKP
and APTX, two conserved arginine residues in each
binding pocket were mutated into alanines. Both mutants
abolished the interaction with PAR in the pull-down and
reciprocal pull-down assays (Fig. 2B,C). Moreover, we did
not detect any affinity between the mutant FHA domains
and iso-ADP-ribose using ITC assays (Fig. 2D). Following
IR treatment, the FHA domain mutations abolished the
interaction between PAR and PNKP or APTX in vivo (Fig.
2E). Single mutation in the binding pocket of the BRCA1
BRCT domain abolished the interaction between the pSer
motif and the BRCA1 BRCT domain (Shiozaki et al.
2004). Based on the similarity of the secondary structure
in the BRCT domain, we mutated the conserved Ser or
Lys residues to disrupt the putative binding pocket in the
BRCT domain of Ligase4 and XRCC1 (Fig. 2A). Like those
FHA domain mutants, these BRCT domain mutants
abolished the interaction with PAR in vitro (Fig. 2B and
C). The full-length proteins bearing these BRCT domain
mutations failed to interact with PAR in vivo (Fig. 2E). In
addition to these FHA domains and BRCT domains,
NBS1 has a FHA domain and a BRCT domain that are
fused together. This FHA–BRCT domain also recognizes
PAR. To study which subdomain of this FHA–BRCT
fusion domain recognizes ADP-ribose, we mutated the
conserved residues in each binding pocket. As shown in
Figure 2, B and D, mutation of conserved Lys residue in
the FHA fold did not significantly affect the interaction
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Figure 1. The BRCT and FHA domains bind PAR. (A) PAR-binding screening among the BRCT and FHA domains. The interactions
between PAR and GST (negative control), GST-CHFR (positive control), or the indicated domains was examined by dot blot using anti-
PAR antibody. (B) The interactions between biotin-PAR and recombinant proteins were examined by pull-down with Streptavidin beads
and blotted with anti-GST antibody. (C) The affinity between PAR and the recombinant proteins was measured by ITC. (D) The affinity
between ADP-ribose and the recombinant proteins in B was measured by ITC. (E) The affinity between iso-ADP-ribose and the
recombinant PNKP FHA or APTX FHA was measured by ITC. Titration of ligand (PAR, ADP-ribose, or iso-ADP-ribose) into a solution
containing the purified protein was performed. The fit of the data to an equilibrium-binding isotherm is shown. (C–E) The fit provides
an equilibrium dissociation constant (KD) for the binding of the ligand to the protein. (F) The in vivo interaction between PAR and
PNKP, APTX, Ligase4, NBS1, or XRCC1 was measured by coimmunoprecipitation (co-IP) with the indicated antibodies. Whole-cell
lysates were blotted and are shown as the input.
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between the FHA–BRCT fusion domain and PAR or
ADP-ribose, whereas mutation in the BRCT fold abol-
ished the interaction (Fig. 2B,D), suggesting that the
BRCT fold in NBS1 mediates the interaction with PAR.
This result is further confirmed by the in vivo coim-
munoprecipitation (co-IP) assay (Fig. 2E). Moreover,
when cells were treated with olaparib to suppress the
DNA damage-induced PAR synthesis, these FHA/BRCT

domain-containing proteins no longer interacted with
PAR in vivo (Fig. 2E).

Computational analysis of the PAR-binding pockets
in the FHA and BRCT domains

The binding between these FHA domains and iso-ADP-
ribose was further analyzed by computational modeling.

Figure 2. PAR-binding pockets in the FHA and BRCT domains. (A) Based on the secondary structure, amino acid sequences of FHA (left)
and BRCT (right) are compared to show the conserved residues (similarity to the R28 of the NBS1 FHA domain and the S1655/K1702 of
the BRCA1 BRCT domain) that form the potential PAR-binding pocket. The b strand is shown as arrow, and the a helix is shown as box.
Conserved residues are marked in red. (B) Mutations of conserved residues (Lig4 BRCT domain S668A, XRCC1 BRCT domain K369A,
APTX FHA R29A/R42A, PNKP FHA R35A/R48A, and NBS1 FHA+BRCT domain K160A) in the potential binding pockets of the FHA and
BRCT domains abolish the PAR binding. Dot blot was used to examine the interaction with anti-PAR antibody. The intact domains were
used as the positive control. (C) The interactions between biotin-PAR and the indicated GST tagged FHA and BRCT domains were
examined by pull-down with Streptavidin beads and blotting with anti-GST antibody. (D) The affinity between iso-ADP-ribose or ADP-
ribose and the indicated mutant domains was measured by ITC. (E) The in vivo interaction between PAR and wild-type or mutants (Lig4
S668A, XRCC1 K369A, APTX R29A/R42A, PNKP R35A/R48A, and NBS1 K160A) was examined by co-IP with the indicated antibodies
in the presence or absence of olaparib pretreatment. Whole-cell lysates were blotted and are shown as the input.
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The structure of several FHA domains, including the FHA
domains of PNKP, APTX, CHK2, and RNF8, has been
solved (Li et al. 2002; Huen et al. 2007; Ali et al. 2009;
Becherel et al. 2010). We examined the binding pockets of
these FHA domains. The electrostatic potential of these
four proteins, calculated by the MM-PBSA program,
indicated that the peptide-binding sites are primarily
positively charged that are complementary and primed
for the recognizing negatively charged molecules such as
phosphate moieties. The FHA domain of PNKP has been
shown to recognize an adjacent pS–pT motif derived from
XRCC1 (Whitehouse et al. 2001; Loizou et al. 2004; Ali
et al. 2009). However, the affinity between the PNKP
FHA domain and iso-ADP-ribose is even slightly higher
than that between the PNKP FHA domain and the pS–pT
peptide (Supplemental Fig. 1). Consistently, the binding
pocket formed by the R35 and R48 of the PNKP FHA
domain well accommodates iso-ADP-ribose, in which
two phosphate groups mimic the two phosphate groups
in the pS–pT peptide and form salt bridges with Arg
residues (Supplemental Fig. 1A). The binding model was
further validated by a rigorous binding free energy calcu-
lation; namely, the MM-PBSA method (Rastelli et al.
2010), which has been employed for estimating the rela-
tive binding free energy of protein with peptide and protein
with small molecules (Kollman et al. 2000), including the
BRCA1 with phospho-peptides (Anisimov et al. 2011) and
viruses with ADP-ribose (Rungrotmongkol et al. 2010)
reported recently. Of note, such calculations provide
estimates of the relative binding free energy but not the
absolute binding free energy of the protein with a ligand.
Thus, the calculated binding free energies are ideal to be
compared with experimental binding affinities of differ-
ent ligands with the same protein. The binding free
energy between the PNKP FHA domain and iso-ADP-
ribose, calculated by the MM-PBSM method, is lower
than that between the PNKP FHA domain and pS–pT
peptide (Supplemental Fig. 1B), indicating a stronger
binding affinity between the PNKP FHA domain and
iso-ADP-ribose. These results are consistent with the
binding affinities measured by ITC assays (Supplemen-
tal Fig. 1D). The binding pocket formed by R29 and R42
in the FHA domain of APTX is similar to that of PNKP
(Supplemental Fig. 2A). It has been reported that the
FHA domain of APTX recognizes the pS-D–pT-D motif of
MDC1 (Becherel et al. 2010). The affinity between the
FHA domain of ATPX and the pS-D–pT-D peptide is
consistent with previous published results. However,
the binding between the FHA domain of ATPX and iso-
ADP-ribose is much stronger. Again, based on the struc-
ture of the FHA domain of APTX (Becherel et al. 2010),
the analyses by the MM-PBSM method suggest that the
binding free energy between the APTX FHA and iso-ADP-
ribose is much lower than that between the APTX FHA
domain and the pS-D–pT-D peptide, which is consistent
with the binding affinity measured by ITC assays (Sup-
plemental Fig. 2B–D). Moreover, the R44 in PNKP is
replaced by the more flexible K38 in APTX. The mobility
of the K38 in APTX may contribute to a less favorable
binding to the phospho-peptide than iso-ADP-ribose. As

indicated by the models in Supplemental Figure 2A, K38
in APTX moves away from the peptide, whereas it co-
operates with R29 and R42 to interact with the phos-
phate group in iso-ADP-ribose. Moreover, the two phos-
phate groups in iso-ADP-ribose are on the surface of FHA
domains in PNKP and APTX and can connect with addi-
tional units of poly-(ADP-ribose) in PAR (Supplemental
Figs. 1A, 2A).

The structure of the FHA domain of RNF8 and CHK2 is
quite different from that of PNKP and APTX (Li et al.
2002; Huen et al. 2007). Both FHA domains failed to
interact with iso-ADP-ribose or PAR (Supplemental Fig.
3). The FHA domain of RNF8 recognizes the pT-Q motifs
in MDC1 (Huen et al. 2007; Kolas et al. 2007; Mailand
et al. 2007). The binding pocket in the FHA domain of
RNF8 includes two hydrophobic residues (L57 and L82),
creating a narrower and electro-neutral binding site that
favors binding Glu residue in the peptide. Although the
first phosphate group in iso-ADP-ribose could form salt
bridge with R61 of RNF8, the second phosphate group
does not mimic the Glu of the binding peptide, which can
be attributed to the steric hindrance caused by L57 in
RNF8 (Supplemental Fig. 3A). Similarly, only one phos-
phate group could be fitted into the binding pocket in
the FHA domain of CHK2 (Supplemental Fig. 3A). The
calculated binding free energy suggests that the FHA
domains of RNF8 and CHK2 favor interacting with pT
motifs over iso-ADP-ribose, which is also consistent with
our ITC analyses (Supplemental Fig. 3B,C).

We also examined the binding pocket in the BRCT
domains of Ligase4, XRCC1, BRCA1, and MDC1 because
the structure of these BRCT domains has been solved
(Zhang et al. 1998; Sibanda et al. 2001; Shiozaki et al.
2004; Stucki et al. 2005; Wu et al. 2009; Campbell et al.
2010; Cuneo et al. 2011). However, the binding pockets
in the BRCT domains of BRCA1 and MDC1 are much
larger compared with those in the FHA domain. Al-
though one phosphate group in ADP-ribose can form salt
bridges with K1936 and T1898 in MDC1 or with K1702
and S1655 in BRCA1, the pockets form few contacts
with ribose surges and the other phosphate in ADP-
ribose. Once the adenine of ADP-ribose is docked into
the binding pockets, one ribose sugar could not be linked
with other unit of PAR (Supplemental Fig. 4A). More-
over, the binding free energy suggests that both BRCT
domains favor binding to their phospho-protein partners
over ADP-ribose, which once again is consistent with
our results from ITC assays (Supplemental Fig. 4B,C).
The phospho-peptide-binding partners of the BRCT do-
mains of Ligase4 and XRCC1 have not been identified.
However, both BRCT domains recognize ADP-ribose.
Thus, we could not compare their binding affinities with
phospho-proteins as well as the binding models. Based on
the structure of the unbound BRCT domains and muta-
tion analyses in Supplemental Figure 5, we showed that
the phosphate groups in ADP-ribose interact with K675
in Ligase4 and K369 in XRCC1. Based on the binding
models, the ADP-ribose adopts an extended conforma-
tion to bind to the binding site, allowing two sugar groups
to connect with the remaining units of PAR. Due to
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lacking the structure of the human NBS1 FHA–BRCT
domain, we are currently unable to examine the details
of the interaction between the NBS1 BRCT domain and
ADP-ribose.

Collectively, the model analyses allow us to examine
the details of the interaction between the FHA/BRCT
domains and PAR, which might provide the molecular
basis of the interactions.

PAR mediates the early recruitment of NBS1 during
DNA damage response

Massive poly-ADP-ribosylation occurs at DNA lesions,
suggesting that PAR could provide critical signals to
recruit PAR-binding proteins to DNA lesions and allow
these PAR-binding proteins to fulfill their DNA damage
repair missions. To study the biological function of these
novel PAR-binding domains, we used laser microirradia-
tion to examine whether PAR recruits the FHA and BRCT
domains to DNA damage sites. The advantage of the laser
microirradiation approach is that we can monitor the
early DNA damage response in live cells, since the half-
life of PAR is very short at DNA lesions. The times of cell
exposure to the laser beam and the pulse energy were
strictly equal in every operation (see the Materials and
Methods for details), which ensured the same laser micro-
irradiation treatment to all the cells. We first examined
NBS1, since NBS1 is an important subunit in the MRN
complex that activates ATM in response to DNA damage
(Horejsi et al. 2004; Lee and Paull 2004; Stracker and Petrini
2011). As shown in Figure 3A, NBS1 was quickly recruited
to DNA damage sites within 20 sec. The quick loading of
NBS1 at DNA damage sites is consistent with the quick
PAR synthesis at DNA damage sites (Fig. 3B), suggesting
that PAR at DNA damage sites mediates the fast recruit-
ment of NBS. Next, we treated cells with olaparib, the
PARP inhibitor, to suppress PAR synthesis. Olaparib treat-
ment abolished the early recruitment of NBS1 to DNA
damage, although NBS1 still slowly accumulated at DNA
damage sites (Fig. 3A), confirming that PAR is required for
the fast relocation of NBS to DNA damage sites. The half-
life of PAR is relatively short at DNA damage sites because
PAR is quickly hydrolyzed by PARG at DNA damage sites.
However, NBS1 was still retained at DNA damage sites
even after PAR was digested (Fig. 3B). These results suggest
that PAR mediates the fast recruitment of NBS1 to DNA
damage sites, while other signals at DNA damage sites are
important for the prolonged retention of NBS1 at DNA
damage sites. Following DNA damage, gH2AX plays an
important role in retaining DNA damage response factors
at DNA damage sites (Celeste et al. 2003; Bonner et al.
2008; Lukas et al. 2011; Polo and Jackoson 2011). Thus,
we examined whether gH2AX was associated with the
prolonged retention of NBS1. Interestingly, in H2AX�/�

cells, the stable retention of NBS1 at DNA damage sites
was impaired. Following the hydrolysis of PAR, NBS1
was dropped from DNA damage sites (Fig. 3A). Moreover,
additional olaparib treatment in H2AX�/� cells abolished
both the fast recruitment and slow accumulation of NBS1
to DNA damage sites. These results suggest that there are

two stages of the recruitment of NBS1 to DNA damage
sites. The quick relocation of NBS1 to DNA damage sites
is mediated by PAR at DNA damage sites, whereas the
slow accumulation or stable retaining of NBS1 at DNA
damage sites is regulated by H2AX. The FHA–BRCT
fusion domain is essential for the relocation of NBS1 to
DNA damage sites (Kobayashi et al. 2004; Stracker and
Petrini 2011). The BRCT fold of NBS1 recognizes PAR,
whereas the FHA fold of NBS1 could recognize the pThr
motifs in MDC1 (Chapman and Jackson 2008; Spycher
et al. 2008; Wu et al. 2008; Lloyd et al. 2009), a functional
partner of gH2AX (Stucki et al. 2005; Lou et al. 2006).
Again, in MDC1�/� cells, the stable retention of NBS1 to
DNA damage sites is impaired, and olaparib treatment
abolished the relocation of NBS1 to DNA damage sites in
MDC1�/� cells (Fig. 3A). Similar results were observed
when we examined the relocation of the FHA+BRCT
domain of NBS1 to DNA damage sites (Supplemental Fig.
6), and olaparib treatment did not affect the relocation
kinetics of gH2AX or MDC1 at DNA damage sites in
wild-type cells (Supplemental Fig. 7A). Thus, these re-
sults suggest that PAR is the initial signal that induces
the recruitment of NBS1 to DNA damage sites, while
MDC1 retains NBS1 at DNA damage sites for the prolonged
period. To validate this model, cells were treated with
wortmannin, a PI3 kinase inhibitor, to suppress gH2AX
and the recruitment of MDC1 to DNA lesions (Paull et al.
2000; Goldberg et al. 2003) but not affect the DNA damage-
induced PAR synthesis at DNA damage sites (Supplemental
Fig. 7B). With wortmannin treatment, NBS1 could still be
recruited to DNA damage sites. However, it was dropped off
from DNA damage sites when PAR was hydrolyzed (Fig.
3C). When cells were treated with both wortmannin and
olaparib to suppress both the gH2AX-dependent pathway
and PAR synthesis, NBS1 failed to be recruited to DNA
damage sites (Fig. 3C). Moreover, with the treatment of
gallotannin (GLTN), a cell-permeable PARG inhibitor (Ying
et al. 2001; Fathers et al. 2012), to suppress PARG-dependent
PAR hydrolysis, the half-life of PAR at DNA damage sites
was significantly prolonged (Supplemental Fig. 7C). With
both wortmannin and GLTN treatment to suppress gH2AX
and prolong the half-life of PAR, NBS1 was still stably
retained by PAR at DNA damage sites for the prolonged
time (Fig. 3C). Collectively, these results demonstrate that
PAR synthesis at DNA damage sites is critical for the
recruitment of NBS1.

The interaction between PAR and the BRCT domain
of NBS1 is important for the recruitment of NBS1
to DNA damage sites

Since the BRCT fold of NBS1 is a PAR-binding motif and
the FHA fold of NBS1 is a phospho-protein-binding motif,
we further dissected the functions of these two motifs in
vivo. We mutated Arg28 into alanine (R28A) in the FHA
fold of NBS1, which does not affect the interaction
between NBS1 and PAR. As shown in Figure 4A, in the
wild-type mouse embryonic fibroblasts (MEFs), the R28A
mutant could still be recruited to DNA damage sites but
were not able to stay at DNA damage sites for the
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prolonged time, since this mutant abolished the interac-
tion with MDC1. Olaparib treatment abolished the re-
cruitment of NBS1 to DNA damage, since there is no PAR
signal at DNA damage sites to recruit the R28A mutant.
GLTN treatment that kept PAR at DNA damage sites for
the prolonged time stabilized NBS1 at DNA damage sites.
Moreover, the status of MDC1 did not affect the fast
recruitment of the R28A mutant of NBS1 (Fig. 4A). In
contrast, the K160A mutant of NBS1 that disrupts the
interaction with PAR abrogated the early recruitment of
NBS1 to DNA damage sites in wild-type cells. Loss of
MDC1 further abolished the slow accumulation of NBS1

to DNA damage sites (Fig. 4B). Taken together, the FHA–
BRCT fusion domain of NBS1 recognizes both PAR and
MDC1. PAR is important for the initial recruitment of
NBS1 to DNA damage sites, whereas MDC1 is required
for the retention of NBS1 at DNA damage sites for the
prolonged time.

PAR is important for the NBS1-mediated early ATM
activation during DNA damage response

Since the MRN complex is important for the ATM
activation in response to DNA damage (Horejsi et al.

Figure 3. PAR mediates the function of NBS1 during early DNA damage response. (A) PAR is required for the fast recruitment of NBS1
to DNA damage sites. The NBS1-GFP was expressed in wild-type, H2AX�/�, or MDC1�/� MEFs treated with or without olaparib. The
relocation of NBS1-GFP to DNA damage sites was monitored in a time course following laser microirradiation. (B) The kinetics of the
accumulation of PAR and endogenous NBS1 at DNA damage sites was examined. (C) The effect of wortmannin, olaparib, or GLTN on
the recruitment of NBS1 to DNA damage sites. NBS1-GFP was expressed in U2OS cells. The relocation of NBS1-GFP to DNA damage
sites was monitored in a time course following laser microirradiation. GFP/RFP fluorescence at the laser line was converted into
a numerical value using Axiovision software (version 4.5). Normalized fluorescent curves from 50 cells from three independent
experiments were averaged. (A–C) The error bars represent the standard deviation.
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2004; Lee and Paull 2004), we asked whether PAR-medi-
ated relocation of NBS1 to DNA damage sites is important
for the early activation of ATM. First, we examined the in
vivo binding between PAR and wild-type NBS1 or the

mutants following IR treatment. Cells with endogenous
NBS1 depletion were reconstituted by siRNA-resistant
wild-type NBS1, the K160A mutant, or the R28A mutant
(Supplemental Fig. 8). As shown in Figure 5A, both wild-
type NBS1 and the R28A mutant interacted with PAR
within 5 min following IR. Since PAR is quickly digested
by PARG in vivo, the interaction was disrupted at ;15 min
after DNA damage. As the K160A mutation abolishes the
binding with PAR, we could not detect any interaction
between PAR and the K160A mutant in vivo. With this
interaction kinetics, we examined the activation of ATM.
In the presence of wild-type NBS1 or the R28A mutant, we
found that ATM was activated within 5 min following
DNA damage response by examining the ATM Ser1981
phosphorylation (Fig. 5B), a surrogate maker of ATM ac-
tivation (Bakkenist and Kastan 2003; Pellegrini et al. 2006).
Moreover, we examined the phosphorylation of Chk2, the
downstream functional partner of ATM (Falck et al. 2001;
Smith et al. 2010), for the detection of ATM activation.
Although the R28A mutant could not be stably retained at
DNA damage sites, the mutant does not affect the late
ATM activation. It is possible that activation of other PI3
kinases such as ATR and DNA-PKcs facilitates the late
ATM activation (Yang et al. 2003; Stiff et al. 2006). How-
ever, in the presence of the K160A mutant, the activation
of ATM was significantly delayed (Fig. 5B,C). Moreover,
after IR treatment, the interaction between PAR and NBS1
and the early activation of ATM was also impaired when
cells were pretreated with olaparib (Fig. 5D). Thus, these
results show that PAR is important for the MRN complex-
mediated early activation of ATM.

The interaction between PAR and NBS1 mediates
the G2/M checkpoint activation and early DNA
damage repair

ATM kinase is a master kinase that phosphorylates nu-
merous substrates and governs DNA damage-induced
checkpoint activation and DNA damage repair (Kurz and
Lees-Miller 2004; Shiloh and Ziv 2013). Thus, we contin-
ued to examine the role of PAR in ATM-dependent cell
cycle checkpoint activation and DNA damage repair.
During DNA damage response, 53BP1 is a key down-
stream effector of the ATM pathway (Anderson et al.
2001; Rappold et al. 2001; Ward et al. 2003). Accumulated
evidence suggests that ATM-dependent 53BP1 phosphor-
ylation activates both the G2/M checkpoint and DNA
damage repair (DiTullio et al. 2002; Fernandez-Capetillo
et al. 2002; Callen et al. 2013; Chapman et al. 2013). Thus,
we asked whether PAR regulates the ATM-dependent
53BP1 phosphorylation. Cells pretreated with olaparib to
suppress PAR synthesis were irradiated to induce double-
strand breaks (DSBs). Olaparib treatment clearly sup-
pressed early phosphorylation of 53BP1 during DNA
damage response. To examine whether early phosphory-
lation of 53BP1 is also mediated by the interaction
between PAR and the BRCT domain of NBS1, we exam-
ined the cells only expressing the K160A mutant, in
which the early activation of ATM was suppressed.
Consistently, the early phosphorylation of 53BP1 was

Figure 4. The relocation kinetics of NBS1 mutants during DNA
damage response. (A) The R28A mutation in the FHA domain of
NBS1 abolishes the stable retention but not the early recruit-
ment of NBS1 to DNA damage sites. The NBS1 R28A-GFP was
expressed in wild-type or MDC1�/�MEFs treated with or without
olaparib or GLTN. The relocation of the R28A-GFP to DNA
damage sites was monitored in a time course following laser
microirradiation. (B) K160A mutation in the BRCT domain of
NBS1 abolishes the early recruitment but not the stable reten-
tion of NBS1 at DNA damage sites. The NBS1 K160A-GFP was
expressed in wild-type or MDC1�/� MEFs treated with or without
olaparib. The relocation of NBS1 K160A-GFP to DNA damage sites
was monitored in a time course following laser microirradiation.
GFP fluorescence at the laser line was converted into a numerical
value using Axiovision software (version 4.5). Normalized fluores-
cent curves from 50 cells from three independent experiments were
averaged. (A,B) The error bars represent the standard deviation.
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suppressed in the presence of the K160A mutant of NBS1
compared with that in the presence of wild-type NBS1
(Fig. 6A). 53BP1 has been shown to mediate the G2/M
checkpoint activation and DNA damage repair. (DiTullio
et al. 2002; Fernandez-Capetillo et al. 2002; Callen et al.

2013; Chapman et al. 2013) Here, we examined both the
G2/M checkpoint activation and DNA damage repair.
Following DSBs, cells are transiently arrested before
entering mitosis to provide enough time for DNA damage
repair. This short and transient cell cycle arrestment at
the G2/M boundary is named as the G2/M checkpoint
(Lukas et al. 2004). To examine the G2/M checkpoint, we
monitored mitotic population by examining the phospho-
histone H3 population following DSBs, which is a stan-
dard assay for studying the transient G2/M checkpoint
(Wang et al. 2002; Wu et al. 2011). As shown in Figure 6B,
with IR treatment, normal cells were arrested before
mitosis, as phospho-histone H3 positively stained cells
were significantly reduced. However, with olaparib
treatment, cells could not be fully arrested at the G2/M
boundary, suggesting the loss of the transient G2/M
checkpoint. Moreover, compared with wild-type NBS1,
the K160A mutant also abrogated the G2/M checkpoint
following IR-induced DSBs. Next, we examined the
early DNA damage repair using comet assays. Again,
DNA damage repair was significantly impaired when
cells were treated with olaparib or only expressed the
K160A mutant of NBS1 (Fig. 6C). Taken together, these
results suggest that the PAR-mediated ATM activation
is likely to be critical for the early checkpoint activa-
tion and DNA damage repair.

PAR mediates the early recruitment of PNKP, APTX,
Ligase4, and XRCC1 to DNA damage sites

Next, we examined the role of PAR for the recruitment of
other FHA and BRCT domain-containing proteins. For
PNKP, it was recruited to DNA damage sites, and olaparib
treatment impaired the early recruitment of PNKP (Sup-
plemental Fig. 9A). Like NBS1, PNKP could not be stably
retained at DNA damage sites in the H2AX�/� cells.
Lacking both PAR and H2AX totally abolished the re-
location of PNKP to DNA damage sites. Interestingly, the
R35A/R48A mutant PNKP also abolished the relocation
of PNKP to DNA damage sites, suggesting that the FHA
domain of PNKP is important not only for the early
recruitment of PNKP, but also for the PNKP retention at
DNA damage sites. A similar phenomenon was observed
on the relocation of the PNKP FHA domain to DNA
damage sites (Supplemental Fig. 9B). Thus, it is likely that
the FHA domain of PNKP recognizes phosphate groups
in other molecule besides PAR, which is important for
the stability of PNKP at DNA damage sites. It has been
reported that PNKP interacted with XRCC1 (Whitehouse
et al. 2001; Mani et al. 2007), which also recognizes PAR
at DNA damage sites. However, the recruitment of PNKP
to DNA damage sites is independent of XRCC1 (Supple-
mental Fig. 9C). Moreover, when cells were treated with
wortmannin to suppress DNA damage–induced phos-
phorylation signal (Sarkaria et al. 1998), the retention of
PNKP at DNA damage sites was significantly impaired.
Wortmannin and olaparib treatment together additively
abolished the recruitment of PNKP to DNA damage sites
(Supplemental Fig. 9D). Thus, it is likely that the re-
cruitment of PNKP to DNA damage sites is via the direct

Figure 5. PAR is important for the NBS1-mediated early ac-
tivation of ATM in response to DNA damage. (A) NBS1 binds
PAR during the early DNA damage response. U2OS cells with
endogenous NBS1 knockdown were reconstituted by siRNA-
resistant wild-type NBS1, the R28A mutant, or the K160A
mutant. Cells were lysed at the indicated time points after IR.
The in vivo interaction between PAR and wild-type NBS1 or the
mutants was measured by co-IP. Whole-cell lysates were blotted
and are shown as the input. (B,C) PAR is important for the
NBS1-mediated early activation of ATM and Chk2 during DNA
damage response. U2OS cells with endogenous NBS1 knock-
down were reconstituted by siRNA-resistant wild-type NBS1,
the R28A mutant, or the K160A mutant. Following IR treat-
ment, cells were lysed at the indicated time points and sub-
jected to Western blot detected by anti-pATM (S1981) and anti-
pChk2 (T68) antibodies. (D) The NBS1–PAR interaction and the
early activation of ATM and Chk2 during DNA damage re-
sponse were abolished by the PARP inhibitor olaparib. Follow-
ing IR treatment, cells pretreated by olaparib were lysed at 5
min (left) or the indicated time points (right). (Left) The NBS1–
PAR binding was detected by co-IP. (Right) The early activation
of ATM and Chk2 was detected by Western blot.
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Figure 6. The interaction between PAR and NBS1 is important for the G2/M checkpoint activation and early DNA damage repair. (A) The DNA
damage-induced early phosphorylation of 53BP1 is dependent on the interaction between PAR and NBS1. U2OS cells with endogenous NBS1
knockdown were reconstituted by siRNA-resistant wild-type NBS1 or the K160A mutant and were pretreated with or without olaparib. Following
IR treatment, cells were lysed at the indicated time points and subjected to immunoprecipitation with anti-53BP1 antibody and Western blot with
anti-pSQpTQ antibody. Western blot with anti-53BP1 was used as the input control. (B) Olaparib treatment or the K160A mutant abrogates IR-
induced G2/M checkpoint activation. The phospho-histone 3-positive population was examined by flow cytometry, and mean values were
calculated from three independent experiments. Error bars represent standard error of the mean. (C) Representative images of comet assay at the
indicated time points following 4 Gy of IR treatment. Cells were subjected to neutral comet assays. Tail moments were summarized from three
independent experiments with at least 30 cells in single time point per sample. The error bars represent the standard deviation.



interaction between the FHA domain of PNKP and PAR,
and the retention of PNKP at DNA damage sites is
mediated by the interaction between the FHA domain
and its other phospho-binding partners. Moreover, we
observed a very similar phenomenon on APTX (Supple-
mental Fig. 10A).

For DNA Ligase4, the olaparib treatment impaired
the early recruitment of DNA Ligase4 to DNA damage
sites. Lacking H2AX significantly affected the stability of
Ligase4 at DNA damage sites (Supplemental Fig. 10B).
However, the S668A mutant in the BRCT domain did not
affect the slow accumulation of Ligase4 at DNA damage
sites, suggesting that other motifs of Ligase4 mediate the
H2AX-dependent retention of Ligase4 at DNA damage
sites. Moreover, olaparib treatment did not show an
additional delay for the recruitment of the S668A mutant
(Supplemental Fig. 10B). It has been shown that Ligase4
forms a complex with other partners, such as XRCC4 and
XLF, via other regions in the BRCT domain (Chen et al.
2000; Sibanda et al. 2001; Riballo et al. 2009). It is possible
that other partners of Ligase4 facilitate the prolonged
retention of Ligase4 at the sites of DNA damage.

For XRCC1, both the olaparib treatment and the BRCT
domain mutation abolished fast recruitment of XRRC1 to
DNA damage sites. Although lacking H2X mildly im-
paired the retention of XRCC1 at DNA damage sites, the
olaparib treatment in H2AX�/� cells did not totally
abolish the slow accumulation of XRCC1 to DNA dam-
age sites (Supplemental Fig. 10C). These results suggest
that PAR and the BRCT domain of XRCC1 are essential
for the fast recruitment of XRCC1 to DNA damage sites.
However, DNA damage-induced signals other than
gH2AX are required for the retention of XRCC1 at
DNA damage sites (Supplemental Fig. 10C). Collectively,
our results demonstrate that PAR is a bona fide signal for
the fast recruitment of various DNA damage response
factors to DNA lesions. The retention of these DNA
damage response factors at DNA damage sites is medi-
ated by different mechanisms.

To examine the biological significance of PAR in re-
sponse to DNA damage, we treated wild-type or H2AX�/�

MEFs with olaparib followed by a low dose of IR. Lacking
either PAR or H2AX, cells could still be resistant to the
IR-induced DNA damage. However, after loss of both
PAR and H2AX, cells were hypersensitive to a low dose of
IR (Supplemental Fig. 10D). These results suggest that
PAR synergizes with H2AX to recruit a set of DNA
damage factors to DNA lesions for damage repair.

Discussion

Taken together, we identified two novel classes of PAR-
binding module that are involved in DNA damage re-
sponse. Although both the FHA and BRCT domains are
known as phospho-protein-binding domains, here we
found that a set of FHA and BRCT domains recognize
PAR. Interestingly, the PAR-binding pocket coincides
with the phospho-amino acid-binding pocket in the FHA
or BRCT domain. Since both ADP-ribose and iso-ADP-
ribose have two phosphate groups, it is likely that the

PAR-binding pockets of the FHA or BRCT domains rec-
ognize the phosphate groups in the ADP-ribose or iso-
ADP-ribose. In particular, the FHA domain of PNKP
is also known to recognize the pS–pT peptide. The two
phosphate groups in iso-ARP-ribose might mimic the
two phosphate groups on the Ser and Thr residues in the
pS–pT peptide and mediate the interaction with the FHA
domain of PNKP (Supplemental Fig. 1). Moreover, the
FHA domain of APTX can interact with the pS-D–pT-D
peptide, in which the Asp residues are also negatively
charged and mimic the phosphate group. Thus, the bind-
ing mode between the APTX FHA domain and iso-ADP-
ribose could be very similar to that between the FHA and
phospho-peptide.

Different from the FHA domains of PNKP and APTX,
the BRCT domains of Ligase4, XRCC1, and NBS1 recog-
nize ADP-ribose. It is possible that these BRCT domains
might also recognize site-specific mono-ADP-ribose. How-
ever, in PARP1�/� cells where PAR synthesis is largely
suppressed in response to DNA damage, the relocation of
these BRCT domain-containing proteins to DNA lesions
is also significantly suppressed (Supplemental Fig. 11). It
suggests that, at least in the DNA damage context, these
BRCT domains recognize PAR at DNA damage sites.
Moreover, the binding pockets in these BRCT domains
are associated with protein PARylation and PARPs during
evolution. For example, PARylation and PARPs only existed
in multicellular eukaryotes. Coincidently, XRCC1 does
not exist in prokaryotes and yeast. Although both NBS1
and Ligase4 exist in yeast, the key residues in the binding
pockets of the BRCT domains are missing in their yeast
orthologs (Supplemental Fig. 12), and the function of the
BRCT fold of yeast NBS1 is likely to recognize other
signals or facilitate the FHA fold recognizing the phos-
pho-amino acid (Lloyd et al. 2009). Thus, PAR synthesis
at DNA damage sites could be very important for the
recruitment of these BRCT domain-containing proteins
to DNA lesions for DNA damage repair in other multi-
cellular eukaryotes.

A previous study indicated that a region within XRCC1
(amino acids 379–400) interacted with PAR (Pleschke
et al. 2000). We generated the peptide of this region but
did not detect any binding between the peptide with PAR
in a dot blot, pull-down, or ITC assay (data not shown).
Indeed, this 22-amino-acid region in XRCC1 is too short
to be correctly folded based on the structural analysis
(Zhang et al. 1998) and does not directly contribute to the
PAR-binding pocket of XRCC1. Moreover, not all of the
FHA and BRCT domains could interact with PAR. In
particular, the FHA domain of RNF8 and CHK2 and the
BRCT domain of MDC1 and BRCA1 do not have the
affinity with PAR. Computational model analyses also do
not support the binding between the phospho-peptide-
binding pockets in these domains and ADP-ribose/iso-
ADP-ribose. Additional structural analysis will reveal the
details of these PAR-mediated interactions.

Following DNA damage, PAR is massively synthesized
at the DNA damage sites, which provides the platform
to recruit DNA damage response proteins to lesions
(D’Amours et al. 1999; Kim et al. 2005; Gibson and Kraus
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2012). Here, we analyzed the biological function of the
interaction between PAR and NBS1 because it may
partially explain the molecular mechanism by which
the MRN complex recognizes the DSBs and induces the
early ATM activation. Our study demonstrates that both
DNA damage-induced PAR synthesis and the ADP-
ribose-binding pocket in NBS1 are important for early
ATM activation, which controls the transient G2/M
checkpoint and early DNA damage repair via the ATM-
dependent signal transduction pathway. Accumulated
evidence suggests that 53BP1 is a key downstream ef-
fector in the ATM-dependent pathway and could be
phosphorylated by ATM and CHK2 (Anderson et al. 2001;
Rappold et al. 2001; Ward et al. 2003). Phosphorylated
53BP1 is known to regulate its functional partners to
govern the transient G2/M checkpoint and DNA damage
repair (DiTullio et al. 2002; Fernandez-Capetillo et al.
2002; Callen et al. 2013; Chapman et al. 2013), which is
consistent with our observations. Moreover, the PAR-
dependent early ATM activation controls the transient
G2/M checkpoint, which plays an important role in
maintaining genomic stability. The transient G2/M
checkpoint allows the completion of quick DNA dam-
age repair before entering into mitosis so that the DNA
lesions would not be transmitted from mother cells to
daughter cells (Chen et al. 2000; Abraham 2001). How-
ever, the G2/M checkpoint only transiently exists.
Prolonged arresting at the G2/M boundary will cause
the mitotic exit and genomic instability (Hirose et al.
2001; Chiu et al. 2005; Yang et al. 2010). Meanwhile, DNA
damage repair should also be completed quickly if cells
are at the G2/M transition, since the G2/M checkpoint
only transiently exists. Thus, the early activation of
ATM and the ATM-dependent pathway at least plays an
important role in maintaining the genomic stability of
cells during the G2/M transition period. Moreover, DNA
damage-induced PAR synthesis may regulate multiple
layers of DNA damage repair, since PAR recruits many
other repair machineries—including these FHA and
BRCT domain-containing proteins—to DNA damage
sites. These repair machineries may function together
with ATM in a complicated network for early DNA
damage repair.

Interestingly, PAR is also quickly degraded within
a few minutes following DNA damage (D’Amours et al.
1999; Gagne et al. 2006; Kim et al. 2007a). Without
other DNA damage response signals or other functional
partners such as gH2AX, these DNA damage response
factors could not stay at DNA lesions for the prolonged
time (Su 2006; Polo and Jackoson 2011). Thus, DNA
damage response signals such as gH2AX provide the
selection for retaining DNA damage response factors at
the DNA lesions for different repair mechanisms. Loss
of both PAR and gH2AX, a portion of DNA damage
repair proteins would not be able to reach DNA lesions,
which causes cell lethality. Similar mechanism has
been implicated in the cancer clinical trials, which
combined PARP inhibitors and PI3 kinase inhibitors to
boost the efficacy of cancer chemotherapy (Ibrahim
et al. 2012; Juvekar et al. 2012).

Materials and methods

Plasmids and antibodies

For GST fusion proteins, the BRCA1 BRCT domain, 53BP1
BRCT domain, Ligase4 BRCT domain, MCPH1 BRCT2+3,
MDC1 BRCT domain, PARP1 BRCT, PTIP BRCT3+4, REV1
BRCT, TdT BRCT, XRCC1 BRCT domain, APLF FHA, APTX
FHA, CHK2 FHA, FOXK1 FHA, Ki67 FHA, NBS1 FHA+BRCT
domain, PNKP FHA, RNF8 FHA, and MDC1 FHA were cloned
into the pGEX-4T1 vector, respectively. CHFR with an N-terminal
GST tag and the NBS1 FHA+BRCT domain with a C-terminal GST
tag were cloned into pFastBac1 vector. For the constructs used in
microirradiation experiments, PNKP, APTX, Ligase4, NBS1,
XRCC1, and their indicated domains were cloned into pEGFP
vector to generate plasmids encoding GFP fusion proteins (or
domains). The mutations in the proteins or domains above were
generated using the QuikChange site-directed mutagenesis
kit (Stratagene). For the constructs used to establish stable
cell lines, the siRNA-resistant full-length cDNA of NBS1 and
NBS1 K160A were cloned into pCMV-Tag 4A vector. The siRNA
duplexes were purchased from Dharmacon Research. The sequences
of NBS1 and XRCC1 siRNA used were 59-GTACGTTGTTGGA
AGGAAAdTdT-39 and 59-GGGAAGAGGAAGTTGGATTdTdT-39,
respectively. siRNAs were transfected into cells using Oligofect-
amine (Invitrogen) according to the manufacturer’s instructions.
Anti-pATM, anti-pCHK2, anti-pSQpTQ, anti-XRCC1, and anti-
NBS1 antibodies were purchased from Cell Signaling; anti-
phosphorylated histone H3 antibody was purchased from Up-
state Biotechnology; anti-Flag and anti-b-actin antibodies were
purchased from Sigma; and anti-PAR antibody was purchased
from Trevigen.

Immunoprecipitation and Western blot

U2OS cells were lysed with NETN-100 buffer (20 mM Tris-HCl
at pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5% nonidet P-40) on
ice. Soluble fractions were subjected to immunoprecipitation
and Western blot and probed with antibodies as indicated.

Immunofluorescence

Cells were fixed in 3% paraformaldehyde for 25 min and
permeabilized in 0.5% Triton X-100 for 20 min at room temper-
ature. Samples were blocked with 5% goat serum and then
incubated in primary antibody for 60 min. Samples were then
washed with PBS three times and incubated with secondary
antibody for 30 min. After PBS wash, the nuclei were stained by
DAPI. The signals were visualized by fluorescence microscope.

Generation and purification of PAR and iso-ADP-ribose

PAR (or biotin-PAR) was synthesized and purified in vitro
according to the previous work as described (Fahrer et al. 2007)
with some modifications. Briefly, PAR was synthesized in a 15-
mL incubation mixture comprising 100 mM Tris-HCl (pH 7.8),
10 mM MgCl2, 1 mM NAD+, 10 mM DTT, 60 mg/mL histone
H1, 60 mg/mL histone type IIa, 50 mg/mL octameric oligonu-
cleotide GGAATTCC, and 150 nM human PARP-1. The reaction
was stopped after 60 min by addition of 20 mL of ice-cold 20%
TCA. Following precipitation, the pellet was washed with ice-
cold 99.8% ethanol. Polymer was detached using 0.5 M KOH/50
mM EDTA and was purified by phenol-chloroform extraction
and isopropanol precipitation. Purified PAR was fractionated
according to chain length by anion exchange high-pressure liquid
chromatography (HPLC) protocol. Iso-ADP-ribose was generated
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and purified in vitro according to the procedure by Wang et al.
(2012). Briefly, the purified PAR was digested by 50 U of snake
venom phosphodiesterase (Worthington) with 15 mM MgCl2

overnight at room temperature. The product of the phosphodi-
esterase digestion, iso-ADPR, was further purified by ion ex-
change chromatography and Superdex 75 on fast protein liquid
chromatography (FPLC). Purified iso-ADP-ribose was dried in air,
dissolved by ddH2O to 50 mM, stored at �20°C.

Dot blot

Recombinant proteins (10 pmol) were conjugated to the gluta-
thione beads and incubated with PAR (100 pmol, calculated as
the ADP-ribose unit) for 2 h at 4°C. The beads were washed four
times with NETN-100 buffer. GST fusion proteins were eluted
from beads by glutathione and spotted onto a nitrocellulose
membrane. The membrane was blocked with TBST buffer (0.15
M NaCl, 0.01 M Tris-HCl at pH 7.4, 0.1% Tween 20) supple-
mented with 5% milk and extensively washed with TBST. After
drying in the air, the membrane was examined by anti-PAR
antibody.

GST fusion protein expression and pull-down assay

GST fusion proteins were expressed in Escherichia coli or using
the Bac-to-Bac baculovirus expression system (for recombinant
CHFR and NBS1) (Invitrogen) and purified under standard pro-
cedures. Purified GST fusion proteins (1 pmol) were incubated
with biotin-labeled PAR (5 pmol) and streptavidin beads for 2 h
at 4°C. After washing with NETN-100 buffer four times, the
samples were boiled in the SDS sample buffer. The elutes were
analyzed by Western blot with anti-GST antibody.

ITC

ITC was carried out at 16°C with an ITC 200 Microcalorimeter
(GE Healthcare). Proteins were dialyzed extensively into the
buffer containing 10 mM Na2HPO4 (pH 7.5), and 100 mM NaCl
at the final concentration of 20;60 mM. Ligands (PAR, ADP-ribose,
or iso-ADP-ribose) in the injection syringe were also diluted by the
same buffer at the final concentration of 150;750 mM (the
concentration of PAR was calculated as the ADP-ribose unit).
A typical titration consisted of 19 consecutive 2 mL injections
of ligands following a preinjection of 0.4 mL of ligands into the
protein solution at time intervals of 120 sec while stirring at
1000 rpm. Binding isotherms were integrated and analyzed
using the software Origin 7.0 (OriginLab) provided by the
manufacturer.

Molecular modeling

For the FHA domain proteins, crystal structures of CHK2/
peptide (HFD-pT-YLIR; Protein Data Bank [PDB] ID: 1GXC) (Li
et al. 2002), RNF8/peptide (ELK-pT-ERY; PDB ID: 2PIE) (Huen
et al. 2007), PNKP/peptide (YAG-pS–pT-DEN; PDB ID:2W3O)
(Ali et al. 2009), and APTX (PDB ID:3KT9) (Becherel et al. 2010)
were used. To construct the APTX peptide (D-pS–D-pT-DA),
APTX was aligned with the PNKP/XRCC1 peptide, and the
XRCC1 peptide was mutated into the D-pS–D-pT-DA peptide
followed by a structural minimization using the MOE program
(Chemical Computing Group). For the comparison of the binding
affinity between iso-ADP-ribose, peptides, and the FHA domain,
five amino acids neighboring the pSer or pThr (capped with ACE
and NME at their N and C termini) from the peptides compara-
ble with the size of the iso-ADP-ribose were used in the binding
free energy calculations. For the BRCT domain proteins, crystal

structures of MDC1/peptide (pS-QEY; PDBID: 3K05) (Campbell
et al. 2010), BRCA1/peptide (ISRST-pS-PTFNK; PDB ID: 1T29)
(Shiozaki et al. 2004), NMR (nuclear magnetic resonance)
structure of Ligase4 (PDB ID: 2E2W), and XRCC1 (PDB ID:
2D8M) were used.

For docking simulations, all of the protein structures were
processed, and the protons were added according to the pH 7.0
using the MOE program (Chemical Computing Group) before
they were used in the docking simulations. Two docking pro-
grams were used to evaluate and select the best binding poses.
They were the GOLD program (version 4.0.1) (Jones et al. 1997)
and the Glide module from Schrodinger program suite (Friesner
et al. 2006). For the FHA domains of CHK2, RNF8, PNKP, and
APTX, iso-ADP-ribose was docked into the binding site, whereas
ADP-ribose was docked into the binding sites of MDC1, BRCA1,
XRCC1, and the Ligase4 BRCT domain. In the docking simu-
lation using the GOLD program, the centers of the binding sites
for the proteins were selected at the residues mutated in the
experiments and showed to be important for binding to peptides,
iso-ADP-ribose, and ADP-ribose experimentally. The radius of the
binding site was defined as 13 Å, large enough to cover the binding
pockets. For each genetic algorithm (GA) run, a maximum of
200,000 operations were performed on a population of five is-
lands of 100 individuals. Operator weights for crossover, muta-
tion, and migration were set to 95, 95, and 10, respectively. The
docking simulations were terminated after 20 runs for each
ligand. GoldScore implemented in Gold 4.0.1 was used as the
fitness function to evaluate the docked conformations. In the
docking simulation using Glide, the center of the box was
selected at the amino acids mutated in each protein, which were
found important for binding, and the XP mode was used in
docking. All of the top-ranked binding poses of iso-ADP-ribose
and ADP-ribose with the proteins from two docking programs
were inspected, and the poses with the phosphate groups similar
to the phospho-peptides in the crystal structures and compatible
with PAR were selected and are shown. The electrostatic poten-
tial surfaces of the proteins were calculated using the APBS
(Baker et al. 2001) module in the PyMOL program (http://www.
pymol.org) based on parameters generated from the PDB2PQR
server (Dolinsky et al. 2004).

The selected binding models were then subjected to the MD
simulation using the Amberprogram suite (version 12) , and the
binding free energy was calculated using the Amber program
suite (version 10). The force field parameters for ADP-ribose and
iso-ADP-ribose were derived by using the Antechamber module
in Amber. The point charge parameters of both ligands were
derived from the minimized geometry at the RHF level using
a 6-31G* basis set with Gaussian09 and followed by the RESP
fitting of the electrostatic field potential generated from the
point charges at each atom site to those calculated from
Gaussian09.

The topology and coordinate files for each protein–ligand
complex were prepared by first adding counter-ions to neutralize
the charges of the system before it was solvated in a 12 Å cubic
box of the TIP3P (Jorgensen et al. 1983) water. The system was
initially minimized by a 1000-step steepest decent and a 2000-
step conjugate gradient minimization procedures to the solvents.
Then, a 2-psec simulation was performed to raise the tempera-
ture of the system to 150K, followed by another 18 psec of
simulation to increase the temperature further to 298K, where
the protein ligands were fixed using 10 kcal/mol force constants
in reference to the initial structure. A second 60-nsec equilibra-
tion of the system at 298K was performed by constraining the
backbone atoms of the system with a 2 kcal/mol force constant.
The production run was 2 nsec. Conformations were saved from
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the trajectory at intervals of 1 psec. Conformations collected
from 0.5–2 nsec were used for the binding affinity prediction
calculations. The MD simulations were performed using the
GPU accelerated version of the PMEMD program (Götz et al.
2012) in the isothermal isobaric (NTP, T = 298K and P = 1 atm)
ensemble. The SHAKE (Ryckaert et al. 1977) algorithm was used
to fix bonds involving hydrogen. The PME method (Darden et al.
1993) was used, and the nonbonded cutoff distance was set at
10 Å. The time step was 2 fsec, and the neighboring pairs list
was updated every 20 steps.

The MM-PBSA method was used for binding free energy
calculations. In the MM-PBSA calculation, the 31 conformations
corresponding to 50-psec intervals in the trajectory were used
for the molecular mechanics calculations. Eight conformations
(taken at intervals of 200 psec) from the 1.5-nsec trajectory were
chosen for the normal mode calculations for entropic contribu-
tion to the binding free energy. In the normal mode calculations,
a distance-dependent dielectric constant of �4r was used, the
maximum cycle was set to 60,000, and the convergence tolerance
was 0.0002 kcal mol�1Å�. For the solvent-accessible surface area
calculation, the default value of 0.0072 kcal/mol 3 Å2 for the
surface tension coefficient was used.

For Ligase4 and XRCC1, we analyzed all 20 conformations (or
models) of the NMR structures and performed docking simula-
tions followed by MD simulations to evaluate the stability of
binding models. For Ligase4, we found that the first and 18th
conformations of the NMR structures are suitable for binding
model determination. The binding model of ADP-ribose with the
18th conformation from the NMR structure yielded stable
structures in the 4-nsec MD simulations. For XRCC1, we
performed molecular dynamics simulations of the protein li-
gand-binding model based on four different XRCC1 conforma-
tions. We found that the second, third, sixth, and 17th confor-
mations of the NMR structures gave well-defined and open
binding sites and are suitable for generating the binding models
with ADP-ribose for further MD simulations. Only the bind-
ing model between ADP-ribose and the 17th conformation of
XRCC1 gave stable structures in a 4-nsec MD simulation.

Laser microirradiation and live-cell imaging

U2OS cells and MEFs were plated on glass-bottomed culture
dishes (Mat Tek Corporation). Laser microirradiation was per-
formed using an IX 71 microscope (Olympus) coupled with the
MicoPoint laser illumination and ablation system (Photonic
Instruments, Inc.). A 337.1-nm laser diode (3.4 mW) transmitted
through a specific dye cell and then yielded a 365-nm wavelength
laser beam that was focused through 603 UPlanSApo/1.35 oil
objective to yield a spot size of 0.5–1 mm. The time of cell
exposure to the laser beam was ;3.5 nsec. The pulse energy was
170 mJ at 10 Hz. Images were taken by the same microscope with
the CellSens software (Olympus). GFP fluorescence at the laser
line was converted into a numerical value using Axiovision
software (version 4.5). Normalized fluorescent curves from 50
cells from three independent experiments were averaged. The
error bars represent the standard deviation.

Comet assays

Single-cell gel electrophoretic comet assays were performed
under neutral conditions according to a previous study (Olive
and Banath 2006). Briefly, U2OS cells were treated with or
without 4 Gy of IR and recovered in normal culture medium
for the indicated time at 37°C. Cells were collected and rinsed
twice with ice-cold PBS; 2 3 104 cells per milliliter were
combined with 1% LMAgarose at 40°C at the ratio of 1:3 (v/v)

and immediately pipetted onto slides. For cellular lysis, the
slides were immersed in the neutral lysis solution (2% sarkosyl,
0.5 M Na2EDTA, 0.5 mg/mL proteinase K at pH 8.0) overnight at
37°C in the dark followed by washing in the rinse buffer (90 mM
Tris buffer, 90 mM boric acid, 2 mM Na2EDTA at pH 8.5) for
30 min with two repeats. Next, the slides were subjected to
electrophoresis at 20 V (0.6 V/cm) for 25 min and stained in
2.5 mg/mL propidium iodide for 20 min. All images were taken
with a fluorescence microscope and analyzed by Comet Assay
IV software.

IR treatment and colony formation assay

Cells were irradiated with a 137Cs source at a dose of 10 Gy (or at
the indicated doses). After irradiation, cells were lysed at the
indicated time points for immunoprecipitation or Western blot.
For colony formation assay, 500 wild-type or H2AX�/� MEFs
were seeded into six-well plates and then treated by various
doses of IR with or without olaparib. After a 7-d culture, the
viable cells were fixed and stained with crystal violet. The
number of colonies (>50 cells for each colony) was calculated.

G2/M checkpoints assay

Cells expressing the wild-type NBS1 or NBS1 K160A pretreated
with or without olaparib were treated with or without 2 Gy of IR.
After 1 h of recovery, cells were fixed with 70% (v/v) ethanol,
stained with rabbit antibody to phospho-histone H3 (pSer10), and
then incubated with FITC-conjugated goat secondary antibody
to rabbit. The stained cells were treated with RNase A and then
incubated with propidium iodide. Samples were analyzed by
flow cytometry.

Drug treatment

For live-cell imaging, immunoprecipitation, or Western blot, 100
nM olaparib, 10 mM GLTN, or 10 mM wortmannin was added
into the cell culture medium 1 h before laser microirradiation or
cell lysis. For colony formation assay, 100 nM olaparib was added
into the medium during the culture.

Statistical analyses

All experiments were performed in triplicates unless indicated
otherwise. Means and standard deviations were plotted. Stu-
dent’s t-test was used for statistical analyses.
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