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ABSTRACT

Rad50/Mre11/NBS1 (R/M/N) is a multi-functional
protein complex involved in DNA repair, cell cycle
checkpoint activation, DNA replication and replica-
tion block-induced responses. Ionizing radiation
(IR) induces the phosphorylation of NBS1 and
nuclear foci formation of the complex. Although it
has been suggested that the R/M/N complex is
associated with DNA damage sites, we present here
biochemical evidence for chromatin association of
the complex. We show that the chromatin associ-
ation of R/M/N is independent of IR and ataxia
telangiectasia mutated (ATM). We also demonstrate
that optimal chromatin association of the Rad50/
Mre11/NBS1 proteins requires both the conserved
forkhead-associated (FHA) and breast cancer
C-terminus (BRCT) domains of NBS1. Moreover,
both these domains of NBS1 are required for its
phosphorylation on Ser343 but not on Ser278.
Importantly, both the FHA and BRCT domains are
essential for IR-induced foci (IRIF) formation of
R/M/N and S phase checkpoint activation, but only
the BRCT domain is needed for cell survival after IR.
These data demonstrate that the FHA and BRCT
domains of NBS1 are crucial for the functions of the
R/M/N complex.

INTRODUCTION

A number of intricate networks have evolved in eukaryotic
cells to respond to endogenous and exogenous genotoxic
stresses. Cell cycle checkpoint control and DNA repair
processes play crucial roles in maintaining genomic stability
(1,2). A defect in either of these processes often results in
hypersensitivity to DNA-damaging agents, chromosomal
instability and predisposition to cancer. For example, the
inherited cancer-prone syndromes ataxia telangiectasia (A-T),
Nijmegen breakage syndrome (NBS) and A-T like disorder

(A-TLD) are characterized by radiation sensitivity, chromo-
somal instability and defects in both checkpoint control and
DNA repair.

One of the genes mutated in NBS, NBS1, encodes a 95 kDa
protein (NBS1 or nibrin) that is a component of the Rad50/
Mre11/NBS1 (R/M/N) complex (3±5). This complex plays
important roles in checkpoint activation and repair of DNA
double-strand breaks (DSBs) (6,7). Puri®ed Mre11 displays
3¢®5¢ exonuclease and endonuclease activities (8±10) and, in
the presence of Rad50 and NBS1, DNA duplex unwinding and
hairpin cleavage activities (11). It has been shown that the
R/M/N complex forms nuclear foci after ionizing radiation
(IR) (4), suggesting that this complex is directly associated
with DSB sites. Although Mre11 exhibits a DNA-binding
activity in vitro (9,11±13), it is not yet clear if the R/M/N
complex is directly associated with chromatin in vivo.
Recently, Maser et al. (14) reported that the R/M/N complex
co-localizes with proliferating cell nuclear antigen (PCNA)
during S phase, while Franchitto and Pichierri (15) demon-
strated that it also assembles into nuclear foci after replication
blockage. These studies suggest that the R/M/N complex is
associated with DNA replication sites and that this complex
plays a regulatory role during DNA synthesis.

In response to IR, NBS1 becomes phosphorylated at Ser278
and Ser343 in an ataxia telangiectasia mutated (ATM)-
dependent manner (16±19), which is important for activating
the S phase checkpoint. Recent studies have suggested that the
ATM/NBS1-dependent activation of the S phase checkpoint is
partly through regulating the phosphorylation of structural
maintenance of chromosome (SMC) proteins (20,21).

NBS1 contains a forkhead-associated (FHA) domain and a
breast cancer C-terminal (BRCT) domain (22). The FHA
domain is a phosphoserine/threonine speci®c protein±protein
interaction motif (23), whereas the BRCT domain is also
predicted to be a protein±protein interaction domain. His45 of
NBS1 is one of the few invariant residues within the FHA
domain (22). In Saccharomyces cerevisiae mutation of this
conserved histidine in the FHA2 domain of Rad53 abolishes
not only the interaction between Rad53 and Rad9, but also
DNA damage responses such as the induction of RNR3
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transcription and the G2/M checkpoint arrest (24). These
observations suggest that this conserved histidine plays a
crucial role in the biological activity of the FHA domain. In
this study, we have examined chromatin association of the
R/M/N complex and analyzed the functional importance of
both the FHA and BRCT domains of NBS1. We show that the
conserved histidine within the NBS1 FHA domain is critical
for its function, and that both the FHA and BRCT domains are
required for optimal chromatin association of the R/M/N
complex, IR-induced phosphorylation of NBS1 and S phase
checkpoint activation.

MATERIALS AND METHODS

Cell culture and retroviral gene expression

The simian virus 40 (SV40)-transformed human ®broblast cell
line NBS1-LBI (25), the HeLa S3 cell line and human bladder
carcinoma cell line T24 were grown in Dulbecco's modi®ed
Eagle's medium (DMEM) (Life Technologies Inc.) supple-
mented with 10% fetal calf serum (FCS) (Life Technologies
Inc.). A-T cells (AT22IJE-T/pEBS7) and A-T cells comple-
mented with ATM (AT22IJE-T/pEBS7-YZ5) were grown in
DMEM supplemented with 10% FCS and 100 mg/ml
hygromycin B (Life Technologies Inc.). T24 cells were
synchronized by density arrest and collected as described (26).
Cells were irradiated with 10 Gy g-irradiation and harvested
1 h later unless otherwise speci®ed. NBS1-LBI cell lines with
retroviral expression of NBS1WT, NBS1S278A, NBS1S343A,
NBS1S278A/S343A, NBS1H45A, NBS1DFHA or NBS1DBRCT were
established as previously described (20). Brie¯y, 29310A1
retroviral packaging cells (Imgenex, CA) were transfected
with pLXIN vector or pLXIN vectors containing cDNA
encoding wild-type NBS1 or mutants. Retroviral supernatants
were collected 48 h post-transfection. NBS1-LBI cells were
incubated in retroviral supernatant plus fresh DMEM supple-
mented with 10% FCS (1:1 v/v) for at least 24 h. Seventy-two
hours after infection, infected cells were selected with
500 mg/ml G418 (Life Technologies Inc.). Clones with ectopic
expression of NBS1 or mutants were identi®ed and maintained
in DMEM supplemented with 10% FCS and 400 mg/ml G418.

Flow cytometric analysis

For each time point after release from density arrest, ~2 3 106

cells were trypsinized, washed with phosphate-buffered saline
(PBS) and ®xed with ice-cold 70% ethanol. After at least 2 h
®xation at 4°C, cells were collected, washed once with PBS,
and incubated in 1 ml staining solution (25 mg/ml propidium
iodide and 200 mg/ml DNase-free RNase in PBS) for 30 min at
37°C. Cells were then analyzed with a FACScan (Becton-
Dickinson, CA). 10 000 events were counted for each sample.

Plasmids

Full-length cDNAs encoding wild-type NBS1 were generated
and cloned into a pCMV vector as described (17). The
NBS1S278A, NBS1S343A, NBS1S278A/S343A and NBS1H45A

mutants were generated by site-speci®c mutagenesis using
the QuickChange site-directed mutagenesis kit (Stratagene)
and con®rmed by DNA sequencing. NBS1WT, NBS1S278A,
NBS1S343A, NBS1S278A/S343A and NBS1H45A were subcloned
from vector pCMV into the XhoI site of the pLXIN retroviral

vector (Clontech). Deletions of the FHA and BRCT domains
were achieved by ligating cDNA fragments ¯anking the FHA
domain (nucleotides 1±60 and 300±2265) or fragments
¯anking the BRCT domain (nucleotides 1±300 and
570±2265) and subcloning into the XhoI site of the pLXIN
retroviral vector.

Antibodies

The mouse monoclonal antibodies against human NBS1,
Mre11, Rad50 and ATM were generated as previously
described (10,17,27). Rabbit polyclonal anti-NBS1S278-P
and anti-NBS1S343-P phosphoserine-speci®c antibodies were
raised against the following KLH-conjugated peptides:
TGITNpSQTLPDCQ (Ser278) and CTPGPSLpSQGVSV
(Ser343). The phosphorylated peptide:unphosphorylated
peptide reactivity ratio of af®nity puri®ed phosphoserine278-
and phosphoserine343-speci®c antibodies were >99:1 and
98.5:1.5, respectively, as determined by ELISA (Bethyl
Laboratories Inc.). Rabbit polyclonal anti-hOrc2 antibodies
were a gift from Dr B. Stillman (Cold Spring Harbor
Laboratory). Mouse anti-MEK2 IgG (catalog no. 610235)
was obtained from BD Biosciences Inc. FITC-conjugated anti-
mouse and Texas Red-conjugated anti-mouse antibodies were
from Jackson Research Laboratories.

Chromatin fractionation

Whole cell extracts (WCE) were obtained by lysis of cells
directly in SDS sample buffer and sonication. To isolate
chromatin, cells were lysed and fractionated as described by
Mendez and Stillman (28). Approximately 2 3 106 cells were
washed with PBS and resuspended in 200 ml buffer A (10 mM
HEPES, pH 7.9, 10 mM KCl, 1.5 mM MgCl2, 0.34 M sucrose,
10% glycerol, 1 mM DTT, 5 mg/ml aprotinin, 5 mg/ml
leupeptin, 0.5 mg/ml pepstatin A and 0.1 mM phenylmethyl-
sulfonyl ¯uoride). Triton X-100 (0.1%) was added, mixed
gently by inversion and the mixture was incubated on ice for
5 min. Nuclei were collected in pellet 1 (P1) by centrifugation
at low speed (1300 g, 5 min, 4°C). The supernatant (S1) was
clari®ed by high speed centrifugation (20 000 g, 15 min, 4°C)
to obtain the soluble fraction (S2). Nuclei were then washed
once in buffer A, resuspended in 200 ml buffer B (3 mM
EDTA, 0.2 mM EGTA, 1 mM DTT, 5 mg/ml aprotinin,
5 mg/ml leupeptin, 0.5 mg/ml pepstatin A and 0.1 mM
phenylmethylsulfonyl ¯uoride) and incubated on ice for
30 min. Insoluble chromatin was collected by centrifugation
(1700 g, 5 min, 4°C), washed once in buffer B, and centrifuged
at 1700 g for 5 min. The ®nal chromatin-enriched pellet (P3)
was resuspended in SDS sample buffer and subjected to
sonication. To release chromatin-bound proteins, nuclei (P1)
were digested with 0.2 U of micrococcal nuclease (Sigma) in
buffer A plus 1 mM CaCl2. After 1 min incubation at 37°C, the
nuclease reaction was stopped by addition of 1 mM EGTA.
Nuclei were then lysed and fractionated as above.

Immunoblotting, immunoprecipitation and
immunostaining

Protein concentration was determined by Bradford assay
(Bio-Rad, CA). For immunoprecipitation (IP), cell lysates
were incubated with 5 mg antibodies for 4 h followed by
addition of 20 ml protein G±SepharoseÔ 4 Fast Flow beads
(Amersham Pharmacia Biotech Inc., Sweden) for 2 h at 4°C.

4816 Nucleic Acids Research, 2002, Vol. 30 No. 22



Cell lysates or IP samples were mixed with SDS sample buffer
and analyzed using a SDS±8% polyacrylamide gel.
Quantitative analysis of immunoblots was performed using a
Personal Densitometer SI (Molecular Dynamics, CA). For
immuno¯uorescence, cells were ®xed with 4% paraformalde-
hyde in PBS (pH 7.2) and permeabilized with 0.5% Triton
X-100 in PBS. After 30 min incubation in blocking buffer
(10% FCS in PBS), cells were incubated with primary
antibodies overnight at 4°C. After being washed three times
with PBS, the cells were incubated with FITC- or Texas Red-
conjugated secondary antibodies for 2 h at room temperature.
The cells were then washed with PBS, counterstained with
0.05 mg/ml 4¢,6¢-diamidino-2-phenylindole (DAPI) in PBS
and mounted in ImmunonÔ mountant (Shandon, PA). All
antibodies were diluted in PBS supplemented with 5% FCS.

Radio-resistant DNA synthesis (RDS) assay

IR-induced inhibition of DNA synthesis was measured as
previously described (25,29,30). In brief, 3 3 104 cells were
seeded into 35 mm dishes and grown for at least 48 h, and then
prelabeled with 10 nCi/ml [14C]thymidine (NEN Life Science
Products Inc., Boston, MA) in DMEM for ~48 h. The cells
were subsequently incubated in non-radioactive DMEM for
24 h before treatment with 0, 5, 10 or 15 Gy g-irradiation.
After incubation for 30 min at 37°C, the cells were labeled
with 2.5 mCi/ml [3H]thymidine (NEN Life Science Products
Inc.) for 30 min. The cells were then washed and incubated in
non-radioactive DMEM for 45 min. Then the cells were
washed with PBS and lysed with 0.5 ml 0.2 M NaOH. The
radioactivity was measured in a liquid scintillation counter.
The ratio [3H]:[14C] was calculated and compared with the
ratio for non-irradiated cells to determine the rate of inhibition
of DNA synthesis.

Colony survival assay

Cells were exposed to 0, 2, 4 or 6 Gy g-irradiation at
2.44 Gy/min (J.L. Shepherd & Associates, CA) and immedi-
ately plated at 800 cells/100 mm diameter dish in triplicate.
After incubation at 37°C for 2 weeks, cells were washed with
PBS, ®xed in ice-cold methanol for 15 min and then stained
with Giemsa stain (Sigma Diagnostics, St Louis, MO) for
30 min. Colonies per plate were counted and the means
6 standard errors were determined. At least two independent
experiments were performed on each cell line.

RESULTS

Rad50/Mre11/NBS1 proteins are chromatin-associated
in vivo

The R/M/N complex forms nuclear foci at DNA damage sites
after IR treatment (4,31). It has also been shown that R/M/N
foci in replicating cells co-localize with PCNA foci (14).
Thus, it seems plausible that the R/M/N complex may become
chromatin associated after IR treatment and during S phase.
However, there is as yet no biochemical evidence to support
chromatin association of the R/M/N complex. Using a
biochemical fractionation scheme recently described by
Mendez and Stillman (28), we examined the chromatin
association of the R/M/N complex. Asynchronously growing
HeLa S3 cells were fractionated into a cytoplasmic fraction

(S2) and a nuclear fraction (P2). The P2 fraction was then
divided into a soluble nuclear fraction (S3) and an insoluble
chromatin-enriched nuclear fraction (P3). The P2 fraction was
also subjected to digestion with micrococcal nuclease to
release the insoluble chromatin-bound protein into a soluble
fraction (S3¢), while the nuclease-resistant fraction (P3¢)
remained insoluble (Fig. 1A). The subunits of the R/M/N
complex were mainly found in the P3 and S3¢ fractions,
indicating that the R/M/N complex is chromatin-bound. The
chromatin association of R/M/N increases moderately follow-
ing entry into S phase (Fig. 1B and Table 1), which may re¯ect
its interaction with replication factors such as E2F1 and PCNA
(14). It is also noteworthy that the chromatin-associated R/M/
N decreases signi®cantly during G2/M phases. Chromatin
association of the R/M/N complex during the normal cell
cycle is consistent with its role in the surveillance of
chromosomal integrity.

Chromatin association of R/M/N is independent of IR
and ATM

Since the chromatin association of R/M/N may be important
for its functions in response to DNA damage, we next tested
whether IR treatment could enhance its association with

Figure 1. Chromatin association of Rad50/Mre11/NBS1. (A) Asynchronous
HeLa S3 cells were subjected to biochemical fractionation as described in
Materials and Methods. Five different fractions were obtained: soluble
cytoplasmic fraction (S2), soluble nuclear fraction (S3), insoluble
chromatin-enriched nuclear fraction (P3), nuclease-solubilized chromatin-
bound fraction (S3¢) and insoluble nuclease-resistant nuclear fraction (P3¢).
Whole cell extract (WCE) was included as a control. Orc2, a replication ini-
tiating factor known to be chromatin bound throughout the cell cycle
regardless of DNA damage, served as a control for the chromatin-enriched
fractions P3 and S3¢. MEK2, a cytoplasmic kinase, was used as a control
for the cytoplasmic fraction S2. (B) Cell cycle-dependent chromatin
association of R/M/N complex. Cells collected at different time points after
release from density arrest were subjected to fractionation. The chromatin-
enriched fraction (P3) is shown.
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chromatin. Surprisingly, no signi®cant increase in the amount
of R/M/N in the P3 fraction was detected after IR (Fig. 2).
Since NBS1 is phosphorylated by ATM after IR on several
residues, including Ser278 and Ser343 (16±19), we also
examined whether ATM de®ciency affects the ability of
R/M/N to associate with chromatin. Again, the chromatin
association of R/M/N is comparable between A-T cells and
A-T cells complemented with ATM, regardless of DNA
damage (Fig. 2). Taken together, these data suggest that the
chromatin association of R/M/N is not affected by IR or
de®ciency of ATM.

The FHA and BRCT domains of NBS1 are required for
optimal chromatin association of R/M/N

Since NBS1 is crucial for both nuclear localization and
formation of IR-induced foci (IRIF) of Rad50 and Mre11 (4),
we examined the chromatin association of Rad50 and Mre11
in NBS cells. In NBS1-de®cient cells Rad50 and Mre11 were
only minimally associated with chromatin, while the majority
of them were found in the soluble fractions S2 and S3
(Fig. 3C). The nuclear localization and chromatin association
of R/M were fully restored by expression of wild-type NBS1
as well as NBS1S278A/S343A (Fig. 3C, Table 2 and data not
shown). These results not only demonstrate that NBS1 is
essential for the chromatin-binding activities of the R/M/N but
also con®rm that the IR-induced phosphorylations of Ser278
and Ser343 by ATM are not required for the chromatin
association of R/M/N.

To examine the signi®cance of the FHA and BRCT domains
of NBS1 in chromatin association, we constructed mutants
with a single deletion of either the FHA or BRCT domain, as
well as a substitution of the invariant His45 residue with Ala
(Fig. 3A and B). Consistent with previous reports that deletion
of the N-terminal region of NBS1 does not affect nuclear
localization of R/M/N (32,33), nuclear localization of Mre11
and Rad50 can be fully restored by expression of NBS1H45A,
NBS1DFHA or NBS1DBRCT (data not shown). However, even
with restored nuclear localization of R/M, the levels of
chromatin-associated R/M/N are signi®cantly lower in NBS
cells expressing NBS1H45A, NBS1DFHA or NBS1DBRCT than
those in cells expressing NBS1WT (Fig. 3D and Table 2). For
example, only 10.9±24.2% of NBS1DBRCT is chromatin bound
compared to >90% of wild-type NBS1. Therefore, optimal
chromatin association of R/M/N requires intact FHA and
BRCT domains.

The FHA and BRCT domains are required for
IR-induced phosphorylation of Ser343 of NBS1

Using antibodies speci®cally against phosphorylated Ser278
or Ser343, we examined the IR-induced phosphorylation of
NBS1 and its mutants. The phosphorylation of Ser343 and

Ser278 was readily detectable in cells expressing NBS1S278A

and NBS1S343A, respectively, indicating that these modi®ca-
tions can occur independently (Fig. 4A). However, while the
phosphorylation of Ser278 is normal in NBS1H45A, NBS1DFHA

and NBS1DBRCT, the phosphorylation of Ser343 is greatly
diminished (Fig. 4B and C). Therefore, the FHA and BRCT
domains play an important role in the phosphorylation of
NBS1 at Ser343 in vivo.

The FHA and BRCT domains are essential for
formation of IRIF of R/M/N and S phase checkpoint
activation

To determine the importance of the FHA and BRCT domains
in other biological functions of NBS1, we examined the IRIF
of R/M/N in different NBS cell lines. Both Mre11 and NBS1
(data not shown) antibodies were used to test IRIF to eliminate
the possibility that the different expression levels of NBS1WT,
NBS1S278A/S343A, NBS1H45A, NBS1DFHA and NBS1DBRCT may
affect foci formation. As shown in Figure 5A, IRIF formation
with Mre11 was defective in cells expressing NBS1H45A,
NBS1DFHA and NBS1DBRCT.

NBS cells exhibit RDS due to a defective S phase
checkpoint (34). While NBS cells expressing NBS1WT were
able to inhibit DNA synthesis upon IR, cells expressing the
mutant forms of NBS1 failed to do so (Fig. 5B). Taken
together, both IRIF and S phase checkpoint activation rely on
the FHA and BRCT domains.

The BRCT but not FHA domain is important for cell
survival after IR

By measuring cell survival 2 weeks after exposure of cells to a
sub-lethal dose of g-irradiation, we investigated whether the
various forms of NBS1 could complement the IR sensitivity of
NBS cells. We found that neither His45 nor the FHA domain
is essential to complement cell sensitivity to IR. However, the
NBS1DBRCT allele is less effective in complementing the IR
sensitivity of NBS cells, in comparison with other NBS alleles
(Fig. 5C).

DISCUSSION

We report here that the R/M/N complex is tightly associated
with chromatin in vivo. Moreover, chromatin association is
increased following entry into S phase, but is not dependent on
IR or ATM kinase, suggesting that this complex plays a role in

Figure 2. Chromatin association of R/M/N in A-T cells. A-T cells and A-T
cells complemented with ATM were fractionated as described. Both soluble
fraction S (S2 + S3) and chromatin-enriched fraction P (P3) from IR-treated
and non-treated cells are shown.

Table 1. The percentage of cells in each phase of the cell cycle as
determined by the CellQuest analysis program

T8 T19 T24 T28 T32 T34 Asynchronous
cells

G1 96.3 72.9 13.1 5.24 14.5 16.9 64.6
S 0.67 21.4 74.1 44.7 18.6 5.84 14.4
G2/M 1.36 2.1 12.0 48.5 65.6 75.2 19.6
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the maintenance of chromosomal stability even during the
normal cell cycle. This suggestion is further supported by the
observation that NBS1 forms nuclear foci and interacts with
E2F1 and replication origins during S phase (14). The
decreased level of chromatin-associated R/M/N during G2/M
phases is likely due to its dissociation from replication regions
after exit from S phase. However, there may be other mitosis-
related mechanisms involved, since the chromatin association
of R/M/N in G2/M phases is less than in G1 phase.

As several lines of evidence have suggested that the R/M/N
complex is recruited to DNA damage sites, it is puzzling that

no increase in chromatin association of the complex was
observed after IR. We propose two possible mechanisms by
which a change of localization actually occurs without a
detectable change in the chromatin-bound fraction of R/M/N.
First, there may be a translocalization among chromatin-
bound proteins, i.e. similar to the S.cerevisiae Ku and Sir
proteins, from telomeric regions to DNA damage sites
(35±38). Second, the soluble and chromatin-bound fractions
of the R/M/N complex might undergo constant exchange so
that relocalization of R/M/N is not necessarily re¯ected by the
relative amounts of protein in each fraction.

Figure 3. Chromatin association of R/M/N in NBS cells. (A) Diagram of wild-type NBS1, NBS1H45A, NBS1DFHA and NBS1DBRCT proteins. Locations of the
FHA domain, BRCT domain and phosphorylation sites on Ser278 and Ser343 are shown. The asterisk represents single residue substitution (His®Ala).
(B) Alignment of part of the FHA domain of NBS1 among different species. The shaded boxes indicate the regions of identity. The invariant Gly´Arg (GR)
pair and His45 (H) are marked with asterisks. (C) Chromatin association of R/M/N in different NBS1-LBI cell clones (with vector only, with expression of
NBS1WT, and with expression of NBS1S278A/S343A). (D) Comparison of chromatin association of R/M/N in NBS cells expressing NBS1H45A, NBS1DFHA or
NBS1DBRCT. The soluble fraction (S2 + S3) and chromatin-enriched fraction P (P3) from IR-treated and non-treated cells are shown. MEK2 and Orc2 serve as
controls for the soluble fraction and chromatin fraction, respectively.

Table 2. Percentages of chromatin-associated fraction of R/M/N in different NBS cell lines (mean 6 SD)

Vector Wild-type S278A/S343A H45A DFHA DBRCT

Rad50 ±IR 9.7 6 4.7 78.0 6 5.1 90.6 6 3.6 61.8 6 8.7 45.2 6 1.9 33.1 6 7.8
+IR 10.9 6 6.9 80.2 6 5.6 92.5 6 3.3 45.8 6 4.2 35.6 6 5.4 29.0 6 9.3

NBS1 ±IR NA 90.2 6 1.3 87.6 6 8.5 70.6 6 3.2 60.2 6 6.4 10.9 6 6.4
+IR NA 91.0 6 4.8 89.2 6 8.1 68.3 6 5.8 56.7 6 7.2 24.2 6 10.5

Mre11 ±IR 8.4 6 2.3 71.0 6 3.9 81.8 6 4.3 47.0 6 2.7 46.4 6 8.0 20.6 6 2.5
+IR 4.9 6 2.1 82.0 6 5.7 74.4 6 3.9 26.8 6 4.9 27.5 6 2.5 19.8 6 3.3

In three independent experiments, the protein levels of R/M/N in the soluble fraction and chromatin fraction were quantitatively analyzed; the ratios (%) of
P:(S + P) were obtained to indicate the percentage of chromatin-associated R/M/N in the whole cell extract.
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Since Rad50 and Mre11 (R/M) are localized in both the
cytoplasm and nucleus in NBS cells (4), it is conceivable that
the R/M complex fails to bind to chromatin in the absence of
NBS1. However, the defective chromatin association cannot
be fully corrected by simply restoring nuclear localization of
R/M. In fact, intact FHA and BRCT domains seem necessary
for not only directing NBS1 itself onto chromatin but also
stabilizing the chromatin association of the whole complex.
On the other hand, chromatin association of the R/M/N is
comparable in NBS cells expressing NBS1WT and NBS1S278A/

S343A, suggesting that the phosphorylations at Ser278 and
Ser343 of NBS1 are dispensable for its chromatin association.
It has been shown that the BRCT regions of the putative DNA-
binding proteins TopBP1 and BRCA1 directly bind to DNA
breaks and ends (39). Therefore, it is possible that the BRCT
domain of NBS1 plays a similar role in the chromatin-binding
activity of R/M/N.

Since the FHA and BRCT domains are required for
phosphorylation of NBS1 at Ser343 but not Ser278, it appears
that there are different levels of regulation of these two
phosphorylation events. Moreover, since NBS1H45A,
NBS1DFHA and NBS1DBRCT are defective in binding to
chromatin, we speculated that Ser343 may be phosphorylated
only when NBS1 is bound to chromatin. However, on
immunoprecipitating phosphorylated NBS1 with phosphoser-
ine-speci®c antibodies, we could not detect a signi®cant
difference between the distribution of phosphorylated Ser278
and phosphorylated Ser343 in the soluble and chromatin-
bound fractions (data not shown). We therefore hypothesize

that there may be a constant exchange between soluble and
chromatin-bound fractions of NBS1. Since we could not
prevent wild-type NBS1 from binding onto chromatin in vivo,

Figure 4. Phosphorylation of Ser278 and Ser343 in wild-type NBS1 and
mutants. (A) Immunoprecipitation of NBS1WT, NBS1S278A and NBS1S343A

with anti-phosphoserine speci®c antibodies, a-S278-P and a-S343-P. (B)
Immunoprecipitation of NBS1WT, NBS1S278A/S343A, NBS1H45A, NBS1DFHA

and NBS1DBRCT with anti-phosphoserine speci®c antibodies, a-S278-P and
a-S343-P. (C) Comparison of expression levels of wild-type NBS1 and
different NBS1 mutants. Immunoblotting of whole cell extracts from
different NBS cell clones. All immunoblots were probed with a-NBS1
monoclonal antibody MHN1.

Figure 5. IRIF formation, S phase checkpoint activation and radiation
sensitivity of NBS cells expressing NBS1WT, NBS1H45A, NBS1DFHA and
NBS1DBRCT. (A) IRIF formation of Mre11. Four hours after IR (15 Gy),
cells were ®xed and probed with anti-Mre11 monoclonal antibody, 13H1,
followed by FITC-conjugated anti-mouse antibody. Nuclei were counter-
stained with DAPI. (B) DNA synthesis was measured 30 min after 0, 5, 10
or 15 Gy g-irradiation. See Materials and Methods for details. (C) Cells
were exposed to 0, 2, 4 or 6 Gy g-irradiation and incubated for 2 weeks be-
fore colonies per plate were counted. Post-irradiation survival was assessed
by comparison with the non-irradiated control. Experiments were performed
in triplicate at least twice. Error bars represent standard deviation.
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how the FHA and BRCT domains dictate phosphorylation of
Ser343 and where phosphorylation occurs remain unknown.

The FHA and BRCT domains are also essential for other
DNA damage responses, including IRIF formation and S phase
checkpoint activation. Since these mutants are also unable to
effectively bind to chromatin in vivo, it seems very likely that
the chromatin association of R/M/N is necessary for IRIF
formation. However, the precise cause of the defective S phase
checkpoint in the NBS1H45A, NBS1DFHA and NBS1DBRCT

mutants remains elusive. Since NBS1S278A/S343A can restore
chromatin association of the R/M/N complex but not the S
phase checkpoint, chromatin association of the R/M/N is not
suf®cient for activation of the S phase checkpoint. Therefore,
the defective S phase checkpoint observed in the NBS1H45A,
NBS1DFHA and NBS1DBRCT mutants could be simply due to a
de®ciency in phosphorylation of Ser343 (16±19) or de®cien-
cies in both phosphorylation of Ser343 and chromatin
association.

Finally, our results have revealed that the BRCT but not the
FHA domain plays a crucial role in cell survival after IR. The
lack of correlation between a checkpoint defect and radio-
sensitivity in the NBS1H45A and NBS1DFHA mutants is
supported by a previous report that radiosensitivity of NBS
cells is not due to a defective S phase checkpoint but rather
DNA repair defects (40). Given that multiple checkpoint
pathways, i.e. the G1/S checkpoint, G2/M checkpoint and a
parallel Chk2-dependent S phase checkpoint (41), can be
activated upon DNA damage, abrogation of one checkpoint
may not be suf®cient to cause hypersensitivity to IR. It has
been reported that the N-terminal region (amino acids 1±152)
of NBS1, which includes the FHA domain and part of the
BRCT domain (amino acids 108±152), is not essential for
radiation resistance (32). However, we found that deletion of
the entire BRCT domain (amino acids 108±196) results in
increased cell sensitivity to IR. The discrepancy is likely due
to the fact that different deletion mutants were used in these
two studies. We believe that deletion of the BRCT domain
may cause additional defects in compensatory checkpoint
pathways and/or repair of DNA lesions, thereby sensitizing
cells to IR. Since NBS1657del5, the most common mutation
found in NBS patients, results in deletion of the BRCT
domain, it will be informative to further characterize its
function in detail.
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