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The Nijmegen breakage syndrome protein Nbs1 is a component of the MRN
(Mre11–Rad50–Nbs1) complex, central to the DNA damage response. While
Nbs1 is generally believed to encompass a forkhead-associated domain
linked to a breast cancer C-terminal (BRCT) domain, to date there is no
experimental information on its three-dimensional structure. Through nu-
clear magnetic resonance (NMR) three-dimensional structure determina-
tion, we demonstrate that there is a second BRCT domain (BRCT2) in Nbs1.
The domain has the characteristic BRCT topology, but with a long insertion
shown to be flexible by NMR relaxation measurements. In the absence of
sequence similarity to other proteins, a search for structural analogs of
BRCT2 returned the second BRCT domain of the tandem BRCT repeats of
cell cycle checkpoint proteins MDC1 (mediator of DNA damage checkpoint
protein 1) and BRCA1 (breast cancer protein 1), suggesting that like MDC1
and BRCA1, Nbs1 also possesses tandem BRCT domains with phospho-
protein binding ability. Structure-based single point mutations in human
Nbs1 were evaluated in vivo and revealed that BRCT2 is essential for an
MDC1-dependent relocalization of Nbs1 to DNA damage sites, most likely
through a direct interaction of Nbs1 tandem BRCT domains with phos-
phorylated MDC1.
© 2008 Elsevier Ltd. All rights reserved.
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Introduction

The Nijmegen breakage syndrome (NBS) is a ge-
netic disorder characterized by severe microcephaly,
growth retardation, immunodeficiency, and predis-
position to cancer, particularly lymphomas.1,2 Cells
from patients with NBS show hypersensitivity to
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ionizing radiation (IR), chromosomal instability, and
abnormal p53-mediated cell cycle regulation.3–7 NBS
results from mutations in the NBS1 gene8,9 whose
normal protein product, the 754-amino-acid protein
Nbs1 (also called nibrin or p95), associates with
Mre11 and Rad50 to form the MRN (Mre11–Rad50–
Nbs1) complex.10,11 MRN is known to play a key role
in sensing DNA strand breaks and then amplifying
initial signal and transducing it to downstream
effector proteins that regulate cell cycle checkpoint
and DNA repair.12–15 In the MRN complex, Nbs1
regulates the catalytic nucleotide-dependent DNA
binding and ATP-dependent DNA unwinding func-
tions of Mre11 and Rad50.16,17 It is also required for
the localization of Mre11 and Rad50 into the nucleus
as well as for the activation of ataxia–telangiectasia
mutated (ATM) kinase.18–21 The majority of patients
with NBS have the 657del5 mutation in exon 6 of
NBS1, which splits the Nbs1 protein into a 26-kDa
d.

http://dx.doi.org/10.1016/j.jmb.2008.05.087


Fig. 1. Solution NMR structure of XNbs1 (residues 215 to 324). (a) 1H–15N HSQC spectrum of XNbs1 with labeled
signals. (b) Ribbon representation of XNbs1 BRCT2. The secondary-structure elements are indicated. The disordered loop
L3 is shown in red. (c) Stereo view of the superimposed 20 lowest-energy structures. The disordered loop L3 is shown in
red. (d) Amino acid sequence alignment of X. laevis and human Nbs1. The secondary-structure elements of XNbs1 are
shown above the sequences. η1 is a short helical turn. The alignment was created with ESPript (http://espript.ibcp.fr/
ESPript/ESPript/).
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(p26, 1–218 amino acids or aa) and a 70-kDa (p70,
221–754 aa) proteins.8,9,22 p26 is unable to form the
MRN complex. p70 still binds Mre11 and Rad50 but
is defective in a number of functions including nu-
clear focus formation and intra-S and G2/M phase
checkpoint response.
No structural information is currently available for

Nbs1. Much of what is known about the structural
domains of Nbs1 comes from limited sequence align-
ment with other proteins. The N-terminal region of
human Nbs1 contains a forkhead-associated (FHA)
domain (24–108 aa)23 and a breast cancer C-terminal
(BRCT) domain (108–196 aa).24,25 The FHA domain
is a common motif involved in phosphothreonine or
phosphoserine recognition inmany proteins,26 while
two BRCT domains in tandem can form a phospho-
peptide binding motif as shown for breast cancer
protein 1 (BRCA1) and mediator of DNA damage



Table 1.NMR and refinement statistics for XNbs1 BRCT2
structure

NMR distance and dihedral angle constraints
Distance constraints
Total NOE 2286
Intraresidue 316
Interresidue 1970
Sequential (∣i− j∣=1) 592
Medium range (∣i− j∣b4) 564
Long range (∣i− j∣N5) 814

Hydrogen bonds 32
Total dihedral angle restraints
ϕ 52
ψ 52

Structure statistics
Violations (mean±standard deviation)
No. of distance constraints N0.2 Å 3.2±0.8
No. of dihedral angle constraints N3.0° 4.3±1.7
Maximum dihedral angle violation (°) 3.0±1.5
Maximum distance constraint violation (Å) 0.19±0.04
Deviations from idealized geometry
Bond lengths (Å) 0.008
Bond angles (°) 1.8
Impropers (°) 3.5
Average pairwise r.m.s.d. (Å)a

Heavy (residues 218–270 and 289–324) 1.39±0.17
Backbone (residues 218–270 and 289–324) 0.78±0.13
Ramachandran space (%)b

Most favored regions 76.4±3.4
Additionally allowed regions 22.8±2.3
Generously allowed regions 0.5±0.3
Disallowed regions 0.8±0.2

The AMBER energy of the 20 refined structures was −5893.86±
23 kcal mol−1.

a Pairwise r.m.s.d. was calculated from 20 refined structures.
b Ramachandran statistics were calculated with all amino

acids, including those in loop L3.
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checkpoint protein 1 (MDC1).27–34 The C-terminal
region of Nbs1 contains the Mre11-binding site as
well as the ATM-binding site.35,36 In response to
induction of DNA double-strand breaks, human
Nbs1 is phosphorylated at four serine residues by
ATM kinase.37–39 Efficient phosphorylation is
achieved when Nbs1 is maintained in a hypoacety-
lated state by the SIRT1 deacetylase.40 So far, two
acetylation sites, Lys233 and Lys690, have been
identified in Nbs1.
In this study, by means of nuclear magnetic reso-

nance (NMR) spectroscopy structure determination,
we have identified a second BRCT domain (BRCT2)
downstream from BRCT1 in Xenopus laevis Nbs1
(XNbs1) in a region of the protein that has no signi-
ficant amino acid sequence homology to other BRCT
domains, thus confirming a recent prediction.41

BRCT2, which is conserved in human Nbs1, has
the familiar α/β topology characteristic of BRCT
domains in other proteins but differs markedly in
having a disordered long loop inserted between a β
strand and an α helix, as determined by NMR rela-
xation measurements. This corresponding loop in
humanNbs1 has one of the serine residues phospho-
rylated by ATM kinase. Nbs1 BRCT2 also contains
one of the two acetylation sites regulated by SIRT1.
Structure comparison to MDC1 and BRCA1 tandem
BRCT domains suggests that BRCT2 and BRCT1 of
Nbs1 form a tandem repeat that could recognize a
phosphorylated protein target. Through structure-
directed mutagenesis, we show that in vivo BRCT2 is
essential for an MDC1-facilitated nuclear relocaliza-
tion of Nbs1 to DNA damage sites, and our data
suggest a direct interaction between Nbs1 tandem
BRCT domains and phosphorylated MDC1.

Results and Discussion

Identification of a second BRCT domain
(BRCT2) in Nbs1

A 110-amino-acid fragment (215–324 aa) of XNbs1
was chosen for our structural studies based on an
initial PONDR analysis of its amino acid sequence
(data not shown).42 The program, which predicts re-
gions of disorder from a given amino acid sequence,
predicted the central region up to the C-terminus of
XNbs1 (322–763 aa) and human Nbs1 (328–754 aa) to
be mainly disordered. In contrast, the N-terminal
regions of these proteins are predicted by PONDR to
be mainly folded. In human Nbs1, the ordered region
contains the FHA domain (24–108 aa) and the BRCT
domain (108–196 aa). It also includes a stretch of 110
amino acids (218–327 aa), which does not show any
marked sequence similarity with other known struc-
tural domains. It was, however, proposed that a si-
milar fragment could adopt a BRCT fold based on
hidden Markov modeling profiling and structure
modeling results.41

We initiated structural studies on the 217–330 aa
fragment of human Nbs1. While this segment of the
protein is folded as verified by NMR spectroscopy
(data not shown), its poor expression in Escherichia
coli prompted us to use the corresponding region
from X. laevis, which is homologous to the human
sequence (47% amino acid sequence identity) and is
well expressed in E. coli. The nice dispersion of peaks
in the 1H–15N heteronuclear single-quantum coher-
ence (HSQC) spectrum of XNbs1 (215–324 aa), an
indication of a folded structure, is shown in Fig. 1a.
We have determined the three-dimensional (3-D)
structure of this XNbs1 fragment by triple-resonance
heteronuclear NMR spectroscopy. A ribbon repre-
sentation of the molecule and the superimposed
structures from a family of 20 are shown in Fig. 1b
and c. The structures, which span from residues
Lys215 to Arg324, are well converged with average
pairwise root-mean-square deviations (r.m.s.d.s) of
0.78 and 1.39 Å over backbone and all heavy atoms,
respectively, but excluding flexible regions (Table 1).
There are eight residues (MHHHHHHM) that in-
clude a hexahistidine purification tag prior to the
actual XNbs1 sequence. From this N-terminal se-
quence, only the last methionine was included with
the XNbs1 sequence in the structure calculation
protocols. A PROCHECK43 evaluation of the final 20
structures indicates that ∼99% of the residues lie in
the most favored and additionally allowed regions
of the Ramachandran plot (Table 1).
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XNbs1 contains a four-stranded parallel β sheet
surrounded by three α helices: β1 (224–227 aa), β2
(246–248 aa), β3 (265–269 aa), and β4 (301–303 aa); α1
(233–242 aa), α2 (289–298 aa), and α3 (304–313 aa)
(Fig. 1b and d). Based on the overall placement and
packing of the secondary-structure elements, our
data demonstrate that a BRCT domain (BRCT2) is
present within the 215 to 324 aa fragment of XNbs1,
therefore confirming the prediction of Becker et al.41

From the high level of sequence homology and loca-
tion of secondary-structure elements (Fig. 1d), it is
clear that this BRCT fold is conserved in human
Nbs1. In particular, residues Ile219, Phe220, Phe225,
Phe227, Val240, Val268, Ile302, Ile307, Val311, and
Cys320 that make up the hydropohobic core of
XNbs1 are all strictly conserved in human Nbs1. In
addition, another hydrophobic pocket in XNbs1,
composed of Leu226, Leu228, Val259, Leu260,
Val267, Leu291, and Leu294, is also conserved with
identical or homologous residues in human Nbs1.
Noticeably, the majority of patients with NBS have a
deletion mutation of NBS1, which splits the Nbs1
protein at the beginning of BRCT2, giving rise to the
p26 (1–218 aa) and p70 (221–754 aa) proteins.8,9,22

While the secondary-structure elements of XNbs1
are similar to other known BRCT domains, we also
notice a significant difference. Unlike the typical
BRCT motif, there is a long insertion in XNbs1. This
Fig. 2. Structural dynamics of XNbs1 BRCT2. (a) Plot of the
ωN, and ωH+ωN for XNbs1 BRCT2 as a function of the protein
600 and 700 MHz (1H frequency), respectively. (b) Plot of 15N N
a function of the protein sequence. Experiments were reco
Uncertainties of the R1 and R2 values were evaluated by perfo
experimental intensities. The secondary structure of XNbs1 BR
sequence from 215 to 324 residues has been renumbered from
18-residue loop, L3, runs from Ala271 to Thr288 and
bridges β3 and α2. In contrast, the corresponding
loop in human MDC1 BRCT2, the structure with
closest similarity toNbs1 (vide infra), is only 4 residues
long. The loop L3 is poorly defined in the ensemble of
NMR structures (Fig. 1c) due to the very limited
number of nuclear Overhauser enhancements
(NOEs) in this region.

The phosphorylated loop L3 of Nbs1 BRCT2 is
highly flexible

The disordered nature of L3was confirmed through
the calculation of reduced spectral density func-
tions,44–48 J(ω), at three frequencies from the back-
bone 15N-spin relaxation rates R1 and R2 and
heteronuclear 1H–15N NOEs measured at two mag-
netic field strengths (600 and 700MHz, 1H frequency).
The spectral density function values J(0), J(ωN), and J
(ωH+ωN) for the backbone 15N–1H bond vectors
plotted against the amino acid sequence are presented
in Fig. 2a and the measured NMR relaxation
parameters used to calculate these values are shown
in Fig. 2b.
The total surface area under J(ω) is a constant.49

How this constant area is distributed is determined
by the energy associated with the orientational fluc-
tuations of 15N–1H vectors.50 Fast internal motions
spectral density function values (s rad−1) at frequencies 0,
sequence. The blue and red dots are for data recorded at
MR relaxation rates R1 (s

−1), R2 (s
−1), and 1H–15N NOE as

rded at 600 (blue) and 700 MHz (red), 1H frequency.
rming 100 fits with random Gaussian noise added to the
CT2 is indicated at the top of (a) and (b). The actual XNbs1
2 to 111 in this figure.
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are expected to increase J(ω) at higher frequencies
and therefore decrease J(ω) at lower frequencies as a
consequence of the conservation of the total J(ω) area.
The decrease in J(0) values with a corresponding

increase in J(ωH+ωN) observed in L3 is a clear indi-
cation of fast motions on time scales of hundreds of
picoseconds to several nanoseconds. It is apparent
that there are also slow motions on the microsecond
to millisecond time scale in L3. This is seen from the
increased value of J(0) for Val270 (residue 57 in Fig.
2), and even more so from the observation that
several residues in L3 exhibited broadened or even
no 1H–15N HSQC signals. The relaxation rates and J
(ω) values associated to these broad signals could
not be determined and are therefore not shown in
Fig. 2. A few other signals were excluded from the
analysis because of overlap or lack of resonance
assignment. In total, the dynamics of 84 backbone
15N–1H vectors could be analyzed at 600 MHz and
87 at 700 MHz.
As is often the case, the very N- and C-terminal

residues participate in fast motions on the picosecond
to nanosecond time scale as evidenced from the de-
creased J(0) and increased J(ωN) values. The spectral
density values outside L3 and N- and C-termini are
fairly uniform and correspond to the well-defined
secondary-structure elements and connecting loops
(Fig. 2a).
It is worth noting that the high level of mobility of

loop L3 is evident from the backbone 15N relaxation
ratesR1 andR2 and

1H–15NNOEspresented in Fig. 2b,
with a dramatic decrease in R2 and NOEs correlated
with a marked increase in R1, with respect to these
parameters in the well-defined regions of the protein.
The R1 and R2

15N relaxation rates for residues in the
secondary-structure elements of XNbs1 BRCT2 were
used to estimate a correlation time (τc) of 14±1.0 ns,
which is consistentwith that of amonomeric species at
15 °C.
There are four sites in human Nbs1 that are phos-

phorylated by ATM kinase in response to radiation
exposure, namely, Ser278, Ser343, Ser397, and
Ser615.37–39,51,52 The counterpart of Ser278 in human
Nbs1 is Ser275 in XNbs1 and is contained in the frag-
ment studied here, specifically in the central loop L3.
Phosphorylation sites are often located in unfolded
regions of proteins. In the case of XNbs1, Ser275 is
within a folded BRCT2 domain but in a loop that is
highly disordered. The flexible loop may be a docking
site for other proteins after (in the case of humanNbs1)
phosphorylation of Ser278 by ATM kinase.
One of the three lysine acetylation consensus motifs

in humanNbs1, correlated to acetylation of Lys233 by
p300/CBP-associated factor or p300 acetyltrans-
ferases,40 is also present in XNbs1 BRCT2 (Lys231)
in the loop connecting β1 to α1. Remarkably, Lys231
in our 3-D structure approximately occupies the
position of a side chain in MDC1 and BRCA1 that is
essential for phosphopeptide binding, suggesting a
possible regulatory mechanism of phosphorylation-
dependent Nbs1 interaction through acetylation and
deacetylation of the human Nbs1 counterpart
(Lys233) as explained below.
Structure comparisons suggest that Nbs1
BRCT2 and BRCT1 form a tandem repeat that
can recognize a phosphorylated protein target

A search in the Protein Data Bank (PDB) for struc-
tural analogs of XNbs1 BRCT2 with the program
Dali53 returned the second BRCT domain of human
MDC1 (PDB identification 2ETX:chain B, Z score 7.7,
r.m.s.d. 2.7 Åwith 85 residues, 12% identity) to be the
closest match, followed by the second BRCT domain
of BRCA1 (PDB identification 1T15:chain A, Z score
7.3, r.m.s.d. 3.1 Å with 89 residues, 8% identity). Both
MDC1 and BRCA1 have tandem BRCT domains,
which strongly suggests that XNbs1 BRCT2 could
be part of a tandem repeat. This is supported
by the conservation of two solvent-exposed hydro-
phobic residues (Ala239 and Phe242) in the α1
helix of XNbs1 BRCT2, corresponding to Ile2017
and Cys2020 in human MDC1, and Met1783 and
Leu1786 in human BRCA1, respectively. These
residues in MDC1 and BRCA1 form stabilizing con-
tacts at the inter-BRCT interface. Interestingly, this
pattern of exposed hydrophobic residues is also
conserved in the first α helix of the monomeric BRCT
domain of DNA polymerase μ that is not part of a
tandem repeat, suggesting that this α helix could
participate in intermolecular interactions with other
proteins.54 Also in support of a packed arrangement
of two BRCT domains in Nbs1 is the presence of a 26-
residue linker between the end of BRCT1 and the
start of BRCT2 in both human and X. laevis Nbs1, a
feature similar to the 28- and 24-aa linkers that exist in
human MDC1 and BRCA1, respectively. A single
point R215Wmutation in the linker region of human
Nbs1—which may affect the packing interaction of
the two BRCT domains—has been linked to in-
creased risk of cancer.55,56 Finally, similar to XNbs1
BRCT2, the second BRCTdomain of BRCA1was also
found to be monomeric and well folded even in the
absence of the first BRCT domain.57 A direct de-
monstration of the presence of tandem BRCT do-
mains in XNbs1 was not possible, as we could not
express the putative tandem repeat or theN-terminal
BRCT domain (BRCT1) in E. coli. An overlay of the
NMR structure of XNbs1 BRCT2 to the crystal
structure of human MDC1 tandem BRCT domains
bound to a histone γH2AX peptide33 is presented in
Fig. 3a.We note that the disordered loop L3 of XNbs1
is on the same side but does not overlap with the
phosphopeptide binding site of MDC1.
Since the tandem BRCT domains of MDC1 and

BRCA1 bind phosphoserine-containing proteins, it is
likely that XNbs1 could also form a complex with a
phosphorylated protein target. Figure 1a shows the
structure ofMDC1 in complexwith a histone γH2AX
peptide, highlighting the phosphoserine 139 of
γH2AX. The residues in MDC1 and BRCA1 that
contact the phosphoserine all come from BRCT1,
following the patterns of Ser/Thr-Gly in the β1–α1
loop and Ser/Thr-Xxx-Lys in the α2 helix.58 These
amino acid patterns in the first BRCT domain of
MDC1 and BRCA1 are well conserved in Nbs1. For
the Ser/Thr-Gly pattern, XNbs1 and human Nbs1
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have Ser116 and Ser118, respectively, with a cysteine
replacing the glycine in both species. For the Ser/
Thr-Xxx-Lys pattern, XNbs1 has Thr156 and Lys158
while human Nbs1 has Thr158 and Lys160.
A number of reports have suggested that Nbs1

could directly bind γH2AX.59,60 However, from
structure and amino acid sequence comparison bet-
ween XNbs1 and MDC1, it is unlikely that Nbs1
tandem BRCT domains would recognize γH2AX in
the same manner as MDC1. The recognition of
γH2AX by MDC1 is mediated by key interactions
involving the last amino acid of histone H2AX,
Tyr142. Tyr142 binds at the interface formed by the
two BRCT domains of MDC1 and is in close contact
with Pro2009 ofMDC1 BRCT2, as highlighted in Fig.
3a, while its carboxy group forms an essential salt
bridge with the guanidinium group of Arg1933 of
MDC1 BRCT1.33 Based on amino acid alignments,
Fig. 3. Structural and functional relationship of Nbs1 and
(215–324 aa), shown in blue and labeled Nbs1-BRCT2, is sup
(MDC1-BRCT2) from the X-ray structure of the complex of MD
(pSer +3) position of γH2AX are highlighted. XNbs1 Lys231 an
(b) 3-D structure-based alignment of XNbs1 BRCT2 and hum
XNbs1 and MDC1 are shown in blue and orange, respective
XNbs1 are shown in blue. MDC1 Pro2009 and XNbs1 Lys231
with the five SDTD repeats highlighted.
Arg1933 of MDC1 is replaced by Val155 in XNbs1
and Val157 in humanNbs1 (data not shown). From a
3-D structure-based alignment of MDC1 and XNbs1
BRCT2 amino acid sequences, Pro2009 of MDC1,
which contacts γH2AX Tyr142, occupies a position
close to that of XNbs1 Lys231 (Fig. 3b). Therefore, the
typical phosphopeptide motif—an aromatic amino
acid (Phe or Tyr142) three residues away (+3) from
the phosphoserine (pSer139 of γH2AX)—recognized
by MDC133 and BRCA129 may not apply to Nbs1
tandem BRCT domains. In the case of Nbs1, it is
tempting to speculate that an aspartate or a
glutamate (instead of Phe or Tyr) at +3 position to
pSer would be a more favored residue as it could
form a charge or salt bridge interaction with Lys233
of human Nbs1 or Lys231 of XNbs1. It was noted
previously that Lys233 of human Nbs1 is acetylated
and that this process is tightly regulated by the
MDC1. (a) The lowest energy NMR structure of XNbs1
erimposed on the second BRCT domain of human MDC1
C1 (orange) and γH2AX (red). The pSer139 and Tyr142 at
d MDC1 Pro2009 that contacts γH2AX Tyr142 are shown.
an MDC1 BRCT2. The secondary-structure elements of

ly. Residues of MDC1 that do not match the structure of
are colored red. (c) Amino acid sequence of human MDC1
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deacetylase SIRT1 as part of the DNA damage
response.40 Acetylation and deacetylation of this
lysine may therefore regulate the binding of Nbs1 to
its phosphorylated target.
In recent studies, it was shown that a direct inter-

action between Nbs1 N-terminal FHA domain and
phosphorylated MDC1 is necessary for the retention
of the MRN complex at DNA damage sites.61–63

MDC1 is constitutively phosphorylated by casein
kinase 2 (CK2) at serine and threonine residues in Ser-
Asp-Thr (SDT) repeats. There are five such SDT
repeats (from residues 299 to 456) in human MDC1
(Fig. 3c). Remarkably, all five repeats have an aspar-
tate at position pSer +3 (i.e., pSer-Asp-pThr-Asp),
what we predicted to be favorable for binding Nbs1
tandem BRCT domains, as the side-chain ammonium
group of Nbs1 Lys233 or XNbs1 Lys231 could
participate in a charge interaction with the aspartate.
This aspartate is conserved in MDC1 from other
species (data not shown). Furthermore, the large
number of residues separating theMDC1 repeats (Fig.
3c) suggests a possible dual-binding mode with
threonine-phosphorylated repeats interacting with
the FHA domain of Nbs1 and serine-phosphorylated
repeats interactingwith the tandemBRCTdomains of
Nbs1.

BRCT2 is essential for the MDC1-dependent
nuclear relocalization of Nbs1 to DNA damage
sites

The importance of BRCT2 for the function of human
Nbs1 was tested in vivo by probing the ability of full-
length human Nbs1 to form foci at DNA damage
sites. MDC1 is required for Nbs1 foci formation
following DNA damage. Early studies have suggest-
ed that an interaction between MDC1 and Nbs1 may
be responsible for the recruitment of Nbs1 to DNA
damage sites,33,64 and, as mentioned above, recent
studies have shown that such interaction is dependent
on MDC1 phosphorylation. Indeed, we noticed that
co-expression of MDC1 greatly enhanced the accu-
mulation of exogenous Nbs1 to DNA damage foci
(Fig. 4a and b). To assess whether mutations within
Nbs1 BRCT2 domain would affect Nbs1 foci forma-
tion, we used constructs encoding Flag-tagged wild
type or BRCT2 mutants of Nbs1. We chose the
following human Nbs1 mutations—G247R, V270P,
and V271R—based on the NMR structure of XNbs1.
The corresponding XNbs1 residues, Gly243, Val267,
and Ile268, are all predicted to be essential for the
structural integrity of BRCT2. A bulky arginine side
chain replacing Gly243, in a loop between α1 and β2,
is expected to project into the hydrophobic core of
BRCT2 and thus destabilize this domain. The amino
acids Val267 and Ile268 are part of the BRCT2 hydro-
phobic core, and, consequently, their replacement by a
proline and an arginine, respectively, is expected to
prevent the domain from folding properly.
HeLa cells were transfected with the Nbs1-expres-

sing constructs together with a plasmid encoding
MDC1. The foci formation of exogenous Nbs1 was
then evaluated by immunostaining following IR
(10 Gy). As shown in Fig. 4a and b, while wild-type
Nbs1 localized normally to damage-induced foci, all
three BRCT2 mutants failed to do so. Together, these
data indicate that the second BRCT domain of Nbs1
is important for Nbs1 localization and function fol-
lowing DNA damage.
As we have explained previously, BRCT2 of XNbs1

could be part of a tandem repeat that would bind a
phosphorylated protein target. The identification of a
lysine residue (Lys231 inXNbs1 and Lys233 in human
Nbs1) at a position known to contact the residue +3 to
the phosphopeptide bound to BRCA1 and MDC1
tandem BRCT domains, suggest that this lysine could
interact with the (pSer +3) aspartate side chain of the
CK2-phosphorylated pSer-Asp-pThr-Asp repeats of
MDC1. Mutation of Nbs1 Lys233 into an alanine
prevented the MDC1-dependent relocalization of
Nbs1 to DNA damage-induced foci, while its muta-
tion into an arginine did not markedly affect relo-
calization (Fig. 4a and b), demonstrating the
functional importance of this lysine and the need for
a positively charged residue at its position.
Using NMR spectroscopy, we verified that muta-

tion of the corresponding lysine in XNbs1 into an
arginine and alanine does not disrupt the BRCT fold.
As shown in Fig. 4c, the 1H–15N HSQC spectra of
XNbs1 BRCT2wild type aswell as K231A and K231R
mutants are virtually identical. The only changes
observed in the spectra are for residues in the vicinity
of the mutated Lys231. Taken together, these results
demonstrate that Lys233 is key to the function of
human Nbs1 and strongly suggest that Lys233
contributes to a salt bridge in a protein–protein
interaction, most likely the interaction of Nbs1
tandem BRCT domains with phosphorylated MDC1.
Conclusion

We have shown that XNbs1 has a second BRCT
domain, conserved in human Nbs1, that most likely
forms a tandem repeat with the first BRCT domain.
Nbs1 foci formation is closely linked to both the
presence of histone γH2AX and MDC1. It is well
established that the tandemBRCTdomains ofMDC1
form a complex with γH2AX. Since a direct interac-
tion of Nbs1 with γH2AX is improbable, as dis-
cussed here, it is possible that the putative tandem
BRCTdomains ofNbs1 bind phosphorylatedMDC1.
Recent results show that MDC1 is phosphorylated at
multiple repeat sequences and that this phosphory-
lation is necessary for the binding of the MRN com-
plex to damaged chromatin. CK2 phosphorylates Ser
and Thr residues at Ser-Asp-Thr-Asp clusters of
MDC1. Noticeably, in the pSer-Asp-pThr-Asp se-
quence the +3 position to pSer is an Asp, which
according to our prediction based on the structure of
BRCT2 in the context of tandem BRCT domains
could form a charge interaction with Lys233 of
human Nbs1. We have shown that the results of
mutating Lys233 into an alanine and arginine are
consistent with its involvement in protein–protein
interactions. Therefore, the relocalization of Nbs1 to



Fig. 4. The BRCT2 domain of human Nbs1 is required for the formation of ionizing-radiation-induced foci. (a) HeLa
cells were transfected with plasmids encoding Flag-tagged wild type, G247R, V270P, V271R, K233R, or K233A mutant
Nbs1, together with a plasmid encoding HA-tagged humanMDC1. Thirty-six hours after transfection, cells were exposed
to IR (10 Gy), fixed and immunostained with anti-Flag and anti-γH2AX antibodies. (b) Quantification of Nbs1 foci in cells
described in (a). The results are the average of two experiments. (c) Overlay of 1H–15N HSQC spectra of wild-type XNbs1
BRCT2 and K231R and K231A mutants. The spectra of wild-type and mutant proteins are shown in black and red,
respectively. Residues displaying a change in chemical shift after mutation of Lys231 are labeled. XNbs1 Lys231
corresponds to Lys233 of human Nbs1.
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DNA damage sites may be in part mediated by the
direct interaction of Nbs1 tandem BRCT domains
with phosphorylated MDC1.

Materials and Methods

Protein production

The DNA corresponding to amino acid residues from
215 to 324 was amplified from X. laevis cDNA and cloned
in-frame into the NdeI and BamHI sites of a pT7.7 vector.
The plasmid was then transformed in competent cells of E.
coli BL21(DE3) strain. Transformants were used to inocu-
late LB medium for the production of nonlabeled XNbs1
protein. Cellswere grown at 37 °C until anA600 of about 0.6
to 0.8 was reached. Next, the culture was transferred to
15 °C where after 45 min it was induced with 1 mM final
concentration of IPTG. Incubation was continued for 16 to
20 h after which the cells were harvested.
The following purification steps were all done at 4 °C.

Cells were resuspended in 50 mM sodium phosphate, pH
7.5, and 300 mMNaCl (resuspension solution), lyzed with
a microfluidizer operating at high pressure (Emulsiflex C5
from Avestin), and then centrifuged. The resulting super-
natant fraction was loaded onto a column containing Ni–
NTA resin (Qiagen) preequilibrated with the resuspension
solution. The column was washed with the resuspension
buffer plus 20 mM imidazole. The protein was eluted with
a similar buffer containing 500 mM imidazole. Size-exclu-
sion chromatography with Superdex 75 (GE Healthcare)
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was performed for the final purification. Protein was
N95% pure as judged by SDS-PAGE.
Similar steps were followed for the production of 15N-

and 15N/13C-labeled XNbs1 proteins but using M9 me-
dium (instead of LBmedium) containing 1 g/L 15NNH4Cl
and either 4 g/L D-[12C6]glucose and 1 g/L 15N Isogro, or
2 g/L D-[13C6]glucose and 1 g/L 15N/13C Isogro (Isotec).
Mutant plasmids (K231R and K231A) of XNbs1 were

generated by Quickchange method (Stratagene) and the
corresponding proteins were prepared as described above
for wild-type XNbs1.

NMR spectroscopy

For NMR experiments, ∼0.4 mM of XNbs1 samples
were in a buffer containing 20 mM sodium phosphate, pH
6.7, 50 mM NaCl, 50 mM glutamic acid, 50 mM arginine,
2 mM DTT, 1 mM ethylenediaminetetraacetic acid, and
93%H2O/7%D2O. All NMR experiments were performed
at 15 °C using Bruker Avance 600- and 700-MHz spectro-
meters equipped with a cryoprobe. NMR data were pro-
cessed and analyzed with the software NMRPipe/
NMRDraw65 and NMRView.66

An 15N-labeled XNbs1 sample was used to collect 2-D
1H–15N HSQC spectra and 15N-edited NOE spectroscopy
(NOESY) spectra with 120 ms mixing time and to measure
backbone relaxation parameters: R1, R2, and

1H–15N NOE
at two magnetic field strengths (600 and 700 MHz, 1H
frequency). 15N R1 relaxation rates were measured with 10
different relaxation delays: 10, 35, 80, 120, 170, 240, 350,
500, 720, and 1200 ms, while for 15N R2 relaxation rates, 14
delays were used: 4, 12, 16, 22, 40, 60, 80, 120, 160, 192, 240,
288, 336, and 400 ms. For both R1 and R2 measurements, a
recycle delay of 1 s was used. In the measurement of
1H–15N NOE, spectra were collected with a 2-s relaxation
delay followed by a 3-s proton saturation. In the absence of
proton saturation, the relaxation delaywas extended to 5 s.
The reduced spectral density functions were calculated as
previously reported.47,48,50,67
A double 15N/13C-labeled sample of XNbs1 was used to

collect a series of experiments 1H–13C HSQC, CBCA(CO)
NH, CBCANH, HBHA(CO)NH, HNCO, HN(CA)CO,
CCH-correlated spectroscopy (COSY), CCH-total COSY
(TOCSY), HCCH-TOCSY, C(CO)NH-TOCSY, H(CCO)NH-
TOCSY, and HBCBCGCDHD for backbone and side-chain
resonance assignments following well established pro-
cedures.68 In addition, 15N-edited NOESY and 13C-edited
NOESYaliphatic and aromatic spectrawith amixing time of
120 ms were also acquired to obtain NOE restraints.
Resonance assignments could not be made for residues

Lys215, Arg216, Gln276, Leu277, and Ser278, while the
resonances of Lys217, Thr273, Glu274, Gln282, Thr283, and
Gln284 were only partially assigned. With the exceptions
of Lys215, Arg216, and Lys217, which are at the very N-
terminus of XNbs1 BRCT2, all other residues listed above
are part of the disordered loop L3.

Structure calculations

Two hundred initial structures of XNbs1 were calculated
using a simulated annealing protocol in the program
CYANA2.169 and experimentally derived proton–proton
NOE restraints, calculated dihedral angle restraints gener-
ated from CSI70 and TALOS,71 and H bonds expected from
secondary structures and ultimately confirmed from NOE
patterns. The dihedral angles were set to ϕ=−60±40° and
ψ=−50±40° for α helices and ϕ=−139±40° and ψ=135±
40° for β strands. Hydrogen bonds were defined as H–O
and N–O distances of 2 and 3 Å, respectively. Hydrogen
bonds were determined in a conservative manner based
on the well-defined secondary-structure elements vali-
dated by NOEs and were only included at the last stage of
structure calculations. 1H/2H exchange experiments could
not be done, as the protein could not be readily
resolubilized in D2O after lyophilization. The structures
were refined with AMBER 872 following a previously
published calculation protocol67,73 using the generalized
Born model to mimic solvent,74 and producing the final 20
structures with the lowest energies, none of which have
distance and angle violations greater than 0.3 Å and 5°,
respectively. The list of NMR restraints and statistics of the
calculations are summarized in Table 1. Molecular
representations were generated using PyMol† and
MOLMOL.75

Plasmids and transfection procedures for in vivo
assays

Human MDC1 cDNAwas cloned into a pcDNA vector
containing HA tag, while human Nbs1 cDNAwas cloned
into a pIRES2 vector with an N-terminal Flag tag. Nbs1
mutant plasmids (G247R, V270P, V271R, K233A, and
K233R) were generated by PCR-based mutagenesis.
HeLa cells were purchased from American Type

Culture Collections and maintained in RPMI media
supplemented with 10% fetal bovine serum. Transfections
were performed using Lipofectamine 2000 reagent (Invi-
trogen) following the manufacturer's instructions.

Immunofluorescence staining

Thirty-six hours after transfection, HeLa cells were
exposed to 10 Gy of IR and then fixed on coverslips with
3% (v/v) paraformaldehyde solution in phosphate-
buffered saline (PBS) containing 50 mM sucrose for a
period of 10 min at room temperature.
The cells were then permeabilized with 20 mM Hepes,

pH 7.4, 50 mM NaCl, 3 mM MgCl2, 300 mM sucrose, and
0.5% (v/v) Triton X-100 at room temperature for 5 min.
Next, the cells were washed three times with PBS and then
incubated with Flag antibody (Sigma) and γH2AX anti-
body at 37 °C for 20min.After anotherwashwith PBS, cells
were incubated with fluorescein isothiocyanate or rhoda-
mine-conjugated secondary antibodies at 37 °C for 20 min.
Nuclei were counterstained with 4′6-diamidino-2-pheny-
lindole. After a final wash with PBS, the coverslips were
mounted on slides with glycerin containing paraphenyle-
nediamine. Cells with and without Nbs1 and γ-H2AX/
MDC1 foci were counted under a microscope.

Protein Data Bank accession codes

The atomic coordinates and NMR constraints of XNbs1
BRCT2 have been deposited at the Protein Data Bank
under accession code 2K2W.
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