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The MRE11–RAD50–NBS1/Xrs2 (MRN/X) protein complex acts as a first

responder in DNA double-strand break repair and telomere-length main-

tenance, yet the structural architecture of the yeast ortholog Xrs2 has remained

unresolved. In this study, we present the first structure of the folded N-terminal

region of Xrs2 from Saccharomyces cerevisiae, resolved at 2.38 Å using X-ray

crystallography. Like the previously determined crystal structures of Schizo-

saccharomyces pombe Nbs1, the folded structure of S. cerevisiae Xrs2 adopts

an extended three-domain organization at its N-terminus. Electrostatic analysis

reveals two distinct charged patches: a positively charged patch on the FHA

domain and a negatively charged patch in the cleft between the FHA and

BRCT1 domains. This charge segregation is likely to play a role in mediating

interactions with various ligands.

1. Introduction

The MRN/X complex is a multi-protein assembly composed

of MRE11, RAD50 and NBS1 in higher eukaryotes or Xrs2

in certain yeast species and serves as an initial sensor and

responder to DNA double-strand breaks (DSBs), which are

among the most severe forms of DNA damage (Bunting &

Nussenzweig, 2013; Romero-Laorden & Castro, 2017;

Lengauer et al., 1998; Wang et al., 2004). In addition to its

critical role in detecting, processing and signaling DNA DSBs

to initiate the repair process, the MRN/X complex also has

an indispensable function in preserving telomere integrity,

thereby maintaining genomic stability and preventing

premature cellular aging or genome instability (Lamarche et

al., 2010). Mutation of the essential MRN is implicated in the

development of prostate, ovarian and breast cancer and can

be an underlying cause of diseases such as Nijmegen breakage

syndrome (Chrzanowska et al., 2012; Seemanová et al., 2006;

Carney et al., 1998) and ataxia–telangiectasia-like disorders

(Rahman et al., 2020; Heikkinen, 2005).

The universally conserved MRE11 and RAD50 subunits

possess Mn2+-dependent nuclease and ATP-hydrolysis activ-

ities, respectively (Han & Huang, 2020; Lieber, 2010). NBS1/

Xrs2 is a scaffolding hub for protein and DNA interactions

with the complex (Kim et al., 2017; Wu et al., 2000; Oh et al.,

2016; Lu et al., 2012; Schiller et al., 2012; Trujillo et al., 2003).

NBS1/Xrs2 contains a folded region at the N-terminus and a

long intrinsically disordered region (IDR) at the C-terminus

(Fig. 1a). This folded region contains a forkhead-associated

(FHA) domain (Durocher et al., 1999) followed by tandem

BRCA1 C-terminal (BRCT) domains (BRCT1 and BRCT2;

Becker et al., 2006). Phosphothreonine- and phosphoserine-

binding sites in the FHA and BRCT1/2 domains, which are
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responsible for binding to phosphorylated histone �H2AX

(Kobayashi et al., 2002), CtIP/Sae2 (Williams et al., 2009) and

MDC1 (Kim et al., 2006), alongside interaction motifs for

RAD18, MRE11, RNF20, ATM/Tel1, phosphorylation and

ubiquitylation sites and a nuclear localization signal (NLS)

within the IDR, provide numerous protein-interaction sites

on NBS1/Xrs2 (Williams et al., 2009; Wu et al., 2000; Oh et al.,

2016; Lu et al., 2012; Schiller et al., 2012; Kim et al., 2017; Lloyd

et al., 2009; Kim et al., 2006; Wu et al., 2012; Kobayashi et al.,

2002). These protein–protein interactions are essential for

localizing the MRN/X complex to the nuclease and bringing

downstream effector proteins to the site of DNA DSBs. It

has been proposed that the folded region of NBS1/Xrs2 can

engage with other proteins through four potential binding

modes: a binding partner can bind exclusively to either the

FHA or BRCT1/2 domains, two different partners can bind

separately to the FHA and BRCT1/2 domains, or a single

partner can bind to both domains simultaneously (Williams et

al., 2009). For example, Tainer and coworkers have shown that

Schizosaccharomyces pombe (Sp) Nbs1 binds a phospho-

threonine peptide derived from Ctp1 (a homolog of Sae2 in

yeast and CtIP in humans) through the FHA domain

(Williams et al., 2009). Additionally, two groups have

demonstrated that Saccharomyces cerevisiae (Sc) Xrs2 binds

directly to DNA, although it is unknown where this interaction

occurs (Trujillo et al., 2003; Möller et al., 2024). These obser-

vations highlight the crucial role of NBS1/Xrs2 as a scaffolding

hub for protein–protein and protein–DNA interactions.

Two X-ray crystal structures of Sp Nbs1 have been deter-

mined. Despite being orthologs, Sp Nbs1 and Sc Xrs2 display

very low sequence similarity (�30%), raising intriguing

questions about how structural and functional conservation

is maintained across such divergent sequences. Additionally,

Xrs2, a core component of the yeast MRX complex, mirrors

the role of human NBS1 in the MRN complex (both proteins

bind and localize CtIP/Sae2 and ATM/Tel1 to sites of DNA

DSBs and both bind to DNA). Understanding the architecture

of Xrs2 could therefore offer critical insights into how NBS1

operates in humans. Here, we report the first high-resolution

(2.38 Å) structure of the folded domains (FHA–BRCT1/2) of

Xrs2 from S. cerevisiae, which will advance our understanding

of its functions in the DNA damage response and telomere-

length maintenance.

2. Materials and methods

2.1. Protein production and purification

2.1.1. Cloning

The folded N-terminal region of Sc Xrs2 (Xrs2325; residues

1–325; UniProt P33301), based on the X-ray crystal structures

of Sp Nbs1 (Williams et al., 2009; Lloyd et al., 2009), was

subcloned from a yeast shuttle vector, generously provided by

the Durocher Laboratory (Lunenfeld–Tanenbaum Research

Institute, Toronto, Ontario, Canada), into the NdeI and NotI

restriction sites of the pET-29 expression vector (Novagen).

The reverse PCR primer included the sequence for a TEV

protease-cleavable C-terminally 6�His-tagged protein, facil-

itating downstream purification.

The ligated plasmid was transformed into DH5� chemically

competent Escherichia coli cells (Thermo Fisher Scientific)

and plated on Luria–Bertani medium containing 50 mg ml� 1

kanamycin (LB/Kan). Plasmid DNA was purified from single

colonies using a Macherey–Nagel NucleoSpin Plasmid kit.

The sequence was confirmed through Sanger sequencing

(Genewiz). Details of the cloning procedure and protein

expression are provided in Table 1.

2.1.2. Protein expression and purification

The Xrs2325 expression plasmid was transformed into BL21

Star (DE3) chemically competent E. coli cells (Thermo Fisher

Scientific) and plated on LB/Kan. The resulting colonies were

cultured at 37�C in 750 ml LB/Kan. Protein expression was

induced by adding 1 mM isopropyl �-d-1-thiogalactopyrano-

side (IPTG) when the culture reached an OD600 of between

0.8 and 1.0; Xrs2325 was expressed at 37�C for 4 h. Following

expression, the cells were harvested by centrifugation at 4000g

for 30 min, resuspended in lysis buffer (25 mM HEPES,

300 mM NaCl, 25 mM imidazole, 0.1% �-mercaptoethanol pH

7.0) and stored overnight at � 20�C. The cells were thawed in

an ice bath and incubated with 1 mM phenylmethylsulfonyl

fluoride (PMSF) and 0.5 mg ml� 1 lysozyme for 20 min with

rocking on ice. Cell lysis was performed by homogenization

(Avestin) and the lysate was cleared by centrifugation in a JA

25.50 rotor (Beckman Coulter) at 23 000 rev min� 1 for 50 min

at 4�C. The supernatant was filtered through a 0.45 mm syringe

filter (Sartorius) and was loaded onto a 5 ml HisTrap HP

column (Cytiva). The bound protein was washed with addi-

tional lysis buffer, then with lysis buffer plus 1.2 M NaCl, and

was finally eluted with buffer B (25 mM HEPES, 300 mM

NaCl, 300 mM imidazole, 0.1% �-mercaptoethanol pH 7.0).

TEV protease (1:10 ODU ratio of TEV protease to the eluted

protein) was added to cleave off the C-terminal 6�His-tag,

and the sample was dialyzed overnight in 1 l fresh lysis buffer
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Table 1
Cloning and protein-expression information.

Source organism S. cerevisiae
DNA source Yeast shuttle vector (gift from Durocher Laboratory)
Forward primer 50-GATCCATATGTGGGTAGTACGATACCAGAAT-30

Reverse primer 50-GATCGCGGCCGCTCAATGGTGATGATGGTGGTGC
CCAGCGGATTGGAAGTACAGGTTCTCACCGTTAT

CTAGAGTTCTTG-30

Plasmid construction
method

Restriction–ligation

Expression vector pET-29
Expression host E. coli BL21 Star (DE3)
Protein sequence MWVVRYQNTLEDGSISFISCCLQAFKTYSIGRSSKN

PLIIKNDKSISRQHITFKWEINNSSDLKHSSLCL
VNKGKLTSLNKKFMKVGETFTINASDVLKSTIIE
LGTTPIRIEFEWINEVWNIPPHLTQFRTMLSEYG
ISTEISINDIPANLMISDYPKSEDNSIRELYALV
STIPMKKSRFLMELCNTLLPTSKTNLKFDEMWND
MISNPEYNVFDFDPNILLSKFMRLNNIRVLTTIK
SEPRLSSLLRTFNINLFAFDNIDSLYKYVDSLEA

STEYLILTTTDKKENGKILCTIKTMLTSIIDGTL
SAVINMKGASSRTLDNGENLYFQ



at 4�C. After dialysis, the sample was reloaded onto the 5 ml

HisTrap HP column and the flowthrough was collected. The

purified, cleaved Xrs2325 was concentrated using a 10 kDa

molecular-weight cutoff centrifugal concentrator (Millipore),

and further purification was performed using a HiLoad 16/600

Superdex 200 pg size-exclusion column (Cytiva) equilibrated

with 25 mM HEPES, 300 mM NaCl, 0.1% �-mercaptoethanol

pH 7. Fractions containing the �37 kDa Xrs2325 were pooled,

buffer-exchanged into 100 mM NaCl, 25 mM HEPES, 1%(v/v)

�-mercaptoethanol, 2 mM MgSO4 pH 7.0 and concentrated

using a 10 kDa molecular-weight cutoff centrifugal concen-

trator.

2.2. Crystallization

Crystallization experiments were conducted using a protein

solution containing Xrs2325 and a DNA hairpin in a 1:1 molar

ratio to investigate the proposed interaction between the two

macromolecules. The DNA (50-CACGCACGTAGAAGCTT

TTGCTTCTACGTGCGTGAC-30) was ordered from Inte-

grated DNA Technologies (IDT) and was buffer-exchanged

into the protein–DNA buffer solution (Table 2). Hanging-

drop crystallization was performed by mixing 2 ml of the

protein–DNA solution with 2 ml well solution and allowing

equilibration at room temperature for one week. Multiple

crystallization plates were used to explore different condi-

tions, and an optimal well condition of 3.0 M NaCl, 0.1 M Tris

pH 8.3 was identified. Crystallization details are provided in

Table 2.

2.3. Data collection and processing

Data were acquired on NSLS-II beamline 17-ID-2 with a

Dectris EIGER 16M detector under 100 K cryo-conditions

at a wavelength of 0.979 Å. Data were processed using XDS

(Kabsch, 2010). Anisotropic diffraction analysis and trunca-

tion were performed with STARANISO (https://staraniso.

globalphasing.org/). The X-ray diffraction data collection is

summarized in Table 3.

2.4. Structure solution and structure refinement

Molecular replacement using the crystal structure of Sp

Nbs1 (PDB entry 3hue; Williams et al., 2009) did not provide

adequate phasing information; therefore, molecular-replace-

ment search models were generated via AlphaFold2 (Jumper

et al., 2021; Tunyasuvunakool et al., 2021). Multiple Alpha-

Fold2 models were generated and subsequently filtered based

on their agreement with methyl-based solution-state NMR

data (Vigneswaran et al., 2025). The protein side chains of

the best-fitting AlphaFold2 model were truncated using

CHAINSAW (Stein, 2008) in CCP4 (Agirre et al., 2023) and

initial phases were obtained from Phaser-MR. Refinement was

performed using phenix.refine (Liebschner et al., 2019) and

Coot (Emsley & Cowtan, 2004). After 67 cycles of refinement,

PDB-REDO (Van Beusekom et al., 2018; Joosten et al., 2014)

was implemented in an effort to improve the Rwork and Rfree

values. Further refinement of the structure was carried out

using Phenix and Coot for 46 further cycles to reduce the

clashscore and the number of rotamer outliers, which led to

the final resolved model with Rwork and Rfree values of 0.2982

and 0.3119, respectively. Details of the structure-refinement

statistics are provided in Table 4. Note that no density was

observed for the DNA molecule, and the final model is Xrs2325

alone. The final model has been deposited in the Research
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Table 2
Crystallization conditions.

Method Hanging-drop vapor diffusion
Plate type 24-well plate, Hampton Research
Temperature (K) 298
Protein concentration (mg ml� 1) 5
DNA concentration (mg ml� 1) 1.6

Protein/DNA buffer solution 100 mM NaCl, 25 mM HEPES, 1%(v/v)
�-mercaptoethanol, 2 mM MgSO4 pH 7.0

Volume and ratio of drop 4 ml, 2:2 (protein:reservoir)
Volume of reservoir (ml) 500

Table 3
X-ray data collection.

Values in parentheses are for the outer shell.

X-ray source NSLS-II beamline 17-ID-2

Wavelength (Å) 0.97933
Data-collection temperature (K) 100
Detector Dectris EIGER 16M
Exposure time per frame (s) 0.02
Crystal-to-detector distance (mm) 200
Angle increment (�) 0.20

Resolution range (Å) 71.58–2.38 (2.43–2.38)†
Space group P6122
a, b, c (Å) 84.84, 84.84, 316.71
�, �, � (�) 90, 90, 120
Matthews coefficient (Å3 Da� 1) 4.43
Solvent content (%) 72.21
Total reflections 631578

Unique reflections 27755 (1350)
Multiplicity 21.7
Mosaicity (�) 0.2
Completeness (%) 99.8 (31.88)
Mean I/�(I) 16.4 (1.1)
Wilson B factor (Å2) 74.10

Rmerge 0.141 (3.61)
Rmeas 0.144 (3.70)
Rp.i.m. 0.031 (0.82)
CC1/2 0.999 (0.444)

† Ellipsoidal 2.943 Å 0.894a* � 0.447b*, 2.943 Å b*, 2.174 Å c*.

Table 4
Structure-refinement statistics.

Reflections used in refinement 25538
Reflections used for Rfree 1284
Rwork 0.2982
Rfree 0.3119

No. of non-H atoms
Total 2183
Macromolecules 2176
Ligands —
Solvent 7

No. of protein residues 300
R.m.s.d., bond lengths (Å) 0.009

R.m.s.d., angles 1.12
Ramachandran favored (%) 87.67
Ramachandran allowed (%) 11.30
Ramachandran outliers (%) 1.03

https://staraniso.globalphasing.org/
https://staraniso.globalphasing.org/


Collaboratory for Structural Bioinformatics Protein Data

Bank as PDB entry 9ee7.

3. Results and discussion

Previous research has shown that full-length Sc Xrs2 binds to

DNA (Trujillo et al., 2003; Möller et al., 2024). To structurally

characterize this interaction, we attempted to co-crystallize

the folded N-terminal region of Sc Xrs2 (residues 1–325) with

DNA. A 9-, 11-, 13- or 15-base-pair hairpin DNA containing

a four-nucleotide loop and a two-nucleotide 30-overhang was

added to Sc Xrs2325 at equimolar concentrations. Although

the highest quality diffracting crystal was obtained for the 15-

base-pair DNA hairpin and Xrs2325 complex, the final electron

density showed no evidence of bound DNA. This result

suggests that if the DNA does interact with the N-terminal

region of Sc Xrs2, the interaction is too transient or unstable

under the specific conditions used for crystal formation to be

observed. Nevertheless, Sc Xrs2325 was successfully crystal-

lized by the hanging-drop vapor-diffusion method at 25�C

(Fig. 1b). The crystal belonged to space group P6122,

containing one Xrs2325 monomer in the asymmetric unit. The

structure was determined at a resolution of 2.38 Å (Fig. 1c).

Structural refinement yielded Rwork and Rfree values of 0.2982

and 0.3119, respectively. The loop residues Asn7–Gly13,

Asn58–Leu63, Ser95–Val97 and Gly316–Lys325 were

excluded from the structural model due to weak electron

density in these regions.

Modeling the structure of Xrs2325 into the electron density

was a difficult process. After 67 rounds of refinement with

little significant improvement in the Rwork and Rfree values,

PDB-REDO was utilized. PDB-REDO calculated a model

with Rwork and Rfree values that were reduced from 0.2834

and 0.3073 to 0.2417 and 0.3015, respectively. However, the

clashscore and the number of rotamer outliers increased.

46 additional rounds of refinement were used to reduce the
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Figure 1
Structure of the Sc Xrs2325 FHA–BRCT1–BRCT2 region. (a) Cartoon representation of the Sc Xrs2 domain architecture. (b) The crystal of Xrs2325. (c)
Ribbon representation of the Sc Xrs2325 crystal structure with major secondary elements (�-helices and �-strands) labeled. The FHA, BRCT1 and
BRCT2 domains are colored red, yellow and blue, respectively, as in (a). All structural representations were made with PyMOL.



clashscore and rotamer outliers, although this resulted in

increased Rwork and Rfree values. Analysis of the geometric

quality of the final model revealed strained backbone

conformations in several loop regions: the Ramachandran

statistics showed 1.03% and 11.30% of the residues in outlier

and allowed space, respectively. Many of these residues map

to disordered or flexible segments in the FHA and BRCT2

domains coinciding with omitted or poorly resolved loop

regions. The difficulty in model building is further reflected in

the elevated r.m.s.d. value for bond angles (1.12�).

To understand the reason for the difficulty in model

building, we analyzed the calculated B factors (Fig. 2). The

global average B factor for all atoms (excluding crystallo-

graphic waters) in Xrs2325 was 83.70 Å2, with the smallest B

factor in Lys178 of the BRCT1 domain (50.06 Å2) and the

largest in His65 of the FHA domain (130.38 Å2). Visualization

of the C� B factors on the structure (Fig. 2a) or the plot of the

residue average B factor plotted against the sequence (Fig. 2b)

reveals two phenomena. Firstly, BRCT1 has the smallest B

factors (all-atom average of 72.85 Å2 for residues 118–157 and

175–224), whereas BRCT2 has the largest B factors (all-atom

average of 92.84 Å2 for residues 158–174 and 225–315). The

all-atom average B factor for the FHA domain is 81.08 Å2

(residues 1–117). This high level of disorder contrasts starkly

with the previously published models of Sp Nbs1 (PDB entries

3hue and 3i0m), which have average B factors of 33.32 and

33.12 Å2, respectively. Secondly, within each domain many of

the loop regions contain relatively high B factors. This trend

is especially obvious for residues preceding/proceeding (for

example, Asn7–Gly13) or adjacent to (Lys41–Asn42) omitted

or poorly resolved loops, as expected (Djinovic-Carugo &

Carugo, 2015). Additionally, the high solvent content

(73.73%) of our crystal further increased the overall crystal

mobility and disorder, contributing to the elevated B factors

across the structure (Carugo, 2018). Together, the high level of

disorder and highly flexible loop regions, particularly in the

FHA domain, led to weak or missing electron density and

made accurate modeling of side chains difficult without

introducing steric clashes. In summary, the dynamic and/or

disordered nature and structural strain within the FHA and

BRCT2 loop regions posed a significant limitation for full

atomic-level resolution.

As seen in the previously published crystal structures of the

homologous folded N-terminal region of Sp Nbs1 (Williams et

al., 2009; Lloyd et al., 2009), the model of Sc Xrs2325 revealed

an extended structure with approximate dimensions of 82� 31

� 24 Å and three distinct domains organized sequentially

from the N-terminus: FHA, BRCT1 and BRCT2 domains

(Fig. 1c). The FHA domain is comprised of eight antiparallel

�-strands, whereas the BRCT1 domain contains three

�-helices and three short �-strands. The BRCT2 domain, in

contrast, has six �-helices and five �-strands (Fig. 1c). A

comparison of the Sc Xrs2325 crystal structure with the Sp

Nbs1 structures revealed notable differences. Alignment with

the crystal structure reported by Tainer and coworkers for Sp

Nbs1 (PDB entry 3hue) resulted in a backbone-atom root-

mean-squared deviation (r.m.s.d.) of 6.68 Å (n = 996 atoms),

whereas the structure reported by Smerdon and coworkers for

Sp Nbs1 (PDB entry 3i0m) had an r.m.s.d. of 6.32 Å (n = 1028

atoms) to the Sc Xrs2325 model (Fig. 3a). Generally, the overall

structure of the FHA and BRCT1 domains in the three crystal

structures is similar; however, several loops in the FHA

domain showed potential differences between Xrs2 and Nbs1.

Specifically, the unstructured loop between �6 and �7 in Sc

Xrs2325 adopts a two-stranded �-sheet conformation in Sp

Nbs1 (highlighted in magenta in Fig. 3b). Furthermore, the

loop between �5 and �6 in Sc Xrs2 is unresolved, whereas the

resolved loop in Sp Nbs1 contains an additional helix (high-

lighted in orange in Fig. 3b). In contrast, comparison of the

BRCT2 domains revealed significant differences between

Sc Xrs2 and Sp Nbs1 (Fig. 3c). Although the overall BRCT2

architecture is conserved, substantial variations were observed

in the relative lengths of the �-helices and �-strands, and many

of these secondary-structural elements are translated relative

to one another. In support of this observation, the alignment

of the FHA, BRCT1 and BRCT2 domains of Sc Xrs2325 with

Sp Nbs1 (PDB entry 3hue) yielded backbone-atom r.m.s.d.

values of 7.13 Å (n = 249 atoms), 8.09 Å (n = 108 atoms) and

10.61 Å (n = 177 atoms), respectively, indicating that the

largest deviation occurs in the BRCT2 domain, consistent with

the larger B factors observed for this domain. On the other

hand, the Sc Xrs2 model in the AlphaFold2 database (version

4) gave a backbone-atom r.m.s.d. of 1.67 Å (n = 1196 atoms)

relative to the crystal structure reported here. When compared
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Figure 2
Analysis of Xrs2325 crystallographic B factors. (a) Putty representation of
Xrs2325 illustrating crystallographic B factors. The tube thickness and
blue–green–red color gradient depict backbone C� B factors. (b) Scatter
plot of the average residue B factor versus residue number. Data points
are colored by domain: FHA in red circles, BRCT1 in yellow squares and
BRCT2 in blue triangles. The horizontal line depicts the global average B
factor of 83.07 Å2.



with the ColabFold model of Sc Xrs2 that we previously

filtered using residual dipolar couplings (Vigneswaran et al.,

2025), the r.m.s.d. was 1.61 Å (n = 1200 atoms). These r.m.s.d.s

indicate similar backbone positioning between the computa-

tional models of Sc Xrs2, with much of the variation occurring

in the side-chain positions.

To explore the potential bipartite binding framework, we

analyzed the surface-charge distribution of Xrs2325. The

Sc Xrs2325 crystal structure lacks several side chains, which

prevented electrostatic surface analysis using Adaptive

Poisson–Boltzmann Solver (APBS) electrostatics calculations.

To address this, the side-chain heavy atoms which were not

modeled were reintroduced to the calculated structure using

Phenix and Coot, and the electrostatic surface potential was

determined. The surface-charge distribution revealed distinct

positively and negatively charged regions, which may play a

role in protein–protein or protein–DNA interactions (Fig. 4).

A prominent positively charged surface is localized on the

FHA domain and is formed by residues Arg32, Lys35, Lys41,

Lys44, Arg48, His50, Lys54, Lys73, Lys75, Lys81, Lys82 and

Lys85 (Fig. 4). A similar positively charged surface was

observed in the X-ray crystal structures of Sp Nbs1 and forms
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Figure 3
Structural comparison of Sc Xrs2325 and Sp Nbs1329. (a) Overlay of the crystal structure of Sc Xrs2325 (colored as in Fig. 1) with the crystal structure of Sp
Nbs1329 (gray, PDB entry 3hue; Williams et al., 2009). (b) Close-up view of the FHA region, highlighting differences in the loop region of Sp Nbs1 from
The54 to Pro65 (depicted in orange) and Asp74 to Gln88 (magenta). (c) Isolated BRCT2 region, illustrating structural differences between the two
proteins.

Figure 4
Electrostatic surface-charge representation of Sc Xrs2325. (a) The electrostatic surface potential was calculated using APBS and is colored according to
calculated charge from red (� 5 kT/e) to blue (+5 kT/e). (b) The structure in (a) rotated 90�.



the binding site for the phosphothreonine peptide derived

from Ctp1 (Williams et al., 2009). Conservation of this charged

region suggests that the homologous phosphorylated Sc Sae2

peptide binds to the same region. Thus, this region serves as a

key site for binding partners, accommodating post-transla-

tionally modified proteins, such as those containing phos-

phorylated serine or phosphorylated threonine, or potentially

other negatively charged biomolecules such as DNA.

To explore potential ligand binding in the BRCT repeats of

Sc Xrs2, we compared our structure with that of the human

TopBP1 tandem BRCT7/8 domains (PDB entry 3al3; Leung et

al., 2011), which has the BACH1 phosphopeptide bound to a

positively charged region between its tandem BRCT domains.

An overlay of Xrs2325 with the TopBP1 BRCT7/8 domains

revealed a similar, moderately positively charged patch in the

BRCT1/2 domains of Xrs2325, formed by residues His126,

Arg131, Lys159, Arg166, Lys240 and Lys244 (Fig. 5). This

suggests that the BRCT1/2 domain of Xrs2325 could bind

negatively charged partners in a similar manner.

Interestingly, a negatively charged region, located between

the FHA and BRCT1 domains and formed by residues

Glu113, Glu115, Glu119, Asp201 and Glu202 (Fig. 4), is

positioned 180� opposite to the positively charged patch in

BRCT1/2. This negatively charged region is also conserved in

the BRCT domains of Sp Nbs1 and TopBP1. Thus, this region

could play a role in directing positively charged partners to

bind either to the FHA domain or within BRCT1/2. Alter-

natively, it raises the possibility that this negatively charged

region itself could interact with a positively charged partner.

A previous study by Tainer and coworkers proposed an

arginine ‘switch’ (Arg16) in the FHA domain of Sp Nbs1,

which rotates upon Ctp1 binding to interact with Glu193 and

Asp194 in the BRCT1 domain (Fig. 6a). This switch may

trigger an allosteric movement of the BRCT2 domain,

resulting in a BRCT2 domain rotation of �20�. Intriguingly,

the crystal structure of Sc Xrs2325 revealed structurally

analogous residues in the FHA domain: Arg5 and Ser19 in the

FHA domain are positioned near Asp201 in the BRCT1
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Figure 5
Structural comparison of Sc Xrs2 and the TopBP1 BRCT7/8–BACH1 complex. (a) Structural overlay of the crystal structure of Sc Xrs2325 (colored as in
Fig. 1) with the TopBP1 BRCT7/8–BACH1 complex (teal and magenta; PDB entry 3al3; Leung et al., 2011). (b) Detailed view of the BRCT 7/8 region of
TopBP1 interacting with BACH1. (c) Detailed view of the BRCT1/2 region (yellow and blue) of Sc Xrs2325, with the BACH1 peptide (red) aligned to
highlight the presence of numerous charged residues in Xrs2, suggesting a potential binding site for protein interactions.



domain and may mirror the role of the Sp Nbs1 arginine

switch (Fig. 6b). Multiple sequence alignment across various

species (Becker et al., 2006) demonstrated that these charged

residues are conserved at equivalent positions, highlighting

the evolutionary preservation of this regulatory mechanism.

4. Conclusion

This study is the first experimental structural elucidation of

the N-terminal folded core of Sc Xrs2 and provides interesting

insights into its molecular architecture. Firstly, it confirms the

presence of the conserved FHA–BRCT1–BRCT2 domains

in this protein. Secondly, analysis of the B factors suggests

significant disorder and/or dynamics within the loop regions of

the FHA domain and the entire BRCT2 domain. Additionally,

comparative analyses with homologous structures demon-

strate the presence of a highly conserved positively charged

patch within the FHA domain and tandem BRCT1/2 domains,

alongside a moderately conserved negatively charged patch

situated between the FHA and BRCT1 domains. These

conserved electrostatic features play an important role in

mediating the protein–protein interactions essential for the

repair of damaged DNA.
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Arg16 within the FHA domain undergoes a conformational flip, acting as
a molecular switch that disrupts its interaction with BRCT1-domain
residues Glu193 and Asp194. (b) In Sc Xrs2, FHA-domain residues Arg5
and Ser19 are positioned in proximity to BRCT1-domain residue Asp201,
forming an interface structurally analogous to that observed in Sp Nbs1 in
(a).
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