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ABSTRACT
hSSB1 is a recently discovered single-stranded DNA
binding protein that is essential for efficient repair of
DNA double-strand breaks (DSBs) by the homologous recombination pathway. hSSB1 is required
for the efficient recruitment of the MRN complex
to sites of DSBs and for the efficient initiation of
ATM dependent signalling. Here we explore the
interplay between hSSB1 and MRN. We demonstrate that hSSB1 binds directly to NBS1, a component of the MRN complex, in a DNA damage
independent manner. Consistent with the direct
interaction, we observe that hSSB1 greatly stimulates the endo-nuclease activity of the MRN
complex, a process that requires the C-terminal
tail of hSSB1. Interestingly, analysis of two point
mutations in NBS1, associated with Nijmegen
breakage syndrome, revealed weaker binding to
hSSB1, suggesting a possible disease mechanism.

INTRODUCTION
Cells frequently encounter DNA damage; with DNA
double-strand breaks (DSBs) being among the most cytotoxic of these lesions. Chromosomal instability may occur
even from a single DSB, if it is repaired incorrectly, and
this may ultimately lead to cell death. It is essential that
DSBs in human cells are detected, signalled and repaired
efﬁciently in order to prevent the accumulation of damage,
which can lead to chromosomal instability or malignant
transformation. DSBs may be induced by a number of
factors including ionizing radiation (IR), reactive
chemical species and via normal cellular processes such
as DNA replication. Once a DSB is detected, DNA

repair proteins are recruited to the site of the DSB and a
multi-faceted DSB pathway is activated. This complex
signalling network includes altered transcriptional and
translational regulation and the induction of DSB repair
and cell cycle arrest via the activation of checkpoints.
While non-homologous end joining (NHEJ) may be
used to repair DSBs in any phase of the cell cycle, homologous recombination (HR) may be used to repair DSBs
that speciﬁcally occur in the S or G2 phases of the cell
cycle (1–3).
One of the ﬁrst events in the process of HR is the recruitment of the MRN repair complex to the DSB site.
Once located at the DSB, MRN activates the ATM kinase
and tethers the DNA ends (4). When ATM is activated it
in turn initiates signalling cascades, which leads to the
resection of the DSBs to produce single-stranded DNA
(ssDNA) (5). The resulting ssDNA acts as a substrate
for Rad51-mediated strand exchange (4,6). Recent
studies have shown that MRN also has a role in classical
and alternative NHEJ (7,8).
The ssDNA binding (SSB) protein family have a fundamental role in the repair of DNA damage in all three
domains of life. The simple SSBs and the replication
protein A (RPA)-like SSBs form the sub-groups of this
family of proteins (9). RPA is the most widely studied
member of the SSB family in humans and is believed to
be a pivotal factor of both DNA replication and DNA
repair pathways (10–12). However, human RPA has a
complex oligomeric structure not seen in the simple bacterial SSBs (13). The simple SSBs were believed to be
restricted to the bacterial and archaeal domains of life,
however, recently we have identiﬁed two new members
of the SSB family in humans: hSSB1 and hSSB2 (14).
hSSB1 and hSSB2 are structurally much more closely
related to the bacterial and archaeal SSBs than to RPA
(9). Both hSSBs consist of a ssDNA oligonucleotide
binding (OB) fold, a divergent spacer domain, followed
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MATERIALS AND METHODS
Cell lines, plasmids and siRNA
HeLa and HEK293T cells were maintained in DMEM
supplemented with 10% fetal bovine serum (Gibco).
Transfection of plasmids was performed using
Lipofectamine 2000 (Invitrogen) as per manufacturer’s instructions. Full-length hSSB1 and truncations were cloned
into bacterial expression vectors encoding a His-tag
(pET28c). GFP-hSSB1 tail (153–211amino acids) was
expressed from pEGFP-C1. FLAG tagged Mre11 in
pFastBac1 (TP813) and NBS1 in pFastBac1 (TP28) were
kindly supplied by Tanya Paull. The HisRad50 was
excised from the pVL1392 vector (TP11) (gift from
Tanya Paull) using EcoR1 restriction enzyme and then
cloned directly into an EcoR1 digested pFastBac1
vector. Clones of the correct orientation were selected following a diagnostic digest with EcoRV. Virion phiX174
was supplied by New England Biolabs.
Antibodies
The following antibodies were used in the study: Rad50
(Calbiochem), Mre11, NBS1 (Sigma), IntS3 (Bethyl
laboratories)
and
Alexa
secondary
antibodies
(Invitrogen). Sheep antiserum to hSSB1 has been
described previously (14).

Immunoprecipitation experiments
Co-immunoprecipitations were performed using the
ice-cold NP40 buffer; 20 mM HEPES pH 8, 150 mM
KCl, 10 mM MgCl2, 0.5 mM EDTA, 0.2% NP40,
0.5 mM DTT, 5% glycerol, 1 mM NaF, 1 mM NaVO4,
protease inhibitor cocktail (Sigma). Assays were performed at 5 C for 2 h using the antibodies as indicated
in the ‘Results’ section. Antibodies were captured using
magnetic protein G agarose beads (Invitrogen), washed
three times in NP40 buffer before being analysed by
immunoblot.
hSSB1 pull-down assays
Recombinant hSSB1 was bound to cyanogen bromide
agarose as per manufacturer’s instructions (GE
Healthcare) with bound protein being quantiﬁed by
coomassie blue staining. hSSB1 pull-downs were performed in NP40 buffer (described above for immunoprecipitations) and the washed beads were analysed by
immunoblot.
DNA pull-down assays
Annealed double-stranded oligonucleotides with six bp
overhangs were generated from the following two sequences: oligo 1, 50 -GATCCACTGGGTTAACGCCGG
ACATTGCCCGGAT; oligo 2, 50 -TCCATGATCCGGG
CAATGTCCGGCGTTAACCCAGTGGATC. Oligo 1
was modiﬁed with a 50 biotin label. Oligonucleotides
were annealed and bound to streptavidin agarose prior
to assay. Each assay consisted of 10 ng oligo bound to
beads with 20 ng (or 80 ng) of puriﬁed MRN, and a ﬁnal
concentration of 2 mM hSSB1, RPA or hSSB1-T1 (amino
acids 1–114). Binding was performed for 15 min at room
temperature in DNA pull-down buffer: 20 mM HEPES
pH 8, 150 mM KCl, 5 mM MgCl2, 5% glycerol, 0.05%
NP40, prior to analysis on a NUPAGE 4–12% SDS gel.
Preparation of nuclear extract
Nuclear extract was prepared as described previously (21).
Protein puriﬁcation
Recombinant hSSB1 was expressed in Escherichia coli
Rosetta 2 strain and puriﬁed by a three-step puriﬁcation
method. Clariﬁed soluble E. coli cell lysate treated with
DNaseI (10 mg/ml ﬁnal concentration) was applied to a
Hi-trap metal chelating column loaded with Nickel in a
high-salt buffer containing 20 mM Tris pH 8.0, 500 mM
NaCl and 30 mM imidazole at a ﬂow rate of 1 ml/min.
hSSB1 was eluted using a gradient of 0–100% 500 mM
imidazole (1 ml/min) on a BioLogic System (GE).
Protein fractions were collected from the middle of the
broad protein peak and diluted 1:10 in heparin buffer consisting of 20 mM Tris pH 7.6, 0.5 mM EDTA, 1 mM DTT.
This allowed the salt concentration to be reduced to
50 mM NaCl when protein was loaded onto heparin
column. Protein was eluted with a 0–100% gradient of
1 M NaCl. Protein was concentrated, then subjected to
size-exclusion chromatography on a Superdex75 column
(in 20 mM Tris pH 7.6, 150 mM NaCl, 1 mM DTT) at a
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by a conserved C-terminal tail predicted to be required
for protein–protein interactions (14). The crenarchaeal
SSB, from Sulfolobus solfataricus, also has a ﬂexible
spacer followed by basic and acidic regions near the
C-terminus; this region plays no part in DNA binding but is known to modulate protein–protein
interactions (15).
We have previously shown that hSSB1 is required for
the efﬁcient signalling of DSBs following exposure to IR
(14). Recently, we have also shown that hSSB1 is rapidly
recruited to sites of DSBs and its presence is required for
the efﬁcient recruitment of the MRN complex and subsequent downstream partners (16). Furthermore, hSSB1 deﬁcient cells fail to generate the ssDNA tracts associated
with the nuclease activity of MRN and CtIP (16). We, and
others, have also demonstrated that hSSB1 is a component of a complex containing IntS3 (17,18).
In this study, we demonstrate that hSSB1 forms a DNA
damage-independent complex with Mre11:Rad50:NBS1
(MRN) which is distinct from the hSSB1:IntS3 complex.
We show that hSSB1 plays an essential role in the recruitment and function of MRN at sites of DSBs. The MRN
complex is believed to be the primary sensor of DSBs and
promotes the activation of ATM kinase, which in turn
initiates downstream DSB signalling. MRN also functions
in the resection of the DSB, a process required for ATR
signalling and preparation of DNA for HR in particular
Rad51 mediated strand invasion (6,19,20). Our data now
demonstrate how hSSB1 functions to directly recruit the
MRN complex to DSBs, a process that also stimulates
MRN nuclease activity. These data implicate hSSB1 as a
pivotal member of the DNA damage response, cementing
its role in maintaining genomic stability in metazoans.

Nucleic Acids Research, 2011, Vol. 39, No. 9 3645

ﬂow rate of 1 ml/min to purify protein on the basis of size.
Protein eluted as one sharp peak. Puriﬁed hSSB1 was
electrophoresed through a NuPAGE protein gel and
stained with Sypro Ruby (GE Healthcare) to further determine the purity of the preparation. GST fusion proteins
were puriﬁed as described previously (22).
Nuclear protein fractionation

MRN nuclease activity
Nuclease assays were performed essentially as previously
described (23). Assays were performed for 40 min (to demonstrate MRN endonuclease activity) or 5 min (assays
with addition of hSSB1) as indicated. All assays were performed in the presence of 5 mM MnCl2 unless otherwise
indicated.

Figure 1. hSSB1 interacts with the MRN complex. (a and b)
Co-immunoprecipitation of hSSB1 with NBS1 and or Mre11 using
antibodies as indicated or NS (nonspeciﬁc serum). Immunoprecipitates
obtained from cells with or without exposure to IR (6 Gy) were
immunoblotted with indicated antibodies.

RESULTS
hSSB1 interacts with the MRN complex and is required
for MRN recruitment to DSBs
We ﬁrst sought to identify functional protein complexes
containing hSSB1. An N-terminal GST-hSSB1 fusion
protein was covalently linked to a cyanogen bromide
sepharose column as the bait. Nuclear extract (10 mg)
was passed over the hSSB1 afﬁnity column, containing
10 mg/ml ethidium bromide to dissociate protein–DNA
interactions. The column was washed extensively and
interacting proteins eluted with 1 M NaCl. Eluted
proteins were then lyophilized along with the eluate
from a GST-only control column and both samples
analysed by tandem mass spectrometry (MS/MS). We
identiﬁed the IntS3 complex, which has previously been
reported to interact with hSSB1 (17,18,24). We also
identiﬁed strong sequence coverage for Rad50, a component of the MRN complex (Supplementary Figure S1). To
conﬁrm this interaction we performed reciprocal
co-immunoprecipitation experiments with hSSB1 and
Mre11 from nuclear extracts. This revealed that hSSB1
interacts with Mre11 and NBS1 in a DNA damageindependent manner (±IR) (Figure 1a and b), suggesting
that hSSB1 is in complex with MRN.
We next fractionated nuclear extract from HEK293T
cells stably expressing Flag-tagged hSSB1 using sizeexclusion chromatography. This method allows for the
detection of stable protein complexes in solution. hSSB1
and Mre11 co-elute in fraction 36 (smaller complex)
before IR (Figure 2a and b). Interestingly following IR
(6 Gy, 1 h recovery), Mre11 shifts to be predominantly in
fraction 34 (larger complex). IntS3 also elutes in these
same fractions, raising the possibility of a common
complex. To investigate this further we performed
co-immunoprecipitation experiments using Fraction 34
(IR) and found that although hSSB1 precipitated with

MRN components and IntS3; Mre11 failed to precipitate
IntS3 and IntS3 failed to co-precipitate Mre11 (Figure 2c
and d). This suggests that the hSSB1:MRN complex is
distinct from the hSSB1:IntS3 complex. We performed
extensive immunoprecipitation experiments but were
unable to detect any interaction between MRN and
IntS3 from nuclear or whole cell lysates under our experimental conditions (data not shown). Interestingly, the
interaction between MRN and IntS3 observed by Huang
et al. (24) required the over-expression of all components
of MRN and IntS3 in insect or HEK 293 cells, suggesting
the interaction may represent a small pool, or speciﬁc conditions which are not easily observed with endogenous
protein in asynchronous cells.
hSSB1 interacts directly with the MRN complex via its
C-terminal tail
We next sought to determine if hSSB1 interacted directly
with the MRN complex. Puriﬁed MRN was incubated
with recombinant hSSB1 (Supplementary Figure S2a–c),
and truncations of hSSB1 that were chemically crosslinked
to sepharose beads. These data conﬁrmed the interaction
was direct and like other SSB interactions (9,22), was
mediated through the C-terminal tail of hSSB1, since
deletion of this region in hSSB1 abrogated the interaction
(Figure 3a). To further conﬁrm this interaction we
ectopically expressed the hSSB1 C-terminal tail (amino
acids 154–211) as an N-terminal GFP fusion in HeLa
cells. Co-immunoprecipitation using GFP antibodies
from nuclear extract, demonstrated that the hSSB1 tail
was sufﬁcient to mediate this MRN interaction
(Figure 3b). Since the GFP-hSSB1 tail binds MRN we
reasoned that this would compete with endogenous
hSSB1 binding to MRN, thus preventing MRN recruitment to sites of DSBs. To conﬁrm this, we irradiated cells
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Pre-ﬁltered nuclear extract (3 mg) prepared from
HEK293T, as described previously (21), cells was passed
through a Hi-load Superdex 16/60 size-exclusion column
(GE Healthcare) at a ﬂow rate of 1 ml/min in buffer D.
Samples were collected during the entire run.
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(2 Gy) and looked for chromatin bound Mre11. In GFP
positive cells we were able to observe normal Mre11 foci
formation, however, in cells expressing the GFP-hSSB1
tail we were unable to observe normal Mre11 foci formation (Figure 3c). Furthermore, transient over-expression
of the hSSB1-tail region attenuated the ATM dependent,
IR-induced G1/S checkpoint thus mimicking the effect of
hSSB1-knockdown on ATM activity, as reported previously (14) (Figure 3d). Taken together these data suggest
that hSSB1 functions directly to recruit the MRN complex
to DNA DSBs.
hSSB1 interacts with the N-terminus of NBS1
To determine which component of the MRN complex
interacts with hSSB1, GST fusion constructs spanning
the length of Rad50, Mre11 and NBS1 were used to

map the interaction with hSSB1. Pull-down assays using
sepharose-linked hSSB1 revealed that the N-terminal
domain of NBS1 interacted with hSSB1 (Figure 4a,
Supplementary Figure S3). We further conﬁrmed that
this interaction was mediated through the C-terminus of
hSSB1 (Figure 4b). Furthermore, hSSB1 failed to interact
with full-length Mre11, RAD50 or their deletion mutants
(data not shown).
Nijmegen breakage syndrome-associated NBS1 mutants
fail to efﬁciently interact with hSSB1
Nijmegen breakage syndrome is a disease associated with
chromosomal instability. Two point mutations associated
with a subset of this disease (I171V and R215W) located
within hSSB1 interaction domain were examined for their
ability to interact efﬁciently with hSSB1. Interestingly,
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Figure 2. hSSB1 exists in two independent complexes with either MRN or IntS3. (a) hSSB1 and Mre11 co-elute from a Hiload Superdex 16/60
column (GE Healthcare). Fractionation of nuclear extract (prepared as described in materials and methods from HEK293T cells) over a Superdex
16/60 column following IR (6 Gy) or mock treatment (-IR) as indicated. (b) Densitometry of fractions from (a) normalized to exposure times were
performed using the Image Gauge software (Fuji). Molecular weight markers are indicated below the graph. (c) Immunoprecipitation of hSSB1 from
fraction 34 (6 Gy IR) showing co-immunoprecipitation of MRN complex and IntS3. (d) Immunoblot of IntS3 and Mre11 immunoprecipitates
demonstrating that hSSB1 co-immunoprecipitates with Mre11 independently of IntS3 and vice-versa.
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neither mutant efﬁciently interacted with hSSB1
(Figure 5a and b, Supplementary Figure S4). This may
be due to the mutations having a speciﬁc effect on the
binding site for hSSB1 or that altered folding or
misfolding of these mutants inhibits the hSSB1 interaction. However, a loss in the efﬁciency of hSSB1
binding to NBS1 would explain the chromosomal instability associated with these mutations.
hSSB1 stimulates the endonuclease activity of the MRN
complex by facilitating its recruitment to DSBs with
short ss DNA overhangs
To determine if hSSB1 functions to directly recruit MRN
to DSBs, we performed DNA pull-down assays. Since

most endogenously generated DSBs (e.g. collapsed replication forks) possess short ssDNA overhangs, which have
been shown to enhance ATM activation (25), we utilized a
double-stranded DNA (dsDNA) substrate with a short
6 bp overhang. While MRN itself bound weakly in the
experimental conditions used, the addition of hSSB1
resulted in a signiﬁcant increase in MRN binding
(Figure 6a), suggesting that hSSB1 was functioning to
stimulate MRN recruitment to the DNA substrate. In
contrast, recombinant RPA was unable to signiﬁcantly
stimulate binding of the MRN complex directly
(Figure 6a, Supplementary Figure S5). Interestingly,
although RPA could not bind this DNA substrate alone,
addition of MRN allowed binding to occur. This is likely
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Figure 3. Mapping of region in hSSB1 required to pull-down MRN complex. (a) Pull-down reactions were performed by incubating full-length
hSSB1 or C-terminal truncations of hSSB1 (T1 1–153, T2 1–114) bound to sepharose beads with puriﬁed recombinant MRN (20 ng) complex. After
washing, beads were subjected to immunoblotting with indicated antibodies. Coomassie stained gel shows the relative input of hSSB1 protein.
(b) hSSB1 tail (amino acids 153–211) is sufﬁcient for interaction with Mre11 in nuclear extracts. Cells were transfected with GFP-tagged hSSB1-tail
or GFP vector alone and anti-GFP immunoprecipitates were immunoblotted with indicated antibodies. (c) Overexpression of GFP-hSSB1-tail (MRN
interacting domain) results in impaired Mre11 foci formation after IR. HeLa cells were transfected with GFP or GFP-hSSB1-tail. Forty-eight hours
after transfection cells were treated with IR (6 Gy, 30 min) and immunostained with indicated antibodies. Overexpression of GFP-hSSB1 tail (MRN
interacting domain) results in impaired Mre11 foci formation after IR. HeLa cells were transfected with GFP or GFP-hSSB1-tail. Forty-eight hours
after transfection cells were treated with IR (6 Gy, 30 min) and immunostained with indicated antibodies. (d) Overexpression of GFP-hSSB1 tail
(MRN interacting domain) abrogates the IR induced G1/S checkpoint. HeLa cells were transfected with GFP or GFP-hSSB1-tail (GFP-CT).
Forty-eight hours after transfection cells were treated with IR (6 Gy, 30 min) and allowed to recover for 16 h after which cells were pulse labeled
with with BrdUrd (30 min, 10 mg/ml). Cells were subsequently stained with anti-BrdUrd followed by Alexa 488 secondary antibodies and propidium
iodide before being analysed by ﬂow cytometry. The box illustrating BrdUrd positive cells indicates that GFP-transfected cells effectively arrest at the
G1/S boundary compared to GFP-CT transfected cells, which continue to enter S-phase.
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due to the end processing activity of MRN in these assays,
generating ssDNA to which RPA could bind. We also
observed that DNA binding of MRN was further
enhanced when both hSSB1 and RPA were added. One
possible explanation for this is that once hSSB1 stimulates
binding, RPA may function to stabilize the bound MRN.
To conﬁrm that hSSB1 directly recruited MRN to the
DNA substrate we next examined whether truncated
hSSB1 (T1), (which binds ssDNA with a similar afﬁnity
to full-length hSSB1 (KD ’15 nM), but is unable to
interact with MRN could stimulate MRN binding.
hSSB1-T1 failed to enhance MRN binding under normal
assay conditions, however, with higher concentrations of
MRN (where MRN binding could normally be observed
in the absence of full-length hSSB1) hSSB1-T1 inhibited
MRN binding (Figure 6b). This inhibition in the presence
of hSSB1-T1 is likely due to competition for the DNA
substrate. In contrast, the full-length hSSB1 functioned
to further enhance MRN binding under the same
conditions.
Since both hSSB1 and MRN are needed for effective
DNA resection, and hSSB1 is directly required for recruitment of MRN to DSBs, we analysed the effect of hSSB1
on the nuclease activity associated with MRN. While
MRN has both exo- and endonuclease activities, its
ssDNA endonuclease activity is important for DSB resection (26). We tested this activity using a closed circular ss
phiX174 DNA as a substrate (23). As shown previously
(23), MRN exhibited nuclease activity in the presence of
manganese but not magnesium chloride (Supplementary
Figure S6). The addition of hSSB1 to the assay drastically

increased the MRN nuclease activity while the addition
of RPA had no effect on MRN activity (Figure 6c,
Supplementary Figure S7). To discount co-puriﬁcation
of any potential nuclease activity with recombinant
hSSB1 we incubated the same substrate with hSSB1 for
1 h. Under our experimental conditions we were unable to
observe nuclease activity (Supplementary Figure S8).
Addition of a truncated hSSB1 missing the carboxy
terminal tail (T1:1–153 amino acids), which is unable to
interact with the MRN complex, failed to activate the
MRN nuclease activity (Figure 6c). These results
indicate that hSSB1 interacts directly with the MRN
complex and enhances its nuclease activity.

DISCUSSION
We have previously shown that hSSB1 is rapidly recruited
to sites of DSBs (16); this process is required for the efﬁcient recruitment of MRN and activation of ATM. More
recently, we have shown that hSSB1 is rapidly recruited to
sites of DSBs and is required for generation/stability of
ssDNA at the sites of damage (16). We now demonstrate
that hSSB1 forms a complex with MRN, and that this
complex is required for the recruitment of MRN to
DSBs with short ssDNA overhangs. Interestingly RPA
cannot substitute for hSSB1 in these assays, providing
further evidence that these two members of the SSB
family have distinct roles in the repair of DSBs in humans.
We have demonstrated that hSSB1 directly interacts
with NBS1 via its C-terminal tail. Interestingly, hSSB1
interacts with the N-terminal domain of NBS1, a region
known to also interact with MDC1 (27). The N-terminal
domain of NBS1 contains both the FHA and BRCT
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Figure 4. Mapping of region within NBS1 required for interaction with
hSSB1. (a and b) hSSB1 c-terminal tail interacts directly with the
N-terminal fragment of NBS1. hSSB1 pull-down experiments were performed with puriﬁed recombinant hSSB1 bound to sepharose and
puriﬁed GST-tagged NBS1 fragments (NBS1A 1-221, NBS1B 199-473
and NBS1C 454-754).

Figure 5. Nijmegen breakage syndrome mutants fail to interact efﬁciently with hSSB1. (a) Pull-down reactions were performed using
hSSB1 bound to sepharose incubated with NBS1A, or NBS1A with
the mutations I171V or R215W in the BRCT domain and immunoblotted with indicated antibodies. (b) Quantiﬁcation of data presented
in (a), densitometry was performed using Image Gauge software (Fuji).
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domains; strikingly, mutations in this region severely
impair HR, a process also dependent on hSSB1 (14,28).
We also demonstrate, using size-exclusion fractionation
and co-immunoprecipitation, that hSSB1 exists in two
distinct complexes with IntS3 and MRN. This is in
contrast with Huang et al. (24) who suggested that
over-expression of NBS1 and IntS3 in insect and HEK
293 cells allows an IntS3: NBS1 complex to form. After

repeated attempts, we have been unable to observe an
interaction between endogenous IntS3 and MRN components in cell lysates. This may suggest that over-expression
of both components forces the interaction kinetics to
allow a rare, but potentially real, event to be observed.
We have also shown that by inhibiting the hSSB1:MRN
interaction using dominant negative hSSB1 proteins,
MRN recruitment to DSBs is abolished, resulting in a
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Figure 6. hSSB1 directly facilitates MRN DNA binding and enhances the nuclease activity of the MRN complex. (a) Immunoblot of DNA
pull-down assays using Rad50 (as a marker of the MRN complex), RPA and hSSB1 as indicated. Proteins, MRN 20 ng, 2 mM hSSB1 or
2 mM RPA, as indicated were precipitated with a biotinylated-double-stranded DNA oligo with a 6 bp overhang bound to streptavidin agarose
beads. (b) Immunoblot of DNA pull-down assays using Rad50 as a marker of the MRN complex. Proteins, MRN 80 ng, 2 mM hSSB1 or 2 mM
hSSB1-T1, as indicated were precipitated with a biotinylated-double-stranded DNA oligo with a 6 bp overhang bound to streptavidin agarose beads.
(c) hSSB1 stimulates MRN nuclease activity. MRN nuclease activity assays contained phiX DNA, 20 ng MRN, 2 mM hSSB1, 2 mM hSSB1 truncated
hSSB1 (1–153 amino acids, T1) or 2 mM RPA as indicated. Assays were incubated for 5 min before being resolved on a 1% agarose gel and stained
with ethidium bromide.
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