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Abstract
The role of Mre11 phosphorylation in the cellular response to DNA double-strand breaks (DSBs) is
not well understood. Here, we show that phosphorylation of Mre11 at SQ/TQ motifs by PIKKs (PI3
Kinase-related Kinases) induces MRN (Mre11-Rad50-Nbs1) complex dissociation from chromatin
by reducing Mre11 affinity for DNA. Whereas phosphorylation of Mre11 at these residues is not
required for DSB-induced ATM activation, abrogation of Mre11 dephosphorylation impairs ATM
signaling. Our study provides a functional characterization of the DNA damage-induced Mre11
phosphorylation, and suggests that MRN inactivation participates in the down-regulation of damage
signaling during checkpoint recovery following DSB repair.

1. Introduction
DNA double-strand breaks (DSBs) pose a considerable threat to genomic stability because the
DNA loses integrity and information content on both strands, in addition to its physical
connection to the centromere [1]. To maintain the integrity of the genome, eukaryotic cells rely
on the coordinated action of proteins that sense and transduce the damage signal to ultimately
allow repair of the lesion, or to initiate an apoptotic program [1-3]. Initially, discontinuities in
the integrity of DNA are sensed, followed by the rapid activation of the DSB checkpoint kinase
ATM (Ataxia-Telangiectasia mutated). ATM phosphorylates many DNA damage response
components, which in turn trigger the activation of cellular pathways responsible for cell-cycle
arrest, DNA repair, and apoptosis. In the final and largely uncharacterized step of the DNA
damage response, these pathways are down-regulated following resolution of the breaks to
allow for resumption of the normal cell cycle.

Central to the cellular response to DSBs is the MRN (Mre11-Rad50-Nbs1) complex, which is
composed of two highly conserved enzymatic subunits, Mre11 and Rad50, and a non-catalytic
component, Nbs1 (Xrs2 in budding yeast) [4,5]. MRN are among the first proteins that localize
at the site of DSBs [6,7]. The formation of MRN-DNA complex is responsible for the
recruitment of ATM to the break site and for its subsequent activation [8-12]. In this regard,
the MRN complex acts as a DNA damage sensor and an upstream regulator of ATM activity.
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The MRN complex also plays a crucial role downstream of ATM activation in DSB checkpoint
signaling. DSB-induced phosphorylation of Nbs1 by ATM is crucial for the intra-S phase
checkpoint, and is required for ATM-dependent phosphorylation of the checkpoint factors
SMC1 and FANCD2 [13-17]. In addition to being involved in the detection of breaks, initiation
and amplification of the checkpoint cascade, MRN complex is also required for the repair of
DSBs by homologous recombination (HR). Deficiency in MRN components results in a
dramatic reduction of targeted integration frequencies [18], gene conversion and sister
chromatid exchanges [19,20], and impaired single-strand annealing [21]. Furthermore,
inhibition of Mre11 by the small molecule Mirin impairs HR at a I-SceI DSB [22].

The MRN complex has a bipolar architecture characterized by a globular head and two flexible
protruding coiled-coils [23-26]. The globular head consists of an Mre11 dimer and two Rad50
ATPase domains, and mediates MRN complex association with chromatin, an ability that is
specified by Mre11 intrinsic DNA binding activity. DNA binding induces a parallel alignment
of the coiled-coils, which prevents intra-complex apex interaction and favors the inter-
molecular association of MRN complexes bound to different DNA molecules [27]. MRN-
dependent DNA end-tethering activity has been reported both in vitro and in Xenopus cell-free
extracts [9,25,28-31], and is consistent with MRN role in bridging together broken
chromosomal parts to prevent loss of genomic DNA by mis-segregation after breakage [32,
33].

Mre11 is constitutively Arg-methylated by methyltransferase PRMT1 [34]. This post-
translational modification regulates MRN activity during the intra-S-phase checkpoint, as
abrogation of Mre11 methylation results in S-phase checkpoint defects, impaired exonuclease
activity, and defective recruitment of MRN complex to sites of DNA damage [34,35]. In
addition, all three subunits of the complex are phosphorylated following exposure to IR, HU,
and UV [36-39]. These phosphorylation events are mediated by PIKK (PI3 Kinase-related
Kinases) members ATM and ATR (ATM and Rad3 related), which phosphorylate their
substrates preferentially on Ser or Thr that precede Gln residues, the SQ/TQ motifs [40]. Mre11
is hyperphosphorylated in Saccharomyces cerevisiae and human cell lines following treatment
with DNA damaging agents, and in Xenopus cell-free egg extracts supplemented with DSBs
[41-45]. Furthermore, Mre11 is phosphorylated during DNA replication both under
unperturbed conditions and in response to camptothecin treatment [41,46]. However, the
biological significance of Mre11 hyperphosphorylation and nature of the DNA damage-
regulated phosphorylation sites are still unknown. Mre11 is also constitutively phosphorylated
in vitro and in vivo on Ser 649 by casein kinase 2 (CK2) [47].

In this study, we investigated the DSB-induced phosphorylation of Mre11 at SQ/TQ sites, and
analysed the consequences on MRN complex functions in Xenopus cell-free egg extracts. We
found that Mre11 phosphorylation is extremely rapid and transient. Mutagenesis of Mre11 SQ/
TQ phosphorylation sites by Ser/Thr to Ala substitution increased MRN complex loading onto
DNA, as well as ATM recruitment. Conversely, treatment of extracts with phosphatase
inhibitors, Ser/Thr to Asp mutagenesis of Mre11 SQ/TQ sites, or phosphorylation of MRN by
ATM dramatically decreased Mre11 binding to DNA, and consequently ATM loading onto
chromatin. Our findings support a model in which Mre11 phosphorylation by PIKKs triggers
MRN inactivation via disassembly from chromatin thus down-regulating the DNA damage
response and allowing for recovery.

2. Materials and Methods
Xenopus egg extracts and immunodepletion

X. laevis were kept in accordance with Columbia University Institutional Animal Care Usage
Committee guidelines. CSF-arrested egg cytosol, prepared according to Murray [48], was
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supplemented with 100 μg/ml cycloheximide and released into interphase by addition of 0.4
mM CaCl2 for 15 min at 22 °C. Membrane-free egg cytosol was prepared according to Smythe
and Newport [49], and stored in aliquots at −80 °C. Immunodepletion of Xenopus Mre11 and
ATM proteins was performed according to published protocols [30,50].

Chemicals
Okadaic acid, tautomycin, caffeine, wortmannin and NU7026 were purchased from Sigma-
Aldrich. The ATM inhibitor KU55933 was a generous gift from G. Smith (KuDOS
Pharmaceuticals). Caffeine stocks were freshly prepared on the day of the experiment in 10
mM PIPES at pH 7.8. Okadaic acid, wortmannin, NU7026 and KU55933 were dissolved in
DMSO, and stored in aliquots at −20 °C.

Antibodies
Rabbit polyclonal serum against Xenopus Mre11 was previously described [41]. Antibodies
against human Nbs1 were a generous gift of A. Nussenzweig (National Cancer Institute). Anti-
hRad50 antibodies were purchased from Bethyl Laboratories. Antibodies to Xenopus ATM
were previously described [30,51]. Anti-phospho-H2AX Ser 139 antibodies were purchased
from Upstate. Rabbit polyclonal serum against Xenopus MCM6 was previously described
[52].

Preparation of DSBs-containing DNA
DSBs-containing DNA was prepared by digesting circular pBS KS II plasmid to completion
with HaeIII restriction enzyme (Roche). HaeIII cuts the plasmid 14 times, thus generating 14
fragments containing 2 DSBs each (8.68 × 1012 ends (DSBs) per μg of HaeIII-digested pBS
KS II). Digested pBS KS II was diluted and used at the indicated concentrations (8.68×107 to
8.68×1011/ μl of extracts). The range of DSBs for which we start to observe phosphorylation-
mediated shift in Mre11 mobility is comparable to the damage resulting from photo-activated
laser beam micro-irradiation in mammalian cells. Laser beam irradiation generates between
2,500 and 3,700 DSBs/cell [53,54]. Given that 1 μl of Xenopus extract supports the assembly
of 10,000 genomes from maternally stockpiled proteins, laser beam irradiation would be
equivalent to 2.5-3.7×107 DSBs per μl of extract.

Mre11 SQ/TQ site mutagenesis and baculovirus generation
The pTP17 plasmid used for the initial mutagenesis reactions contains the cDNA for a C-
terminal His6-tagged version of human Mre11 cloned into pFastBac1 vector [55]. pFastBac1-
SAI was generated by sequential Ser/Thr to Ala mutagenesis of S264, T329, and S382.
pFastBac1-SAII was produced by sequential Ser/Thr to Ala mutagenesis of T481, S531, S590,
S676, and S678. pFastBac1-SDI was generated by sequential Ser/Thr to Asp mutagenesis of
S264, T329, and S382. pFastBac1-SDII was produced by sequential Ser/Thr to Asp mutagenesis
of T481, S531, S590, S676, and S678. The oligonucleotides used for site-directed mutagenesis are
listed in Supplementary Table 1. pFastBac1-SA was generated by sub-cloning the BsgI-KpnI
fragment of the SAII cDNA from pFastBac1-SAII into BsgI-KpnI sites of pFastBac1-SAI
plasmid. pFastBac1-SD was produced by sub-cloning the BsgI-KpnI fragment of the SDII
cDNA from pFastBac1-SDII into BsgI-KpnI sites of pFastBac1-SDI plasmid. All site-directed
mutageneses were confirmed by sequencing. pTP17, pFastBac1-SA, pFastBac1-SAI,
pFastBac1-SAII, and pFastBac1-SD plasmids were used to generate recombinant
baculoviruses using the BAC-TO-BAC Baculovirus Expression System (Invitrogen). High-
titer baculoviruses were obtained by sequential rounds of viral amplification in Sf9 insect cells.
Viral titer was estimated for each baculovirus by end-point dilution protocol.
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Expression and purification of recombinant human wild type and mutant MRN complexes
Sf9 cells (9 × 106 cells/75 cm2 flask) were co-infected with baculoviruses expressing human
Rad50, Nbs1, and Mre11 (WT, SA, SAI, SAII, or SD) proteins at an MOI of ∼10, and harvested
48-72 h post-infection. Purification was performed by Nickel chromatography according to
published protocols [56].

Co-immunoprecipitation analysis
For the co-immunoprecipitation analysis in Fig. 2B, purified recombinant MRN-WT, MRN-
SA, and MRN-SD complex preparations (5 μg) were incubated with preimmune or anti-
XMre11 serum for 45 min at 4 °C, followed by incubation with protein A-Sepharose beads for
45 min at 4 °C. Immunoprecipitates were washed six times with 1× PBS supplemented with
0.2% NP-40, and electrophoresed on a NuPAGE® Novex 3-8% Tris-Acetate Gel (Invitrogen).
For the co-immunoprecipitation analysis in SFig. 1C, MRN-SD complex (500 nM) was
incubated in Mre11-depleted extract for the indicated time points, and immunoprecipitated
with either preimmune or anti-XMre11 serum following the protocol described above.

Analysis of Mre11 phosphorylation status
Untreated, mock-, ATM-, or Mre11-depleted extracts (10 μl) supplemented with recombinant
MRN-WT, -SA, -SAI, -SAII, or -SD complex were incubated with DSBs at 22 °C for 15 min
unless otherwise indicated (Fig. 1C). Reactions were stopped with Laemmli buffer,
electrophoresed on 8% SDS-PAGE (sample volume equivalent to 0.5-1 μl of undiluted extract),
and analysed by Western blotting with anti-XMre11 serum. Where indicated, tautomycin,
okadaic acid, caffeine, wortmannin, NU7026 or KU55933 were added to the extracts 10 min
before incubation with DSBs. Lambda Protein Phosphatase (New England BioLabs) treatment
was performed at the end of the incubation period with DSBs for 1 hour at 30 °C, and products
were analysed on 8% SDS-PAGE.

Biotinylated DNA pull-down assay
Biotinylated linear double-stranded DNA molecules of 150 bp and 1 Kb were generated by
PCR using M13 single-stranded DNA as a template and either a forward or a reverse
biotinylated primer as previously described [30]. Biotinylated DNA was coupled to
streptavidin-coated magnetic beads (M280, Dynal Biotechnology) overnight at 4 °C. DNA-
streptavidin beads were washed six times in ELB buffer (10 mM HEPES pH 7.7, 2.5 mM
MgCl2, 0.05 mM KCl, and 250 mM sucrose), and incubated with extracts at 21 °C at a final
concentration of 1.2 × 1011 ends/μl. When indicated, okadaic acid was added to the extracts at
a final concentration of 4 μM 10 min before incubation with biotinylated DNA. DNA-bound
fraction was separated from unbound supernatant according to the manufacturer's instruction,
washed six times with ELB buffer supplemented with 0.1% Triton X-100, and electrophoresed
on NuPAGE® Novex 3-8% Tris-Acetate Gels (Invitrogen).

Chromatin binding assay on demembranated sperm nuclei
Demembranated Xenopus sperm nuclei were prepared as described by Murray [48], and used
as chromosomal templates for chromatin binding assays. Mre11-depleted interphase egg
extracts (65 μl) were supplemented with purified MRN-WT, MRN-SA, or MRN-SD complex
(200 nM), and incubated with 10,000 sperm nuclei/μl for 60 min at 22 °C. Following
incubation, extracts were diluted in 800 μl of Chromatin isolation buffer (100 mM KCl, 2.5
mM MgCl2, 50 mM HEPES pH 7.8) supplemented with 0.125% Triton X-100, and chromatin
was isolated through a 30% sucrose cushion in Chromatin isolation buffer (320 μl) at 6,000
rpm for 30 min at 4 °C. Chromatin pellets were resuspended in Laemmli buffer and
electrophoresed on NuPAGE® Novex 3-8% Tris-Acetate Gels (Invitrogen).
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In vitro kinase assay
Mre11-depleted membrane-free egg extracts were supplemented with recombinant MRN-WT
or MRN-SA complex (500 nM), and incubated for 5 min at 22 °C with streptavidin beads
coated with biotinylated 150 bp DNA (6.1 × 1010 ends/μl). The beads were separated from
extracts according to the manufacturer's instruction, washed six times with ELB buffer, and
incubated with monomeric ATM (T. Paull, University of Texas, Austin) in the presence of 1
mM ATP in Kinase buffer (50 mM HEPES pH 7.5, 50 mM KCl, 10 mM MgCl2, 1 mM DTT,
10% glycerol, 10 mM MnCl2) for 30 min at 30 °C. Streptavidin beads were washed six times
with ELB buffer, and DNA-bound proteins were analysed by Western Blotting.

DNA end-tethering assay
32P-labeled double-stranded 1 Kb DNA molecules were generated by PCR using M13 single-
stranded DNA as a template and α-32P dCTP in the reaction mix as previously described [9].
Mock- or Mre11-depleted membrane-free egg extracts (10 μl) supplemented with recombinant
MRN-WT, MRN-SA, or MRN-SD complex (125 nM, 250 nM, or 500 nM) were incubated
with streptavidin beads coated with biotinylated 1 Kb DNA and free unbiotinylated 32P-1 Kb
DNA (total free ends: 1.2 × 1011 ends/μl) for 25 min at 21 °C. Following pull-down from
extracts, beads were washed six times with ELB buffer supplemented with 0.1% Triton X-100,
and the associated radioactivity was measured in a scintillation counter.

3. Results
DSBs induce rapid and transient phosphorylation of Mre11 in Xenopus egg extracts

To characterize the DNA damage-induced phosphorylation of Mre11, we first monitored
Mre11 mobility on PAGE as an indication of its phosphorylation in egg extracts incubated
with DSBs-containing DNA. We used two types of cell-free egg extracts for this study, egg
cytosol and membrane-free egg cytosol, which recapitulate faithfully MRN/ATM- and ATR-
dependent DNA damage signaling pathways [9,30,41,57-59]. To trap phosphorylated
intermediates, extracts were supplemented with either okadaic acid or tautomycin, which
inhibit the serine and/or threonine protein phosphatases PP1 and PP2A-like (PP2A, PP4, PP5,
and PP6). Treatment of egg extracts with increasing concentrations of DSBs for 15 minutes
induced a dose-dependent phosphorylation of total (soluble and DNA-bound) Mre11 protein
(Fig. 1, A and B), as seen by the appearance of slower migrating isoforms that were eliminated
by treatment with Lambda phosphatase (Fig. 1E, lane 5). Mre11 mobility shift becomes
detectable at doses of DSBs comparable to DNA damage triggered by laser microbeam
irradiation in mammalian cells (See Materials and Methods). Phosphorylation of Mre11 was
extremely rapid as seen by the appearance of shifted polypeptides as early as after 10 seconds
post-incubation (Fig. 1C, lane 9). The slower migrating forms were hardly detectable in the
absence of okadaic acid (Fig. 1, A, B and C) indicating that PP1/PP2A-like phosphatase
activities rapidly dephosphorylate Mre11 in the extracts. The presence of multiple isoforms
indicates that Mre11 is modified at several sites. Of note, phosphorylation of the DNA-bound
fraction of Mre11 is detectable in the absence of okadaic acid (data not show). As previously
reported [41], addition of phosphatase to extracts results in the appearance of a polypeptide of
higher electrophoretic mobility (Fig. 1E, compare lane 5 with lanes 1 and 3). This suggests
that Mre11 is constitutively phosphorylated in the absence of DNA damage (hypo-
phosphorylated form). Interestingly, DSB treatment resulted in the formation of slower
migrating forms of the Nbs1 protein (data not shown and [22]), suggesting that Nbs1 is also
phosphorylated in Xenopus extracts in response to DSBs. A low level of Mre11 hyper-
phosphorylation was detected in okadaic acid-supplemented extracts in the absence of DNA
damage (Fig. 1A, lane 7, Fig, 1B, lane 4, and Fig. 1E, lane 3). At concentration of DSBs higher
than 1010 ends/μl, Mre11 was detected predominantly as a single discrete slower migrating
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band (Fig. 1A, lanes 11-12, and Fig. 1B, lanes 5-6) suggesting that at high concentrations of
DSBs the majority of Mre11 molecules, soluble and DNA-bound, is phosphorylated.

Next, we analyzed the ability of Xenopus egg extract to induce phosphorylation of recombinant
human Mre11 (hMre11) in response to DSBs. Recombinant hMRN complex can rescue all
known phenotypes associated with XMRN-depletion in Xenopus extracts [9,30,41]. Extracts
were treated with anti-XMre11 serum to quantitatively immunodeplete endogenous Mre11
protein, and supplemented with purified recombinant human MRN complex. Note that
XMre11-depletion results in the co-depletion of XNbs1 and XRad50 [30]. Incubation of
hMRN-supplemented extracts with DSBs in the presence of phosphatase inhibitors induced a
significant shift in the electrophoretic mobility of hMre11 (Fig. 1D, lane 10, and Fig. 1E, lane
8), which was abrogated by treatment with Lambda Phosphatase (Fig. 1E, lanes 9). Similar to
endogenous Mre11, hMre11 exhibited some level of hyper-phosphorylation in the absence of
DNA damage in tautomycin-treated extracts (Fig. 1D, lane 9). hMre11 hyper-phosphorylation
was not detectable in extracts in the absence of phosphatase inhibitors (Fig. 1E, lane 7),
indicating that hMre11 was rapidly dephosphorylated in extracts as observed for endogenous
Mre11 (Fig 1, A, B and C). These findings indicate that DSBs induce rapid and transient
phosphorylation of endogenous Mre11 and recombinant hMre11 in Xenopus extracts.

Mre11 is phosphorylated at SQ/TQ motifs in response to DSBs
DSBs activate primarily ATM and subsequently ATR [57,60]. Mre11 phosphorylation is
mediated at least in part by these PIKKs [36-39,41,44,59], which phosphorylate their substrates
preferentially at Ser/Thr residues in SQ/TQ motifs [40]. SQ/TQ motifs in Mre11 are highly
conserved in higher eukaryotes (Fig. 2A). Therefore, we sought to analyze the consequences
of site-directed mutagenesis of Ser/Thr residues in SQ/TQ motifs on Mre11 phosphorylation
and functions.

hMre11 contains eight such motifs (Fig. 2A and SFig.1A). The first 6 SQ/TQ motifs are located
within spacer domains, whereas the C-terminal doublet S676Q/S678Q is within the second
DNA binding domain of Mre11 [4,61] (Fig. 2A). The Ser/Thr residues were substituted for
Ala to generate hMre11 protein lacking all eight SQ/TQ consensus sequences (SFig. 1A, SA
mutant), or hMre11 lacking specific subsets of SQ/TQ motifs (SFig. 1A, SAI and SAII
mutants). In addition, we generated a form of hMre11 in which the Ser/Thr residues of all eight
SQ/TQ motifs were mutated to Asp (SFig. 1A, SD mutant) in an attempt to generate a
phosphomimic Mre11 mutant. The expression of mutant Mre11 proteins was verified by
Western blot and Coomassie staining analysis of recombinant MRN complexes purified from
insect cells co-infected with baculoviruses for hRad50, hNbs1, and each of the hMre11 SQ/
TQ site mutant proteins (SFig. 1B and data not shown).

We then performed co-immunoprecipitation analysis of purified recombinant MRN complexes
to assess stable complex formation between Mre11, Rad50 and Nbs1. We used anti-XMre11
serum to immunoprecipitate hMre11 from purified MRN-WT, MRN-SA, and MRN-SD
complexes, followed by Western blot analysis with antibodies specific for each MRN subunit.
hRad50 and hNbs1 were detected at similar levels in Mre11-immunoprecipitates from MRN-
WT, MRN-SA, and MRN-SD complexes (Fig. 2B) indicating that mutagenesis of Mre11 SQ/
TQ motifs does not affect the ability of Mre11 to interact with Rad50 and Nbs1, and therefore
the integrity of the MRN complex. We observed that Nbs1 was less abundant in all three
recombinant complexes (data not shown), a phenomenon previously reported for WT-MRN
[10].

Next, we assessed the phosphorylation of Mre11 SQ/TQ site mutant proteins in Mre11-
depleted extracts supplemented with recombinant MRN complexes. We found that
mutagenesis of all eight SQ/TQ motifs to Ala reduced but not abrogated DSB-induced Mre11
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phosphorylation (Fig. 2C, lane 7). A similar behavior was observed with Mre11 protein lacking
the five most C-terminal consensus sites (SFig. 2A, lane 4), whereas mutagenesis of the three
most N-terminal SQ/TQ motifs had no effect on Mre11 electrophoretic mobility (SFig. 2B,
lane 7). These findings establish that one or more Ser/Thr residues among the five C-terminal
Mre11 SQ/TQ motifs are phosphorylated in a DNA damage-dependent manner, and that
additional sites other than SQ/TQ motifs contribute to Mre11 phosphorylation as seen by
electrophoretic mobility shift.

Next, we investigated the contribution of PIKKs to Mre11 phosphorylation following DNA
damage by assessing the consequence of PIKK inhibition on Mre11 electrophoretic mobility.
We found that treatment with caffeine, which inhibits both ATM and ATR, or wortmannin,
which inhibits ATM, DNA-dependent protein kinase catalytic subunit (DNA-PKcs), and
possibly ATR, resulted in the partial disappearance of hyperphosphorylated Mre11 (Fig. 2C
and SFig. 2C). Treatment with the ATM specific inhibitor KU55933 [62] or ATM-depletion
had no appreciable effect on Mre11 electrophoretic mobility (Fig. 2C and SFig. 2C). This
finding is consistent with data in mammalian cells that showed that DNA damage-induced
Mre11 mobility shift was normal in A-T cells deficient for ATM protein kinase [43,45].
However, several studies have implicated ATM as one of the kinases responsible for Mre11
phosphorylation in response to DSBs [36-39,44,59], and in vitro kinase reaction assays with
catalytically active ATM provide evidence for a functional role of Mre11 phosphorylation by
ATM (see below). This suggests that either both ATR and ATM can phosphorylate Mre11 in
a redundant manner following DNA damage and/or Mre11-phosphorylation by ATM is not
associated with a detectable shift in gel mobility. Finally, treatment with NU7026, which
inhibits the catalytic subunit of DNA-PK [63], did not affect Mre11 mobility at concentrations
that inhibit specifically DNA-PKcs (SFig. 2, C and D). We have previously established that
NU7026 significantly reduces repair of DSBs by non-homologous end joining in Xenopus egg
extracts at concentrations as low as 0.5 μM [50]. We also tested caffeine and wortmannin
treatment in combination with ATM-depletion and, similar to what we observed with
undepleted extracts (Fig. 2C and SFig. 2C), we found a significant reduction but not abrogation
of Mre11 phosphorylation (data not shown). Together, these findings suggest that Mre11
phosphorylation following DNA damage is mediated by ATR/ATM as well as by additional
protein kinases that are insensitive to PIKKs inhibitors.

Phosphorylation of Mre11 SQ/TQ motifs modulates the affinity of MRN for DNA
We investigated whether damage-induced phosphorylation regulates Mre11 binding to DNA.
We monitored DNA binding to biotinylated linear DNA molecules or chromatin from
demembranated sperm nuclei. Xenopus egg extracts support chromatin assembly on purified
DNA [64-66], and biotinylated linear DNA molecules have been successfully used to analyse
the kinetics of chromatin and pre-replicative complex assembly [52,67-70]. We first examined
loading of endogenous Mre11 protein onto biotinylated DNA molecules in extracts by
streptavidin-mediated pull-down and Western blot analysis of bound proteins with anti-
XMre11 serum. Samples were analyzed under electrophoretic conditions that limit the
resolution of phosphorylation-mediated gel shifts, in order to better estimate the total amount
of DNA-bound Mre11. Time course analysis of untreated extracts showed that Mre11 bound
to DNA with an extremely rapid kinetics, being detectable in the DNA-bound fraction as soon
as DNA was incubated in extracts (Fig. 3A, lower panel, lanes 2 and 6). Mre11 binding to DNA
peaked at 2 minutes, and declined afterwards (Fig. 3A, lanes 3-5). We then compared Mre11
binding to DNA in the absence and presence of the phosphatase inhibitor okadaic acid, which
prevents Mre11 dephosphorylation in egg extracts (Fig. 1). Binding of Mre11 to DNA was
reduced in presence of okadaic acid compared to untreated extracts at each time point (Fig.
3A, lower panel, compare lanes 2 to 5 with lanes 6 to 9). This suggests that Mre11 binding to
DNA is regulated in part by phosphorylation of Mre11 that can be reversed by okadaic acid-
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sensitive phosphatases. Interestingly, when we analyzed Mre11 binding to DNA under
electrophoretic conditions that allowed for resolution of the phosphorylated Mre11 isoforms
(data not shown), we found that both hypo- and hyper-phosphorylated forms of Mre11 were
readily detectable on DNA in the absence of okadaic acid. This suggests that hyper-
phosphorylated Mre11 can transiently associate with DNA, and that DNA-bound Mre11 is
more resistant to dephosphorylation than Mre11 in the cytosol.

ATM is recruited, at least initially, through its binding with the C-terminus of Nbs1 [71].
Accordingly, we found that decreased Mre11 binding to DNA in okadaic acid-treated extracts
correlated with reduced ATM recruitment to DNA at each time point (Fig. 3A, upper panel).

Taken together, these findings strongly suggest that Mre11 phosphorylation modulates its DNA
binding activity. We sought to test the possibility that phosphorylation of Mre11 at SQ/TQ
sites could modulate Mre11 ability to load onto DNA. We analyzed DNA binding of
recombinant MRN-WT, MRN-SA and MRN-SD complexes following incubation of extracts
with biotinylated linear DNA. Western blot analysis of DNA-bound fractions with anti-
XMre11 serum revealed that substitution of Ser/Thr for Ala in the MRN-SA mutant complex
results in a significant increase in Mre11 and ATM binding to DNA (Fig. 3B, top two panels,
compare lanes 3 and 4). Notably, Mre11 and ATM binding were dramatically reduced in DNA-
bound fraction purified from extracts supplemented with MRN-SD complex (Fig. 3B, lane 5).
To rule out the possibility that MRN-SD reduced binding could result from an unstable
complex, we monitored Mre11-SD, Rad50 and Nbs1 protein levels and MRN-SD complex
stability following incubation in extracts (SFig. 1C). We found that MRN-SD complex was
stable, ruling out the possibility that MRN-SD might be specifically unstable in extracts. We
then compared the kinetics of MRN-WT and MRN-SA complex binding to biotinylated DNA,
and found that the amount of Mre11 and Nbs1 proteins in the DNA-bound fractions purified
from extracts supplemented with MRN-SA was higher than in extracts supplemented with WT
complex at all time points (Fig. 3C).

Next, we monitored the ability of MRN SQ/TQ site mutant complexes to bind chromatin from
demembranated sperm nuclei. Extracts supplemented with MRN complex were incubated for
1 hour with sperm nuclei, and Mre11 chromatin binding was monitored by Western blot
analysis of purified chromatin fractions. Consistent with the results obtained with biotinylated
DNA templates, Mre11-SA mutant displayed enhanced loading onto sperm chromatin
compared to the WT protein, whereas Mre11-SD binding was dramatically reduced (Fig. 3D,
lower panel). As expected, ATM loading correlated with MRN binding to chromatin (Fig. 3D,
upper panel) Taken together, these results suggest that phosphorylation of Mre11 at SQ/TQ
motifs regulates MRN complex affinity for DNA. These experiments do not exclude the
possibility that phosphorylation at non-SQ/TQ sites could contribute to this regulation as MRN-
SA binding to biotinylated DNA in extracts supplemented with okadaic acid was reduced
compared to untreated extracts (data not shown).

To test whether Mre11 phosphorylation at SQ/TQ sites regulates MRN complex release from
DNA, we monitored the binding of MRN-WT and MRN-SA complexes to DNA before and
after phosphorylation by ATM. In vitro kinase reaction with catalytically active monomeric
ATM and purified MRN-WT complex in presence of 32P-ATP yielded three major bands with
apparent molecular weights expected for Rad50, Nbs1, and Mre11 (data not shown), consistent
with recent proteomic-based studies showing that all three subunits of the MRN complex are
phosphorylated on the ATM/ATR substrate SQ/TQ consensus motifs following DNA damage
[36,37,39]. Mre11-depleted extracts were incubated with biotinylated DNA in the presence of
MRN-WT or mutant SA complex to trigger MRN binding to DNA, and the purified DNA-
bound fractions were phosphorylated in vitro with purified monomeric ATM. MRN-WT
binding to DNA was reduced following phosphorylation by monomeric ATM (Fig. 3E, lanes
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2-3). In contrast, MRN-SA binding to DNA was not affected by incubation with active ATM
protein kinase (Fig. 3E, lanes 4-5). Altogether, these findings strongly suggest that ATM/
PIKKs-mediated phosphorylation of Mre11 SQ/TQ motifs facilitates the release of the MRN
complex from DNA.

Phosphorylation of Mre11 SQ/TQ motif impairs DNA tethering and subsequent ATM
activation

We showed that Mre11 phosphorylation reduces MRN DNA binding activity and in turn, ATM
recruitment. Next, we wanted to test if this could affect ATM activation. We first characterized
the effects of SQ/TQ mutagenesis on MRN complex DNA-end tethering activity, which is
strictly dependent upon MRN complex ability to bind to DNA, and is required for proper ATM
activation in response to DSBs [9,30]. Mre11-depleted extracts were incubated with
biotinylated linear DNA molecules and radioactive non-biotinylated DNA in the presence of
MRN-WT, -SA, or -SD recombinant complexes. MRN DNA end-tethering activity was
monitored by measuring the amount of radioactivity associated with biotinylated DNA
following pull-down. As previously reported [9,30], Mre11-depletion reduced, but did not
eliminate DNA tethering activity in extracts, suggesting that additional factors contribute to
this activity (Fig. 4A). MRN complex is rate-limiting in extract for DNA end-bridging activity
as addition of increasing amounts of MRN-WT complex results in a proportional increase in
the radioactivity associated with biotinylated DNA (SFig. 3 and [9]). At concentration of 500
nM, MRN-WT complex rescued the DNA tethering defect of Mre11-depleted extracts above
the levels observed for mock-depleted extracts (Fig. 4A and SFig. 3). Addition of MRN-SA
complex to Mre11-depleted extracts rescued the DNA end-tethering defect (Fig. 4A) indicating
that phosphorylation of SQ/TQ sites was not required for DNA-bridging activity. However,
the DNA tethering activity of MRN-SA did not correlate with its affinity for DNA, which is
higher than that of the WT complex. Notably, the MRN-SD complex failed to correct the DNA
tethering defect in Mre11-depleted extracts (Fig. 4A), which is consistent with Mre11-SD
impaired ability to load onto DNA.

An early consequence of the MRN-dependent recruitment of ATM to DSBs is the
phosphorylation of histone H2AX in the immediate vicinity of the break [72,73]. To determine
the consequences of substituting Mre11 SQ/TQ phosphorylation sites, we monitored the ability
of mutant MRN complexes to support ATM activation in response to DSBs as measured by
histone H2AX phosphorylation. Mre11-depleted extracts supplemented with MRN-WT, -SA,
or -SD complexes were incubated with biotinylated 1 Kb DNA. DNA was purified and
phosphorylation of histone H2AX was monitored on immobilized DNA by Western blot
analysis with antibodies against γ-H2AX. As expected, histone H2AX phosphorylation was
dependent upon MRN, and Mre11-depletion abrogated H2AX phosphorylation (Fig. 4B, lane
3). Addition of recombinant MRN-WT complex rescued H2AX phosphorylation (Fig. 4B, lane
4). MRN-SA complex also restored H2AX phosphorylation, albeit to a slightly lower extent
than the WT complex (Fig. 4B, lane 5). In contrast, no γ-H2AX signal was detected in the
DNA-bound fraction from extracts supplemented with MRN-SD (Fig. 4B, lane 6) indicating
that this mutant complex fails to support DSB-induced ATM activation, even though it was
stable in extracts (SFig.1C). Altogether, these data demonstrate that DNA damage-induced
phosphorylation of Mre11 is not required for ATM activation, however, abrogation of Mre11
dephosphorylation dramatically impairs ATM signaling.

4. Discussion
The MRN complex is required upstream of ATM activation [8-12,30], and all three Mre11,
Rad50 and Nbs1 proteins are targets of ATM or ATR [13,14,17,36,37,39,44,59]. This suggests
that feedback loops regulate the activity of the MRN complex through phosphorylation. To
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test this hypothesis in the case of Mre11, we have assessed the consequence of substituting all
PIKK consensus phosphorylation sites (SQ and TQ) by non-phosphorylatable alanines or
phosphomimic aspartates. Alanine substitution of the eight putative phosphorylation sites
yields functional MRN complexes: 1) Mre11-SA assembles into MRN complexes (Fig. 2B);
2) MRN-SA complexes bind to chromatin and DNA (Fig. 3); 3) recombinant MRN-SA
supports DNA tethering in MRN-depleted extracts (Fig. 4A); and 4) MRN-SA supports ATM
activation in MRN-depleted extracts (Fig. 4B).

While we provide evidence that phosphorylation of Mre11 by ATM alone has significant
functional consequences by decreasing MRN binding to DNA, we also provide evidence that
ATM is not responsible for the bulk of phosphorylation following DNA damage. Indeed,
substitution of all SQ/TQ sites to AQ did not abrogate Mre11 mobility shift, strongly suggesting
that additional DNA damage-dependent phosphorylations are taking place. Consistent with
this, caffeine or wortmannin only partially inhibits wild type Mre11 phosphorylation. Finally,
specific inhibition of ATM or DNA-PKcs has minimal effect on Mre11 mobility, indicating
that SQ/TQ sites in Mre11 might be phosphorylated by both ATM and ATR, possibly in a
redundant manner. This hypothesis is consistent with previous observations in mammalian
cells and in cell-free extracts [43,45,59].

Our data are consistent with a model in which DSBs trigger the rapid association coupled with
the hyper-phosphorylation of Mre11 on DNA. Phosphorylation of Mre11 at SQ/TQ sites
inactivates the MRN complex by facilitating its dissociation from chromatin, thus allowing
down-regulation of DNA damage signaling and recovery from the checkpoint response.
Furthermore, our data strongly suggest that phosphorylation of Mre11 within the MRN
complex is the most critical event. Whereas phosphorylation of MRN by ATM significantly
decreases MRN-WT DNA binding, it does not affect the binding of MRN-SA (Fig. 3E). This
shows that PIKK-dependent modulation of MRN DNA binding and DNA tethering is mediated
primarily by phosphorylation of Mre11 SQ/TQ sites. However, we cannot exclude the
possibility that non-consensus sites on Mre11 or additional targets of okadaic acid-sensitive
phosphatases might contribute to this regulation, since okadaic acid treatment reduced the
binding of MRN-SA to DNA (data not shown). Upon DNA damage, MRN localizes rapidly
to DSBs [6,7] and recruits ATM to the sites of damage through the interactions of Nbs1 C-
terminus with ATM [71]. We show that both Mre11 phosphorylation and binding to DNA are
extremely rapid and concomitant, supporting the idea that MRN localization to sites of damage
is tightly coupled with ATM/PIKKs recruitment. Dissociation of MRN from damage sites
should not precede the successful completion of the DNA damage response: phosphorylation
of ATM downstream targets and DSB repair. We propose that a mechanism to prevent the
precocious inactivation of the MRN complex by phosphorylation of Mre11 is the rapid turnover
of phosphate on Mre11. Indeed, we observe rapid dephosphorylation of Mre11 by okadaic
acid-sensitive phosphatase(s) in extracts supplemented with short DSB-containing DNA
templates that are not repaired during the course of the experiment. As anticipated from its
weaker chromatin binding, MRN-SD is defective in ATM activation (Fig. 4B). Candidate
phosphatases for such Mre11-dephosphorylating activity are PP2A, which is associated with
ATM and released upon ATM activation [74], and PP1, which is activated in an ATM-
dependent manner following IR-induced DNA damage [75]. Conversely, extensive spreading
of an activated MRN complex harboring both endo- and exo-nuclease activities around damage
sites could be harmful. In fact, MRN chromatin spreading surrounding a DSB is limited to few
kilobases in yeast [76] and in mammalian cells [77,78]. Dissociation of the complex by
phosphorylation would thus prevent extensive chromatin spreading of the complex. Failure to
phosphorylate and inactivate Mre11 could then result in a persistent DNA damage response
associated with cell-cycle arrest.
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DSBs initiate a signaling cascade with dramatic effects on cell cycle and viability, and therefore
multiple levels of regulation might have evolved to promptly inactivate checkpoint factors all
along the cascade once DNA is repaired. Dephosphorylation is a critical modification for
checkpoint down-regulation. In S. cerevisiae, the PP2C-like phosphatases Ptc2 and Ptc3
contribute to adaptation and recovery after HO-induced DSBs by promoting dephosphorylation
and inactivation of the checkpoint kinase Rad53 [79]. Pph3-dependent dephosphorylation of
γH2A has also been shown to be required for efficient recovery from DNA damage checkpoint
in budding yeast [80]. In mammalian cell lines, PP2A dephosphorylates γH2AX during later
stages of the DNA damage response, and this allows for DSB repair to be efficiently completed
[81]. Our study unveils a potential role for the phosphorylation of the MRN complex subunit
Mre11 in the regulation of checkpoint inactivation. Mre11 phosphorylation and γH2AX
dephosphorylation could represent two complementary mechanisms that synergistically
prevent the recruitment of ATM molecules to the original DSB site following resolution of the
break, thus allowing for down-regulation of the DSB checkpoint signaling and resumption of
normal cell cycle.
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Figure 1. DSBs induce rapid and transient phosphorylation of Mre11 in Xenopus cell-free egg
extracts
Interphase egg cytosol (A) and membrane-free egg cytosol (B) extracts were incubated for 15
min with DSBs-containing DNA (DSBs) at the indicated concentrations in the absence or
presence of 4 μM of okadaic acid (OA), and analyzed by Western blotting with anti-XMre11
serum. (C) Membrane-free egg cytosol was incubated for the indicated times with DSBs (4.34
× 1010 ends/μl) in the absence or presence of 4 μM of okadaic acid (OA), and analyzed by
Western blotting with anti-XMre11 serum. (D) Untreated interphase egg cytosol, mock-, and
Mre11-depleted extracts supplemented with recombinant MRN complex were incubated with
DSBs (4.34 × 1011 ends/μl) in the presence or absence of tautomycin (4 μM), and analyzed by
Western blotting with anti-XMre11 serum. (E) Mock- and Mre11-depleted membrane-free
extracts supplemented with purified MRN complex were incubated in the presence or absence
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of DSBs (4.34 × 1010 ends/μl) and OA (4 μM), treated with Lambda Protein Phosphatase (λ-
PPase) (lanes 5 and 9), and analyzed by Western blotting with anti-XMre11 serum.
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Figure 2. Mre11 is phosphorylated at SQ/TQ motifs in response to DSBs
(A) The amino acid sequences of Mre11 proteins from Homo sapiens (ACcession number:
P49959), Mus musculus (AC: Q61216), Gallus gallus (AC: Q9IAM7), and Xenopus laevis
(AC: Q9W6K1) were aligned using the CLUSTAL W (1.83) multiple sequence alignment
program. SQ/TQ motifs are highlighted in bold. The amino acid positions of the Ser/Thr
residues in the eight SQ/TQ motifs of the human protein are indicated. ND: Nuclease domain;
DBD-1/2: DNA-binding domain 1/2. (B) Purified MRN-WT, MRN-SA, and MRN-SD
complexes were immunoprecipitated with preimmune (Pre) or anti-XMre11 (αMre11) serum,
and the immunoprecipitates were immunoblotted with anti-hRad50 serum (upper panel), anti-
hNbs1 serum (middle panel), and anti-XMre11 serum (lower panel). The inputs shown are
equivalent to 15% of the purified MRN complex used in the co-immunoprecipitation reactions.
(C) Mre11-depleted membrane-free extracts supplemented with recombinant MRN-WT or
MRN-SA complex were incubated for 15 min in the presence or absence of DSBs (4.34 ×
1010 ends/μl), okadaic acid (OA; 4 μM), and KU55933 (10 or 100 μM) or caffeine (10 mM),
and analysed by Western blotting with anti-XMre11 serum.
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Figure 3. Phosphorylation of Mre11 SQ/TQ motifs modulates MRN complex association with DNA
(A) Untreated membrane-free egg extracts were incubated with biotinylated 150 bp linear
double-stranded DNA (B-150 bp DNA) bound to streptavidin beads for the indicated times in
the absence (lanes 1-5) or presence (lanes 6-9) of 4 μM okadaic acid (OA). The DNA-bound
fractions were pulled down, electrophoresed on NuPAGE® Novex 3-8% Tris-Acetate gel and
analyzed by Western blot with anti-XATM serum (upper panel) or anti-XMre11 serum (lower
panel). (B) Mre11-depleted membrane-free egg extracts supplemented with MRN-WT, -SA,
or -SD recombinant complex were incubated for 30 min with B-150 bp DNA bound to
streptavidin beads. The resulting supernatants were separated from the DNA-bound fractions,
and both fractions were analyzed by Western blotting with antibodies against the indicated
proteins. (C) Mre11-depleted membrane-free egg cytosol supplemented with MRN-WT or
MRN-SA complex was incubated with B-150 bp DNA bound to streptavidin beads for the
indicated time points. The DNA-bound fractions were separated from the supernatants, and
analyzed by Western blotting with anti-XMre11 serum (upper panel) and anti-hNbs1 serum
(lower panel). (D) Mre11-depleted interphase egg cytosols supplemented with MRN-WT,
MRN-SA, or MRN-SD complex were incubated for 1 h with demembranated sperm nuclei
(10,000 nuclei/μl), and the chromatin fractions were isolated and analyzed by Western blotting
with anti-XATM serum (upper panel) and anti-XMre11 serum (lower panel). (E) Mre11-

Virgilio et al. Page 19

DNA Repair (Amst). Author manuscript; available in PMC 2010 November 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



depleted membrane-free egg extracts supplemented with either MRN-WT or MRN-SA
complex were incubated for 5 min at 22 °C with biotinylated 150 bp linear double-stranded
DNA (B-150 bp DNA) bound to streptavidin beads. The DNA-bound fractions were separated
from the supernatants and used as a substrate for an in vitro kinase reaction in the presence or
absence of purified monomeric ATM kinase (mATM) and dATP. DNA-bound proteins were
then separated on SDS-PAGE, and analyzed by Western blotting with anti-XMre11 serum
(upper panel), anti-hNbs1 serum (middle panel), and anti-hRad50 serum (lower panel).
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Figure 4. Phosphorylation of Mre11 SQ/TQ motif impairs DNA tethering and subsequent ATM
activation
(A) Mock- and Mre11-depleted membrane-free egg extracts supplemented with MRN-WT, -
SA, or -SD (500 nM) were incubated with biotinylated 1 Kb linear double-stranded DNA (B-1
Kb DNA) bound to streptavidin beads and free radioactive non-biotinylated 1 Kb DNA.
Streptavidin-immobilized DNA fractions were isolated, and the associated radioactivity (cpm)
was measured. Values are expressed as percentages relative to B-1 Kb DNA-supplemented
Mock-depleted sample, which is set to 100%, and error bars represent standard deviations from
three independent experiments. (B) Mock- and Mre11-depleted membrane-free egg extracts
supplemented with MRN-WT, MRN-SA, or MRN-SD (500 nM) were incubated with B-1 Kb
DNA (1.1 × 1011 ends/μl) bound to streptavidin beads for 10 min at 22°C. The DNA-bound
fractions were separated from the supernatants and analyzed by Western blotting with
antibodies against γ-H2AX (upper panel) and MCM6 (lower panel; loading control).
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