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ATM and ATR promote Mre11 dependent restart
of collapsed replication forks and prevent

accumulation of DNA breaks
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Ataxia-telangiectasia mutated (ATM), ataxia-telangiectasia
Rad3-related (ATR) and the Mrell/Rad50/Nbsl complex
ensure genome stability in response to DNA damage.
However, their essential role in DNA metabolism remains
unknown. Here we show that ATM and ATR prevent
accumulation of DNA double-strand breaks (DSBs) during
chromosomal replication. Replicating chromosomes accu-
mulate DSBs in Xenopus laevis egg extracts depleted of
ATM and ATR. Addition of ATM and ATR proteins to
depleted extracts prevents DSB accumulation by promot-
ing restart of collapsed replication forks that arise during
DNA replication. We show that collapsed forks maintain
MCM complex but lose Pol &, and that Pol ¢ reloading
requires ATM and ATR. Replication fork restart is abol-
ished in Mrell depleted extracts and is restored by sup-
plementation with recombinant human Mrell/Rad50/
Nbs1 complex. Using a novel fluorescence resonance en-
ergy transfer-based technique, we demonstrate that ATM
and ATR induce Mrell/Rad50/Nbsl complex redistribu-
tion to restarting forks. This study provides direct
biochemical evidence that ATM and ATR prevent accumu-
lation of chromosomal abnormalities by promoting Mrell/
Rad50/Nbs1 dependent recovery of collapsed replication
forks.
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Introduction

Cells preserve genome integrity by maintaining the correct
number and the proper structure of chromosomes throughout
the cell cycle. Surveillance mechanisms, called checkpoints,
counteract deleterious effects of endogenous and environ-
mental sources of DNA damage by delaying cell cycle pro-
gression in the presence of DNA damage and coordinating
DNA damage repair.
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PI-3-like kinases, including ataxia-telangiectasia mutated
(ATM) and Rad3-related (ATR) play central roles in DNA
damage checkpoints. ATM is defective in ataxia-telangiecta-
sia disease (A-T), which is characterized by cancer suscept-
ibility, radio sensitivity and neurological defects (Shiloh and
Kastan, 2001).

Following DNA damage, ATM becomes activated and leads
to cell cycle arrest by promoting p53 stabilization in Gl
(Morgan and Kastan, 1997) and by inhibiting origin firing
at G1/S boundary inducing downregulation of Cdk2 activity
(Costanzo et al, 2000).

ATR kinase, instead, responds to single stranded gaps in
DNA. ATR is activated following recruitment through its
interacting partner ATRIP onto RPA coated single-strand
DNA (Zou and Elledge, 2003). Experiments with conditional
knockout mice have shown that ATR is an essential gene.
Cells lacking ATR undergo chromosome fragmentation in
S-phase and subsequent cell death in the absence of apparent
exogenous sources of DNA damage (Brown and Baltimore,
2000).

Cells are highly sensitive even to partial ATR deficiency, as
shown by the Seckel syndrome phenotype (O’Driscoll et al,
2003). ATR is essential to maintain chromosome integrity
by promoting stabilization of replication forks. Cells with a
mutant allele of Mecl, the ATR ortholog in budding yeast,
accumulate chromosomal breaks (Cha and Kleckner,
2002). Mecl probably prevents replication fork collapse by
controlling Rad53 kinase that is required to stabilize stalled
replication forks in the presence of hydroxyurea (Lopes
et al, 2001; Sogo et al, 2002; Tercero et al, 2003). Recently,
an extensive crosstalk between ATR and ATM in response
to DNA damage has been demonstrated (Jazayeri et al,
20006).

The Mrell/Rad50/Nbsl complex is another major player
in genome stability. The complex is among the first proteins
to bind to double-strand breaks (DSBs) in vivo and it is
required to activate the ATM-dependent response (Carson
et al, 2003; Uziel et al, 2003; Costanzo et al, 2004). Mutations
in Mrell lead to ataxia-telangiectasia like disease (ATLD),
a syndrome similar to A-T, implying that ATM and Mrell
function in the same pathway (Stewart et al, 1999).

We have previously shown that Xenopus Mrell is required
to prevent DSB accumulation during DNA replication
(Costanzo et al, 2001). This indicates that Mrell is not only
required to respond to DSBs but also to resolve aberrant
structures that arise during normal DNA replication and
therefore could lead to formation of DSBs.

Recently, we have demonstrated that ATM and ATR func-
tion during unperturbed chromosomal replication in Xenopus
egg cell free extract (Shechter et al, 2004).

Using this system, we now provide novel biochemical
evidence that ATM and ATR prevent accumulation of
chromosomal breaks during DNA replication by directly
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promoting Mrell-dependent repair and recovery of collapsed
replication forks.

Results

ATM and ATR prevent DSB accumulation in replicating
chromosomes

To determine whether ATM and ATR are required to prevent
DSB accumulation during DNA replication, we performed the
TUNEL assay that detects DSBs (Costanzo et al, 2001; Li et al,
2004). We monitored DSB accumulation on chromosomes
and nuclei replicated for 120 min in normal and ATM and
ATR deficient Xenopus egg cell free extracts, in the presence
and in the absence of replication inhibitors such as Geminin,
which prevents assembly of the replication complex or
Roscovitine, which blocks the activity of Cyclin-dependent
kinases (Cdks) required for origin firing.

To inhibit ATM and ATR activity we treated extracts with
SmM caffeine, an ATM and ATR inhibitor. Chromosomes
isolated from caffeine-treated extracts showed a significant
increase in the TUNEL labeling measured as incorporation of
o-32P-labeled dGTP in the presence of terminal transferase
(TdT) (Figure 1A and C). The presence of DSBs was con-
firmed by detection of TUNEL positive nuclei isolated from
caffeine-treated extracts and analyzed by deconvolution
microscopy (Figure 1B). In contrast, chromosomal DNA
replicated in untreated extracts showed no TUNEL labeling
(Figure 1A-C). Caffeine might directly bind DNA and induce
DSBs. To verify that DSB accumulation was due to the
absence of active ATM and ATR, we incubated genomic
DNA in interphase extracts that had been depleted of ATM
and ATR. Biotinylated Xenopus Nbsl C-terminal peptide
(Falck et al, 2005; You et al, 2005) and specific polyclonal
antibodies recognizing ATR were used to deplete Xenopus
ATM and Xenopus ATR, respectively (Figure 1D). Biotinylated
Xenopus Nbsl C-terminal peptide specifically binds and
depletes Xenopus ATM but does not bind Xenopus ATR
(Figure 1D and Supplementary Figure 1). In the absence of
ATM and ATR, we detected DSB accumulation during DNA
replication (Figure 1A). Quantitative analysis showed that the
number of DSBs was higher in genomes replicated in the
absence of both ATM and ATR (Figure 1C). A similar number
of DSBs accumulated in the presence of caffeine (Figure 1C),
suggesting DSBs induced by caffeine are mostly due to
inhibition of ATM and ATR activity. TUNEL performed on
chromatin digested with different restriction endonucleases
to produce a defined number of DSBs allowed us to establish
that the TUNEL assay was in a linear range. The number of
DSBs in ATR and ATM depleted extracts was estimated to be
100 per chromosome (not shown).

ATR depletion led to a higher number of DSBs than ATM
depletion (Figure 1C). No DSBs were detected in mock-
depleted extracts (Figure 1A and C). To confirm that DSB
accumulation was due to the absence of ATM and ATR, we
supplemented ATM and ATR depleted extracts with recombi-
nant human ATM and ATR proteins purified from H293T cells
overexpressing Flag-ATM and Flag-ATR. In the presence of
recombinant ATM and ATR, replicating chromosomes did not
accumulate DSBs during chromosomal DNA replication
(Figure 1A and C). Importantly, catalytically inactive ATM
and ATR were unable to prevent DSB accumulation in ATM
and ATR depleted extracts (Figure 1C).
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To verify that we could efficiently remove and reconstitute
ATM and ATR activity in extracts, we measured ATM and ATR
activity in an in vitro kinase assay using the C-terminal
peptide of histone H2AX fused to GST (GST-H2AX) as sub-
strate (Costanzo and Gautier, 2004; Costanzo et al, 2004).
The addition of DNA containing DSBs to extracts stimulated
GST-H2AX phosphorylation (Figure 1E). GST-H2AX phos-
phorylation was abrogated by caffeine or ATM and ATR
depletion and restored by addition of recombinant ATM and
ATR (Figure 1E). Catalytically inactive ATM and ATR, in-
stead, were unable to restore GST-H2AX phosphorylation
(Figure 1E).

We then asked whether DSB accumulation was dependent
upon chromosomal DNA replication. We performed the
TUNEL assay on chromatin incubated in ATM and ATR
depleted or caffeine-treated extracts in the presence of
Geminin or with a high dose of Roscovitine that completely
suppresses DNA replication (Supplementary Figure 2). In the
absence of chromosomal DNA replication, DSBs were drasti-
cally reduced (Figure 1A-C), indicating that DSBs arise
spontaneously from replicating DNA in the absence of ATM
and ATR.

To exclude that the TUNEL assay was labeling active
replication intermediates, we monitored the kinetic of DNA
replication completion. At the concentration of nuclei used
for the TUNEL assay DNA replication was efficiently com-
pleted in 120 min in nondepleted extracts. In caffeine treated
and ATM and ATR depleted extracts replication was com-
pleted slightly faster as shown by the kinetic of a-**P-labeled
GTP incorporation (Supplementary Figure 3).

Inhibition of ATM and ATR during chromosomal replica-
tion leads to unscheduled origin firing (Marheineke and
Hyrien, 2004; Shechter et al, 2004). To determine whether
DSB accumulation was the result of an increased number of
firing origins, we treated ATM and ATR depleted extracts with
a low dose of Roscovitine that decreased the number of firing
origins to the level of undepleted extracts (Supplementary
Figure 2). Downregulation of origin firing by Roscovitine
reduced DSB accumulation in ATM and ATR depleted extracts
by 25% (Figure 1C), suggesting that DSB accumulation in the
absence of ATM and ATR depends only partially on increased
origin firing.

To confirm that we were detecting mostly DSBs and not
single strand breaks (SSBs) or other replication intermediates
such as reversed or collapsed forks, DNA isolated from
untreated, caffeine treated or ATM and ATR depleted extracts
was subjected to pulse field gel electrophoresis (PFGE),
which has been successfully used to monitor DSB accumula-
tion during DNA replication (Saleh-Gohari et al, 2005;
Sorensen et al, 2005). Using PFGE we uncovered the presence
of a significant amount of fragmented DNA derived from
chromosomes replicated in caffeine treated or ATM and ATR
depleted extracts (Supplementary Figure 4A). DNA fragmen-
tation was suppressed in ATM and ATR depleted extracts
supplemented with recombinant active ATM and ATR but not
with catalytically inactive ATM and ATR. In addition, a high
dose of Roscovitine or Geminin inhibited the accumulation
of DSBs during DNA replication in ATM and ATR depleted
extracts. DSBs in the presence of caffeine were further
detected by the less sensitive neutral comet assay shown
in Supplementary Figure 4B and C (see legend of
Supplementary Figure 4B and C). These results represent
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Figure 1 ATM and ATR prevent DSB accumulation during chromosomal DNA replication. (A) DSBs are detected by the TUNEL assay
measuring incorporation of a->*P-labeled dGTP into genomic DNA in the presence of TdT (see Supplementary Materials and methods). Upper
panel: Extracts supplemented with Buffer (+ Buffer). Lower panel: Extracts supplemented with recombinant Flag-ATM and Flag-ATR (+ ATM/
ATR). Labeling of postreplicative chromatin isolated from untreated extracts (Control, lanes 1 and 7), mock-depleted extracts (Mock dep, lanes
2 and 8), an extract supplemented with 5 mM caffeine (Caff) and 4 ng/pl of Geminin (GEM) (lane 3), ATM and ATR depleted extracts (ATM and
ATR dep) treated with 4 ng/ul of Geminin (lanes 4 and 9), an extract treated with 5mM caffeine (Caff, lane 5) and ATM and ATR depleted
extracts (ATM/ATR dep, lanes 6 and 10). (B) TUNEL assay on intact nuclei. Postreplicative nuclei stained with DAPI (upper panels) or with
Fluorescein-dUTP in the presence of TdT (lower panels) (see Supplementary Materials and methods). Nuclei were isolated from an untreated
extract (Control), an extract treated with 5 mM caffeine (Caff), an extract treated with 5 mM caffeine and 500 uM Roscovitine (Caff + High Rosc)
or an extract treated with 5mM caffeine and 4ng/pl of Geminin (Caff+ GEM). (C) Quantification of the TUNEL assay. Labeling of
postreplicative chromatin isolated from a control extract (Control), a mock-depleted extracts (Mock dep), an extract supplemented with
5SmM caffeine and 4 ng/pl of Geminin (Caff + GEM), an extract supplemented with 5 mM caffeine and 500 uM Roscovitine (Caff + High Rosc),
an extract supplemented with 5 mM caffeine (Caff), an ATM and ATR depleted extract treated with 4 ng/ul of Geminin (ATM/ATR dep + GEM),
an ATM and ATR depleted extract supplemented with 500 uM Roscovitine (ATM/ATR dep + High Rosc), an ATM and ATR depleted extract
(ATM/ATR dep), an ATR depleted extract (ATR dep), an ATM depleted extract (ATM dep), an ATM and ATR depleted extract supplemented with
5 uM Roscovitine (ATM/ATR dep + Low Rosc), an ATM and ATR depleted extract supplemented with Flag-ATM and Flag-ATR (ATM/ATR
dep + ATM/ATR) and an ATM and ATR depleted extract supplemented with catalytically inactive Flag-ATM-KD and Flag-ATR-KD proteins
(ATM/ATR dep + ATM/ATR KD). (D) Immune and peptide mediated depletion of ATM and ATR. Western blot analysis with anti-Xenopus ATM
(upper panel) and anti-Xenopus ATR (lower panel) of control extracts (Control), mock depleted extracts (Mock dep), an extract depleted with
biotinylated C-terminal peptide of Xenopus Nbs1 (ATM dep) and an extract depleted with anti-ATR antibodies (ATR dep). (E) Reconstitution of
ATM and ATR activity in extracts. The activity of ATM and ATR protein kinases was monitored by incorporation of 3P from y->*P-labeled ATP
into GST fused to the C-terminal peptide of histone H2AX (GST-H2AX). 32P incorporation into GST- H2AX in the absence or in the presence of
linear DNA at 50ng/pl (4 DSBs) was monitored in an extract incubated with buffer (Buffer), with 5mM caffeine (Caff), in a mock depleted
extract (Mock dep), in an ATM and ATR depleted extract (ATM/ATR dep), in an ATM and ATR depleted extract supplemented with catalytically
inactive Flag-ATM and Flag-ATR proteins (ATM/ATR dep + ATM/ATR KD) and in an ATM and ATR depleted extract supplemented with
recombinant Flag-ATM and Flag-ATR (ATM/ATR dep + ATM/ATR).

additional and independent evidence showing that DSBs mulation during DNA replication in undepleted extracts and
were accumulating during DNA replication. ATM and ATR deficient extracts challenged with DNA dama-

ging agents. At 60 min (min) after addition of nuclei, when
ATM and ATR inhibit formation of DSBs that arise from replication was still active (Supplementary Figure 3), egg
collapsed replication forks extracts were supplemented either with Camptothecin
To determine whether active ATM and ATR are required to (CPT), a Topoisomerase I inhibitor, or Mitomycin C (MMC),
stabilize impaired replication forks, we monitored DSB accu- a potent crosslinking agent, in order to impair progression of
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replication forks (McHugh et al, 2000; Pommier, 2004). These
treatments led to a caffeine-resistant replication arrest
(Figure 3B). As most of the replication origins had fired at
the time of CPT, and MMC addition DNA replication inhibi-
tion was dependent upon the physical block to replication
fork progression induced by high doses of CPT or MMC and
not by the DNA damage checkpoint.

Both agents CPT and MMC induced DSB accumulation in
normal extracts. However, in CPT- or MMC-treated extracts
supplemented with caffeine or deprived of ATM and ATR DSB
accumulation was highly increased (Figure 2A). Geminin or a
high dose of Roscovitine added at 0 min prevented CPT- or
MMC-induced DSBs (Figure 2B and C), demonstrating that
DSB accumulation was dependent on chromosomal DNA
replication. Addition of a low dose of Roscovitine that was
able to inhibit the increased origin firing in the absence of
ATM and ATR (Supplementary Figure 2) affected only par-
tially DSB accumulation following CPT or MMC addition
(Figure 2D). This implies that deregulated origin firing
plays a marginal role in DSB accumulation. Taken together,
these results suggest that ATM and ATR directly prevent DSB
accumulation arising from collapsed replication forks.

ATM and ATR promote restart of collapsed replication
forks

To determine whether defective restart of collapsed replica-
tion forks caused DSB accumulation, we developed an assay
where chromatin replication was initiated in a first extract
(damaging extract) in which replication forks were stalled
or collapsed by addition of either Aphidicolin (APH), CPT
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or MMC at 60min after nuclei addition (see scheme in
Figure 3A). This extract was also supplemented at 60 min
after nuclei addition with a high dose of Roscovitine to block
ongoing origin firing and with caffeine to inhibit ATM and
ATR activity. After a brief incubation, chromatin bearing
damaged forks was isolated and transferred to a new extract
(restarting extract) made incompetent for origin firing and for
new origin assembly by addition of Roscovitine and Geminin.
APH, CPT or MMC treatment led to replication arrest in
damaging extracts (Figure 3B). In the restarting extract,
DNA replication partially resumed from damaged forks
(Figure 3C and D). However, addition of caffeine or depletion
of ATM and ATR completely impaired restart of replication
forks damaged by CPT or MMC (Figure 3C and D). In
contrast, replication forks stalled by APH were able to recover
even in the absence of ATM and ATR or in presence of
caffeine (Figure 3C and D). To test whether ATM and ATR
were directly involved in restart of damaged replication forks,
ATM and ATR depleted restarting extracts were supplemented
with recombinant ATM and ATR. In this case, ATM and ATR
restored normal DNA replication promoting replication fork
restart (Figure 3C and D). Importantly, addition of ATR and
ATM mutant proteins lacking catalytic activity was unable to
promote fork restart (Figure 3C and D).

Intriguingly, extract depleted of either ATR or ATM alone
was partially capable of supporting replication restart of CPT
and MMC damaged chromatin (Figure 3C and D). This
indicates that ATM and ATR have both overlapping
and nonredundant roles in the recovery of damaged forks
containing complex DNA lesions. As expected, chromatin
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Figure 2 ATM and ATR inhibit DSB accumulation in the presence of damaged replication forks. DSBs detected by TUNEL labeling of
postreplicative chromatin isolated after 120-min incubation in control extracts (A, Control), in extracts supplemented at 0 min with 4 ng/pl of
Geminin (B, GEM), 500 uM Roscovitine (C, High Rosc) or 5 uM Roscovitine (D, Low Rosc). Extracts were supplemented at 60 min from nuclei
addition with buffer (Buffer), with 55puM CPT or with 300 uM MMC. Extracts were mock depleted (gray bars), supplemented with 5mM
caffeine (black bars), ATM and ATR depleted (white bars) or untreated (striped bars).
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Figure 3 ATM and ATR promote restart of collapsed replication forks. (A) Experimental approach to dissect the role of ATM and ATR in the
restart of collapsed replication forks. Chromatin replication is initiated in a first interphase extract (damaging extract). Replication fork
progression is then blocked by addition of APH, CPT or MMC 60 min after nuclei addition to extracts in the presence of 5mM caffeine and
500 uM Roscovitine. At 90 min after nuclei addition chromatin with damaged forks is isolated and incubated in a second interphase extract
(restarting extract) made incompetent for origin firing and origin assembly by addition of 500 uM Roscovitine and 4 ng/ul Geminin. Different
restarting extracts were used as stated in the figure. (B) DNA replication in damaging extracts supplemented at 60 min after nuclei addition with
5mM caffeine, 500 uM Roscovitine and buffer (Buffer, lane 1), 40 uM APH (lane 2), 55puM CPT (lane 3) or 300 uM MMC (lane 4). Replication
was pulse labeled with o-*2P-labeled dGTP from 60 min to 90 min from nuclei addition. (C) DNA replication in restarting extracts. Chromatin
preincubated in damaging extracts was isolated after 90 min and then transferred to restarting extracts that contained 500 UM Roscovitine
and 4 ng/ul Geminin. Replication was monitored with a->?P-labeled dGTP for 90 min. DNA was then isolated and run on neutral agarose gel.
The different panels show replication of chromatin isolated from damaging extracts treated with Buffer (lanes 5 and 9), 40 uM APH (lanes 6
and 10), 55uM CPT (lanes 7, 11, 13, 15, 17, 19, 21) or 300 uM MMC (lanes 8, 12, 14, 16, 18, 20, 22) and transferred to restarting extracts.
Restarting extracts were mock depleted (Mock dep), ATM and ATR depleted (ATM/ATR dep), treated with 5mM caffeine (Caff), ATM and
ATR depleted and supplemented with recombinant Flag-ATM and Flag-ATR (ATM/ATR dep + ATM/ATR), ATM and ATR depleted and supple-
mented with catalytically inactive Flag-ATM and Flag-ATR proteins (ATM/ATR dep + ATM/ATR KD), ATR depleted (ATR dep) or ATM depleted
(ATM dep). Note that the amount of DNA loaded on the gel in panel C is two-fold more than the amount of DNA loaded on the gel in
panel B (see Supplementary Materials and methods). (D) Quantification of DNA replication in restarting extracts. Extracts were supplemented
with buffer (white bars), 40 uM APH (black bars), 55uM CPT (gray bars) or 300 uM MMC (striped bars) treated chromatin. Graph shown
represents a typical experiment. (E) Nascent single strand DNA synthesis in restarting extracts. Chromatin was preincubated in damaging
extracts treated with buffer (Buffer, lane 1), 40 uM APH (lane 2), 55uM CPT (lane 3) or 300 uM MMC (lane 4), isolated and then trans-
ferred to restarting extracts. Replication was monitored for 60 min in the presence of o-32P-labeled dGTP. DNA was isolated and run on an
alkaline agarose gel.

isolated from an extract that was not supplemented with
damaging agents did not replicate in restarting extracts due to
the absence of stalled or collapsed replication forks from
which replication could resume (Figure 3C and D). In addi-
tion, no replication was observed from sperm nuclei directly
incubated in restarting extracts (not shown). To verify
whether DNA replication observed in restarting extracts
was due to re-establishment of functional replication forks,
we monitored nascent DNA strands in restarting extracts.
Using alkaline gel electrophoresis, we showed that high and
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low molecular weight single-strand DNA molecules could be
isolated from restarting extracts containing undamaged chro-
matin or APH-, CPT- or MMC-treated chromatin (Figure 3E).
This suggested that lagging and especially leading strand
synthesis were efficiently taking place, being unlikely that
DNA repair synthesis could generate the long nascent single-
strand DNA molecules observed. To formally prove that
o-32P-labeled dGTP incorporation was due to recovered re-
plication forks and not to gap filling or repair synthesis, we
performed BrdUTP density substitution (Li and Blow, 2005).

©2006 European Molecular Biology Organization



Chromatin derived from damaging extracts supplemented
with buffer, APH, CPT or MMC was incubated in restarting
extracts in the presence of o->?P-labeled dGTP and BrdUTP.
After 90 min, DNA was isolated and run on CsCl equilibrium
gradients. Fractions from CsCl gradients revealed the pre-
sence of a single heavy light (HL) peak due to semiconserva-
tive DNA synthesis (Supplementary Figure 5), demonstrating
that efficient DNA replication was taking place in restarting
extracts.

ATM and ATR stabilize Pol ¢ binding to replication forks
In order to understand the mechanisms underlying ATM and
ATR dependent recovery of collapsed forks, we monitored
chromatin binding of MCM complex, Cdc45 and Pol ¢ in
damaging and restarting extracts in the presence and in the
absence of active ATM and ATR. Western blot analysis of
chromatin isolated from damaging extracts after incubation
with caffeine and APH, CPT or MMC showed that MCM7 and
Cdc45 were regularly bound to chromatin (Figure 4A). APH
treatment did not impair Pol € binding in damaging extracts
(Figure 4A). However, Pol ¢ binding to chromatin was lost
in damaging extracts supplemented with CPT or MMC
(Figure 4A). In ATM and ATR depleted restarting extracts,
Pol ¢ reloading was impaired and was restored by the addi-
tion of purified recombinant ATM and ATR proteins
(Figure 4B).

MCM7

Chromatin from
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Mock dep - D s o=
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Figure 4 ATM and ATR promote reloading of Pol ¢ onto replication
forks. (A) Western blot analysis of chromatin isolated from dama-
ging extracts supplemented at 60 min from nuclei addition with
5mM Caffeine, 500 uM Roscovitine + buffer (Buffer, lane 1), 40 uM
APH (lane 2), 55uM CPT (lane 3) or 300 uM MMC (lane 4) using
anti-MCM?7 antibodies (MCM?7), anti-Cdc45 antibodies (Cdc45) or
anti-Pol € antibodies (Pol €). (B) Western blot analysis using anti-Pol
¢ antibodies of chromatin isolated from damaging extracts that had
been incubated at 60 min after sperm nuclei addition with 5 mM
caffeine and 500 uM Roscovitine + buffer (Buffer, lane 1), 40 uM
APH (lane 2), 55uM CPT (lane 3) or 300puM MMC (lane 4) and
transferred to a mock depleted extract (Mock dep), an ATM and ATR
depleted restarting extract (ATM/ATR dep) or an ATM and ATR
depleted extract supplemented with recombinant Flag-ATM and
Flag-ATR (ATM/ATR dep + ATM/ATR).
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ATM and ATR promote Mre11 dependent DNA damage
repair and fork restart

To test whether the Mrell complex was required for the ATM
and ATR dependent fork restart, we isolated chromatin
replicated in Mrell depleted damaging extracts supplemented
with APH, CPT or MMC, and we incubated it in Mrell
depleted restarting extracts. Replication recovery of chroma-
tin treated with APH was as efficient in Mrell depleted
extracts as in mock-depleted extracts (Figure 5A, lane 1 and
3C, lane 6). In contrast, no recovery was observed for CPT
and MMC treated chromatin in Mrell depleted restarting
extracts (Figure SA and B). Remarkably, addition of recombi-
nant Mrell/Rad50/Nbs1 complex to Mrell depleted extracts
restored replication restart of CPT and MMC damaged chro-
matin (Figure 5A and B). ATM and ATR addition to Mrell
depleted extracts was not able to restore replication of Mrell
depleted restarting extracts (not shown). To exclude that poor
restart was a consequence of inefficient ATM activation in the

A Restarting extract
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APH CPT  MMC
. MRE11 dep
< 1 2 3
B3
2o
48 MRE11/RADS0/NBS1
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2o ) 5
MRE11 dep +
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c
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]
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MRE11 dep + MRE11 dep+
MBET) dep MRE11/RADS0/NBS1 ATMYATR

Figure 5 Mrell complex is required for ATM and ATR-dependent
fork restart. (A) DNA replication in restarting extracts. Chromatin
was isolated from Mrell depleted damaging extracts treated with
5 mM caffeine and 500 uM Roscovitine + 40 uM APH (lane 1), 55 uM
CPT (lanes 2, 4 and 6) or 300 uM MMC (lanes 3, 5 and 7) and then
transferred to restarting extracts that were Mrell depleted (Mrell
dep), Mrell depleted supplemented with 500 nM of recombinant
Mrell/Rad50/Nbs1 complex (Mrell dep + Mrell/Rad50/Nbsl) or
Mrell depleted supplemented with Flag-ATR and active Flag-ATM
proteins (Mrell dep + ATM* and ATR). Asterisk (*) indicates that
ATM has been isolated from irradiated cells (see Supplementary
Materials and methods). Replication was monitored for 90 min in
the presence of a->?P-labeled dGTP. DNA was then isolated and run
on an agarose gel. (B) Quantification of DNA replication in Mrell
depleted restarting extracts. Extracts were supplemented with
40uM APH (black bars), 55uM CPT (gray bars) or 300 uM MMC
(striped bars) treated chromatin. Graph shown represents a typical
experiment.
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absence of Mrell we added an excess of active ATM, purified
from irradiated HEK293 T cells, to Mrell depleted repairing
extracts together with recombinant ATR. ATR and active ATM
were not able to restore normal DNA replication (Figure 5A
and B) demonstrating that ATM and ATR require Mrell/
Rad50/Nbsl complex to promote DNA damage repair and
fork restart.

ATM and ATR promote re-localization of Mre11 complex
to restarting forks

To investigate the molecular mechanism underlying Mrell/
Rad50/Nbs1 complex function in ATM and ATR dependent
recovery of damaged forks, we designed a fluorescence
resonance energy transfer (FRET) based experiment. This
experiment allowed us to probe the proximity of Mrell/
Rad50/Nbsl complex to recovering forks. To overcome
FRET detection problems such as auto-fluorescence and
expected long distance between molecules, we used the
phosphorescent FRET donor compound Europium (Eu®™).
Phosphorescence bypasses short-lived auto-fluorescence
(Chen et al, 2002) and excites FRET acceptor compound
such as Cy5. We used Cy5 labeled dCTP (Cy5-dCTP) as
acceptor compounds (Chen et al, 2002). Eu® ", excited at
340nm, emits delayed fluorescence, known as phosphores-
cence, at 618 nm (Figure 6B). Energy transfer between Eudt
and Cy5 within 10nm can be measured as an increased
emission of Cy5 at 665nm (Chen et al, 2002). In our FRET-
based assay, sperm nuclei were incubated in Mrell depleted
damaging extracts. At 60 min from nuclei addition, APH, CPT
or MMC were added to these extracts to induce replication
arrest. Damaging extracts were supplemented with Cy5-dCTP
to label replicating forks just prior to stalling or collapsing.
Cy5-dCTP labeled chromatin was then isolated at 90 min
and incubated in restarting extracts containing Geminin and
Roscovitine. These restarting extracts were then supplemen-
ted with Eu®* labeled Mrell complex (Eu® *-Mrell) at 0 min
and at 45 min after chromatin addition. Eu® * labeling did not
impair Mrell complex function in repair assays (not shown).
Chromatin containing Eu®*-Mrell was isolated 15min after
addition of Eu®*-Mrell complex to restarting extracts and
emission at 665 and 618 nm was monitored in a fluorometer
following excitation at 340 nm. The normalized ratio of the
emission at 665 nm (Cy5) and at 618 nm (Eu® ") is shown in
Figure 6C. Emission at 618 nm, which reflects the amount of
Mrell bound to the chromatin, did not vary significantly
among samples containing chromatin isolated from restarting
extracts supplemented at 0 or at 45min with Eu®*-Mrell
(not shown). Instead, the emission at 665 nm of CPT or MMC
damaged chromatin incubated in restarting extract was
clearly increased at the early time point (Figure 6C).
Emission at 665 nm was the result of FRET occurring between
Eu® "-Mrell complex and Cy5-dCTP labeled chromatin. FRET
between Eu’®"-Mrell complex and Cy5 labeled damaged
chromatin during early recovery of collapsed replication
forks indicated that Eu®*-Mrell complex was present at
less that 10 nm from the Cy5 labeled DNA strands processed
into restarting replication forks (Figure 6B). In contrast, no
FRET was measured between Cy5 labeled chromatin
damaged by CPT or MMC and Eu®*-Mrell complex added
at 45min to restarting extracts, when fork had already
progressed and moved away from Cy5 labeled DNA
(Figure 6C). This showed that Mrell complex was specifi-
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cally recruited to damaged forks only at the early time point
when fork recovery was occurring. Importantly, FRET
between Cy5-dCTP and Eu®*-Mrell was detected only on
damaged chromatin incubated in the presence of active ATM
and ATR (Figure 6C). Depletion of ATM and ATR or caffeine
treatment inhibited recruitment of Mrell complex to restart-
ing forks. Consistently, addition of recombinant ATM and
ATR proteins to ATM and ATR depleted extracts restored
Eu®*-Mrell complex localization to the site of fork recovery
(Figure 6C). These experiments demonstrated that ATM and
ATR promoted Mrell redistribution to restarting forks. No
FRET was detected in the presence of Cy5-labeled chromatin
treated with APH (Figure 6C). This indicated that Eu®"-
Mrell did not localize to replication forks recovering from
an APH induced replication block. To exclude spectroscopic
interferences in FRET detection, we measured the emission at
665 and 618 nm in the presence of Eu®*-Mrell complex and
chromatin that did not contain Cy5-dCTP or in the presence
of Cy5 labeled chromatin and unlabeled Mrell complex. As
FRET was not detected in both cases, we were able to exclude
spectroscopic artifacts (Figure 6C).

Interestingly, Western blot analysis showed that Mrell is
present in its phosphorylated active forms on recovering
forks (Figure 6D). Depletion of ATM and ATR or caffeine
treatment abolished binding of phoshorylated Mrell to CPT
treated chromatin incubated in restarting extracts. This sug-
gests that ATM and ATR promote directly or indirectly Mrell
phosphorylation that might be required for recovery of
damaged replication forks.

Discussion

ATM and ATR preserve chromosome integrity

In this work, we have established cell-free systems to study
the role of ATM, ATR and Mrell/Rad50/Nbsl complex in
DNA repair and replication fork stability. Using these systems
we have demonstrated that ATM and ATR are required to
prevent DSB accumulation during DNA replication by pro-
moting restart of collapsed replication forks.

ATR but not ATM deficiency leads to increased expression
during somatic cell cycle of fragile sites, specific chromosome
locations in which DSBs can occur in mammalian cell lines
(Casper et al, 2002). Our biochemical analysis reveals that
ATM and ATR are partially redundant in protecting replicat-
ing chromosomes during embryonic DNA replication.
Although ATR plays a more relevant role than ATM in this
process, the absence of both ATM and ATR results in the
accumulation of more DSBs than single ATM or ATR defi-
ciency. It is possible that ATM deficiency leads to DSB
accumulation mainly during embryonic and not somatic
DNA replication.

The higher efficiency of ATR in preventing DSBs that we
have documented might account for the differences in the
severity of the phenotypes associated to the lack of ATR or
ATM during development of vertebrate organisms.

Consistent with our results, recent findings demonstrate
the existence of a crosstalk between ATM and ATR. Indeed,
both ATM and ATR are required to respond to DSBs during
S-phase, and ATM is required for ATR function in the presence
of DSBs (Yoo et al, 2004; Jazayeri et al, 2006). DSB accumu-
lation in the absence of ATM could alternatively be explained
by an impaired ATR function.

©2006 European Molecular Biology Organization



ATM, ATR and Mre11 role in replication fork restart
K Trenz et al

A Damaging extract Restarting extract
Rosc+GEM
MRE11 dep+Rosc+Caff Chromatin transfer —_ —
o 55 60" 90 b 25' 60’
Sperm T 3+
nEcIei T Buffer or APH or CPT or MMC Eu™*-Mre11
Cy5-dCTP Mock dep
or ATM/ATR dep
or+ Caff

or ATM/ATR dep+ATM/ATR

W= o

A IS
~10 nm % Eud+
a0 —> e \/\/ o5 665
~10 nm
FRET
C 1000+ ﬂ
618
o 800+
[
c
S 6004 OCPT D ATM/ATR dep
a u MMC -
€ 0O APH Buffer +ATM/ATR  Caff
o)
© 4004
© WB:MRE11
2 -
€ 200-
CPT damaged chromatin
in restarting extract
o_
Control  Control Caff ATM/ATR ATM/ATR No Cy5- Control
dep dep+ dCTP
ATM/ATR
Eu3*-Mre11 Eu3*-Mre11 Mre11
at 45 ato’ at0’

Figure 6 ATM and ATR promote redistribution of Mrell complex to restarting replication forks. (A) Chromatin replication is initiated in
damaging extracts. At 55 min after addition of sperm nuclei extracts are supplemented with Cy5-dCTP. At 60 min after nuclei addition extracts
are supplemented with 40 uM APH, 55uM CPT or 300 uM MMC. Cy5-dCTP labeled chromatin is then isolated and incubated in restarting
extracts that were mock depleted (Mock dep), treated with 5mM caffeine (Caff), ATM and ATR depleted (ATM/ATR dep) or ATM and ATR
depleted supplemented with recombinant Flag-ATM and Flag-ATR (ATM/ATR dep 4+ ATM/ATR). Eu®* -Mrell labeled complex is added to
restarting extract at 0 min or at 45 min from chromatin addition. Chromatin is isolated after 15 min and subjected to fluorometry. (B) Chromatin
isolated from restarting extract is excited at 340 nm. Emission is monitored at 618 and 665nm. Emission at 665nm is the result of FRET
between Eu® " -Mrell localized in the range of ~ 10 nm from Cy5-dCTP labeled DNA. (C) 665/618 nm emission ratio of chromatin preincubated
in Mrell depleted damaging extracts treated with CPT (gray bars), MMC (black bars) or APH (white bars). Cy5-dCTP labeled chromatin was
isolated and transferred to restarting extracts supplemented with Europium labeled Mrell complex at 0 (Eu® " -Mrell at (') or at 45 min (Eu®* -
Mrell at 45') from chromatin addition. As control nonlabeled Mrell complex was added at 0 min from chromatin addition (Mrell at 0').
Chromatin was then re-isolated from restarting extracts 15 min after addition of Eu® * -Mrell and 665/618 nm emission ratio was measured in a
fluorometer. Restarting extracts were mock depleted control, supplemented with caffeine (Caff), ATM and ATR depleted (ATM/ATR dep) or
ATM and ATR depleted and supplemented with Flag-ATM and Flag-ATR (ATM/ATR dep + ATM/ATR). As a control, CPT, MMC or APH treated
chromatin that did not contain Cy5-dCTP was transferred to restarting extracts supplemented with Eu®*-Mrell complex at 0 min from
chromatin addition (No Cy5-dCTP). (D) Western blot analysis of chromatin bound Mrell. Chromatin was preincubated in Mrell depleted
damaging extract containing 55 uM CPT and transferred to restarting extracts that were mock depleted buffer, ATM and ATR depleted (ATM/
ATR dep), ATM and ATR depleted + Flag-ATM and Flag-ATR (ATM/ATR dep + ATM/ATR) or supplemented with 5mM caffeine (Caff). For
Western blot anti-Xenopus Mrell antibodies were used.

ATM and ATR promote repair and restart of damaged
replication forks

To examine whether ATM and ATR are involved in repairing
and restarting disrupted replication forks, we have developed
an assay to monitor recovery of stalled and collapsed replica-
tion forks. In this assay, replicating forks collapsed by CPT or
MMC in the absence of active ATM and ATR are transferred to
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extracts lacking damaging agents in which origin firing
and origin assembly is inhibited (restarting extracts). In re-
starting extracts, ATM and ATR get activated by damaged
DNA and promote recovery of collapsed forks. Instead,
restarting extracts lacking ATM and ATR do not support fork
recovery. These data suggest a model in which ATM and ATR
are normal components of replication forks that allow
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progression of DNA replication by promoting continuous
repair and restart of collapsed forks. This model is consistent
with the recent electron microscopy analysis of replication
intermediates in checkpoint deficient cells (Lopes et al, 2006)
that suggest the requirement for an active DNA damage
checkpoint to restart DNA replication on damaged templates.
It is possible that fork restart might require DNA recombina-
tion events stimulated by ATM and ATR, which are known to
promote recombination mediated DNA repair (Sancar et al,
2004; Sorensen et al, 2005).

The DSBs that we observe might be secondary to nuclease
processing of stalled or collapsed forks that cannot restart in
the absence of ATM and ATR. Alternatively, DSBs might form
when forks encounter SSBs in the parental strand. SSBs are
commonly generated directly by reactive oxygen species and
indirectly by repair of apurinic sites (Caldecott, 2004). Such
unrepaired SSBs might generate DSBs during DNA replication
leading to spontaneous fork collapse (Caldecott, 2003) re-
quiring ATM and ATR to restart.

Intriguingly, ATM and ATR are not necessary in our
experimental conditions to promote resolution of replication
forks stalled by APH, similar to the findings of Blow and co-
workers (Luciani et al, 2004). APH inhibits DNA polymeriza-
tion and induces accumulation of extended regions of single-
stranded DNA (Byun et al, 2005). However, APH does not
induce extensive DSB accumulation during DNA replication

o

> Pol e
PCNA /

e

in Xenopus egg extract (Li et al, 2004). This might be due to
specific features of embryonic DNA replication such as a
different chromatin organization or a high density of replica-
tion origins that could prevent replication fork collapse in the
presence of APH and allow a rapid fork restart without any
requirement for DNA repair.

Together, these observations strongly suggest that ATM
and ATR are required to restart collapsed rather than tran-
siently stalled forks.

ATM and ATR promote reloading of the replicative
polymerase Pol ¢

The behavior of the proteins involved in the assembly of the
replication apparatus such as the MCM complex and Cdc45
on collapsed replication forks in vertebrates is poorly under-
stood. Replication proteins are disassembled from collapsed
forks in lower eukaryotes in the absence of a functional
checkpoint (Sogo et al, 2002; Lucca et al, 2004). However,
MCM?7 was not removed from damaged chromatin in egg
extract even in the absence of ATM and ATR. This difference
could be explained by the observation that in vertebrates
multiple MCM complexes are loaded on the chromatin for
every active origin (Edwards et al, 2002). This redundancy
might help to restart collapsed forks without reassembling a
new replication complex.

Figure 7 Multiple roles for ATM, ATR and Mrell complex in promoting genome stability during DNA replication: ATM and ATR prevent DSB
accumulation during normal or challenged DNA replication by regulating origin firing; by coordinating redistribution of Mrell complex to
collapsed replication forks; by stimulating restart of the collapsed replication fork and by promoting reloading of Pol € onto recovering forks.
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Cdc45, instead, is not abundant in Xenopus extracts. In
this case a different and yet unknown mechanism must
be invoked to explain Cdc45 permanence on damaged
forks.

Differently from MCM?7 and Cdc45, Pol ¢ is lost from
replication forks damaged by CPT or MMC but not by APH
in the absence of ATM and ATR. Pol ¢ is required for efficient
DNA replication, DNA repair, and cell cycle checkpoint
control in eukaryotic cells. Xenopus egg extracts depleted
of Pol ¢ are unable to assemble a proper DNA synthesis
machinery at the fork (Waga et al, 2001) and Mecl has been
shown to be required for Pol € presence on stalled replication
forks (Cobb et al, 2003). Our findings indicate that ATM and
ATR promote reloading of Pol ¢ onto recovering replication
forks revealing a fundamental link between ATM, ATR and
Pol ¢ in maintaining replication fork stability in high eukar-
yotes. Consistent with these results, checkpoint deficient cells
have been shown to be defective in re-establishing DNA
synthesis on damaged leading strand templates (Lopes
et al, 2006).

As MCM7 and MCM2 are phosphorylated by ATR (Cortez
et al, 2004; Yoo et al, 2004), it is tempting to speculate that
this phosphorylation promotes reloading of Pol «.

The essential function of Mre11 complex downstream
of ATM and ATR

Mrell is required for ATM activation in the presence of DSBs
(Carson et al, 2003; Uziel et al, 2003; Costanzo et al, 2004).
The Mrell/Rad50/Nbsl/ complex is essential for life,
whereas cells tolerate ATM deficiency (Petrini et al, 1995;
Dolganov et al, 1996; Xiao and Weaver, 1997; Haber, 1998;
Luo et al, 1999; Kang et al, 2002; Uziel et al, 2003). This
implies that Mrell has other essential functions. Mrell has
been shown to localize to stalled replication forks suggesting
a possible function during DNA replication (Mirzoeva and
Petrini, 2003). We have previously shown that Mrell is
required to prevent DSBs during normal chromosomal DNA
replication. Intriguingly, Mrell is phosphorylated in a caf-
feine-sensitive manner during S-phase in Xenopus eggs ex-
tract (Costanzo et al, 2001). Our results suggest a model in
which Mrell, ATM and ATR promote the recapture of the
broken DNA molecules at collapsed replication forks favoring
the reassembly of new functional forks, perhaps through
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DNA recombination mediated events. This hypothesis is
consistent with previous findings showing that Mrell com-
plex is capable of tethering DNA fragments (de Jager et al,
2001; Hopfner et al, 2001; Costanzo et al, 2004). The FRET-
based experiment supports this model by showing that ATM
and ATR stimulate redistribution of Mrell complex to restart-
ing replication forks and suggest that ATM and ATR prevent
DSB accumulation during DNA replication by coordinating
Mrell/Rad50/Nbs1 complex functions (Figure 7).

Thus, the essential role of Mrell complex in vertebrates
might be attributed to the restart of collapsed replication
forks. The common features observed in the phenotypes of
A-T, ATLD and Seckel syndrome might be explained by the
inefficient restart of collapsed replication forks during em-
bryonic DNA replication, a process that requires ATM, ATR
and the Mrell complex.

Materials and methods

Xenopus laevis egg extracts

Interphase egg extracts were prepared as described (Murray, 1991)
from cytostatic factor (CSF) arrested egg extracts and released from
mitosis by addition of 0.4 mM CacCl, in the presence of 100 pg/ml of
Cycloheximide.

Antibodies

Rabbit polyclonal Xenopus anti-ATR antibodies were raised by
Harlan Sera Lab UK against a GST-tagged fragment corresponding to
amino acids 2551-2654 of XATR. IgG were separated from crude
serum with AffiBlue columns (Biorad). High-affinity IgG were then
selected on affinity columns prepared coupling GST-ATR fragment
to CNBR activated Sepharose (Amersham). Antibodies against
Xenopus ATM and Xenopus Mrell were previously described
(Costanzo et al, 2000; Costanzo et al, 2001). MCM7 antibody was
obtained from Santa Cruz. Anti-Cdc45 was a gift from Johannes
Walter. Anti-Pol € p60 subunit was a gift from Dr Akio Sugino.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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