














both prior to and after treatment with DNA damaging
agents. This is consistent with our previous observation
with mre11D and mre11-H134S cells (8), and reflects the
requirement of the nuclease activity of the MRN complex
in concert with Exo1 in the early steps of HR repair of
DNA damage.

mre11-W248R mutation alters interaction with Rad50

Mre11-N117S and W210C mutations impair
co-immunoprecipitation (co-IP) of Mre11 with Nbs1 in
mammalian cells (19,20,51). To investigate the effects of
SpMre11-W248R, we performed reciprocal co-IP experi-
ments between MRN subunits. As expected, wild-type
Mre11 and Nbs1 efficiently and reciprocally co-IP
(Figure 5A). In contrast, reciprocal Mre11-Nbs1 co-IPs
were strongly diminished in Mre11-N122S and -W215C
backgrounds, even though these mutations did not cause

sensitivity to DNA damage (Figure 3A). In the Discussion
section, we address how mutations can impair co-IPs
without causing DNA repair defects. The reduced inter-
actions of Mre11-N122S and W215C with Nbs1 are con-
sistent previous data (36) and with structural evidence
indicating that these residues may impact Nbs1 interaction
regions (32). These mutations did not affect co-IPs
with Rad50 (Figure 5B). Co-IPs also showed that
Mre11-W248R similarly reduced interactions with Nbs1
(Figure 5C). However, in contrast to Mre11-N122S and
W215C, Mre11-W248R also reduced co-IP efficiency with
Rad50 (Figure 5D). We also examined Mre11-CL454RR
CV479RR (Mre11-RRRR), which mutates the Helix-
Loop-Helix (HLH) motif near the C-terminus of Mre11
(Figure 1B) that forms the dominant Mre11-Rad50
interaction interface (34,35,52,53). As predicted by the
Mre11-Rad50 structures, we were unable to co-IP

Figure 4. Defective DNA processing by Mre11-W248R in vivo. (A) Chk1 phosphorylation induced by 90Gy of IR in Mre11 mutants. Ponceau
straining shows loading. (B) Quantitation of ratio of phosphorylated Chk1 over unphophorylated form from representative blot in panel A with
basal (-IR) phosphorylation subtracted to specifically reflect IR induced Chk1 activation. Error bars indicate standard deviation from the mean of
four independent experiments. (C) Tetrad dissection of spores from cross of rad2D (human FEN1 flap endonuclease) to mre11D (top right),
mre11-W248R (bottom left) and mre11-H134S (bottom right) mutants. Dashed lines indicate predicted genotype. (D) Representative asci from a
cross of opposite mating types of indicated mutants. Resulting spore viability is indicated on the bottom right. (E) Mre11-W248R is rescued by
deletion of Pku80 in an Exo1 dependent manner. 5-fold serial dilutions of indicated strains were plated and treated with indicated genotoxic agents.
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Mre11-RRRR with Rad50 (Figure 5D), which correlates
with the acute sensitivity of mre11-RRRR to DNA
damaging agents (52). Our results indicate that mutations
that model ATLD alleles decrease stability of the
Mre11-Nbs1 interactions as assayed by co-IPs, but that
SpMre11-W248R is unique in that it also impairs inter-
actions with Rad50.

Tel1 (ATM) checkpoint signaling is unaffected by
Mre11-W248R

Along with its functions in DNA repair, the MRN
complex also recruits the checkpoint kinase ATMTel1 to
DNA lesions through interactions with the C-terminus of
Nbs1 (3,54,55). ATMTel1 activity therefore depends on the
assembly of MRN complex and its capacity to bind DSBs.
Thus, phosphorylation of ATMTel1 substrates provides an
in vivo readout for these events. The best characterized
substrate of Tel1 in fission yeast is histone H2A (analo-
gous to H2AX in mammals), which is also phosphorylated

by Rad3ATR (56,57). Therefore, Tel1 activity can be spe-
cifically assayed by performing experiments in a rad3D
background. As expected, IR-induced formation of
phospho-H2A (gH2A) was partially maintained in rad3D
and tel1D single mutants but was abolished in the rad3D
tel1D double mutant (Figure 6A and B). gH2A was absent
in mre11D rad3D cells, showing that Mre11 is required for
Tel1 activity at DSBs (3). Importantly, gH2A was formed
in mre11-W248R rad3D cells (Figure 6A and B). Thus,
despite the co-IP data indicating destabilized interactions
amongst the MRN subunits in lysates from mre11-W248R
cells, our in vivo functional assays indicate that the MRN
complex is sufficiently stable to recruit Tel1 to DSBs.

Mre11-W248R retains telomere maintenance functions

The MRN complex also recruits Tel1 to chromosome
ends, where it shares an overlapping activity with
Rad3 in maintaining telomeres (2,58–61). Therefore, to in-
dependently assess whether the mre11-W248R mutation

Figure 5. Mre11 ATLD mutations partly destabilize MRN interactions in S. pombe. (A) Reciprocal co-IP of Nbs1-FLAG, Mre11-N122S-MYC and
Mre11-W215C-MYC. Proteins were precipitated and detected with FLAG, MYC or tubulin antibodies. (B) Co-IP of TAP-Rad50 with Mre11-N122S
and Mre11-W215C mutants. Proteins were pulled down with IgG and detected with PAP, MYC or tubulin antibodies. (C) Reciprocal co-IP of
Nbs1-FLAG and Mre11-W248R-MYC. Proteins were precipitated and detected using FLAG, MYC or tubulin antibodies. (D) Co-IP of TAP-Rad50
and Mre11-W248R-MYC. Mre11-RRRR (CL454RR CV479RR) mutates Rad50 binding domain at C-terminus of Mre11 (HLH). Proteins were
pulled down with IgG and detected with PAP, MYC or tubulin antibodies.
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affects the ability of the MRN complex to bind DNA ends
and recruit Tel1, we performed Southern blot analysis of
genomic DNA isolated from S. pombe and probed for
telomere associated sequences (TAS1) (31). Our results
demonstrate that unlike the tel1D rad3D or mre11D
rad3D strains, which showed no signal, the mre11-
W248R rad3D had a TAS1 signal, indicating the
presence of intact telomeres (Figure 6C). The same
result was observed for mre11-H134S rad3D cells. From
these results, we conclude that Tel1 can localize to telo-
meres and is active in the mre11-W248R and
mre11-H134S backgrounds.

Reduced Ctp1 localization at a DSB in
mre11-W248R cells

Collectively, these data suggest that the mre11-W248R
mutation disturbs interactions amongst the MRN

subunits that are required for efficient DNA end process-
ing, but it retains interactions that are sufficient for
recruiting Tel1 to perform checkpoint signaling and
telomere maintenance functions. DNA end processing by
MRN complex requires Ctp1, whereas Tel1 activity is in-
dependent of Ctp1. Indeed, Tel1 checkpoint signaling is
increased in ctp1D cells because of increased retention of
MRN and Tel1 at DSBs (30). To address whether inter-
actions with Ctp1 are disturbed by the mre11-W248R
mutation, we performed ChIP analysis at the HO DSB
site. This analysis revealed that the Ctp1 signal at HO
DSB in mre11-W248R cells was reduced compared with
wild-type (Figure 6D). This occurred even though Mre11
had the opposite pattern—its signal at the DSB was
increased in mre11-W248R cells (Figure 3D). These data
indicate that an inability to efficiently recruit Ctp1 con-
tributes to the DNA end-processing defect in
mre11-W248R cells.

Figure 6. Mre11-W248R is proficient in Tel1 activation but partially defective for Ctp1 recruitment. (A) Immunoblot of phosphorylated histone
H2A (gH2A) and total H2A with or without treatment with 90Gy of IR. Graph represents gH2A expression relative to total H2A with error bars
representing standard deviation from the mean of three independent experiments. (B) gH2A levels induced specifically by IR treatment determined by
subtracting basal levels of gH2A from IR-treated shown in Panel A. (C) Southern blot probing for telomere-associated sequences (TAS1) from
genomic DNA isolated from indicated genetic backgrounds and digested with EcoRI (top panel). Ethidium bromide (EtBr)-stained gel shows DNA
loading (bottom panel). (D) Chromatin immunoprecipitation of Ctp1-TAP to an HO-induced DNA double-strand break in mre11+ and
mre11-W248R backgrounds. Schematic of chromosome I containing HO break site and the relative distances and expected DNA sizes assayed by
multiplex PCR is shown on top.
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DISCUSSION

In this study, we have investigated the properties of
Mre11-W243R, a mutation found in two brothers with a
particularly severe form of ATLD. Unlike prior cases of
ATLD, these ATLD17/18 patients also developed cancer.
The question arises as to how the biochemical conse-
quences of Mre11-W243R differ from other ATLD alleles.

X-ray crystallography studies of SpMre11 bound to a
portion of Nbs1 predicts that the equivalent residue
Trp248 may affect both nuclease activity and Nbs1
binding, as it forms the hydrophobic core of the structural
region, linking the nuclease active site to an Nbs1 contact
site (32). Our data establish that HsMre11-W243R retains
full in vitro DNA nuclease activities when assayed without
the other MRN subunits (Figure 1). In this regard,
W243R differs from mutations that directly alter critical
residues in the nuclease active site, such as mutations cor-
responding to HsMre11-H129N or SpMre11-H134S,
which have severe effects in mice and fission yeast (8,15).
Our new X-ray crystal structure and biochemical assays
show that the mutation in PfMre11 analogous to W243R
does not alter the architecture of the highly conserved
active site nor impair nuclease activity (Figure 2),
providing insight as to why HsMre11-W243R also
retains nuclease activity. However, our in vivo studies
with SpMre11-W248R indicate defects in DNA end
processing, which are likely explained by an inability
to form a fully functional complex with Rad50, Nbs1
and Ctp1, which is required for DNA end processing
in vivo.

The structure of SpMre11-Nbs1 has also shed light on
the effect of ATLD mutations on Mre11 binding to Nbs1.
Mre11-N122S derived from ATLD3/4 maps to eukaryotic
specific loops bridging the Mre11 dimers that make
direct contact with the Nbs1-NFKxFxK motif (32).
Mre11-W215C (ATLD7/8) and Mre11-W248R (ATLD
17/18) are predicted to alter structural elements that
affect the other Nbs1 interaction region along the side
of the Mre11 nuclease core. These mutations all
destabilized Mre11 binding to Nbs1 when assessed using
purified proteins in gel filtration assays in the absence of
Mn2+ (32).

Accordingly, we found that SpMre11-N122S, -W215C
and -W248R, all compromised Mre11-Nbs1 interactions
in co-IP assays from cell lysates (Figure 5). This effect was
also observed for a mutation in the Nbs1-NFKxFxK
motif, Nbs1-K522A, which mutates the same interaction
interface as Mre11-N122S (Supplementary Figure S4).
Yet, only Mre11-W248R has a strong phenotype in vivo.
A similar effect was observed in budding yeast, where
ScMre11-R76A, -R76K, -D109G and -N113S, all
compromised Mre11-Xrs2/Nbs1 interactions as assessed
by co-IP; yet, only ScMre11-N113S cells were sensitive
to DNA damaging agents (32). Thus, an impaired
Mre11-Nbs1 co-IP does not necessarily correlate with a
DNA repair defect in vivo. It appears that co-IP can be
a particularly stringent measurement of protein inter-
actions that does not necessarily reflect whether subunits
of the MRN complex are able to form a functional
complex in vivo.

Interestingly, the repair defects of budding yeast
mre11-N113S cells were attributed to defects in nuclear
localization that could be rescued by the fusion of a
nuclear localization signal (32). This is unlikely to be the
case for the analogous allele in S. pombe, as mre11-N122S
cells are largely insensitive to DNA damaging agents
(Figure 3A) (36). A nuclear localization defect is also
unlikely to explain mre11-W248R phenotypes, as our
ChIP data showed efficient binding to a DSB
(Figure 3D). Indeed, the persistent binding of
SpMre11-W248R at a DSB is especially informative, as
it is strikingly similar to mutations that impair the DNA
end-processing activity of MRN complex without destroy-
ing the overall integrity of the complex. Notably, we have
observed that the Mre11-H134S nuclease-dead allele has
these properties (5). Moreover, as observed with
Mre11-W248R, we found that the H134S mutation
causes strong sensitivity to DNA damaging agents, an
acute meiotic defect and synthetic lethality with a
mutation that eliminates Rad2 (FEN1), without
blocking the ability of the MRN complex to recruit
active Tel1ATM to DSBs, or to maintain telomeres. This
same constellation of effects is seen with elimination of
Ctp1, which is essential for the DNA end-processing
activity of the MRN complex in vivo (10,28,30).
Our histone H2A phosphorylation and telomere main-

tenance assays established that Tel1 ATM activity is main-
tained in mre11-W248R cells (Figure 6). We performed
these assays in cells lacking Rad3ATR, which allowed us
to specifically assess the activity of Tel1. From these
results, we conclude that components of the MRN
complex interact sufficiently well in mre11-W248R cells
to form a stable complex that can bind DSBs and
recruit Tel1ATM. The same results were obtained with
the nuclease-dead mre11-H134S allele in the rad3D back-
ground (Figure 6C) (30), which is consistent with studies
in mammalian cells indicating that Mre11 nuclease
activity is dispensable for ATM activation in response to
DNA damage or telomere deprotection (15).
The synthetic lethality of Mre11-W248R with a

mutation that eliminates Rad2 (FEN1) supports their
complementary roles in protecting or processing forks
and is consistent with recent results showing Mre11 can
protect or degrade stalled forks in human cells depending
on BRCA1/2 partner status (41,62,63). Both Mre11 and
FEN1-DNA complex structures indicate that DNA
is unpaired for endonuclease cleavage, and FEN1 struc-
tures imply that correct positioning of DNA duplex is
critical not only for specific DNA opening and nuclease
activity, but also for productive interaction with protein
partners (64).
Unlike other alleles that model ATLD mutations, the

mre11-W248R allele causes acute sensitivity to DNA
damage, increased spontaneous Rad52 foci, synthetic
lethality with loss of Rad2/FEN-1, a strong defect in
Chk1 activation in response to IR and an inability to
complete meiosis (Figures 3 and 4). Yet, Mre11-W248R
associates with DSBs in vivo and forms an MRN complex
that recruits active Tel1ATM (Figures 3 and 6). In these
respects, Mre11-W248R is very similar to the H134S
nuclease dead allele; yet, Mre11-W248R clearly retains
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its intrinsic nuclease activities. What then accounts for the
mre11-W248R phenotypes? One clear distinction between
W248R and the other ATLD alleles (i.e. N122S and
W215C) is the defective co-IP with Rad50 (Figure 5).
Recent structures of Mre11-Rad50 in bacterium and
archaea have shown that ATP binding and hydrolysis
induces large conformational changes that have implica-
tions on the nuclease activity of Mre11 (34,35,53). ATP
hydrolysis leads to the ‘opening’ of the MR complex,
exposing the nuclease sites of Mre11 to DNA through
conformational changes that cause an interaction interface
to form between the helix aF in the cap domain of Mre11
and the lobe of Rad50 (34,35). Interestingly, our structure
of PfMre11-L204R causes the misfolding of aF (loop L3)
required for this interface (Figure 7). Although it remains
to be shown whether the Mre11-Rad50 conformational
changes or the misfolding of loop L3 are conserved in
the eukaryotic MRN complex, this would explain the
compromised interaction we observed between
Mre11-W248R and Rad50 by co-IP. An inability to
properly interface with Rad50, or to correctly position

DNA, could explain why Mre11-W248R mutants are pro-
ficient for binding DNA damage sites and enabling Tel1
signaling, yet shows defects in DNA end processing
(Figure 7). Fittingly, mutations that perturbed the inter-
action between Methanococcus jannaschii Mre11 cap
domain and Rad50 lobe result in decreased endonuclease
activity (53).

Our data also suggest that defective interactions of the
MRN complex with Ctp1 may contribute to the
mre11-W248R phenotypes. Ctp1 localization at HO DSB
is decreased in these cells, even though Mre11 retention is
increased (Figures 3D and 6D). Furthermore, the Ctp1
signal at HO DSB is actually increased in
nuclease-defective mre11-H134S cells, which otherwise
have a spectrum of phenotypes that are similar to
mre11-W248R cells (5). Defective interactions between
Mre11 and Nbs1 could explain defects in Ctp1 localization
at a DSB in mre11-W248R cells, as Ctp1 recruitment
requires an interaction with Nbs1 (4,5), but Tel1 activity
also requires an interaction with Nbs1 (54,55), and our
data show that Tel1 signaling is intact. It is possible that

Figure 7. Model for impact of Mre11-W248R on early steps of DSB repair. Surface structures of Thermotoga maritima Mre11 (cyan)-Rad50 (red) in
closed (left, top) (PDB: 3THO) and open (left, bottom) (PDB: 3QG5) conformations with equivalent L1, L2 and L3 loops highlighted (dark blue).
MRN recruitment to DSB ends facilitates Tel1/ATM signaling to histone H2A and telomeres. Mre11 nuclease activity (with Ctp1) initiates DNA end
processing, releasing Ku from DNA ends and generating a resected DNA end that is no longer a preferred substrate for Ku binding. Extended
resection is facilitated by Exo1 and RecQ helicases, exposing long stretches of ssDNA that is coated by RPA. Rad26-Rad3 binds RPA to facilitate
Chk1-dependent checkpoint signaling. In mre11-W248R mutants, MRN is able to detect and engage DSB sites and facilitate Tel1/ATM-dependent
signaling, but is defective in DSB end processing.
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efficient recruitment of Ctp1 to DSBs requires interactions
with both Mre11 and Nbs1.

The acute DNA damage-sensitive phenotypes caused by
the mre11-W248R mutation in fission yeast raises the
question of whether the equivalent W243R substitution
has comparable effects in humans. The structural and
mechanistic effects are likely similar, although the
W243R mutation may have weaker consequences in the
context of the human MRN complex. It is also formally
possible that the g.2499 G>A allele, which eliminates 27
residues in the cap domain, is a milder hypomorphic allele,
although structural considerations predict the opposite.

The increased foci of Rad52 (which has parallel func-
tions to human BRCA2) and inability to repair collapsed
replication forks in mre11-W248R cells are strongly indi-
cative of genome instability in fission yeast. Although it
remains to be established whether the exceedingly rare
pediatric cancers in ATLD17/18 patients were directly
connected to the Mre11 deficiencies, the correlations are
nonetheless striking and support a role for Mre11 in pre-
venting cancer-causing genome instability, as was first
demonstrated for ATM and Nbs1.
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