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ATM has a central role in controlling the cellular responses to DNA damage. It and other phosphoinositide
3-kinase-related kinases (PIKKs) have giant helical HEAT repeat domains in their amino-terminal regions.
The functions of these domains in PIKKSs are not well understood. ATM activation in response to DNA damage
appears to be regulated by the Mrel1-Rad50-Nbs1 (MRN) complex, although the exact functional relationship
between the MRN complex and ATM is uncertain. Here we show that two pairs of HEAT repeats in fission yeast
ATM (Tell) interact with an FXF/Y motif at the C terminus of Nbsl. This interaction resembles nucleoporin
FXFG motif binding to HEAT repeats in importin-3. Budding yeast Nbsl (Xrs2) appears to have two FXF/Y
motifs that interact with Tell (ATM). In Xenopus egg extracts, the C terminus of Nbsl recruits ATM to
damaged DNA, where it is subsequently autophosphorylated. This interaction is essential for ATM activation.
A C-terminal 147-amino-acid fragment of Nbsl that has the Mrell- and ATM-binding domains can restore
ATM activation in an Nbs1-depleted extract. We conclude that an interaction between specific HEAT repeats
in ATM and the C-terminal FXF/Y domain of Nbsl is essential for ATM activation. We propose that
conformational changes in the MRN complex that occur upon binding to damaged DNA are transmitted
through the FXF/Y-HEAT interface to activate ATM. This interaction also retains active ATM at sites of DNA

damage.

All eukaryotic organisms have highly effective mechanisms
of repairing DNA damage. These repair systems are essential
for maintaining genome integrity. They work in conjunction
with checkpoints that monitor DNA damage and control DNA
repair, cell cycle progression, and programmed cell death.
Central to these checkpoint systems are the protein kinases
ATM and ATR (1, 5, 67). ATM is mutated in patients with
ataxia-telangiectasia syndrome, a genetic disorder character-
ized by neurodegeneration, immunodeficiency, premature ag-
ing, telomere dysfunction, genetic instability, radiation sensi-
tivity, and cancer (41). The ATR locus is mutated in some
patients with Seckel syndrome, a developmental disorder that
is also associated with genetic instability (56). Both kinases can
be activated in response to different types of DNA damage,
although ATM appears to be more specific for double-strand
breaks (DSBs), whereas ATR is particularly important in the
cellular response to replication fork arrest. ATM and ATR
phosphorylate a partially overlapping set of downstream tar-
gets that are involved in DNA repair, checkpoint signaling, and
apoptosis. These targets include Brcal, Chkl, Chk2, histone
H2AX, and p53, all of which have been shown to be important
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for maintenance of genome integrity and suppression of tu-
mors (37).

ATM and ATR belong to a larger superfamily of proteins
that have a common C-terminal phosphatidylinositol-3'-OH
kinase-like kinase (PIKK) domain, which acts as a protein
kinase (1, 5, 67). Other well-known members of this family are
TORs (targets of rapamycin), which modulate protein transla-
tion and transcription, and DNA-PKs (DNA-dependent pro-
tein kinases), which are involved in nonhomologous end join-
ing of DNA. All PIKKs are very large proteins (270 to 450
kDa) in which the C-terminal kinase domain accounts for only
5 to 10% of the total sequence. The remainder of these pro-
teins consists mostly of tandem HEAT (huntingtin, elongation
factor 3, A subunit of protein phosphatase 2A, and TOR1)
repeats (57). A single HEAT repeat unit is a pair of interacting
antiparallel helices joined by a flexible “intraunit” loop (2).
Adjacent HEAT repeats are linked by a flexible interunit loop.
In crystallographically analyzed proteins, HEAT repeat do-
mains form superhelical scaffolding matrices that can engage
other molecules (6, 14, 28). One well-characterized interaction
involves FXFG motifs in nucleoporins that contact the convex
face of a superhelical HEAT repeat structure in importin-f3
(6).

The analysis of ATM and ATR has been aided by studies of
homologs in the budding yeast Saccharomyces cerevisiae and
the fission yeast Schizosaccharomyces pombe. The ATM ho-
molog is known as Tell in both yeasts, whereas ATR is known
as Mecl in budding yeast and Rad3 in fission yeast (55). A
recent study of budding yeast Tell showed that it interacts with
the C-terminal region of Xrs2, a subunit of the Mrel1-Rad50-
Xrs2 complex (50). This protein complex participates in the
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TABLE 1. S. pombe strains used in this study

Strain Genotype® Source or reference
PR109 Wild type Lab stock
CC3223 nbsl1::kanMX6 11
LLD3260 h™ leul-32::22YFP-crb2* -leul * ura4-D18 crb2-D2::ura4™ 22
LLD3341 his3-D1 crb2:ura4™-2YFP-crb2" -leul ™ tell-DI::kanMX4 rad3::ura4™ 51
CC3575 nbsI*-TAP:kanMX6 This study
CC3576 nbs1AC60-TAP:kanMX6 This study
CC3577 nbs1-9-TAP:kanMX6 This study
CC3578 nbs1-10-TAP:kanMX06 This study
CC3579 kanMX6:nmt1-TAP-tell* nbs1™-13myc:kanMX6 This study
CC3580 kanMX6:nmt1-TAP-tell* nbs1-9-13myc:kanMX6 This study
CC3581 kanMX6:nmt1-TAP-tell* nbs1-10-13myc:kanMX6 This study
C(C3582 rad3::ura4”* nbsl™ -TAP:kanMX6 mrcl*-TAP:kanMX6 This study
CC3583 rad3::ura4”* nbsl AC60-TAP:kanMX6 mrcl™-TAP:kanMX6 This study
CC3584 rad3::ura4™* nbs1-9-TAP:kanMX6 mrcl ™ -TAP:kanMX6 This study
CC3585 rad3::ura4* nbsl-10-TAP:kanMX6 mrcl " -TAP:kanMX6 This study
CC3586 rad3::ura4™ tell-D2:Leu2 mrcl " -TAP:kanMX6 This study
CC3587 ade6™ his3-D1 crb2:ura4™ -2YFP-crb2*-leul * rad3::ura4™ nbsl™-TAP:kanMX6 This study
CC3588 ade6™ his3-DI crb2:ura4™-2YFP-crb2" -leul * rad3::ura4™* nbs1 AC60-TAP:kanMX6 This study
CC3589 ade6™ his3-D1 crb2:ura4™ -2YFP-crb2* -leul * rad3:ura4™ nbs1-9-TAP:kanMX6 This study
CC3590 ade6™ his3-DI crb2::ura4 ™ -2YFP-crb2" -leul * rad3::ura4™* nbsl-10-TAP:kanMX6 This study

“ All strains are h~ leul-32 ura4-D1I8.

early recognition and processing of DSBs (44, 58). The Mrell
and Rad50 subunits are highly conserved through evolution,
whereas Xrs2, which is known as Nbs1 in most other species, is
poorly conserved at the primary sequence level. Biochemical
and structural studies have shown that the Mrel1-Rad50-Nbs1
(MRN) complex has DNA-binding, nuclease, unwinding, and
end-bridging activities (15). The MRN complex is required for
efficient homologous recombination and nonhomologous end
joining, it participates in telomere maintenance, and it is in-
volved in intra-S and G,-M checkpoint signaling (18, 30). The
MRN complex is required for the efficient recruitment of
ATM/Tell to sites of DNA damage and for the efficient phos-
phorylation of ATM/Tell substrates at these sites (9, 10, 36, 38,
44, 50).

The exact function of the MRN complex in controlling ATM
activation is not yet fully understood. The MRN complex is
essential in vertebrates (20); hence, many of the relevant stud-
ies have used cells from patients with Nijmegen breakage syn-
drome (NBS) or ataxia-telangiectasia-like disorder (ATLD)
that express reduced amounts of truncated but not fully defec-
tive forms of Nbsl or Mrell, respectively. These studies have
typically assayed ATM activation by detecting autophosphor-
ylation on serine-1981 (S1981). ATM autophosphorylation has
often been found to be defective in NBS and ATLD cells (9,
10, 19, 36, 38, 48, 73), although in some situations only weak
impairment in ATM autophosphorylation was observed in
NBS cells (10, 38). For example, a recent study found that
ATM autophosphorylation was defective in NBS cells assayed
15 min after exposure to 3 Gy of ionizing radiation, but at 60
min there was no defect in ATM autophosphorylation (10).
These findings were interpreted to indicate that the role of
Nbsl in ATM activation was likely to be indirect, perhaps
serving to transport Mrel1-Rad50 into the nucleus, where it
can process DSBs to facilitate rapid activation of ATM. Other
experimental approaches have used adenovirus infection to
trigger Mrell degradation (9) or have depleted Mrell from a
Xenopus egg extract and assayed phosphorylation of ATM

substrates (16). These studies supported the conclusion that
the MRN complex is required for ATM activation, although
this interpretation has been disputed (5, 37). An alternative
model has been suggested in which ATM senses changes in
chromatin structure caused by DNA damage through an
MRN-independent mechanism, leading to autophosphoryla-
tion of ATM dimers, dissociation of these dimers into active
monomers, and subsequent MRN-dependent recruitment of
active ATM to sites of DNA damage (4, 5). It has also been
proposed that by recruiting active ATM to sites of DNA dam-
age, the MRN complex may stabilize or enhance ATM auto-
phosphorylation by an unknown mechanism (5).

Here we describe studies carried out with Nbsl and ATM/
Tell proteins from fission yeast, humans, and Xenopus. These
studies define an FxF/Y motif in the carboxyl (C) tail of Nbsl
that interacts with a subset of HEAT repeats in ATM/Tell. In
Xenopus egg extracts, this interaction is essential for recruit-
ment of ATM to sites of DNA damage and for ATM activa-
tion. These findings support a model in which recruitment of
ATM to sites of DNA damage and activation of ATM are
coupled through binding to the C terminus of Nbs1. We discuss
these findings in light of recent contradictory evidence that
ATM activation does not require an interaction with Nbsl (23).

MATERIALS AND METHODS

Yeast strains. Truncated and mutant tagged nbsI and tell fission yeast variants
(listed in Table 1) were generated by PCR cassette mutagenesis as previously
described (3). Oligonucleotide primers used in this study are available upon
request.

Microscopy. Duplicate 10-ml cultures of each strain were collected, and one
set was irradiated with 100 gray in a 3.3-Gy/min '¥’Cs irradiator. Irradiated and
unirradiated cells were collected by centrifugation. For yellow fluorescent pro-
tein (YFP)-Crb2 fluorescence microscopy, images were photographed at eight
Z-sections at 0.5-um increments and projected into one image as previously
described (22). These studies used a DeltaVision optical sectioning microscope
model 283 equipped with a Photometrix CH350L charge-coupled device camera.
For analysis of phospho-histone H2A, spread nuclei were prepared as described
previously (32). Briefly, cells were spheroplasted in phosphate-buffered saline
(PBS) buffer with 1 mg/ml zymolyase 20T (Seikagaku) and lysing enzymes
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(Sigma), then washed in MES-Sorbitol buffer (0.1 M 2-N-morpholino ethane
sulfonic acid, 1 M sorbitol, 1 mM EDTA, 0.5 mM MgCl,, pH 6.4), resuspended
in 100 wl MES-Sorbitol buffer and 360 wl 4% paraformaldehyde, and fixed onto
poly-L-lysine-coated slides. Slides were heat fixed before blocking in PBS con-
taining 5% calf serum and incubating with anti-phospho-histone H2AX antibod-
ies (polyclonal rabbit antibodies from Upstate Biotechnology) at 1:50 in block
solution. Phospho-histone-H2AX was detected after incubation with chicken
anti-rabbit Alexa Fluor 488 antibodies (Molecular Probes) at 1:500. DNA was
visualized with DAPI (4',6'-diamidino-2-phenylindole). For each experiment,
100 spread nuclei were counted per strain for unirradiated and irradiated sam-
ples.

DNA damage sensitivity assays, immunoprecipitation analysis in yeast, and
yeast two-hybrid analysis. Damage sensitivity assays were performed as previ-
ously described (11). For immunoprecipitation analysis, whole-cell extracts were
prepared from exponentially growing cells in minimal medium lacking thiamine
and processed as previously described with the exception that 0.05% Triton
X-100 was substituted for 0.1% NP-40 in the lysis buffer (52). Gal4-based Match-
maker Two-Hybrid System 3 (Clontech) was used for the yeast two-hybrid assay
according to the manufacturer’s instructions. S. cerevisiae strain AH109 was used
as the reporter strain. The indicated proteins were fused to the GAL4 activation
domain in vector pGADT7 or the GAL4 DNA-binding domain in pGBKT7 and
expressed in AH109. The interactions were judged by plating on selective min-
imal medium plates (SC): the control plate SC-TL (minimal medium lacking
tryptophan and leucine) was used to select for cotransformation of plasmids, and
the high-stringency SC-HTLA (lacking histidine, tryptophan, leucine, and ade-
nine) was used to identify positive interactions. In the analysis of the HEAT
repeats (HR) of Tell, the constructs were as follows: HR 1-12, amino acids 1 to
716; HR 13-24, 751 to 1295; HR 25-36, 1300 to 1851; HR 37-49, 1852 to 2427,
kinase domain, 2430 to 2812; HR 13-14, 751 to 833; HR 15-16, 864 to 940; HR
17-18, 941 to 1032; HR 19-20, 1034 to 1110; HR 21-22, 1111 to 1200; and HR
23-24, 1201 to 1295.

Xenopus methods. The Xenopus Nbsl sequence was assembled from two ex-
pressed sequence tag sequences (BF426540 and CA988284) that have significant
homology with human Nbs1 and confirmed by multiple other expressed sequence
tag sequences. Together, the overlapping cDNA clones defined a complete open
reading frame of 763 amino acids. Nucleotide sequences of Xenopus Nbs1 can be
accessed in GenBank (accession no. AY999019). Mutations in GST-C50m1
(E749N and D750N) and GST-C50m2 (F752E and F754E) were generated using
a QuikChange site-directed mutagenesis kit (Stratagene). Interphase egg ex-
tracts were prepared essentially as described previously (75). The Nbs1 antibod-
ies were raised in rabbits using a His-green fluorescent protein (GFP) fusion
protein containing the C-terminal 147 amino acids of Xenopus Nbs1. Antibodies
against different regions of C-terminal Nbsl (e.g., C-terminal 50 amino acids)
were affinity purified from the anti-C147 serum using the indicated glutathione
S-transferase (GST) fusion proteins. The purified antibodies did not recognize
His-GFP or GST (data not shown). ATM antibodies were raised in rabbits using
a GST fusion protein containing the C-terminal 300 amino acids of Xenopus
ATM and affinity purified using a His-GFP fusion protein containing the same
ATM region. The Mrell antibody was purchased from Oncogene Research
Products (Cat. no. PC388). The anti-C50, anti-C147, ATM, and Mrell antibod-
ies are described below. The pS1981-ATM and S1981-ATM antibodies were
purchased from Rockland Immunochemicals (catalog no. 600-401-400 and 600-
401-398). The Ku70 antibody was purchased from Covance (Cat. no. MMS-
263R). GST and His-GFP fusion proteins were expressed in Escherichia coli
strain BL21(DE3) and affinity purified using glutathione agarose resin (Amer-
sham Biosciences) and Talon metal affinity resin (BD Biosciences). Quantifica-
tion of the immunoblots was done with an Odyssey infrared imaging system from
LI-COR Biosciences.

For immunodepletion in Xenopus egg extracts, 20 pl of protein A agarose
beads coupled with 15 pg of purified anti-C147 Nbs1 antibody or nonspecific
rabbit immunoglobulin G (IgG) was incubated with 50 pl of extract for 1 h at
4°C. Beads were then removed by low-speed centrifugation, and the supernatants
were taken as depleted extract. For immunoprecipitation in the Xenopus egg
extracts, 2 pg of antibodies was incubated with 50 pl of extract diluted with equal
volume of egg lysis buffer for 1 h at 4°C followed by the addition of 30 wl of
protein A agarose beads. After another hour of incubation, beads were washed
with buffer 1 (10 mM HEPES, pH 7.8, 100 mM NaCl, 50 mM KCI, 2.5 mM
MgCl,, 250 mM sucrose) or buffer 2 (20 mM HEPES, pH 7.4, 150 mM NaCl,
0.1% NP-40). For GST pull-down, 30 pul of glutathione beads was incubated with
20 pg of GST or GST fusion proteins for 1 h at 4°C. After being washed with PBS
once, beads were incubated with 40 pl of extract for 2 h at 4°C. Beads were then
isolated and washed four times with buffer (20 mM HEPES, 150 mM NaCl, 0.1%
NP-40, pH 7.4). For DNA binding assay, a one-end-biotinylated 2-kb DNA
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fragment was generated by PCR using pBluescript as a template and a 5'-
biotinylated primer. Subsequently, 5 ul of magnetic avidin beads (Dynal Biotech)
coupled with 40 ng of biotinylated DNA fragment was incubated with 20 wl of
egg extracts at room temperature for the indicated times. After incubation, beads
were isolated and washed twice with 200 pl of egg lysis buffer. DNA-associated
proteins were detected by Western blotting.

RESULTS

Conserved Tell/ATM-binding motifs in S. pombe and hu-
man Nbsl. The C-terminal 162 amino acids of S. cerevisiae
Xrs2 are required for its binding to Tell (50). The Xrs2/Nbsl
family of proteins is extremely divergent, particularly in the
region C-terminal to the conserved NFKXF motif that is re-
quired for binding to Mrell (21, 70); thus, it was unclear
whether the Tell interaction domain in S. cerevisiae Xrs2 is
conserved in other species (50). We addressed this question by
analysis of fission yeast Nbsl and Tell in a yeast two-hybrid
assay. This analysis showed that full-length Nbs1 had a robust
interaction with full-length Tell (Fig. 1A). Nbsl also inter-
acted strongly with full-length Rad32 (Fig. 1A), the Mrell
homolog in fission yeast that will hereafter be referred to as
Mrell. Mutational studies of the NFKXF motif in Nbsl
showed that it was essential for the yeast two-hybrid interac-
tion with Mrell but not with Tell (Fig. 1B). Truncation of the
C-terminal 60 amino acids of Nbsl (nbsI-AC60) abolished its
interaction with Tell while leaving the binding to Mre11 intact
(Fig. 1A). Importantly, the C-terminal 50 amino acids of Nbs1
were sufficient for Tell binding but did not interact with Mrel1
(Fig. 1A and B).

These studies showed that the C-terminal 50 amino acids of
Nbsl contain a Tell-binding domain that does not overlap with
the Mrell-binding domain. These findings suggested that
Tell-binding domains are likely to be conserved between S.
cerevisiae Xrs2 and S. pombe Nbsl. Upon close inspection, we
noticed that these proteins shared an FXF motif at their ex-
treme C termini (Fig. 1C). This motif was conserved in other
fungi, and it aligned with a highly conserved FXY motif in the
C termini of many metazoan Nbsl1 proteins (Fig. 1C). We also
noticed that the FXF motif in S. pombe Nbs1 was preceded by
an acidic patch of amino acids (D/E rich) that also appeared to
be broadly conserved from fungi to mammals (Fig. 1C).

We investigated the functional significance of these con-
served sequences in S. pombe Nbsl. We created nbsI-9 and
nbs1-10 alleles that had mutations in the FXF motif and acidic
patch, respectively (Fig. 1C). These mutations were introduced
into yeast two-hybrid vectors that expressed full-length Nbsl.
Both of these mutations abrogated the two-hybrid interaction
with full-length Tell (Fig. 1D). To confirm these findings in
fission yeast, we replaced the genomic copy of nbs!™ with the
nbs1-9 or nbsI-10 alleles and determined whether the mutant
proteins coprecipitated with overexpressed Tell. These studies
showed that Tell precipitated with wild-type Nbs1 but not with
mutant Nbs1 proteins encoded by nbsI-9 or nbsi-10 (Fig. 1E).
We conclude that the D/E-rich and FXF motifs at the extreme
C terminus of S. pombe Nbsl are both essential elements of the
Tell-binding domain.

These studies were extended to human Nbsl and ATM.
Full-length human ATM and Nbs1 displayed a strong interac-
tion in the yeast two-hybrid assay (Fig. 1D). This interaction
was almost completely abolished by mutations in the C-termi-
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FIG. 1. Conserved motifs at the C terminus of Nbs1 mediate binding to Tell/ATM. (A) Two-hybrid assays of S. pombe Tell and Mrel1 (Rad32)
with full-length Nbs1, a C-terminal truncation of 60 amino acids (Nbs1-AC60), or the C-terminal 50 amino acids of Nbs1 (Nbs1-C50). Growth on
SC-HTLA medium indicates a positive two-hybrid interaction. (B) A mutation in the Mrel1-binding domain of Nbs1 abolishes the two-hybrid
interaction with Mrell without diminishing the interaction between Nbsl and Tell. The K522A mutation was created in the Mrell (Rad32)-
binding motif of full-length Nbsl1. (C) Alignment of C termini of Nbs1 proteins. The conserved Mrel1-binding region, acidic patch, and FXF/Y
motif are shown. Mutations created in fission yeast, Xenopus, and human Nbs1 proteins are shown. (D) Two-hybrid assays involving S. pombe Nbs1
and Tell, human Nbsl1, and ATM. (E) Coprecipitation of Nbs1 with Tell in S. pombe. TAP-Tell expressed from the nmtI promoter at the tell
genomic locus while 13myc-tagged Nbs1 was expressed from its own promoter at the endogenous locus. TAP-Tell was precipitated with protein

A Sepharose, and Nbs1-13myc was detected with anti-myc antibodies.

nal FXY motif of human Nbsl (Fig. 1D). Mutations in the
C-terminal acidic patch of human Nbs1 have not been tested.
Interestingly, S. pombe Nbsl interacted with human ATM, as
did human Nbs1 with S. pombe Tell (Fig. 1D). Remarkably,
these interactions were abolished by mutations in the acidic
patch and FXF motif of S. pombe Nbs1. Likewise, mutations in
the FXY motif of human Nbs1 disrupted the interaction with
S. pombe Tell (Fig. 1D). These findings indicate that the mode
of interaction between Tell/ATM and the C terminus of Nbsl
has been substantially conserved since common ancestors of
fission yeast and metazoan organisms diverged over 500 mil-
lion years ago (31).

The FXF motif and acidic patch in Nbsl are essential for
Tell function in fission yeast. A recent study showed that the

C-terminal 89 amino acids of S. cerevisiae Xrs2, which contain
the highly conserved C-terminal acidic patch and FXF motif
(Fig. 1C), are not required for the function of Xrs2 in telomere
elongation (71). Xrs2 and Tell have fully codependent func-
tions in telomere elongation in S. cerevisiae (61); therefore,
these observations imply that the C-terminal acidic patch and
FXF motif are not required for a productive physical interac-
tion between Tell and Xrs2 in S. cerevisiae. These findings
appeared to conflict with our evidence that the C-terminal
acidic patch and FXF motif were essential for the interaction
between Nbsl and Tell in S. pombe. We therefore performed
several assays to assess the functional consequences of mutat-
ing the Tell-binding motifs in Nbsl. To investigate the func-
tion of Tell, we analyzed the C-terminal phosphorylation of
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FIG. 2. C-terminal mutations in Nbsl ablate Tell function without impairing the function of Nbsl in survival of DNA damage. (A) Detection
of phospho-histone H2A in chromosome spreads of fission yeast in response to 100 Gy IR. Rad3 and Tell both phosphorylate H2A, and therefore
rad3A and tell A single mutants have phospho-H2A foci, whereas the rad3A tel1 A double mutant has no phospho-H2A foci. In a rad3A background,
mutations in the Tell-binding motif of Nbsl abolish induction of phospho-H2A foci. (B) Detection of YFP-Crb2 foci in live cells. Tell-binding
motif mutations in Nbsl in a rad3A background abolish induction of YFP-Crb2 foci in response to 30 Gy IR. (C) IR and MMS survival assays show
that mutations in the Tell-binding domain of Nbsl do not increase the sensitivity to DNA damage.

histone H2A in response to ionizing radiation (IR). This phos-
phorylation is carried out by Tell and Rad3 in fission yeast
(51). It is equivalent to the C-terminal phosphorylation of
histone H2AX that is catalyzed by ATM and ATR in mammals
(25, 60). To specifically assess the activity of Tell toward his-
tone H2A, these experiments were performed in a rad3A back-
ground, in which Tell function is essential for C-terminal phos-
phorylation of histone H2A. Histone H2A phosphorylation
was monitored in chromosome spreads using a phosphospe-
cific antibody. In a rad3A background, we found that the C-tail
truncation of Nbsl (nbsI-AC60), as well as the nbsI-9 and
nbsI-10 alleles, eliminated the induction of phospho-H2A foci

in response to IR (Fig. 2A). The effect was equivalent to that
seen in a fellA rad3A strain (Fig. 2A).

These findings showed that Tell must interact with the C
terminus of Nbs1 to be able to phosphorylate histone H2A. We
sought to confirm this result by monitoring the formation of
IR-induced foci of the checkpoint adaptor protein Crb2. Crb2
is presumed to be the homolog of the mammalian 53BP1 and
S. cerevisiae Rad9 checkpoint proteins. Crb2 accumulates at
DSBs by a mechanism that requires both phospho-H2A and
methylation of lysine-20 in histone H4 (22, 51, 64). H4-K20
methylation is not regulated in response to DNA damage, but
it is nevertheless essential for effective recruitment or retention
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of Crb2 at sites of DNA damage (64). In a rad3A background,
the C-tail truncation of Nbsl (nbsI-AC60), as well as the nbs1-9
and nbs1-10 alleles, eliminated the induction of Crb2 foci in
response to IR (Fig. 2B). The effect was equivalent to deletion
of tell" in a rad3A background (Fig. 2B).

These studies demonstrated that the activity of Tell toward
histone H2A at DSBs requires a functional Tell-binding do-
main in Nbsl. In these experiments, we also noticed that the
nbs1-AC60, nbsI-9, and nbsI-10 alleles, combined with the
rad3A mutation, caused a slow-growth and frequent-cell-death
phenotype. This phenotype was identical to that observed in
nbsIA rad3A and tellA rad3A strains. The phenotype has been
attributed to a defect in telomere maintenance (11, 52, 72). We
have not examined telomeres in the strains that combine the
Tell-binding domain mutations of nbsl with rad3A, but their
growth properties strongly suggest that the telomere mainte-
nance function of Tell requires the conserved acidic patch and
FXF/Y motif at the extreme C terminus of Nbsl. These se-
quences at the extreme C terminus of Xrs2 are not required for
telomere elongation in S. cerevisiae (71); however, in the Dis-
cussion we suggest that Xrs2 may have a second Tell-binding
domain that is not contained within the C-terminal 89-amino-
acid truncation analyzed by Tsukamoto et al. (71).

All subunits of the MRN complex, but not Tell, are vitally
important for survival of DNA damage in fission yeast (11, 72).
If the C-terminal mutations in the Tell-binding domain of
Nbs1 impaired the general functions of the MRN complex or
prevented the MRN complex from recognizing DNA damage,
we would expect cells harboring these mutations to be hyper-
sensitive to DNA-damaging agents. Accordingly, we examined
whether the mutations in the Tell-binding domain of Nbsl
impaired the survival of DNA damage. DNA damage was
inflicted with IR and the DNA-alkylating agent methyl meth-
anesulfonate. Although nbsIA mutants were extremely sensi-
tive to these genotoxic agents, the nbsi-AC60, nbsi-9, and
nbsI-10 strains were no more sensitive than the wild type (Fig.
2C). These findings showed that the mutations did not disrupt
the function of Nbs1 in DNA repair, despite the fact that these
mutations deleted a substantial region of the C terminus of
Nbsl (nbsI-AC60) or had nonconservative substitutions of the
FXF/Y motif (nbsI-9). We conclude that the Tell-binding do-
main of Nbsl, and specifically the FxF motif and the acidic
patch, are not required for function of the MRN complex in
the recognition and processing of DNA damage.

Nbs1 interacts with two HEAT repeat regions in Tell. Hav-
ing defined the motifs in fission yeast and human Nbs1 that are
necessary for binding to Tell/ATM, we carried out additional
two-hybrid assays to map the Nbsl interaction site(s) in fission
yeast Tell. Tell is a 2,812-amino-acid protein that has 49
HEAT repeats (47, 57). Tell was divided into five parts for the
two-hybrid analyses: HEAT repeats 1 to 12, 13 to 24, 25 to 36,
and 37 to 49 and the C-terminal kinase domain (Fig. 3A). This
analysis showed that HEAT repeats 13 to 24 interacted
strongly with Nbs1, whereas the other regions of Tell failed to
interact with Nbsl (Fig. 3B). The 13-24 HEAT repeats were
divided pairwise for additional two-hybrid assays. These stud-
ies showed that HEAT repeats 17-18 had a strong interaction
with Nbsl and HEAT repeats 21-22 had a somewhat weaker
interaction (Fig. 3B). Importantly, these interactions occurred
with the C-terminal 50 amino acids of Nbsl but not with
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mutant Nbs1-9 (Fig. 3B). Nbs1-AC60 and Nbs1-10 were not
tested. We deduce from these findings that HEAT repeats
17-18 and 21-22 each contain an Nbsl-binding site. These
interactions specifically require the FXF motif at the C termi-
nus of Nbsl. Interestingly, FXFG motifs in S. cerevisiae nucleo-
porin Nspl contact specific HEAT repeats in importin-f (6).
These similarities are explored in the Discussion.

Association with the C terminus of Nbsl is required for the
activation of ATM in the Xenopus egg extract. We turned to the
cell extract system derived from Xenopus eggs to carry out a
functional analysis of the interaction between ATM and Nbsl.
We were particularly interested in determining whether this
interaction is required for ATM activation. The Xenopus egg
extract has been widely used as a model system to study DNA
damage signaling pathways (17, 29). These pathways can be
activated by addition of linear duplex plasmid DNA. Naked
DNA is rapidly assembled into nucleosomes when added to the
egg extract (27, 40, 54). We cloned Xenopus Nbsl and made
affinity-purified antibodies to the C-terminal 147 amino acids
(Fig. 4A). These antibodies detected Nbs1 in ATM complexes
immunoprecipitated from Xenopus egg extracts (Fig. 5A). This
association did not require addition of DNA, but it was dis-
rupted by inclusion of a mild detergent (0.1% NP-40) in the
wash buffer (Fig. SA). These conditions did not disrupt the
interaction of Mrell with Nbsl (Fig. 5B). Since our studies
(see below) and previous investigations have shown that ATM
is not autophosphorylated in Xenopus egg extracts in the ab-
sence of added DNA (65), we deduce that Nbs1 associates with
inactive ATM in the absence of DNA damage and that this
association is relatively weak or dynamic.

To investigate the interaction between Nbsl and ATM, we
generated GST fusion proteins containing the C-terminal 50 or
147 amino acids of Xenopus Nbsl (GST-C50 or GST-C147,
respectively). Both fusion proteins precipitated endogenous
ATM from Xenopus egg extracts (Fig. 5C), whereas only GST-
C147, which contains the Mrell-binding motif, was able to
precipitate Mrell (Fig. 5C). Importantly, the association of
GST-C50 with ATM was abolished by mutations that disrupted
the acidic patch or the FxY motif (Fig. 5D). These findings
provided further support for the functional conservation of the
ATM-binding domain at the C terminus of Nbsl1.

The Xenopus egg extract system was then used to investigate
the role of Nbsl in ATM activation. In human cells, ATM
activation correlates with autophosphorylation on serine-1981
(4). We first confirmed that addition of linear double-stranded
DNA to Xenopus egg extracts led to rapid and potent ATM
phosphorylation, as detected with an antibody that recognizes
phosphorylated S1981 of human ATM (Fig. 6A). Nbsl1, which
is a substrate of ATM, was also phosphorylated in response to
DSBs (Fig. 6A) (Z. You and T. Hunter, unpublished data).
Addition of closed circular plasmid DNA did not stimulate
ATM or Nbsl phosphorylation (Fig. 6A). Interestingly, immu-
nodepletion of Nbsl from the extract using the anti-C147 an-
tibodies almost completely inhibited ATM autophosphoryla-
tion induced in response to linear plasmid DNA (Fig. 6B). In
these experiments, quantification of the immunoblots showed
that Nbs1 immunodepletion removed ~60% of the Mrell and
25% of the ATM from the extract. Direct addition of the
anti-C147 antibodies to the extract also blocked ATM auto-
phosphorylation (Fig. 6C). These results showed that Nbsl is
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FIG. 3. Nbsl interacts with specific HEAT repeats 17-18 and 21-22 in Tell. (A) Schematic of two-hybrid assays with fission yeast Nbs1 and Tell.
(B) Two-hybrid analyses of the regions of Tell that interact with Nbsl. The regions of Tell that are encoded by the two-hybrid plasmids are
described in Materials and Methods. Nbs1-CT indicates the C-terminal 50 amino acids of Nbsl.

required for DSB-induced ATM autophosphorylation in Xe-
nopus egg extracts.

Affinity-purified antibodies that recognized the C-terminal
50 amino acids of Nbsl (anti-C50 antibodies) (Fig. 4B) were
also able to inhibit ATM autophosphorylation (Fig. 6C). The
inhibitory effects of these antibodies were abrogated by prein-
cubating them with GST-C50 (Fig. 6D). Preincubation with
GST-C50 also reversed the inhibitory effects of the anti-C147
antibodies. This result showed that antibodies directed against
the C-terminal 50 amino acids of Nbs1 were primarily respon-
sible for the inhibition of ATM activation by the anti-C147
antibodies. Incubating GST-C50 protein alone with the extract
did not cause ATM autophosphorylation in the absence of
DSBs (data not shown). These data indicated that the C-
terminal 50 amino acids of Nbsl are essential for its role in
activating ATM.

As mentioned above, naked plasmid DNA added to Xenopus
egg extracts is rapidly assembled into chromatin (27, 40, 54).
This assembled chromatin appears to be fully functional in a
variety of assays—for example, it is efficiently replicated in a
semiconservative mechanism (7). However, to confirm that
ATM is activated in an Nbsl-dependent manner by damaged
chromatin as well as damaged DNA, we carried out experi-
ments with Xenopus sperm chromatin. Demembranated sperm

nuclei were incubated with buffer, EcoORI DNA endonuclease
(to create DSBs), or heat-inactivated EcoRI. These chromatin
preparations were added to Xenopus egg extracts. Immuno-
blotting showed that only the damaged sperm chromatin in-
duced ATM autophosphorylation (Fig. 6E). The damaged
chromatin also induced Nbsl phosphorylation, as observed
with addition of linear DNA (Fig. 6A and E).

We repeated these experiments with Xenopus egg extracts
that were depleted of Nbsl with the anti-C147 antibodies.
Immunoblotting confirmed that Nbs1 was fully depleted from
these extracts, whereas most of the ATM and approximately
half of the Mrell protein remained in the extract (Fig. 6F).
Damaged chromatin failed to induce ATM autophosphoryla-
tion in the Nbsl-depleted samples. In contrast, robust ATM
autophosphorylation was detected in the mock-depleted sam-
ples. To confirm that direct association of ATM with Nbsl1 is
required for ATM activation by damaged sperm chromatin, we
added anti-C147 and anti-C50 antibodies to the extracts before
the addition of damaged sperm chromatin. Both antibodies
prevented ATM autophosphorylation induced by damaged
chromatin (Fig. 6G). Preincubation of both the anti-C147 and
anti-C50 antibodies with GST-C50 reversed their inhibitory
effects on ATM autophosphorylation (Fig. 6H). We conclude
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C-terminal 147 amino acids of Xenopus NBS1, were immunoblotted with Xenopus egg extract. In addition to Nbsl, a larger-molecular-weight
protein (indicated by an asterisk) was also recognized by anti-C147. (B) Anti-C50 antibodies from rabbits, which were affinity purified with
GST-C50 that contained the C-terminal 50 amino acids of Xenopus NBS1, were immunoblotted with Xenopus egg extract. (C) Egg extract was
treated with control IgG or anti-C147 to immunodeplete Nbsl. Following depletion, extracts were immunoblotted with anti-C147. Depletion of
Nbs1 from the extract using anti-C147 removed Nbs1 but not the larger protein shown in panel A. (D) Anti-ATM antibodies were generated in
rabbits using GST-XATMC containing the C-terminal 300 amino acids of Xenopus ATM. These antibodies were affinity purified with His-GFP-
XATMC and immunoblotted with Xenopus egg extract. (E) Shown is an immunoblot of Xenopus egg extract and HeLa cell lysate with anti-Mrell

antibodies purchased from Oncogene Research Products.

that Nbsl is required for the autophosphorylation of ATM that
is induced by damaged sperm chromatin.

Recruitment of ATM to DSBs can precede its autophosphor-
ylation. Studies in cells from NBS patients have supported a
model in which ATM can be activated in an Nbs1-independent
mechanism before it is recruited to sites of DNA damage (4, 5,
38). Our studies with Xenopus egg extracts favored an alterna-
tive model in which activation of ATM and its recruitment to
DSBs are functionally linked through binding to Nbs1. To test
this model, we first asked whether ATM is recruited to DSBs
in an Nbsl-dependent manner in Xenopus egg extracts. Linear
2-kb fragments of DNA were attached to beads and then
added to Xenopus egg extracts in the presence of anti-C147
antibodies or negative control antibodies. Samples were incu-
bated for 5 min at room temperature before removal of the
beads from the extract and detection of associated proteins by
immunoblotting. This analysis showed that Nbsl, ATM, and
Ku70 (a positive control) were efficiently recruited to the DNA
beads in the extract containing control antibodies (Fig. 7A).
Immunoblotting with phospho-S1981 antibodies confirmed
that ATM was activated in the extract containing control an-
tibodies (Fig. 7A). The anti-C147 antibodies prevented ATM
binding to the linear DNA but did not prevent Nbsl or Ku
from interacting with DNA (Fig. 7A). The anti-C147 antibod-
ies also prevented the phosphorylation of Nbsl, which is a
substrate of ATM (Fig. 7A). This finding was consistent with
the ability of the anti-C147 antibodies to prevent ATM activa-
tion (Fig. 6).

The ATM that was bound to DNA was also analyzed with
“S1981” antibodies that are specific for the unphosphorylated
S1981 epitope. This analysis showed that some of the DNA-

bound ATM was not phosphorylated on S1981 (Fig. 7A). This
observation prompted us to analyze samples at 5-minute inter-
vals after addition of DNA beads to the extract. No antibodies
were added to the extract in this experiment. We observed that
ATM was maximally bound to DNA within 5 min at 25°C (Fig.
7B). The S1981 signal was readily detected at the 5-minute
time point, but it returned to a baseline level at subsequent
time points. The decrease in the amount of S1981-unphosphor-
ylated ATM was accompanied by a reciprocal increase in the
phospho-S1981 signal (Fig. 7B). Quantification of the immu-
noblot showed that the phospho-S1981 signal increased ~2.5-
fold between the 5- and 10-minute samples.

These findings indicated that the interaction of ATM with
damaged DNA can precede S1981 phosphorylation. We
sought to confirm these findings with damaged sperm chroma-
tin. Consistently, we were able to detect both S1981-unphos-
phorylated and S1981-phosphorylated ATM binding to dam-
aged chromatin in the extract incubated at room temperature
for 5 min. Addition of anti-C147 antibodies inhibited the bind-
ing of both unphosphorylated and phosphorylated ATM to
damaged chromatin (Fig. 7C). These antibodies also inhibited
the phosphorylation of Nbsl by ATM. We deduce from these
findings that ATM can bind damaged chromatin before it
undergoes S1981 autophosphorylation. These findings support
a mechanism in which activation of ATM and its association
with damaged chromatin are coupled through binding to Nbsl.

Mrell- and ATM-binding domains of Nbs1 are sufficient for
ATM activation by DSBs. The studies shown in Fig. 6 provided
strong evidence that the C-terminal ATM-binding domain of
Nbsl is required for ATM activation in the Xenopus egg ex-
tract. We extended these studies to identify the domains of
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FIG. 5. The acidic patch and FXY motif are essential elements of an ATM-binding domain at the C terminus of Xenopus NBS1. (A) NBS1
coprecipitates with ATM in Xenopus egg extracts. ATM or control immunoprecipitates from Xenopus egg extracts were washed four times with
buffer 1 (without detergent) or buffer 2 (with 0.1% NP-40), followed by immunoblotting for ATM and NBS1. (B) Mrel1 coprecipitates with Nbs1.
Control, anti-C147, and anti-C50 immunoprecipitates of NBS1 from Xenopus egg extracts were washed four times with buffer 1 or buffer 2, as
described for panel A, followed by immunoblotting for NBS1 and Mre11. (C) The C-terminal 50 amino acids of Xenopus NBS1 bind ATM but not
Mrell, whereas the C-terminal 147 amino acids of NBS1 bind to both ATM and Mrel1. Glutathione beads coupled with 20 pg of GST, GST-C147,
or GST-C50 recombinant proteins were incubated with 40 wl of Xenopus egg extracts for 2 h at 4°C. The beads were isolated and washed four times
with buffer (20 mM HEPES, pH 7.4, 150 mM NaCl, 0.1% NP-40). Proteins associated with the beads were immunoblotted for ATM and Mrell.
(D) The acidic patch and FXY motif are essential elements of an ATM-binding domain at the C terminus of Xenopus NBS1. The procedure
performed was the same as that described for panel C except that glutathione beads were coupled with 20 wg of GST, GST-C50, GST-C50m1, or

GST-C50m2 recombinant proteins.

Nbs1 that are both necessary and sufficient for ATM activation
in response to DSBs. We depleted Nbs1 from the extract and
replaced it with bacterially expressed GST fusion proteins con-
taining specific fragments of Nbsl. As shown in Fig. 6B and F,
about half of the Mrell remained after Nbsl was depleted
with the anti-C147 antibodies. To this extract, we added GST
fusion proteins containing either the C-terminal 147 amino
acids of Nbsl, which contained both the Mrell- and ATM-
binding domains, or GST fusion proteins containing the
Mrell-binding domain alone (C97) or just the ATM-binding
domain (C50). Linearized plasmid DNA was also added to
these samples. Remarkably, the C-terminal 147 amino acids of
Nbs1 were able to restore ATM autophosphorylation to the
Nbsl1-depleted extract (Fig. 7D). The GST fusion proteins con-
taining the Mrell-binding domain alone (C97) or the ATM-
binding domain alone (C50) were unable to restore ATM
autophosphorylation (Fig. 7D). GST-C147 also restored ATM
autophosphorylation that was induced by damaged chromatin
(Fig. 7E). Furthermore, binding of both unphosphorylated and
phosphorylated ATM to immobilized DNA fragments or dam-
aged chromatin was also restored by GST-C147 (Fig. 7F). It
should be noted that these incubations were carried out for 2

to 15 min, but even longer incubations (e.g., 30 min) of Nbs1-
depleted extracts with damaged DNA or chromatin did not
lead to ATM autophosphorylation (Fig. 6F). Therefore, the
Nbsl fragment in GST-C147 is absolutely required for DNA
damage-mediated ATM activation and is not just needed for a
rapid response to damaged DNA. We conclude from these
findings that the Mrell and ATM-binding domains of Nbsl
define the functions of Nbs1 that are essential for ATM acti-
vation.

DISCUSSION

Conserved ATM/Tell-binding domain at the C terminus of
Nbsl. We have shown that a C-terminal ATM/Tell-binding
domain is a conserved feature of Nbs1 proteins in fission yeast,
Xenopus, and humans. This domain is contained within the
C-terminal 50 amino acids of S. pombe and Xenopus Nbsl. An
essential element of this domain is a highly conserved FXF/Y
motif that is preceded by an acidic patch of amino acids. Point
mutations in these motifs abolish the interaction between Nbs1
and Tell in fission yeast and cause a phenotype that is identical
to a tell A mutant. In the Xenopus egg extract, point mutations
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FIG. 6. The C-terminal region of NBS1 is required for ATM activation following addition of linear plasmid DNA or damaged sperm chromatin to
the Xenopus egg extract. (A) Addition of linear double-stranded DNA induces ATM and NBS1 phosphorylation. Xenopus egg extract was incubated for
15 min with no DNA (lane 1) or 1 ng/ul of pBluescript circular plasmid DNA that was incubated with buffer (lane 2), Alul DNA endonuclease (lane
3), or heat-inactivated Alul (lane 4). Extracts were then immunoblotted for pS1981-ATM, total ATM, and NBS1. The gel mobility shift of NBS1 in lane
3 was due to phosphorylation, which is partially dependent on ATM. (B) Immunodepletion of Nbsl from the extract using the anti-C147 antibodies
prevents ATM autophosphorylation induced by linear plasmid DNA. Mock-depleted extracts (lanes 2 and 4) or extracts depleted of NBS1 with anti-C147
antibodies (lanes 1 and 3) were incubated with 1 ng/ul or 20 ng/pl of linearized pBluescript for 15 min. Extracts were immunoblotted for pS1981-ATM,
total ATM, and NBS1. Quantification of the immunoblot showed that Nbs1 immunodepletion removed 57% of the Mrell and 28% of the ATM in the
samples that contained 1 ng/ul DNA. Similar values were measured in the 20-ng/ul sample (60% and 24%, respectively). (C) Addition of the anti-C147
and anti-C50 antibodies to the Xenopus egg extract blocks ATM autophosphorylation induced by linear plasmid DNA. Extracts containing 300 ng/p.l of
control IgG or affinity-purified anti-C147 or anti-C50 NBS1 antibodies were incubated with 1 ng/ul of linearized pBluescript for 15 min. Extracts were
immunoblotted for pS1981-ATM and total ATM. (D) The inhibitory effects of the anti-C50 and anti-C147 antibodies on ATM autophosphorylation
induced by linear plasmid DNA are abrogated by preincubating the antibodies with GST-C50. Anti-C147 or anti-C50 NBS1 antibodies (250 ng/ul) were
preincubated with 2 pg/ul of GST or GST-C50 for 20 min at room temperature before being added to extracts containing 1 ng/ul of linearized
pBluescript. Following 15 min of incubation, extracts were immunoblotted for pS1981-ATM and total ATM. (E) EcoRlI-treated sperm chromatin induces
ATM and NBS1 phosphorylation. Xenopus egg extract was incubated for 15 min with no DNA (lane 1) or 2,500 demembranated sperm nuclei/ul that
were incubated with buffer (lane 2), EcoRI DNA endonuclease (lane 3), or heat-inactivated EcoRI (lane 4). Extracts were then immunoblotted for
pS1981-ATM, total ATM, and NBS1. (F) Damaged chromatin fails to induce ATM autophosphorylation in the NBS1-depleted samples. Mock-depleted
extracts (lanes 1 and 3) or extracts depleted of NBS1 with anti-C147 antibodies (lanes 2 and 4) were incubated with 2,500 EcoRI-treated demembranated
sperm nuclei/pl for 15 min or 30 min. Extracts were immunoblotted for pS1981-ATM, total ATM, and NBS1. Quantification of the immunoblot showed
that Nbs1 immunodepletion removed 47% of the Mrell and 20% of the ATM in the 15-min sample. The corresponding numbers for the 30-min sample
were 40% and 21%, respectively. (G) Anti-C50 and anti-C147 antibodies prevent ATM autophosphorylation induced by damaged chromatin. Xenopus
egg extracts containing 250 ng/pl of control IgG or affinity-purified anti-C147 or anti-C50 NBS1 antibodies were incubated with 2,500 EcoRI-treated
demembranated sperm nuclei/pl for 15 min. Extracts were immunoblotted for pS1981-ATM and total ATM. (H) The inhibitory effects of the anti-C50
and anti-C147 antibodies on ATM autophosphorylation induced by damaged chromatin are abrogated by preincubating the antibodies with GST-C50.
Anti-C147 or anti-C50 NBS1 antibodies (250 ng/ul) were preincubated with 2 g/l of GST or GST-C50 for 20 min at room temperature before being
added to extracts containing 2,500 EcoRI-treated demembranated sperm nuclei/pl. Following 15 min of incubation, extracts were immunoblotted for
pS1981-ATM and total ATM.
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FIG. 7. Recruitment of ATM to DSBs precedes its autophosphorylation, and ATM autophosphorylation in Nbsl-depleted extracts can be
restored by the C-terminal 147 amino acids of Nbsl. (A) The anti-C147 antibodies prevent ATM binding to the linear plasmid DNA. Extracts
preincubated with 300 ng/ul of control IgG or affinity-purified anti-C147 were incubated with magnetic avidin beads coupled with a one-end-
biotinylated 2-kb DNA fragment derived from pBluescript. Extracts were incubated with extracts at room temperature for 5 min. Proteins
associated with beads were immunoblotted for S1981-ATM (unphosphorylated ATM), pS1981-ATM, total ATM, Ku70, and NBS1. (B) S1981
phosphorylation is not a prerequisite for the interaction of ATM with linear plasmid DNA. Reactions were similar to panel A except samples were
not preincubated with antibodies and samples were taken at 5-min intervals following addition of DNA beads. (C) The anti-C147 antibodies
prevent ATM binding to damaged sperm chromatin. Extracts preincubated with 250 ng/l of control IgG or affinity-purified anti-C147 were
incubated with 2,500 EcoRI-treated demembranated sperm nuclei/pl. Extracts were incubated at room temperature for 5 min. Proteins associated
with chromatin were immunoblotted for S1981-ATM (unphosphorylated ATM), pS1981-ATM, total ATM, NBS1, and Ku70. (D) A recombinant
fragment of Nbs]1 that contains the Mrell- and ATM-binding domains restores ATM autophosphorylation to an Nbs1-depleted extract. Anti-C147
antibodies were used to deplete Nbsl from a Xenopus egg extract. Buffer, 100 ng/pl GST, GST-C147, GST-C97, or GST-C50 was added to the
extract together with linearized plasmid DNA. After 15 min of incubation, extracts were then immunoblotted for pS1981-ATM and total ATM.
(E) Linearized plasmid DNA and damaged sperm chromatin induce ATM autophosphorylation in an Nbsl-depleted extract supplemented with
a recombinant fragment of Nbs1 that contains the Mre11- and ATM-binding domains. GST-C147 (100 ng/pl) was incubated with buffer, 1 ng/ul
of linearized pBluescript, or 2,500 sperm chromatin treated with EcoRI/ul. After 15 min of incubation, extracts were then immunoblotted for
pS1981-ATM and total ATM. (F) The C147 fragment of Nbs1 restores ATM binding to linearized plasmid DNA and damaged sperm chromatin
in an Nbsl-depleted extract. The Nbsl-depleted extract supplemented with 100 ng/ul of GST or GST-C147 was incubated with magnetic avidin
beads coupled with one-end-biotinylated 2-kb fragments derived from pBluescript or sperm chromatin treated with EcoRI. After 2 min of
incubation, DNA beads and chromatin were isolated and proteins associated with DNA beads or damaged chromatin were immunoblotted for
S1981-ATM, pS1981-ATM, total ATM, and Ku70. Similar results were observed after a 10-min incubation except that the S1981-ATM signal was
very weak (Z. You and T. Hunter, unpublished data).

in these motifs abolish the ability of the C-terminal 50 amino Two Tell-binding domains in Xrs2? The extreme C termi-

acids of Nbs1 to precipitate ATM. In yeast two-hybrid assays,
mutations in the FXY motif ablate the ability of human Nbsl
to interact with human ATM. Remarkably, therefore, the abil-
ity of Nbsl and Tell/ATM homologs to interact has been
substantially conserved since fission yeast and humans di-
verged from a common ancestral species over 500 million years
ago. We conclude that an FXF/Y motif preceded by an acidic
patch of amino acids is a defining feature of Tell/ATM-bind-
ing domains at the C termini of Nbsl proteins.

nus of S. cerevisiae Xrs2 has an FXF motif preceded by an
acidic patch of amino acids. These sequences are contained
within the C-terminal 15 amino acids of Xrs2. Based on our
findings, it is very likely that these sequences are part of a
Tell-binding domain. However, a recent study showed that the
C-terminal 89 amino acids of Xrs2 are not essential for its
function in telomere maintenance (71). Xrs2 and Tell have
fully codependent functions in telomere maintenance (61);
therefore, it appears that Tell function does not require the
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FIG. 8. Model of ATM activation. (A) Location of FXF/Y motifs preceded by the acidic patch in Nbsl1 proteins from Schizosaccharomyces
pombe (Sp), Saccharomyces cerevisiae (Sc), Homo sapiens (Hs), Xenopus laevis (X1), and Drosophila melanogaster (Dm). The HEAT interaction
region of S. cerevisiae nucleoporin Nspl is also shown. The lower panel shows a schematic representation of the Nbsl proteins and the positions
of FHA domains, BRCT domains, Mrel1-interaction motif (MIM), and FXF/Y motifs. (B) Structure of an FXFG peptide interacting with HEAT
repeats 5 and 6 of importin-B (6). (C) Proposed mechanism of ATM activation by DSBs. In step 1, the inactive ATM/MRN complex is recruited
to sites of DNA damage. In step 2, ATP binding and hydrolysis induce conformational changes within the DNA-bound MRN/ATM complex that
disengage the ATM dimer. ATM dimer disengagement leads to ATM autophosphorylation and phosphorylation of downstream effectors, such as
H2AX. In step 3, the amplification of checkpoint signal by recruitment, activation, and release of ATM and by recruitment of additional
MRN/ATM complexes via interactions with phospho-H2AX and MDC1 is shown. See the text for a more detailed description.

acidic patch and FXF motif at the extreme C terminus of Xrs2.
We do not believe these findings invalidate our conclusions
about the role of FXF/Y motifs in binding to Tell/ATM. In-
stead, we hypothesize that Xrs2 has two Tell-binding domains
in its C-terminal 162 amino acids, only one of which aligns with
the Tell/ATM-binding domains at the extreme C terminus of
Nbsl proteins in fission yeast, Xenopus, and humans. Xrs2 has
a second FXF motif preceded by acidic amino acids located
~100 amino acids from its C terminus (Fig. 8A). The 162-
amino-acid C-terminal truncation of Xrs2, which removes both
FXF motifs, abolishes the binding to Tell (50). In contrast to
Xrs2, fission yeast and human Nbsl have only one FXF/Y
motif (Fig. 8A), which explains why point mutations in these
motifs fully abrogate binding to Tell/ATM. In Nbsl proteins
from some other organisms, there are no FXF/Y motifs in the

region C-terminal to the Mrell-binding motif. An example is
the Nbs1 homolog in Drosophila, which instead has three FXF
motifs located on the N-terminal side of the Mrell-binding
motif. All of these FXF motifs are preceded by an acidic patch
of amino acids (Fig. 8A). We hypothesize that these FXF/Y
motifs define three separate ATM-binding sites in the Dro-
sophila Nbs1 homolog.

The C terminus of Nbs1 engages specific HEAT repeats in
Tell. Two-hybrid analyses have shown that the C terminus of S.
pombe Nbsl interacts specifically with HEAT repeat pairs
17-18 and 21-22 in Tell. Therefore, it is very likely that Tell
has two separate Nbsl-binding domains. Importantly, the C-
terminal 50 amino acids of Nbsl were sufficient for this inter-
action, and it was abolished by point mutations in the FXF
motif of full-length Nbsl. These findings suggest that Nbsl
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makes specific contacts with binding pockets contained within
HEAT repeats 17-18 and 21-22. A prediction of these studies
is that the expression of these HEAT repeats alone may inter-
fere with the interaction between endogenous Tell and Nbsl.
We have not yet tested this prediction in fission yeast, but we
note that overexpression of an ATM fragment encompassing
HEAT repeats 14-25 causes a dominant negative effect in
mammalian cells (12, 49). It prevents ATM activation, in-
creases chromosome breakage and radiosensitivity, and im-
pairs telomere maintenance. It will be interesting to determine
whether these effects are caused by binding to endogenous
Nbsl.

HEAT repeats are found in many classes of proteins (57).
One well-studied example is importin-B, which consists en-
tirely of 19 HEAT repeats (13, 14). Importin-8 associates with
importin-a, nucleoporins, and Ran-GTP, and together these
proteins carry out nucleocytoplasmic trafficking of proteins and
other macromolecules. Biochemical and mutational analyses
showed that the interaction between importin-8 and nucleo-
porins involves functionally redundant FXFG repeats in
nucleoporins (63). These FXFG repeats are interspersed with
hydrophilic patches of amino acids (63). The exact relevance of
these hydrophilic patches is unknown, but they are an omni-
present feature among all FXFG-containing nucleoporins.
Crystallographic analysis showed that an FXFG-containing
peptide directly engages HEAT repeats 5 and 6 in importin-8
(Fig. 8B) (6). The lining of the primary binding pocket for the
two phenylalanines is constituted of hydrophobic residues from
the A-helices of HEAT repeats 5 and 6. Interestingly, a sec-
ondary FXFG binding pocket is found in A-helices of HEAT
repeats 6 and 7. The A-helices are on the convex side of the
superhelical HEAT repeat structure (Fig. 8B) (6). By contrast,
the binding sites for cargo and importin-a are on the concave
side of the importin-B superhelical HEAT repeat structure
(14). This configuration is ideal for the function of importin-8
during nuclear transport (6).

In view of the crystallographic evidence that specific HEAT
repeats in importin-B contain binding pockets for FXFG se-
quences in nucleoporins, it is striking that the FXF motif of S.
pombe Nbsl is essential for its interaction with specific HEAT
repeats in Tell. It is also striking that the FXF/Y motif in Nbsl
homologs is always preceded by an acidic patch of amino acids,
similar to the hydrophilic patches of amino acids that separate
FXFG motifs in nucleoporins. Our studies have shown that the
acidic patch is essential for the interaction with Tell/ATM.

Unlike the FXFG sequences in nucleoporins, the FXF/Y
motif in Nbs1 homologs is not followed by a glycine residue.
However, crystallographic studies suggest that the glycine res-
idue does not make primary contacts with the A-helices (6).
The glycine residue may serve as part of a spacer sequence. A
spacer sequence would not be expected to be necessary at the
extreme C terminus of Nbs1. Alternatively, the HEAT binding
domains of Nbsl and importin-B may have related but not
identical specificities.

The evidence that multiple FXFG repeats in nucleoporins
can interact with two separate but closely spaced HEAT re-
peats in importin-f is also interesting in light of our findings
that the FXF motif in S. pombe Nbsl1 can contact two separate
but closely spaced HEAT repeats in Tell. The structure of S.
cerevisiae Xrs2 and Drosophila Nbsl1, which we propose have
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multiple FXF motifs that contact Tell/ATM, also bears a re-
semblance to the existence of redundant FXFG motifs in
nucleoporins. In view of all of these similarities, it is very
tempting to propose that the C-terminal FXF/Y motif in Nbs1
contacts the convex face of a superhelical HEAT repeat do-
main in Tell/ATM in a manner that closely resembles the
interactions between nucleoporins and importin- (Fig. 8B).
Future structural analyses will be required to test this hypoth-
esis.

Nbsl is required for ATM activation in the Xenopus egg
extract. It is evident from our studies in fission yeast and the
previous analysis of budding yeast that the function of Tell is
absolutely dependent on its ability to interact with Nbs1/Xrs2
(50). This relationship can be explained, at least in part, in the
requirement for Xrs2 to recruit Tell to sites of DNA damage,
where it can phosphorylate its targets (50). Indeed, these find-
ings in yeast are fully consistent with evidence that active ATM
is unable to form IR-induced foci in cells derived from NBS
patients (38). A crucial question that cannot be conclusively
addressed in yeast, or in cells from NBS patients, is whether
Nbsl is essential for Tell/ATM activation. In yeasts, Tell is not
known to autophosphorylate; therefore, it is not possible to
discern whether Nbsl is specifically required for Tel activation
or is essential for recruitment of activated Tell to DSBs where
it can phosphorylate its substrates. Almost all NBS patients
have the same mutation, NBS1-657del5 (46). Cells from these
patients are able to express an N-terminally truncated form of
Nbsl, albeit at significantly reduced levels, and it is therefore
impossible to know whether these cells are truly null for Nbsl
function (46). Indeed, recent studies of mouse embryonic fi-
broblasts containing an inducible null allele of NBS1 have
shown that it is essential for cell viability (20). Therefore, it is
highly unlikely that NBS patients, and the cells derived from
those patients, could survive without the expression of a C-
terminal portion of Nbsl that includes the Mrell- and ATM-
binding domains.

ATM autophosphorylation has been assayed in NBS cells, in
cells in which Nbs1 protein abundance has been diminished by
Nbs1 small interfering RNA, and in cells in which Mrell
degradation has been triggered by adenovirus infection (9, 10,
36, 38, 48, 73). In most experiments, ATM autophosphoryla-
tion was impaired but not eliminated, but in some exceptional
cases there was no defect in ATM autophosphorylation. The
exceptional situations involved exposure of NBS cells to mod-
erate or high doses of ionizing radiation (38). These observa-
tions have suggested that the MRN complex is not required for
ATM activation but is instead required to target activated
ATM to sites of DNA damage (5). By this mechanism, the
MRN complex has been proposed to contribute to ATM acti-
vation in response to small amounts of DNA damage by “sens-
ing” the damage, amplifying the activation signal, or stabilizing
the phosphorylated ATM (5). A conclusive test of this model
has awaited the ability to fully eliminate Nbsl function in a
system in which ATM autophosphorylation can be monitored
with phospho-S1981 antibodies. We therefore turned to the
Xenopus egg extract system to address the question of whether
Nbsl is required for ATM activation in response to DNA
damage. ATM undergoes S1981 autophosphorylation in re-
sponse to damaged DNA in Xenopus egg extracts; thus, it is
possible to directly assay ATM activation (65). Our studies
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showed that antibodies specific to the C terminus of Nbsl
prevented S1981 phosphorylation in response to linear double-
stranded DNA molecules, whose ends mimic DSBs in dam-
aged DNA. Depletion of Nbsl from the extract had the same
effect. Importantly, virtually identical results were obtained by
addition of Xenopus sperm chromatin cleaved with EcoRI en-
donuclease. Remarkably, a recombinant form of the Nbsl C
terminus that contained just the Mrell- and ATM-binding
domains was able to restore ATM activation to an Nbsl1-de-
peleted extract. This fragment of Nbsl also restored ATM
recruitment to damaged DNA. These findings unequivocally
demonstrate that in this experimental system Nbs1 is essential
for ATM activation in response to damaged DNA.

It is important to note that about half of the Mrel1 protein
remained in the Nbsl-depleted extracts (Fig. 6B and F). We
have not examined Rad50 in these extracts, but we presume
that a substantial amount of it must have also remained in the
Nbsl-depleted extract because ATM activation could be re-
stored to the extract by addition of the recombinant form of
the Nbsl1 C terminus. The inability to more fully remove Mrell
by Nbs1 immunodepletion is somewhat surprising because gel
filtration analysis of extracts from mammalian cells has sug-
gested that most of the Mrell is in a complex with Rad50 and
Nbsl (8). The situation may be different in Xenopus eggs. The
Xenopus egg contains stockpiles of proteins needed for 12
subsequent divisions, and therefore, unlike somatic cells, the
egg extract may contain separate pools of the Nbsl, Mrell,
and Rad50 MRN subunits in addition to assembled MRN,
which could account for the fact that complete depletion of
Nbsl does not result in complete depletion of Mrell (or pre-
sumably of Rad50). It is also possible that some of the Nbsl
was stripped from the Mrell-Rad50 complex during the im-
munoprecipitation.

Studies carried out with purified proteins have shown that
the Mrel1-Rad50 complex can stimulate ATM activity toward
p53 but not Chk2 (42). These findings suggested that the
Mrel1-Rad50 complex has some ability to interact with ATM
in the absence of Nbsl. In contrast, studies in budding yeast
(50), and our investigations of fission yeast cells and Xenopus
egg extracts, have shown that a productive interaction between
the MRN(X) complex and ATM/Tell in these systems is de-
pendent on the C-terminal region of Nbs1. Perhaps the Mrel1-
Rad50 complex has a weak interaction with ATM that can be
detected only with high concentrations of proteins in a purified
system.

Our data support a model in which the recruitment of ATM
to damaged DNA and its activation are coupled through an
interaction with the C terminus of Nbsl. According to this
model, the recruitment of ATM to damaged DNA should
precede its activation. We have indeed observed this sequence
of events in the Xenopus egg extract system. ATM that is
unphosphorylated at S1981 can be detected bound to damaged
DNA soon after the DNA is added to the extract. The same is
true of damaged sperm chromatin. Indeed, we have observed
ATM associated with Nbs1 without DNA added to the extract.
Therefore, in contrast to the conclusions derived from studies
of mammalian cells (4), we deduce from our experiments with
the Xenopus egg extract that autophosphorylation of ATM is
not a precondition for its association with Nbsl or its recruit-
ment to damaged DNA.
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We have shown that Nbsl is required for the S1981 phos-
phorylation of ATM that is induced by DSBs in the Xenopus
egg extract. We have not addressed whether other forms of
genotoxic stress can activate ATM in this system. In at least
some types of mammalian cells, chloroquine and trichostatin A
can induce S1981 phosphorylation of ATM without inducing
phosphorylation of ATM substrates that are localized at sites
of DNA damage (4, 38). Chloroquine is a topoisomerase II
inhibitor and a DNA-intercalating agent. Trichostatin A is an
inhibitor of histone deacetylases. Both of these agents are
expected to increase torsional stress in DNA. Hypotonic buff-
ers may have a similar effect. This torsional stress will generate
secondary structures in DNA, such as hairpins, especially in
palindromic sequences. The MRN complex is known to bind
and process these structures (18, 24). Conceivably, the MRN
complex will recruit ATM to these sites, and ATM will un-
dergo autophosphorylation. However, these sites are expected
to be devoid of histones and other DNA-bound proteins, such
as SMCI1, because torsionally stressed DNA will not adopt the
B form conformation. Hence, these substrates may not be
available to be phosphorylated by ATM. It is also possible that
these DNA-bound proteins are necessary for the efficient re-
tention of MRN and ATM at these sites. The efficient reten-
tion of the MRN complex requires MDCI1, which is recruited
to phospho-H2AX (45). Therefore, the large-scale recruitment
and retention of MRN and ATM, and the subsequent phos-
phorylation of ATM substrates at sites of DNA damage, may
not occur efficiently at sites of secondary structure in DNA.
Upon binding to hairpins, the MRN complex will cleave the
DNA to generate a nicked duplex that will relieve the torsional
stress, leading to release of the MRN complex from the DNA.
Conceivably, this transient association of MRN complex with
DNA will induce ATM autophosphorylation but will not result
in efficient phosphorylation of DNA-bound substrates.

Our findings coincide with a recent study by Falck et al., who
found that the extreme C terminus of human Nbsl is required
for its association with ATM (23). On this point our findings
are in agreement; however, our studies disagree on the func-
tional significance of this interaction. Falck et al. found that a
20-amino-acid truncation at the C terminus of Nbsl abolished
its interaction with ATM but did not prevent it from fully
complementing the partial defect in ATM autophosphoryla-
tion in NBS cells. However, this construct was unable to com-
plement defects in phosphorylation of SMC1 or Chk2. These
findings support a model in which ATM is activated in a mech-
anism that does not require a direct interaction with the MRN
complex, although such an interaction is required for recruit-
ment of ATM to sites of DNA damage (23). In contrast, our
studies with the Xenopus egg extract have shown that the in-
teraction of ATM with the C terminus of Nbsl is absolutely
essential for activation of ATM by DNA damage. Moreover,
we have seen that recruitment of the unphosphorylated form
of ATM to damaged DNA can precede ATM autophosphor-
ylation.

It is unclear how to reconcile our data with the studies of
Falck et al. (23). One possibility is that mammalian somatic
cells and Xenopus eggs activate ATM by different mechanisms,
although this explanation seems unlikely in view of previous
evidence of highly conserved checkpoint mechanisms in the
two experimental systems. A more likely explanation could
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involve a mechanism of partial interallelic complementation of
NBS cells. Numerous examples of interallelic complementa-
tion have been described for yeast and Drosophila (53, 59).
These typically involve multimeric protein complexes in which
the proteins have discrete functional domains. NBS cells ex-
press reduced levels of a ~70-kDa C-terminal fragment of
Nbsl that contains both the Mrell- and ATM-binding do-
mains but lacks the forkhead-associated (FHA) and BRCA1
C-terminal (BRCT) domains (8). By expressing a C-terminal
truncation of Nbs1 that lacks only the ATM-binding domain, it
may be possible to form MRN complexes that contain both
mutant forms of Nbsl. These complexes may be sufficient to
fully restore ATM activation but unable to sustain efficient
phosphorylation of ATM substrates. Another possibility in-
volves the localization of Mrell and Rad50. Most of the
Mrell and Rad50 in NBS cells is localized in the cytoplasm,
presumably because Nbsl is required for efficient localization
of the MRN complex in the nucleus (8). Expression of Nbsl
that lacks only the ATM-binding region in NBS cells would be
expected to fully complement the defect in nuclear localization
of the MRN complex. This complex should be fully functional
in all but one respect, the ability to interact with ATM. Perhaps
by performing ATM-independent functions, the MRN com-
plex that has the C-terminal truncation of Nbs1 will allow more
of the MRN complexes that have the 70-kDa C-terminal frag-
ment of Nbsl to interact with ATM and bring about ATM
activation in response to DNA damage.

A model of ATM activation in response to DNA damage.
Ataxia-telangiectasia, NBS, and ATLD patients share a num-
ber of symptomatic features, particularly a hypersensitivity to
ionizing radiation (41, 66). These similarities have spurred
speculation that the genes mutated in these patients partici-
pate in a common pathway of DNA damage response. With
the identification of the genes mutated in these patients, and
the realization that ATM, Nbs1, and Mrel1 have well-charac-
terized functional homologs in yeasts and other experimental
organisms, there has been an increasing realization that ATM
and the MRN complex have closely intertwined functions. Our
studies have provided new mechanistic insights into the way in
which these proteins interact and their functional relevance.
We have unearthed evidence that specific HEAT repeats in S.
pombe Tell mediate the physical interaction with Nbsl and
have found that this interaction bears a striking resemblance to
the structurally characterized interaction between nucleopor-
ins and importin-B. We have also found that the autophos-
phorylation of ATM and its recruitment to damaged DNA are
functionally linked through the interaction with the C terminus
of Nbsl.

Structural studies of the MRN complex, coupled with bio-
chemical analyses, have indicated that the complex acts as a
macromolecular machine that hydrolyzes ATP as an energy
source (34). As is the case for most ATP-consuming macro-
molecular machines, ATP binding and hydrolysis induce major
conformational changes that are critical for the function of
these machines. For example, ATP binding and hydrolysis in-
duce conformational changes in ABC transporters that are
critical for their function in transmembrane efflux (35). Simi-
larly, the mechanism of protein folding in the bacterial
GroEL/ES machine is governed by successive steps of ATP
binding and hydrolysis that induce critical conformational
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changes in the complex (68). In budding yeast, the subunits of
the Mrel1-Rad50-Xrs2 complex are the first proteins that can
be detected at a DSB, consistent with the idea that this com-
plex is the initial sensor of damaged DNA (44). Upon binding
of the MRN complex to damaged DNA, ATP binding and
hydrolysis by Rad50 induce conformational changes in the
complex (34). Given these facts, and the evidence that Rad50
and Mrel1 homologs exist in bacteria and presumably predate
the appearance of Nbsl and ATM during evolution (33), it is
reasonable to propose that Nbsl and ATM have coevolved to
be able to use conformational changes in the MRN complex to
sense DNA damage (Fig. 8C). Our findings that S. pombe Tell
and Nbsl can be coprecipitated from cells in the absence of
DNA damage, and that Xenopus ATM coprecipitates with
Nbs1 without addition of DNA to the extract, and previous
studies that have shown budding yeast Tell coprecipitates with
Xrs2 prior to DNA damage (50) suggest that at least a sub-
population of MRN and Tell/ATM molecules exist as a pre-
assembled complex prior to DNA damage. It is reasonable to
propose that upon DNA damage, these preassembled com-
plexes will quickly relocate to sites of DNA damage (Fig. 8C).
Following interaction with DNA, ATP-induced conforma-
tional changes in Rad50 will be propagated through Mrell and
Nbsl to ATM, leading to a conformational change in ATM
that results in its activation (Fig. 7C). Given evidence in mam-
malian cells that ATM exists as inactive multimers in large
protein complexes (4), we propose that the conformational
change in the MRN complex disengages ATM multimers and
relieves autoinhibition, leading to ATM activation and auto-
phosphorylation (Fig. 8C). In this mechanism, the activation of
ATM is strictly coupled to the interaction of the MRN complex
with damaged DNA, thereby ensuring that ATM is maintained
in an inhibited state in the absence of DNA damage.

In LB-1 cells derived from NBS patients, which can express
a truncated form of Nbsl that lacks the N-terminal FHA and
BRCT domains (46), it is possible to achieve robust activation
of ATM at higher doses of IR, and yet ATM substrates, such
as SMC1 and Chk2, are inefficiently phosphorylated (4, 38).
Based on our model, one could propose that ATM activation
is not ablated in LB-1 cells, because the large C-terminal frag-
ment of Nbsl that is expressed in these cells can recruit ATM
to damaged DNA and trigger its activation. However, the as-
sociation of ATM with downstream target proteins is defective
because this association is dependent on the FHA and BRCT
domains of Nbsl. LB-1 cells have diminished ATM activation
at low doses of IR (4, 36). Again, this defect might be attrib-
uted to the absence of the FHA and BRCT domains in the
truncated form of Nbsl that is expressed in these cells. These
domains might play a critical role in the retention of the com-
plex at sites of DNA damage through interactions with phos-
pho-H2AX and/or MDC1 (39, 45). If retention and accumu-
lation of the MRN complex at sites of DNA damage are
required for amplification of the checkpoint signal, perhaps
through spreading of the MRN complex to regions of DNA
adjacent to a DSB (Fig. 8C), then diminished activation of
ATM at low doses of IR might be an expected consequence of
mutations that truncate the FHA and BRCT domains. A pos-
itive feedback loop in which phospho-H2A recruits MDCI,
which in turn recruits more MRN complex that associates with
ATM, could easily explain how as few as 18 DSBs, which are
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estimated to be caused by irradiation of diploid human cells
with 0.5 Gy of IR, can activate over 50% of the total cellular
pool of ATM (4). Extensive activation of ATM by a small
number of DSBs might also be explained by a mechanism in
which there is continuous recruitment, activation, and release
of ATM by the MRN complexes near DSBs (Fig. 8C). The
release rate of activated ATM could be affected by the phos-
phorylation of ATM itself and by phosphorylation of ATM
substrates. Higher doses of IR will cause more DSBs and lead
to recruitment of MRN and ATM at more sites in the genome,
resulting in increased phosphorylation of ATM substrates that
are bound to DNA, such as H2AX and SMC1.

Regulation of ATR and other PIKKs. The evidence that
ATM/Tell homologs interact with the C terminus of Nbsl may
have implications for the regulation and function of other
members of the PIKK family. ATR and its homologs in fission
and budding yeast interact with regulatory subunits that are
known as ATRIP, Rad26, and Ddc2/Lcd1/Piel, respectively
(62). Interestingly, a truncation of the C-terminal 30 amino
acids from Ddc2 abolishes its interaction with Mec1 in budding
yeast (74). It is known that the C-terminal 30 amino acids of
Rad26 are essential for the checkpoint function of the Rad3-
Rad26 complex (43). It is tempting to speculate that the C
terminus of Ddc2 has a motif that interacts with one or more
HEAT repeats in Mecl. The C termini of the ATRIP/Rad26/
Ddc2 family of proteins do not possess FXF/Y-like motifs, but
the interaction between this family of proteins and ATR ho-
mologs could involve a distinct mode of HEAT repeat inter-
action. Active DNA-PK consists of the catalytic subunit DNA-
PKcs, which is a PIKK that contains a large N-terminal HEAT
repeat domain, and a Ku70-Ku80 heterodimer (69). DNA-
PKcs interacts with the C-terminal domain of Ku80 (26). A
recent structural study of the Ku80 C-terminal domain showed
that it shares structural similarity to a helical HEAT-like re-
peat in RabGGT « (76). Interestingly, this region of RabGGT
a is required for an interhelical interaction with RabGGT . It
is therefore possible that the binding of Ku80 and DNA-PKcs
is an analogous inter-HEAT repeats interaction. Thus, while
the interactions between PIKKs and their regulatory subunits
seem to involve the C-terminal ends of the regulatory mole-
cules, the modes of interaction might involve distinct structural
modules that interact with HEAT repeats.
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