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MREI11/RAD50/NBS1 AND STIMULATION
OF ATM PHOSPHORYLATION EVENTS

TANYA PAULL

ouble-strand breaks in chromosomal DNA can ari-
D se during the course of DNA replication, and can al-

so be introduced by ionizing radiation and genoto-
xic chemicals. Effective repair of DNA double strand breaks
(DSBs) is essential for the genetic integrity of cells, and can
be addressed by at least two distinct mechanisms: homolo-
gous recombination (HR) and non homologous end-joining
(NHEJ) (1). The Mre11/Rad50 complex (M/R) is conserved
in all three biological kingdoms and has been shown to play
important roles in both the HR and NHEJ pathways of DSB
repair (2-5). Much of the evidence for this comes from bud-
ding yeast, in which the Mre11 and Rad50 gene products ha-
ve been studied extensively and found to also be required for
meiotic recombination and telomere maintenance. M/R asso-
ciates with a third component in eukaryotic cells (Nbsl in
mammals, Xrs2 in S. cerevisiae) that links M/R to DNA da-
mage-induced cell cycle checkpoints (6-9).

The Nbs! polypeptide has clinical significance because
mutations in the NBS1 gene have been identified as causal
factors in the human autosomal recessive genetic disorder
Nijmegen Breakage Syndrome (NBS) (10). Patients with
NBS exhibit radiation sensitivity, immune system deficiency,
and a high rate of malignancy (11). At the cellular level, ab-
normalities include a defective S-phase checkpoint response
and an elevated rate of chromosomal breakage and transloca-
tions, although few overt deficiencies in DNA repair. It was
recently demonstrated that the most common NBS allele,
657del5, can génerate a C-terminal polypeptide through the
use of an internal ribosome entry site upstream of the 5 nucle-
otide deletion (12). This translation product (p70) is capable
of binding Mrel1 and thus the 657del5 NBS allele is very li-
kely a hypomorphic allele that can supply a subset of the nor-
mal functions of Nbsl1.
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The clinical presentation of NBS patients constitutes a
subset of the phenotype of patients with Ataxia-Telangiecta-
sia (A-T), a related radiation sensitivity disorder. A-T is cau-
sed by mutations in the A-T-Mutated gene (ATM), which en-
codes a large protein kinase that initiates DNA damage signa-
ling in response to DNA double-strand breaks in eukaryotic
cells. A biochemical connection between the two disorders
was established with the demonstration that the ATM protein
kinase phosphorylates the Nbs1 protein, in addition to many
other targets, and that Nbs1 phosphorylation by ATM is es-
sential for a normal S-phase checkpoint response (13-16). An
additional connection between M/R/N and ATM arose with
the identification of two families with A-T-like Disorder
(ATLD), clinically identical to A-T, yet caused by mutations
in the MRE11 gene (17). The two known ATLD mutations are
quite different: the ATL.D 1/2 allele contains a premature stop
codon resulting in a truncation of the C-terminal domain, whi-
le the ATLD 3/4 allele contains a missense mutation within
the nuclease domain in the N-terminus.

Using a recombinant baculovirus system, we have previ-
ously expressed the human Mrel1, Rad50, and Nbsl proteins
together and found that they form a large protein complex
which exhibits several distinct enzymatic activities on DNA
substrates. The Mre11 protein contains highly conserved phos-
phoesterase motifs that are responsible for the manganese-de-
pendent nuclease activities of M/R/N. By itself and in associ-
ation with Rad50 and Nbs1, Mrel1 exhibits a distributive, 3’
to 5’ exonuclease activity on blunt and 3’ recessed ends
(18,19), as well as a weak endonuclease activity on distorted
DNA substrates such as hairpin structures. Association of
Nbsl with Mrell stimulates the endonuclease function to act
on hairpin structures and on 3’ overhangs (20), although Nbsl
itself has no apparent enzymatic activities. M/R can also ca-
talyze a limited DNA unwinding reaction on DNA ends that is
stimulated by ATP and requires Nbs1 (20).

In this study, we have expressed and characterized mu-
tant M/R/N complexes equivalent to those present in NBS
and ATLD patients. We found that the truncated version of
Nbsl1 found in NBS cells (p70) associates with Mrell and
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Rad50 to form a triple complex similar to the wild-type
enzyme. This complex of Mrell, Rad50, and p70
(M/R/N(p70)) exhibits wild-type levels of Mrell exo- and
endo-nuclease activity, and also shows nucleotide-depen-
dent DNA binding and DNA unwinding at levels similar to
the normal complex. While the exact biochemical activities
of M/R/N are still under investigation, our analysis shows
that every enzymatic function we can measure in vitro is es-
sentially unchanged in a M/R/N(p70) mutant compared to
the wild-type complex. This observation is not unexpected,
considering that NBS cells have few overt defects in DNA
repair but primarily exhibit deficiencies in checkpoint-rela-
ted DNA damage responses (11). Other studies have also de-
monstrated that the N-terminus of Nbsl1 that includes the
forkhead and BRCT domains is necessary and sufficient for
focus formation at sites of DNA damage, but that the C-ter-
minus is required for survival of cells following ionizing ra-
diation treatment (21-23).

We have also expressed and characterized mutant comple-
xes equivalent to those present in ATL.D1/2 and ATL.D3/4 pa-
tients. The R633stop truncation allele of Mrell found in
ATLD1/2 patients associated with Rad50 and Nbs1 similar to
wild-type Mrell, although association of Nbsl with the
N117S mutant (ATLD3/4) was significantly reduced and va-
riable. Both of the ATLD mutant complexes exhibited normal
levels of Mrell exonuclease activity, but reduced levels of
endonuclease activity compared to the wild-type enzyme.
ATLD cells, like A-T cells, do not show an overt defect in
DNA repair (17), although a partial loss in endonuclease func-
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tion could result in repair deficiencies that would be difficult
to assess using assays for whole-genome recovery.

Recent evidence from a number of laboratories has sug-
gested that full-length Nbs1 is required for the phosphorylati-
on of some substrates by the ATM protein kinase. In NBS
cells, which express only the p70 version of Nbs1, ATM phos-
phorylation of p53, Chk2, and SMC1 is reduced or absent
(24-28). This deficiency in ATM activity is most apparent in
response to low doses of radiation (1 to 5 Gray), and is only
observed in vivo. ATM protein extracted from NBS cells is
active in vitro (25), thus ruling out the possibility that the
ATM protein in NBS cells is lacking an essential modificati-
on or co-factor. In some cases, the phosphorylation of Nbs!
on multiple serine residues by ATM has also been shown to
be necessary for efficient phosphorylation of other substrates
by ATM (24,28), although other studies have yielded conflic-
ting evidence (26,27). At present it is clear that the M/R/N
complex is not simply a substrate of ATM, but also plays a ro-
le in facilitating ATM activities on other substrates and is the-
refore upstream as well as downstream of ATM in the DNA
damage signaling pathway. The biochemical basis of this co-
operative relationship is currently not understood, and the bi-
ochemical effects of Nbsi phosphorylation are not known.

To begin to answer these questions, we are investigating
the effects of M/R/N on ATM kinase activity. Preliminary evi-
dence suggests that the M/R/N complex can stimulate ATM
phosphorylation of some substrates in vitro, an observation
that may provide a molecular explanation for the observed ef-
fects of M/R/N on ATM activity in vivo.
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