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ABSTRACT

DNA double-strand breaks (DSBs) in eukaryotic cells
can be repaired by non-homologous end-joining or
homologous recombination. The complex containing
the Mre11, Rad50 and Nbs1 proteins has been impli-
cated in both DSB repair pathways, even though they
are mechanistically different. To get a better under-
standing of the properties of the human Mre11
(hMre11) protein, we investigated some of its
biochemical activities. We found that hMre11 binds
both double- and single-stranded (ss)DNA, with a
preference for ssDNA. hMre11 does not require DNA
ends for efficient binding. Interestingly, hMre11
mediates the annealing of complementary ssDNA
molecules. In contrast to the annealing activity of the
homologous recombination protein hRad52, the
activity of hMre11 is abrogated by the ssDNA binding
protein hRPA. We discuss the possible implications
of the results for the role(s) of hMre11 in both DSB
repair pathways.

INTRODUCTION

DNA double-strand breaks (DSBs) can be required inter-
mediates in specialized aspects of DNA metabolism such as
immunoglobin gene rearrangements and meiosis. In contrast to
these programmed DSBs, potentially harmful DSBs can be
induced by endogenous or exogenous DNA-damaging agents.
Unrepaired DSBs can be lethal, whereas misrepaired DSBs can
cause chromosomal fragmentation, translocations and deletions.
Such lesions are potential inducers of carcinogenesis through
activation of proto-oncogenes, inactivation of tumor suppressor
genes or loss of heterozygosity. Therefore, effective repair of
DSBs is of great importance for the maintenance of genome
stability and prevention of carcinogenesis (1).

A number of fundamentally different DSB repair pathways
are available in eukaryotic cells, two of which will be
discussed further. First, non-homologous end-joining (NHEJ)
mediates joining of DSB ends after no or limited processing.
DSB repair through NHEJ can result in deletions through the

use of short direct repeats on either side of the break, referred
to as microhomologies (2–10). Genes involved in NHEJ, most
of which were first identified in mutant rodent cell lines, are
XRCC4 to XRCC7 (encoding Xrcc4, Ku80, Ku70 and DNA-PKcs
proteins, respectively) and LIG4 (encoding DNA ligase IV)
(1,11,12). Subsequent analysis of the homologous genes in
yeast identified a NHEJ pathway in this organism as well.
Interestingly, in addition to the Ku and ligase IV homologs, the
RAD50, MRE11 and XRS2 genes were also found to be
involved in NHEJ (8,13,14).

In the second repair pathway, homologous recombination,
the repair machinery uses a homologous DNA molecule,
i.e. the sister chromatid or the homologous chromosome, as a
template for accurate repair of both programmed DSBs in
meiosis and induced DSBs during mitosis. Homologous
recombination requires the products of the RAD52 epistasis
group of genes, first identified in the yeast Saccharomyces
cerevisiae. This epistasis group includes RAD50, RAD51,
RAD52, RAD54, RAD55, RAD57, RAD59, MRE11 and XRS2
(1,15). The RAD50, MRE11 and XRS2 gene products function
in the initial steps of meiotic recombination but are also
thought to be involved in recombination processes in mitotic
cells (16–26).

The Rad50–Mre11–Xrs2 protein complex, like many other
DNA repair factors, has been conserved from yeast to
mammals (27–33). Disruption of the mammalian RAD50 or
MRE11 genes results in inviable cells (34,35). Mutations in the
human ortholog of XRS2, the NBS1 gene, can result in
Nijmegen breakage syndrome (NBS), a recessive disorder with
some phenotypic similarities to ataxia telangiectasia (AT)
(31,33,36–38). Furthermore, non-null mutations in human
MRE11 (hMRE11) have been linked to ataxia telangiectasia-
like disorder (ATLD) (39). Cells from NBS, AT and ATLD
patients are hypersensitive to DSB-inducing agents and show
radio-resistant DNA synthesis after exposure to ionizing
radiation. Recent experiments have shown that ATM, the
kinase defective in AT cells, phosphorylates Nbs1 upon the
induction of DNA damage (40–43). These observations
provide a rationale for the similarities between the NBS, ATLD
and AT phenotypes and suggest a link between DNA-damage
signaling and the Rad50–Mre11–Nbs1 complex. Except for
functions in recombination processes, NHEJ and DNA damage
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sensing, the complex is thought to have additional functions in
telomere maintenance (14,44–49).

Biochemical studies of the yeast and human protein
complexes have shown that Mre11 has a 3′ to 5′ Mn2+-
dependent exonuclease activity on DNA substrates with blunt
or 5′ protruding ends and endonuclease activity on hairpin and
single-stranded (ss)DNA substrates (19,47,50,51). The
complex containing hRad50 and Nbs1 in addition to the
hMre11 protein can also mediate limited DNA duplex
unwinding and more efficient hairpin opening, stimulated by
ATP. The presence of ATP also allows the complex to endo-
nucleolytically cut a 3′ overhang at a single-strand–double-
strand transition (52). In combination with DNA ligase I or IV,
hMre11 stimulates the use of microhomologies in an in vitro
joining reaction (50). The exonuclease activity of hMre11 is
stimulated by mismatched ends, but inhibited if cohesive ends
are present and delayed if an internal microhomology is found
(53). This suggests that hMre11 might be a nuclease that
stimulates the use of microhomology during NHEJ.

Although the details of the biochemical activities of the
hMre11 protein are now beginning to emerge, several questions
remain about its precise functions in microhomology-
dependent NHEJ and homologous recombination. In this
study, we further characterize the interactions of hMre11
protein with DNA. In addition to binding of both ssDNA and
double-stranded (ds)DNA, the protein can mediate annealing
of complementary ssDNA molecules. This annealing activity
is both quantitatively and qualitatively different from the
annealing activity of another DSB repair protein, hRad52. We
discuss a possible common function of the hMre11-containing
complex in both microhomology-dependent NHEJ and
homologous recombination.

MATERIALS AND METHODS

Protein expression and purification

Human Mre11 protein was produced by infection of Sf21 cells
with baculoviruses expressing hMre11 containing a C-terminal
6-histidine (his6) tag (a generous gift of T.Paull and M.Gellert).
Sf21 cells were infected at multiplicity of infection (m.o.i.) 10
and harvested after 48 h. The purification protocol was based
on a method described previously (50). Briefly, infected cells
were collected, washed three times in PBS and frozen in liquid
nitrogen. Cells were thawed and resuspended in 5 ml (5 packed
cell volumes) buffer A (20 mM Tris–HCl pH 7.9, 500 mM
NaCl, 2 mM β-mercaptoethanol) containing 5 mM imidazole
and 1 mM Pefablock (Merck). Then, the cells were disrupted
by 30 strokes of a type B pestle in a Dounce homogenizer.
After 1 h centrifugation at 80 000 g, the soluble fraction was
loaded on a 1 ml Ni2+-NTA agarose column (Qiagen), equili-
brated in buffer A. The column was washed with 10 vol buffer
A, then with 10 vol buffer A containing 40 mM imidazole and
subsequently with 10 vol buffer B (20 mM Tris–HCl pH 7.9,
100 mM NaCl, 2 mM β-mercaptoethanol) containing 40 mM
imidazole. Bound proteins were eluted in buffer B containing
200 mM imidazole and diluted 1:1 in buffer B containing
2 mM dithiothreitol (DTT). This preparation was loaded on a
1 ml MonoQ column (Pharmacia) equilibrated in buffer B
containing 2 mM DTT. After washing the column with
10 column volumes, the proteins were eluted by a 10 ml linear

salt gradient from 100 to 500 mM NaCl. Fractions were
analyzed by Coomassie-stained sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS–PAGE). Fractions
containing hMre11 were pooled and dialyzed against dialysis
buffer (25 mM Tris–HCl pH 8.0, 150 mM KCl, 10% glycerol,
2 mM β-mercaptoethanol and 2 mM DTT). The resulting
protein preparation was aliquoted, frozen in liquid nitrogen and
stored at –80°C. The nuclease activity of the hMre11 preparation
was assayed as described (50).

The human Ku70/80 heterodimer was produced and purified
using a protocol similar to the one described above for
hMre11. The proteins were produced by co-infection of Sf21
cells with baculoviruses expressing hKu70 containing a C-terminal
his6 tag and hKu80 (54). Sf21 cells were infected at m.o.i. 2
and 6 for the hKu70- and hKu80-producing viruses, respec-
tively, to ensure that all recovered hKu70 would be complexed
with hKu80. The human RPA heterotrimer was produced by
co-expression of its three subunits in Escherichia coli from a
polycistronic messenger RNA and purified as described
previously (55). Human Rad52 protein containing an N-terminal
his6 tag was produced in E.coli and purified as described (56).

DNA substrates

Oligonucleotides used in this study were: MJ19
(GGATGATTATGGTTATACGTGATTAGTAGCGACGAA-
CATTTTGTAGCAGC) and the complementary oligonucleo-
tide MJ20, MJ21 = MJ19 + 3′-TTTT, MJ22 = MJ20 + 3′-TTTT,
MJ23 = MJ19 + 5′-TTTT, MJ24 = MJ20 + 5′-TTTT, MJ29 =
5′-end biotinylated MJ19; DG61 (GATCTGGCCTGTCTT-
ACACAGTGGTAGTACTCCACTGTCTGGCTGTACAAA-
AACCCTCGGG) and the complementary DG62; DG73
(CTAGACCGGACAGCTGGTGTCACGATGTCTGACCTT-
GTTTTTGGGACGTC) and the complementary DG74. Circular
ssDNA used in this study was φX174 virion DNA (NEB).
Circular dsDNA was φX174 RF-I DNA. φX174 RF-I DNA
was digested with ApaL1 to generate linear dsDNA, which was
denatured and subsequently chilled on ice to generate linear
ssDNA.

Oligonucleotides were 5′-end labeled with 32P using poly-
nucleotide kinase and purified through a 1 ml G25 Sepharose
column.

Generation of anti-hMre11 antibodies

A 1.9 kb XhoI–PstI fragment from the hMRE11 cDNA,
obtained by RT–PCR using HeLa cell mRNA, was subcloned
into pMal-C2 (NEB). The fusion protein derived from this
plasmid contained the maltose binding protein fused to the
C-terminal 634 amino acids of hMre11 and was produced in
E.coli strain FB810. The protein was present in the insoluble
fraction and was dissolved in 6 M urea. It was purified by
preparative PAGE, and used to immunize two rabbits. The
antibodies were affinity-purified using fusion protein immo-
bilized on a nitrocellulose filter.

DNA-binding reactions

To analyze the DNA-binding properties of hMre11, 32P-5′-end
labeled DNA substrate molecules (MJ19 or MJ19 annealed to
MJ20), were incubated at 2.5 nM with hMre11 at 50 nM or the
indicated concentrations in binding buffer (50 mM HEPES–
KOH pH 8.0, 10 mM Tris–HCl, 100 mM KCl, 4.2% glycerol
and 0.5 mg/ml BSA) for 15 min at 25°C in a volume of 20 µl.
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In competition experiments, 5 µl of non-labeled competitor
DNA solution was added to 15 µl of initial binding reaction
and incubation was continued for 15 min at 25°C. Subse-
quently, reaction mixtures were analyzed on a 4% native
polyacrylamide gel in 0.5× TBE. Gels were analyzed by auto-
radiography or phosphoimaging. To compare the affinity for
different DNA substrates, the remaining percentage of DNA–
protein complex was determined and normalized to non-
competed reactions. Reciprocal values of these percentages
yield a straight line with slope 1 as a function of molar excess
for identical competitor DNA. Therefore, the slopes of the
curves for different competitor DNA molecules indicate the
competitive capacity of the specific competitor.

To recover hMre11 bound to DNA, the 5′-biotinylated MJ29
was incubated for 30 min at room temperature in coupling
buffer (5 mM Tris–HCl pH 7.5, 0.5 mM EDTA and 1 M NaCl)
with streptavidin-coated magnetic beads (Dynal) that had been
prewashed in coupling buffer. The beads were washed three
times with coupling buffer, once with non-fat milk and
incubated for 2 h with non-fat milk at room temperature. Then,
the beads were washed three times with binding buffer as used for
standard binding experiments supplemented with 0.1% NP-40.
Next, hMre11 was incubated at 24 nM with the DNA coupled
to the beads at 20 nM for 30 min in standard binding buffer.
Beads were collected and washed three times with binding
buffer containing 0.1% NP-40. Bound fractions were analyzed
on an 8% SDS–PAGE gel followed by immunoblotting using
affinity-purified anti-hMre11 antisera.

Strand annealing reactions

To assay for strand-annealing activities, 32P-5′-end labeled
MJ19 was incubated with MJ20 (both at 0.5 nM) and hMre11,
hRad52 or hKu70/80 at a concentration of 10 nM. Reactions
were done in annealing buffer (50 mM HEPES–KOH pH 8.0,
10 mM KCl, 0.5 mg/ml BSA) for 1 h at 16°C in a volume of
100 µl. To determine the effect of hRPA on the annealing
reactions, 32P-5′-end labeled DG61 and unlabeled DG62 were
incubated separately at 1.0 nM with 3.4 nM or the indicated
concentrations of hRPA for 15 min at 25°C in annealing
buffer. The reaction mixtures were then combined and the
reaction was continued for 1 h at 16°C after addition of 10 nM
or indicated concentrations of hMre11, hRad52 or hKu70/80.
Reactions were terminated by phenol extraction and analyzed
on native 10% polyacrylamide gels, containing 0.5× TBE.
Reaction products were visualized and quantified by auto-
radiography or phosphoimaging.

RESULTS

DNA binding of hMre11

Recombinant proteins were produced in Sf21 insect cells using
a baculovirus expression system or in E.coli. Figure 1 shows a
SDS–PAGE analysis of the purified proteins. Titration and
time course experiments showed that the specific nuclease
activity of the hMre11 preparation was similar to the activity
reported previously (50).

To investigate the complex formation of hMre11 and DNA,
the protein was incubated with radiolabeled 50 nt ssDNA and
blunt-ended 50 bp dsDNA oligonucleotides without addition
of divalent cations. As shown in Figure 2A, hMre11 formed

distinct complexes with ssDNA molecules (lanes 1–5) and
with dsDNA molecules (lanes 6–10). Incubation with dsDNA
resulted in at least two distinct protein–DNA complexes at the
higher concentrations of hMre11. Two-dimensional gel
analysis of the protein–DNA complexes (native PAGE in the
first dimension and SDS–PAGE for separation of ssDNA and
dsDNA in the second dimension), showed that both bands in
the dsDNA bandshift contain indeed only dsDNA (data not
shown) suggesting that these bands represent protein–dsDNA
complexes that differ in amount of protein and/or DNA
molecules or in conformation. Similar protein–DNA complex
formation was also observed with at least eight other ssDNA or
dsDNA oligonucleotides that varied in length from 20 to 60 nt/bp
and that were unrelated in nucleotide sequence (data not
shown). The presence of the divalent cations Mg2+ or Ca2+ did
not result in different reaction products (data not shown).

Figure 1. Purified protein preparations. Protein preparations were analyzed by
SDS–PAGE and Coomassie blue staining. Lane 1, molecular size marker
(m, molecular mass indicated in kDa); lane 2, hMre11-his6 preparation; lane 3,
hKu70-his6/hKu80 preparation; lane 4, hRad52-his6 preparation; lane 5, hRPA
preparation.

Figure 2. hMre11 binds to ssDNA and dsDNA molecules. (A) Radiolabeled
50 nt ssDNA or blunt-ended dsDNA (MJ19 and MJ19/20, respectively) were
incubated at 1.25 nM with the indicated amounts of hMre11 under standard
conditions in the absence of divalent cations. Samples were analyzed by native
PAGE, followed by autoradiography. nb, non-bound probe; b, bound probe;
DNA–protein complex. (B) Biotinylated 50 nt ssDNA or blunt-ended dsDNA
(MJ29 and MJ29/20, respectively) were coupled to streptavidin-coated
magnetic beads and incubated at 20 nM with 24 nM hMre11 preparation under
standard conditions supplemented with 0.1% NP-40. Bound fractions were
analyzed by SDS–PAGE and immunoblotting with affinity-purified α-hMre11
antibodies. Lane 1, size marker (m, molecular mass indicated in kDa); lane 2,
incubation with control beads lacking DNA; lane 3, incubation with beads
coupled to ssDNA; lane 4, incubation with beads coupled to dsDNA.



1320 Nucleic Acids Research, 2001, Vol. 29, No. 6

To confirm that the observed protein–DNA complexes were
due to hMre11 binding to both ssDNA and dsDNA molecules,
biotinylated ssDNA or blunt-ended dsDNA oligonucleotides
were coupled to streptavidin-coated magnetic beads. These
beads were incubated with the hMre11 preparation under
conditions that resulted in protein–DNA complex formation.
Subsequently, the beads were washed with binding buffer and
bound proteins were analyzed by SDS–PAGE and immuno-
blotting. As shown in Figure 2B, incubation of the beads
coupled to either ssDNA or dsDNA with the hMre11 protein
preparation resulted in recovery of hMre11 (lanes 3 and 4,
respectively), whereas no hMre11 protein was recovered in the
absence of DNA (lane 2). We conclude that the hMre11
protein binds both ssDNA and dsDNA in a sequence-
independent manner.

Characterization of hMre11 DNA-binding properties

The exonuclease activity of hMre11 might suggest a binding
preference for DNA ends. We therefore determined whether
hMre11 requires free DNA ends to bind its substrate molecule.
A competition experiment was performed in which hMre11
was first incubated with a radiolabeled 50 nt ssDNA oligo-
nucleotide under standard assay conditions. Subsequently,
non-labeled ssDNA oligonucleotide or circular φX174 ssDNA
was added on an equal nucleotide basis and the incubation was
continued (Fig. 3A, left). Circular φX174 DNA competed even
better than ssDNA oligonucleotides, suggesting that hMre11
might load more efficiently on longer DNA molecules. A
similar result was obtained when the complex of hMre11 and
dsDNA oligonucleotide was competed with dsDNA oligo-
nucleotide or circular φX174 dsDNA (Fig. 3A, right). No
difference was observed between circular and linearized
φX174 molecules (data not shown). Therefore, we conclude
that hMre11 does not preferentially bind DNA ends.

The relative affinity of hMre11 for ssDNA and dsDNA was
investigated in competition experiments. After incubation of
hMre11 with a radiolabeled 50 nt ssDNA oligonucleotide, non-
identical ssDNA or dsDNA competitor oligonucleotide was
titrated in and the reaction was continued. The fraction of
radiolabeled DNA oligonucleotide bound by hMre11 was
determined and normalized to the fraction of probe bound in
the absence of competitor DNA. The inverse of this normalized
fraction is a linear function of the molar excess of competitor
DNA added (Fig. 3B). The slope of the line is indicative of the
effectiveness of the competitor. We conclude that hMre11 had
an ~9-fold higher binding affinity for ssDNA than for dsDNA
molecules. The presence of short (4 nt) 3′ or 5′ ssDNA over-
hangs did not result in a higher affinity compared to blunt-
ended dsDNA (data not shown).

Strand annealing by hMre11

In competition assays with complementary DNA, formation of
dsDNA was observed. To investigate this effect in more detail,
two complementary 50 nt ssDNA oligonucleotides were
incubated with hMre11 without addition of divalent cations.
After deproteinization, samples were analyzed by native
PAGE. As shown in Figure 4, hMre11 stimulated annealing of
the two complementary single strands. As negative and
positive controls for these experiments we used the hKu70/80
and hRad52 proteins. The hKu70/80 heterodimer did not
support annealing. In contrast, the hRad52 protein displayed a

robust annealing activity consistent with previous reports for
both the S.cerevisiae and human Rad52 proteins (57–60). The
annealing activities for both hMre11 and hRad52 were also
observed with other sets of complementary ssDNA oligo-
nucleotides that were unrelated in nucleotide sequence to the
oligonucleotide shown in Figure 4 (data not shown).

Kinetics of strand annealing by hMre11 and hRad52

The kinetics of the annealing reaction were determined in a
time course experiment in which two complementary 50 nt
oligonucleotides were incubated in the presence of hMre11,

Figure 3. Characterization of hMre11 DNA-binding properties. (A) Radiolabeled
50 nt ssDNA (MJ19; left) or dsDNA (MJ19/MJ20; right) was incubated at 1.25 nM
with hMre11 at 50 nM. After 15 min incubation, the indicated nucleotide excess
non-radioactively-labeled competitor DNA was added and incubation was
continued for an additional 15 min. Competitor DNA was single-stranded
oligonucleotide (MJ19) or circular φX174 ssDNA (left) and blunt-ended double-
stranded oligonucleotide (MJ19/MJ20) or circular φX174 dsDNA (right).
Lane ‘–’, incubation without hMre11. Samples were analyzed by native PAGE,
followed by autoradiography. (B) Radiolabeled 50 nt ssDNA (MJ19) was incubated
at 1.25 nM with 50 nM hMre11 as in (A). Non-labeled, non-identical ssDNA
(DG73) or dsDNA (DG73/DG74) oligonucleotide DNA was used as a competitor.
Values on the y-axis are reciprocal fractions of DNA–protein complex, normalized
to the fraction of DNA–protein complex in non-competed reactions (Materials
and Methods). Bars indicate standard deviations of mean values of triplicate
reactions. Slopes of linear regression lines through the datapoints are indicated.
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hRad52 or hKu70/80 or in the absence of protein. The
percentage of dsDNA as a function of time was determined
(Fig. 5A). Although both hMre11 and hRad52 efficiently
annealed complementary DNA molecules, the annealing rate
of hRad52 was ~2-fold higher than that of hMre11. To further
quantify this difference, the initial reaction rates were deter-
mined for different concentrations of hMre11 and hRad52
(Fig. 5B). The maximal annealing rate of hRad52 was approxi-
mately twice as high as that of hMre11.

hMre11-mediated strand annealing is inhibited by hRPA

Most ssDNA in vivo is likely to be covered by ssDNA binding
proteins, such as the human RPA heterotrimer. We therefore
investigated whether coating the ssDNA oligonucleotides with
hRPA would influence strand annealing by hMre11. Comple-
mentary ssDNA molecules 61 nt in length were first incubated
separately with hRPA. The concentration of hRPA (3.4 nM)
was such that all substrate molecules were covered by hRPA,
as determined by mobility shift assays (data not shown). After
incubation with hRPA, the reaction mixtures containing the
complementary oligonucleotides were combined, hMre11 was
added at 10 nM and the incubation was continued. As shown in
Figure 6A, preincubation of hRPA with the oligonucleotides
completely inhibited the strand-annealing activity of hMre11.
In contrast, the strand-annealing activity of hRad52 was much
less affected. As expected, the presence of hRPA had no effect
on the absence of annealing activity by hKu70/80.

The effect of precoating the substrate oligonucleotides with
hRPA was further analyzed by titration of hRPA, while
keeping the concentrations of hMre11 or hRad52 constant
(Fig. 6B, top). Alternatively, different concentrations of
hMre11 or hRad52 were added after preincubation with a fixed
concentration of hRPA (Fig. 6B, bottom). The presence of
hRPA at 2 nM reduced hMre11-mediated strand annealing by
50% compared to the absence of hRPA, while hRad52-mediated
strand annealing was not affected. Higher concentrations of
hRPA only mildly affected hRad52-mediated annealing
(Fig. 6C, top). Similarly, preincubation with 1.6 nM hRPA
inhibited strand annealing at a low concentration of hMre11,
while increasing amounts of hMre11 could only partially over-
come the inhibitory effect (50% annealing activity at 5 nM

hMre11). In contrast, the hRad52 annealing activity was
completely restored at 2 nM (Fig. 6C, bottom).

DISCUSSION

In this paper we describe a number of biochemical properties
of the hMre11 protein. We show that hMre11 forms complexes
with both ssDNA and dsDNA. The affinity for ssDNA is
higher than for dsDNA and hMre11 binds to DNA without the
need for free DNA ends. Furthermore, hMre11 can promote
annealing of complementary ssDNA molecules, with a slightly
slower rate than hRad52. The hMre11 annealing activity is, in
contrast to hRad52, inhibited by the presence of hRPA.
Although strand-annealing activity has been reported for a
number of proteins, the biological significance cannot always
be readily assessed. However, strand-annealing activity is a
key feature of certain DSB repair pathways. Below we will
discuss how this activity of hMre11 might contribute to the
repair of DSBs.

The importance of the Mre11 protein in DSB repair is high-
lighted by a number of observations implicating Mre11 in both
major DSB repair pathways in yeast as well as vertebrate cells.
In yeast, the involvement of Mre11 in NHEJ and homologous

Figure 4. hMre11 anneals complementary ssDNA molecules. Two comple-
mentary 50 nt ssDNAs (MJ19 and MJ20), one of which was radiolabeled, were
incubated with 10 nM hMre11, hKu70/80, hRad52 or without protein. After
deproteinization, samples were analyzed by native PAGE and autoradiography.
Lane 1, incubation without protein; lane 2, dsDNA, annealed by heating and slow
cooling; lane 3, incubation with hMre11; lane 4, incubation with hKu70/80
heterodimer; lane 5, incubation with hRad52. The positions of ssDNA and
dsDNA are indicated.

Figure 5. Kinetics of hMre11-mediated oligonucleotide annealing. (A) Two
complementary 50 nt ssDNAs (MJ19 and MJ20), one of which was radio-
labeled, were incubated at 0.5 nM with hMre11, hRad52 or hKu70/80, at
1.25 nM, or without protein. Samples were taken at 0, 1, 2, 3, 5, 7.5, 10, 15, 20
and 40 min. Annealing was analyzed as in Figure 4. Bars indicate standard
deviation of mean values of triplicate experiments. (B) Annealing reactions as
in (A), with the indicated concentrations of either hMre11 or hRad52. Samples
were taken at 0, 1 and 2 min. Initial annealing rates, normalized to highest
measured annealing rate of hRad52, were determined from the slopes of the
time courses. Bars indicate standard deviations of mean values of triplicate
reactions.
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recombination has been revealed by plasmid rejoining assays and
genetic experiments, respectively (8,13,14,16–
20,22,25,26,32,61). In vertebrate cells a requirement for Mre11
in NHEJ and homologous recombination has been inferred from
biochemical experiments and epistasis analysis, respectively
(21,50,53). Below we discuss the implications of the DNA
binding and complementary ssDNA annealing activities of
hMre11 for its potential roles in both NHEJ and homologous
recombination.

First we will consider the role of Mre11 in NHEJ. In vivo
plasmid rejoining assays have shown that DNA ends are
preferentially joined on short direct repeats (i.e. microhomo-
logies) on either side of the DSB in cells from the fission yeast
Schizosaccharomyces pombe. Studies with rad32 deletion
mutants, the S.pombe homolog of hMRE11, have revealed that
this gene is required for microhomology-dependent end-
joining (14). In vitro experiments have shown that DNA ligase
I or IV can join DNA molecules using microhomologies when
combined with the hMre11 protein (50). Furthermore, the
hMre11 exonuclease activity is stimulated by mismatched
ends, but inhibited by cohesive ends and delayed when an
internal microhomology is present (53). The initial step in the
microhomology-dependent end-joining pathway could be forma-

tion of protruding ssDNA tails to expose the microhomologies.
These tails could be created by the 3′ to 5′ exonuclease activity of
the Rad50–Mre11–Nbs1 complex (19,47,50,51). Alternatively,
the DNA ends could be partially unwound by the Rad50–
Mre11–Nbs1 complex and annealed on microhomologies.
Subsequently, the displaced ssDNA tails could be removed
endonucleolytically (52; Fig. 7). The human ssDNA binding
protein RPA will probably not be able to inhibit hMre11
strand-annealing activity, since the microhomology-containing
tails are presumably too short for recognition by hRPA
(3,6,7,62). The two DNA ends could be held in proximity by

Figure 6. hMre11, but not hRad52-annealing activity is inhibited by precoating
of substrate oligonucleotides with hRPA. (A) Complementary 61 nt ssDNAs
(DG61 and DG62) were incubated separately at 1 nM with 3.4 nM hRPA for
15 min at 25°C. Reaction mixtures were combined and incubations were
continued for 60 min at 16°C after addition of hMre11, hRad52 or hKu70/80 at
10 nM each, or without protein, as indicated. Annealing was analyzed by native
PAGE after deproteinization, followed by autoradiography. Lane 1, no proteins
added; lane 2, preincubation with hRPA only; lane 3, incubation with hMre11
only; lane 4, preincubation with hRPA, followed by addition of hMre11; lane 5,
incubation with hKu70/80 only; lane 6, preincubation with hRPA, followed by
addition of hKu70/80; lane 7, incubation with hRad52 only; lane 8, preincubation
with hRPA, followed by addition of hRad52. (B) Complementary 61 nt ssDNAs
(DG61 and DG62) were incubated separately at 1 nM with the indicated
concentrations of hRPA in the top panel or 1.6 nM hRPA in the bottom panel
for 15 min at 25°C. Reaction mixtures were combined and incubations were
continued after addition of hMre11 or hRad52 at 10 nM in the top panel or at
the indicated concentrations in the bottom panel, for 60 min at 16°C. Annealing
was analyzed by native PAGE after deproteinization. (C) Quantification of the
percentages dsDNA formed in (B). Values are expressed as percentage dsDNA
for hMre11 and hRad52.

Figure 7. Proposed models for the possible functions of the Mre11 complex in
end-joining and homologous recombination. If a DSB is repaired via micro-
homology-directed end-joining, both ends can be either nucleolytically processed
or partially unwound (left, step 1: microhomologies symbolized by triangle).
The Mre11-containing complex (symbolized by the oval) may bind the short
ssDNA tails. The tails could be kept in close proximity through interaction
between two Mre11 protomers either directly or as constituents of the same
Rad50/Mre11 complex (left, step 2). The single-strand-annealing activity of
Mre11 promotes base pairing between complementary DNA sequences (left, step
3). In the last step the activities of processing enzymes such as flap-endonucleases,
polymerases and ligase(s) are required to restore the continuity of the DNA
molecule (left, step 4). If the DSB is repaired via homologous recombination,
extensive degradation of both ends results in long 3′ ssDNA tails (right, step 1).
After strand invasion and homologous pairing (right, step 2) by the Rad52
epistasis group proteins and RPA (not indicated), new DNA is synthesized
(arrowhead). Restoration of the lost sequence information will be complete
when both newly-synthesized strands overlap (right, step 3). A possible resolution
step of this recombination intermediate would involve unwinding of the newly-
synthesized strand from the template DNA followed by annealing of the
complementary newly-synthesized strands, possibly by Mre11. Finally, single-
strand gaps are filled in and ligated, completing the repair of the damaged DNA
molecule (right, step 4).
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the Rad50 protein, which has similarities to the SMC family of
proteins. Members of this protein family are involved in
processes that require bridging of distant sites on DNA, such as
cohesion between chromatids or condensation of DNA
(63,64). Further processing of this intermediate in DSB repair
could occur by other nucleases, DNA polymerases, ligases and
their respective accessory factors.

The alternative major DSB repair pathway in eukaryotes is
homologous recombination. Genetic experiments with
S.cerevisiae clearly implicate ScMre11 in both meiotic and
mitotic homologous recombination (16–20,22,25,26,32,61).
The protein plays an early role during meiotic recombination
because its nuclease activity is required for the processing of
meiosis-specific DSBs made by the Spo11 protein (47).
Although ScMre11 plays a role in the initiation of meiotic
recombination, an early role in mitotic recombination is less
likely. An early event in mitotic DSB repair through homol-
ogous recombination is the processing of the DSB ends into 3′
ssDNA tails that are required for the invasion of the broken
DNA into the duplex homologous repair template DNA.
However, its polarity of exonuclease activity make the Mre11
protein a less likely candidate to generate these recombination
intermediates (19,50,51). Another possible early role in
homologous recombination could be similar to the proposed
annealing activity of the Rad52 protein in joint molecule
formation (57–60,65–68). However, the ssDNA tail inter-
mediates will most probably be covered by RPA in vivo, which
would strongly inhibit the hMre11-mediated annealing activity
but not the annealing activity of hRad52. Therefore, a role for
hMre11 in this step is less likely, although it is still possible that
the presence of the other complex components or additional
factors could overcome the inhibitory effect of hRPA.

Instead of an early role in mitotic DSB repair, it is possible
that the Mre11 complex functions at a later stage of recombi-
nation such as resolution (Fig. 7). If one or both 3′ ssDNA tails
invade the intact homologous strands of the sister chromatid or
the homologous chromosome, the intermediate structure
would consist of an intact chromosome with one or two 3′ ends
from which DNA synthesis can start (15). If synthesis proceeds
beyond the point of the original break, all lost sequence infor-
mation has been regained. However, the two ends from the
broken chromatid or chromosome have to find each other to
restore the continuity of the chromosome. This would require
melting of the newly-synthesized strands from their templates
and annealing to each other. The unwinding activity detected
for the purified human Rad50–Mre11–Nbs1 complex might be
useful to initiate the unwinding of the newly-synthesized
strands from the template strand (52). Then, hMre11 could be
loaded preferentially on the resulting ssDNA and subsequently
anneal the complementary newly-synthesized strands. During
this reaction the ssDNA could be of limited length, thereby
preventing RPA from binding and inhibiting Mre11 annealing
activity or the unwinding and annealing could be accomplished
in a concerted reaction. The signal for inducing this activity of
the Rad50–Mre11–Nbs1 complex could be the proximity of
the two DNA polymerase complexes that are moving towards
each other.

This potential role for the Mre11 strand-annealing activity,
but not necessarily the Mre11 nuclease activity, in resolution
of recombination intermediates is consistent with the lack of a
recombination and DNA repair-deficient phenotype of

nuclease defective mre11 mutants in S.cerevisiae (22).
According to the model presented above (Fig. 7), the usual
interstrand short-track gene conversion events might not be
resolved in mre11∆ cells. Instead, they could result in replication
of a large part of the homologous chromosome (or sister chromatid)
and therefore an increased rate of recombination between
markers on different ends of a chromosome would result. This
so-called ‘hyper-recombination’ phenotype has been observed
in mitotic mre11∆ and rad50∆ cells (18,69). In addition to the
proposed role of the strand-annealing activity of Mre11 in
restoring DNA damage induced by exogenous agents, this
activity could also be required for the rescue of collapsed
replication forks. While Mre11 is dispensable in yeast cells, it
is essential for growth of vertebrate cells (21,32,35,70).
Because S.cerevisiae chromosomes are in general much
shorter than vertebrate chromosomes, S.cerevisiae mre11∆
cells could be viable because the break induced replication can
more easily continue to the end of the chromosome in S.cerevisiae
cells than in vertebrate cells.

The proposed functions for the hMre11 complex in end-joining
and homologous recombination are not mutually exclusive. Most
of the activities described in both models are conceptually
similar; first to disrupt base pairing at the DSB end in NHEJ or
with the template strand in homologous recombination, and
subsequently to anneal homologous ssDNA strands which are
held in close proximity (Fig. 7). Therefore, these fundamentally
different repair processes might both rely on the use of a
similar enzymatic activity of the Rad50–Mre11–Nbs1
complex.
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