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The Nijmegen breakage syndrome gene product (Nbs1) was shown recently to associate in vivo with the
Mre11 and Rad50 proteins, which play pivotal roles in eukaryotic DNA double-strand break repair, meiotic
recombination, and telomere maintenance. We show in this work that the triple complex of recombinant
Nbs1, Mre11, and Rad50 proteins binds cooperatively to DNA and forms a distinct protein–DNA species. The
Mre11/Rad50/Nbs1 complex displays several enzymatic activities that are not seen without Nbs1, including
partial unwinding of a DNA duplex and efficient cleavage of fully paired hairpins. Unwinding and hairpin
cleavage are both increased by the presence of ATP. On nonhairpin DNA ends, ATP controls a switch in
endonuclease specificity that allows Mre11/Rad50/Nbs1 to cleave a 3*-protruding strand at a double-/
single-strand transition. Mutational analysis demonstrates that Rad50 is responsible for ATP binding by the
complex, but the ATP-dependent activities are expressed only with Nbs1 present.
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Among the many threats to the genomic integrity of a
cell, one of the most serious is DNA double-strand
breakage, produced either by external agents such as ion-
izing radiation or by internal errors during replication or
recombination. In eukaryotic cells, double-strand breaks
can cause activation of checkpoint functions at the G1/S
and the G2/M boundaries of the cell cycle. The most
error-free method to repair a break involves recombina-
tion between the broken strands and a homologous chro-
mosome or sister chromatid, which replaces any missing
sequence information in addition to reconnecting the
chromosome. This system is functionally conserved be-
tween the RecA/RecBCD system in bacteria and the
Rad51/52/54/55/57 system in eukaryotic cells (Game
1993; Bianco et al. 1998). Alternatively, a double-strand
break can be repaired via a pathway that facilitates liga-
tion of the two ends, but is much more error-prone be-
cause missing sequence is not recovered, and even more
DNA can be lost from the ends during the joining pro-
cess. This pathway, known as nonhomologous end-join-
ing (NHEJ), is conserved from yeast to humans (Critch-
low and Jackson 1998; Tsukamoto and Ikeda 1998), al-
though its importance varies greatly among species.
Yeast, for instance, primarily utilizes the homologous
recombination system (Petes et al. 1991), whereas mam-
malian cells favor the NHEJ pathway (Roth and Wilson
1985).

In Saccharomyces cerevisiae, the NHEJ pathway is es-
sential only when members of the homologous pathway,
for instance, Rad52, are inactivated (Kramer et al. 1994).
In this genetic background, several factors have been
shown to be necessary for survival after the introduction
of double-strand breaks. Yeast cells lacking the DNA
end-binding heterodimer, Ku, exhibit a 100-fold decrease
in NHEJ (Boulton and Jackson 1996a,b; Milne et al. 1996;
Tsukamoto et al. 1996b), as do strains that are missing
DNA ligase IV (Teo and Jackson 1997) or its partner, Lif1,
a yeast homolog of Xrcc4 (Herrmann et al. 1998). The
few junctions recovered from these cells often exhibit
large deletions and joining of the resected ends at regions
of short microhomologies. In mammalian cells, Xrcc4,
Ku, and the DNA-dependent protein kinase that associ-
ates with Ku were first identified from mutations that
lower the resistance of cell lines to ionizing radiation
and reduce the frequency of a specialized type of double-
strand break repair drastically, the joining of V(D)J re-
combination intermediates (Li et al. 1995; Weaver 1996;
Hendrickson 1997; Jeggo 1997). Ligase IV is also required
for both processes in mammalian cells (Frank et al. 1998;
Grawunder et al. 1998).

Three other factors, Mre11, Rad50, and Xrs2, have
been identified in yeast as components of the NHEJ path-
way that form a functional group (Ivanov et al. 1992;
Johzuka and Ogawa 1995; Moore and Haber 1996; Tsuka-
moto et al. 1996a). Physical complexes among these fac-
tors have also been identified (Johzuka and Ogawa 1995;
Ogawa et al. 1995; Usui et al. 1998). Yeast strains lacking

1Corresponding author.
E-MAIL gellert@helix.nih.gov; FAX (301) 496-0201.

1276 GENES & DEVELOPMENT 13:1276–1288 © 1999 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/99 $5.00; www.genesdev.org



Mre11, Rad50, or Xrs2 show ∼100-fold decreased levels
of NHEJ in a rad52 background but, unlike cells defec-
tive in the factors described above, do not generate dele-
tions in the few ends that are joined (Boulton and Jack-
son 1998). In addition, the complex is involved in the
early stages of homologous recombination in yeast: The
three proteins are absolutely necessary for the introduc-
tion of double-strand breaks that apparently initiate
strand exchange during meiosis (Alani et al. 1990; Ivanov
et al. 1992; Johzuka and Ogawa 1995), and increase the
rate (although not the overall efficiency) of the 58 strand
resection that precedes homologous recombination in
vegetative cells (Ivanov et al. 1994; for review, see Haber
1998).

Homologs of Mre11 and Rad50 have been identified in
mammalian cells, and the proteins have been shown to
associate with one another, as they do in yeast (Petrini et
al. 1995; Dolganov et al. 1996; Trujillo et al. 1998). Ex-
posure of cells to ionizing radiation causes rapid assem-
bly of the complex into foci within the nucleus (Maser et
al. 1997), and the foci occur in exactly the irradiated
regions, suggesting that this complex localizes directly
to the sites of DNA damage (Nelms et al. 1998). Further
in vivo characterization of these proteins has been lim-
ited, however, by the fact that Mre11 is an essential gene
in mammalian cells, so knockout mice or even cell lines
are not viable (Xiao and Weaver 1997).

Immunoprecipitated complexes of Mre11 and Rad50
in human cells were found to contain a component the
same size as the yeast Xrs2 protein (Dolganov et al.
1996), but the mammalian equivalent of Xrs2 was not
identified until recently. This missing partner for Mre11
and Rad50 has been shown now to be the product of the
NBS1 gene. Mutations in this gene are responsible for
the rare human genetic disorder, Nijmegen breakage syn-
drome (NBS) (Carney et al. 1998; Varon et al. 1998). All of
the mutations of the NBS1 gene found in patients with
this disorder cause a premature truncation of the protein,
leaving the amino-terminal portion which contains a
breast cancer carboxy-terminal (BRCT) domain and a
forkhead-associated (FHA) domain, the only identifiable
motifs in the open reading frame. Cell lines from NBS
patients do not exhibit foci of Mre11 and Rad50 proteins
in response to ionizing radiation (Carney et al. 1998), and
do not postpone DNA synthesis in response to DNA
damage (Shiloh 1997). In addition, these cells show an
elevated frequency of chromosomal translocations, espe-
cially at V(D)J-related loci, and patients have a higher
incidence of malignancies.

To understand the biochemical functions of the
Mre11/Rad50/Nbs1 complex that underlie the response
of mammalian cells to DNA damage, these proteins
must be characterized in vitro. We have shown previ-
ously that human Mre11 by itself is a 38–58 double-strand
DNA exonuclease as well as an endonuclease, and that
these activities are increased when Mre11 is present in a
complex with Rad50 (Paull and Gellert 1998). The exo-
nuclease activity of Mre11 can also facilitate the joining
of two DNA molecules by a ligase through the use of
microhomologies. Here we characterize recombinant

human Nbs1 protein expressed in combination with
Mre11 and Rad50, and show that the triple complex pos-
sesses several activities not seen in the absence of the
Nbs1 protein. These include the efficient opening of
fully paired DNA hairpins, a change in the specificity of
the endonuclease activity, and partial unwinding of
DNA at a double-/single-strand transition which is in-
duced by ATP.

Results

To investigate the functions of the Nbs1 protein, the
coding region of the human gene was amplified from a
HeLa cell cDNA library. Compared to the published ge-
nomic sequence, our first isolate was missing nucleo-
tides exactly corresponding to exon 13, suggesting that it
was an alternatively spliced product. For the purposes of
this work we generated a full-length copy of the gene,
which was expressed in Sf9 cells using a baculovirus ex-
pression system.

Like Rad50 (Paull and Gellert 1998), Nbs1 protein was
produced efficiently only when coexpressed with Mre11
and was undetectable in lysates when expressed by itself
(data not shown). We coexpressed Nbs1 with Mre11 (M/
N) as well as with Mre11 and Rad50 in combination
(M/R/N). On a S200 gel-filtration column, the M/N
complex eluted at a position equivalent to ∼400 kD,
much larger than the sum of the molecular masses of
monomeric Mre11 and Nbs1, and significantly larger
than Mre11 alone (Paull and Gellert 1998). Like the
Mre11/Rad50 preparation, the complex including all
three proteins was excluded from the column and there-
fore is apparently larger than ∼1300 kD (data not shown).
At the end of the purification the protein complexes
were $95% homogeneous, as shown in the Coomassie-
stained SDS–polyacrylamide gel in Figure 1A. The ratio
of the three proteins in the recombinant triple complex
appeared to be very similar to the ratio in the native
complex (Trujillo et al. 1998).

Nbs1 stabilizes Mre11/Rad50 protein–DNA complexes

We tested the recombinant protein complexes in gel mo-
bility-shift assays and found that protein preparations
containing Nbs1 protein formed more stable protein–
DNA complexes than complexes without Nbs1, as
shown in Figure 1B. Under these conditions, Mre11 by
itself formed a faint protein–DNA complex (lane 4), and
Mre11/Rad50 generated two much larger complexes
(lanes 5–7). Mre11 plus Nbs1 formed a complex similar
in size to the Mre11 band (lanes 8–10), and the combi-
nation of all the proteins generated a single complex that
appeared to form more cooperatively and at a signifi-
cantly higher level than any of the other complexes
shown on the gel (lanes 11–13).

Mre11/Rad50/Nbs1 complexes cut fully paired DNA
hairpins efficiently

The similarity between the Escherichia coli hairpin
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nuclease SbcC/D and the Rad50/Mre11 proteins, respec-
tively (Sharples and Leach 1995), suggested that the
Mre11 complex might also possess endonuclease activ-
ity on DNA hairpins. We showed previously that human
Mre11 and M/R complexes can cleave DNA hairpins,
but are much more active on substrates containing mis-
matched nucleotides at the tip (hairpin loops) than on
hairpins with no mismatches (Paull and Gellert 1998).
When Nbs1 was present in complexes with Mre11 and
Rad50, however, hairpins with no mismatches could be
cleaved very efficiently, as shown in Figure 2A. The
M/N complex (lane 4) was much more active on the
fully paired hairpin substrate than either Mre11 (lane 2)
or M/R (lane 3), and M/R/N (lane 5) was much more
active than M/N. Quantitatively, the triple complex was
actually at least 60-fold more active in cleaving fully
paired hairpins compared to Mre11, and at least 25-fold
more active than M/R.

On this hairpin substrate, the cuts were made almost

exclusively at positions one or two nucleotides 38 of the
center of the inverted repeat, generating products with 38
overhangs of one or two nucleotides. Because opened
products with 58 overhangs would be rapidly resected at
37°C by all of the complexes and thus not visible as
cleaved hairpins, these assays were also performed at
room temperature, which minimizes the exonuclease
but not the endonuclease activity of Mre11 (Paull and
Gellert 1998). Under these conditions, the same cleaved
products were observed (data not shown), demonstrating
that all of the cleavage products are visible in Figure 2A.
The triple complex was also able to cut three other hair-
pin substrates containing different sequences at the tip,
always on the 38 side of the hairpin tip (Fig. 2B), indicat-
ing that this pattern of cutting is a property of the protein
complex and not of a particular hairpin substrate.

Although cutting of the fully paired substrates was
increased greatly if the complexes contained Nbs1, cut-
ting of larger hairpin loops by these complexes was not
significantly greater than that of Mre11 or M/R (data not
shown). Therefore Nbs1 appears to have changed the
specificity of the hairpin endonuclease activity and not
its overall level of activity.

In contrast to the hairpin substrates, Nbs1 did not alter
the exonuclease activity of the Mre11 and Mre11/Rad50
complexes on oligonucleotide substrates with blunt or 38
recessed ends (data not shown).

M/R/N generates different products in the presence
of ATP

The RAD50 gene contains consensus Walker A and
Walker B NTP-binding motifs (Alani et al. 1989; Dol-
ganov et al. 1996), and the yeast homolog of Rad50 was
shown to bind DNA in an ATP-dependent manner (Ray-
mond and Kleckner 1993), but thus far the human M/R
complex has failed to show any kind of response to ATP
in DNA binding or exonuclease assays (data not shown).
When ATP was added to reactions containing M/R/N
and a dumbbell hairpin substrate, however, we observed
that much more of the substrate was consumed (Fig. 3A).
Forty percent of the dumbbell was degraded in the ab-
sence of ATP (Fig. 3A, lane 2), whereas 76% was de-
graded by M/R/N with ATP in the reaction (Fig. 3A, lane
3). With ATP present, the cleaved dumbbell was further
degraded into smaller pieces, as evidenced by the smear
of labeled DNA below the singly cut form (lane 3).

When M/R/N was tested on substrates containing
only one hairpin and a 38 overhang on the other end (as in
Fig. 2A), we found that the substrate was more rapidly
consumed by M/R/N in the presence of ATP, and there
was also a change in the size of the major cleavage prod-
ucts (Fig. 3B, lanes 5–7). During the course of the reac-
tion, the larger cleavage products appeared before the
smaller ones, and the product of hairpin opening at the
+1 position was present, but at a low level (Fig. 3B, lanes
5–7). In contrast, the reaction without ATP showed only
increasing production of one species, the hairpin opened
at the tip, and did not give rise to any intermediate-size
bands (Fig. 3B, lanes 2–4). The change in the size of the

Figure 1. Nbs1 alters the activities of Mre11 and Rad50. (A)
Preparations of Mre11 (lane 1), M/R (lane 2), M/N (lane 3), and
M/R/N (lane 4) were separated on an SDS–polyacrylamide gel
and stained with Coomassie blue. Protein amounts varied be-
tween 0.5 and 2 µg, keeping the amount of Mre11 approxi-
mately constant at 0.5 µg. (m) The molecular mass markers are
116, 97, 66, and 55 kD. (B) Gel mobility-shift assays were per-
formed with Mre11 (lanes 2–4), M/R (lanes 5–7), M/N (lanes
8–10), and M/R/N (lanes 11–13) as indicated. Approximately
37.5 ng of each protein was added in lanes 2, 5, 8, and 11; 75 ng
each in lanes 3, 6, 9, and 12; and 150 ng each in lanes 4, 7, 10,
and 13. Proteins were mixed with a 32P-labeled double-stranded
DNA substrate containing 38 overhangs at each end, and incu-
bated for 10 min at room temperature before electrophoresis in
a 0.7% 1/2× TBE agarose gel.
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products made by M/R/N in the presence of ATP sug-
gested that the substrate was being degraded starting
from the open end, as analyzed in more detail below.

M/R/N partially unwinds a DNA duplex

From the results on the hairpin substrates it seemed pos-
sible that the ATP-stimulated nuclease activity of
M/R/N could be explained if the complex was acting as
a helicase and cutting the resulting single-stranded DNA
endonucleolytically. We therefore tested whether
M/R/N could separate a short labeled strand from a du-
plex DNA substrate, and we tried both a 38 overhang and
58 overhang because many helicases unwind exclusively
from only one type of single-/double-strand junction.
These assays had to be performed with magnesium as
the divalent cation, because the complex degraded the
substrate in manganese and prevented analysis of heli-
case activity. As shown in Figure 4, M/R/N was able to
unwind a duplex of 17 bp, but only with a 38 overhang,
not a 58 overhang. After 30 min at 37°C in the presence
of M/R/N and ATP, ∼10% of the input DNA was re-
leased as a single-stranded product (Fig. 4A, lane 6). Sur-
prisingly, however, about half this amount was released
even in the absence of ATP (lane 5). We found that only
M/R/N exhibited this activity, not Mre11, M/R, or
M/N (Fig. 4B, lanes 8,9).

The 17-bp duplex (theoretical Tm = 42°C) is not very
stable, and if the binding of a protein complex caused
partial unwinding of the DNA strands, this could then
stimulate release of the single strand even without an

active (catalytic) helicase. To address this issue, we used
a substrate with a longer duplex (34 bp) and found that
M/R/N was not able to release the labeled single strand,
even in the presence of ATP (Fig. 4C). The 34-bp duplex
was also not released when the single-stranded DNA-
binding protein replication protein A (RPA) was added
(data not shown). The fact that some unwinding was
observed on the 17-bp duplex in the absence of ATP and
that no ATP-dependent unwinding occurred with longer
duplexes led us to conclude that M/R/N is not function-
ing as a processive DNA helicase, but that binding of the
complex does partially unwind a DNA duplex from a 38
overhang and that this activity is increased in the pres-
ence of ATP.

ATP analogs cannot substitute for ATP in strand
opening by M/R/N

We then asked whether alterations at the g phosphate of
ATP were compatible with its effects on the activities of
M/R/N. Nonhydrolyzable ATP analogs were found to
substitute for ATP in DNA binding by the yeast Rad50
protein, suggesting that hydrolysis was not required in
that assay (Raymond and Kleckner 1993). In M/R/N
cleavage of the substrate with a single fully paired hair-
pin, we found that only dATP could substitute for ATP
(Fig. 5A, lane 4), whereas CTP, GTP, or UTP were inac-
tive (lanes 6–8). Neither AMP–PNP nor ADP had any
effect on hairpin opening by the triple complex (lanes
9,10). The nonhydrolyzable analog ATPgS did not sub-
stitute for ATP in the reaction, and even had an inhibi-
tory effect on the hairpin nuclease activity (lane 5).

Figure 2. M/R/N opens fully paired hairpins. (A)
Nuclease assays were performed with 150 ng each of
Mre11 (lane 2), M/R (lane 3), M/N (lane 4), and
M/N/R (lane 5) in 1 mM MnCl2 on a 32P-labeled
substrate containing a fully paired hairpin on one
end, a 4-bp 38 overhang on the other end, separated
by a 50-bp duplex. Reactions were incubated for 30
min at 37°C before separation on a denaturing poly-
acrylamide gel. (*) The location of the 32P label in
the diagram of the substrate. The cleavage sites are
numbered such that a cut exactly at the tip is “0”,
sites 38 of this are positive, and sites 58 of this are
negative. The predominant cut made by M/R/N is
at +1, as indicated by the arrow in the diagram. (B)
Nuclease assays were performed on four different
fully paired hairpin substrates that varied in se-
quence within 10 bp of the hairpin tip. The sequence
of each substrate near the tip is shown above the gel.
The structure of the substrates is the same as in A,
and the hairpin used in A is identical to hairpin I in
B. The sequence at the tip of hairpin I is from the
coding end of the mouse Jk1 locus; hairpin II corre-
sponds to the coding end of the JH1 locus; and hair-
pin III corresponds to the coding end of the JH2 lo-
cus. Reactions contained 150 ng M/R/N (as indi-
cated) and were analyzed as in A. The asterisk
indicates the location of the 32P label in the diagram
of the substrate, and the arrows indicate the pre-
dominant cleavage sites on each substrate.
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To determine which step of the ATP-stimulated
M/R/N nuclease reaction was sensitive to chemical
changes at the g phosphate of ATP, nucleotide analogs
were tested in the helicase assay using the short 17-bp
duplex. As shown in Figure 4 and represented quantita-
tively in Figure 5B, the M/R/N complex caused a modest
amount (∼6%) of duplex unwinding even without ATP,
and this ATP-independent unwinding was dependent on
a divalent cation. The extent of unwinding observed in
the presence of both magnesium and ATP was approxi-
mately double that with magnesium alone, and neither
ATPgS nor AMP–PNP could substitute for ATP in gen-
erating this stimulation (Fig. 5B).

These data would be consistent with a requirement for
ATP hydrolysis in the stimulation of strand unwinding
by M/R/N; however, we have not yet been able to detect
an ATPase activity associated with the triple complex.
Because M/R/N appears not to be a processive DNA

helicase, it is possible that the hydrolysis of ATP leads to
an altered conformation of the complex on a DNA end, a
conformation in which the turnover of ATP is very slow.
We do not know at this time whether the hydrolysis of
ATP is necessary for its effects on the M/R/N complex.

ATP induces a switch in M/R/N endonuclease
specificity

Mre11 is a 38–58 exonuclease, but is ∼50-fold less active
on a 38 overhang than on a blunt or recessed 38 end (Paull
and Gellert 1998). Incorporation of a 38 overhang in a
nuclease substrate is thus a useful way to block one end
of the molecule from exonuclease attack and was em-

Figure 4. M/R/N partially unwinds short DNA duplexes from
a 38 single-stranded overhang. (A) M/R/N (150 ng) was incu-
bated in 5 mM MgCl2 and 0.5 mM ATP as indicated with a DNA
substrate containing a 17-bp duplex and either a 38 or 58 single-
stranded overhang, with the 17-mer labeled at the 58 end with
32P. The reactions were incubated at 37°C for 30 min and were
stopped with SDS and EDTA before separation in a native poly-
acrylamide gel. (D) Substrate that was heated to denature the
duplex. The arrow indicates the position of the free labeled
strand. (B) Mre11 (25 ng, lanes 2,3), M/R (60 ng, lanes 4,5), M/N
(50 ng, lanes 6,7), and M/R/N (150 ng, lanes 8,9) were incubated
with the same 38 overhang substrate as in A in the presence of
0.5 mM ATP as indicated. The varying protein levels yield ap-
proximately the same amount of Mre11 (25 ng) in each reaction.
(C) M/R/N (150 ng) was incubated as in A and B except with
DNA substrates containing a 34-bp duplex region and either a 38

or 58 single-stranded overhang as shown.

Figure 3. M/R/N generates different hairpin cleavage products
in the presence of ATP. (A) Nuclease assays were performed
with 150 ng of M/R/N in 1 mM MnCl2 with 0.5 mM ATP as
indicated, on a 50-bp 32P-labeled dumbbell substrate containing
fully paired hairpins on each end. Reactions were incubated for
30 min at 37°C before separation on a denaturing polyacryl-
amide gel. The small amount of opened dumbbell in the control
lane is because of spontaneous breakage during gel purification
of the substrate. (B) M/R/N (150 ng) was incubated as in Fig. 2A
with a single-hairpin substrate (hairpin II from Fig. 2B) in the
presence of 0.5 mM ATP as indicated. Aliquots were taken at
different time points as shown.
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ployed, for instance, to map sites of hairpin opening
(Figs. 2A,B and 3B). The ATP-dependent nucleolytic deg-
radation by M/R/N presented in Figure 3B, however,

appeared to begin at the 38 overhang and finish at the 58
end, suggesting that the 38 overhang was no longer in-
hibitory. To investigate the ATP-dependent nuclease ac-
tivities of M/R/N apart from hairpin cutting, we turned
to the substrate shown in Figure 6, which contains 38
overhangs on each end. In the experiment shown in Fig-
ure 6A, the 38 end of the top strand was labeled. On this
substrate, the only nucleolytic product visible with
Mre11 or M/R was the labeled cordycepin mononucleo-
tide at the bottom of the gel (Fig. 6A, lanes 2–9), showing
that all the complexes degrade the substrate from the
end of the 38 overhang. In contrast, the M/R/N complex
generated a product of 17 nucleotides in addition to the
mononucleotide and this product was only seen when
ATP was included in the reaction (Fig. 6A, lanes 12,13).
The size of the product indicates that M/R/N made an
endonucleolytic cut on the top strand of the substrate,
exactly at the border of the duplex region.

When the top strand of the double-ended 38 overhang
substrate was labeled on the 58 end, the consequences of
the ATP-stimulated endonuclease activity of M/R/N be-
came apparent, as shown in Figure 6B. Each of the pro-
tein complexes removed 1–5 nucleotides from the 38 end
(seen on this gel as a slight shortening of the full-length
band in lanes 2–13), similar to that seen previously on
longer 38 overhangs (Paull and Gellert 1998). The activi-
ties of Mre11 and M/R did not change with the addition
of ATP (Fig. 6B, lanes 4,5,8,9), but ATP induced M/R/N
to generate a series of small products ranging from 8 to
17 nucleotides (lane 13). The size of these products indi-
cates that the top strand was resected within the duplex
region. Therefore, the ATP-stimulated endonucleolytic
cut made at the border of the duplex (as shown in Fig. 6A)
allows the triple complex to enter the duplex region and
resect the top strand, an activity that Mre11 and M/R do
not exhibit. The resection is an expected consequence of
the endonucleolytic cut because 38–58 exonuclease deg-
radation by Mre11 is rapid on a blunt end.

One concern with this experiment is the fact that an
identical reaction is presumably occurring from the op-
posite end of the molecule and we know of no efficient
method to block endonucleolytic attack from the other
end. In this case, however, the time points taken were
sufficiently early to ensure that only a small fraction of
the substrate had undergone endonucleolytic cleavage by
M/R/N, so a large majority of labeled duplexes were still
unresected on the bottom, unlabeled strand.

Rad50 is responsible for ATP binding
in the M/R/N complex

Rad50 is the only component of the triple complex
which contains obvious ATP-binding motifs in its se-
quence. To determine whether the requirement for ATP
that we observed with the triple complex originated in
Rad50, we made a mutation in a conserved lysine residue
within the Walker A nucleotide-binding domain in the
Rad50 gene (K42E). The equivalent mutation in the
yeast Rad50 gene, K40E, caused the mutant strain to be
as sensitive to MMS treatment as a Rad50 null strain

Figure 5. Nonhydrolyzable ATP analogs do not substitute for
ATP in strand unwinding. (A) Nuclease assays were performed
with 150 ng of M/R/N on a 32P-labeled single-hairpin substrate
identical to hairpin II in Fig. 2B. Reactions contained 1 mM

MnCl2 and 0.5 mM nucleotides as indicated, and were incubated
for 30 min at 37°C before separation on a denaturing polyacryl-
amide gel. (B) Unwinding assays were performed with a DNA
substrate containing a 17-bp duplex and a 38 overhang as de-
scribed in Fig. 4A. The ratio of free labeled oligonucleotide to
the total amount of labeled substrate in each reaction was de-
termined by quantitation on a PhosphorImager, and is shown
here with the standard deviation calculated from two different
experiments.
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(Alani et al. 1990). We also mutated the conserved aspar-
tate residue in the Walker B box of the Rad50 gene, gen-
erating Rad50 D1231A. Expression of these mutant
Rad50 proteins with wild-type Mre11 and Nbs1 yielded
M/R(K42E)/N and M/R(D1231A)/N triple complexes
which were expressed at approximately the same levels
as the wild-type complex and behaved similarly during
purification (data not shown).

On the single hairpin substrate, the triple complexes
containing Rad50 D1231A or K42E made the endonu-
cleolytic cuts at the hairpin tip (Fig. 7, lanes 4,6), simi-
larly to the wild-type complex (Fig. 7, lane 2). However,
the mutant complexes did not degrade the substrate
from the other end when ATP was added (lanes 5,7).
Similarly, in the unwinding assay, M/R(K42E)/N and
M/R(D1231A)/N did exhibit the Mg-dependent partial
unwinding of the short duplex, but the level of unwound
duplex did not increase in the presence of ATP (data not
shown). Thus, the triple complexes containing mutant
Rad50 exhibit all the activities of the wild-type complex
in the absence of ATP, but are completely defective in
the ATP-dependent activities.

Ku and RPA inhibit degradation of DNA overhangs
by M/R/N

Yeast Mre11 and its associated factors, Rad50 and Xrs2,
have been shown to play a critical role in maintaining
genomic stability in vivo. It is not clear yet how they
accomplish this or how they interact with other DNA

repair factors, but in at least some situations the Mre11
complex appears to act in opposition to other DNA end-
binding proteins, the Ku heterodimer and the single-

Figure 7. M/R/N complexes containing Rad50 protein mu-
tated in the Walker A or Walker B motifs do not respond to ATP.
Nuclease assays were performed on a substrate containing a
fully paired hairpin on one end and a 38 overhang on the
other end, identical to hairpin II in Fig. 2B. Reactions contained
150 ng each of wild-type M/R/N, M/R(D1231A)/N, or
M/R(K42E)/N protein, 1 mM MnCl2, and 0.5 mM ATP as indi-
cated.

Figure 6. ATP stimulates M/R/N cleav-
age of a 38 overhang at the border of the
duplex region. (A) Nuclease assays were
performed with Mre11 (100 ng, lanes 2–5),
M/R (150 ng, lanes 6–9) and M/R/N (150
ng, lanes 10–13) on a double-stranded DNA
substrate with 38 overhangs on each end.
The 38 end of the top strand was labeled
with 32P-labeled cordycepin, as dia-
grammed, which lengthens the 38 overhang
by one nucleotide. Reactions contained 1
mM MnCl2 and 0.5 mM ATP as indicated,
and aliquots were taken at 10- and 30-min
time points. The locations of the cuts
made by the proteins are shown as arrows
in the diagram. (m) Size markers of 11 and
15 nucleotides are shown. (B) Nuclease as-
says were performed as in A with the same
substrate, except that the top strand was
labeled with 32P at the 58 end as shown in
the diagram.
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stranded DNA-binding protein RPA (Lee et al. 1998). To
investigate this possibility, human RPA and Ku proteins
were added to nuclease reactions containing the M/R/N
complex and the substrate with 38 overhangs at each end.
Both protein complexes effectively inhibited the endo-
nucleolytic degradation of the 38 overhang by M/R/N in
the presence of ATP (Fig. 8, lanes 3,4,6,7), suggesting that
these factors may in fact be competing with each other
and that Ku and RPA have the potential to regulate the
nuclease activities of the M/R/N complex.

Discussion

With the identification of NBS1 as the gene defective in
NBS, and the simultaneous discovery that the NBS1
product was the missing member of the Mre11/Rad50
complex, two important branches of double-strand break
repair intersected (Carney et al. 1998; Varon et al. 1998).
The radiation sensitivity and chromosomal instability
seen in cells from NBS patients mirror the defects seen
in yeast cells lacking components of the Mre11 complex,
confirming that this complex plays a central role in de-
fending eukaryotic cells against the harmful effects of
double-strand breaks.

NBS is caused by mutations that prematurely truncate
the Nbs1 protein (Varon et al. 1998). In all of the known
cases, the truncations are downstream of the FHA do-
main, near the carboxy-terminal end of the BRCT motif.
The truncated protein has been reported to be com-
pletely absent from NBS1-defective cells (Carney et al.

1998), suggesting that these cells may be functionally
equivalent to a knockout cell line. We expressed an Nbs1
deletion mutant with Mre11 and Rad50 and found that
the truncated protein was not made at any significant
level and definitely did not bind to Mre11 or Rad50 (data
not shown). Our findings confirm the hypothesis that
the carboxy-terminal two-thirds of Nbs1 is required for
association with the Mre11/Rad50 complex.

The radioresistant DNA synthesis exhibited by NBS1-
defective cells (for review, see Shiloh 1997) had sug-
gested that the protein might be involved in signaling
DNA damage, especially as the Nbs1 protein does not
contain any obvious enzymatic motifs and the BRCT
and FHA domains that are present are thought to be in-
volved in protein–protein interactions (Hofmann and
Bucher 1995; Bork et al. 1997). We were surprised then to
find that Nbs1 had a dramatic effect on the endonuclease
activity and specificity of Mre11. Further evidence for an
interaction between Nbs1 and the active site of the
Mre11 nuclease comes from our observation that four
different nuclease deficient mutants of Mre11 do not as-
sociate with Nbs1 (data not shown). Thus, although
Nbs1 may function as a signaling molecule, it is also
associated closely with the active site of the nuclease.

As we were not able to produce triple complexes con-
taining mutated forms of Mre11 and were not able to
produce Nbs1 by itself, we cannot conclude definitively
whether any of the novel activities can be attributed di-
rectly to Nbs1. Because Nbs1 lacks any clear catalytic
motifs, however, and because the nuclease activities re-
tain the strand polarity of Mre11 and still require man-
ganese, it is likely that Mre11 is the only nuclease in the
complex and that Nbs1 and Rad50 modify and regulate
its activities.

Cleavage of fully paired hairpins requires Nbs1

More evidence for a close interaction between Nbs1 and
the nuclease domain of Mre11 comes from our observa-
tion that the presence of Nbs1 increases the ability of
Mre11 to cut fully paired DNA hairpins dramatically.
Both M/N and M/R/N cleave these hairpins, although
the triple complex is much more efficient than the com-
plex lacking Rad50. DNA hairpins are of interest to us
because the RAG1 and RAG2 proteins make the coding
flanks of immunoglobulin genes into fully paired hairpin
intermediates during the course of V(D)J recombination,
and it is not known yet how these hairpins are opened
prior to joining (for review, see Lewis 1994). The obser-
vation that NBS patients suffer from elevated levels of
chromosomal translocations that often involve V(D)J re-
combination sites suggests that the M/R/N complex
may be involved in processing V(D)J intermediates. It
may be significant in this regard that the M/R/N com-
plex cleaves fully paired hairpins on the 38 side of the tip,
because broken coding ends in cells undergoing V(D)J
recombination have been found to contain short 38 over-
hangs (Schlissel 1998). We are currently investigating
V(D)J hairpin cleavage by the M/R/N complex, alone
and in combination with other factors such as Ku,

Figure 8. Ku and RPA inhibit nuclease digestion of 38 over-
hangs by M/R/N. Nuclease assays were performed as in Fig. 6B
with the addition of varying amounts of RPA (30 or 300 ng in
lanes 3 and 4, respectively) or Ku protein (5 and 50 ng in lanes
6 and 7, respectively). (m) Size markers of 11, 15, 21, and 28
nucleotides are shown.
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XRCC4, and DNA ligase IV, which are known to be nec-
essary for V(D)J recombination in vivo. There has been a
recent report of V(D)J hairpin opening by the RAG1 and
RAG2 proteins themselves (Besmer et al. 1998), but it is
not clear yet whether this process occurs in vivo.

The efficient cleavage of both fully paired hairpins and
larger hairpin loops by M/R/N may also be critical for
the removal of cruciforms or other secondary structures
in a nonlymphoid cell. Mre11 and Rad50 show sequence
homology with the E. coli proteins SbcD and SbcC, re-
spectively (Sharples and Leach 1995). Loss of SbcC or
SbcD activity allows E. coli strains to propagate long
inverted repeats; thus these factors were thought to re-
move cruciform structures in vivo (Leach 1994). The pu-
rified SbcC/D enzyme exhibits manganese-dependent
endonuclease activity on hairpin loops as well as ATP-
dependent exonuclease activity on double-stranded
DNA (Connelly et al. 1997, 1999). Interestingly, a recent
study of trinucleotide repeat expansion in E. coli found
that expansion of CTG repeats required loss of SbcC
(Sarkar et al. 1998). The amplification appeared to de-
pend on the size of the repeat relative to the size of Oka-
zaki fragments in E. coli and was postulated to arise from
intrastrand secondary structures formed within the Oka-
zaki fragments. If there is functional homology between
M/R/N and SbcC/D, the Mre11 complex may act to
remove hairpin structures during replication in mamma-
lian cells, a role that might be essential for normal
growth.

An ATP-induced switch in substrate specificity:
preference for single strands

The presence of Walker A and Walker B NTP-binding
motifs in Rad50 (Alani et al. 1989; Dolganov et al. 1996)
and the observation of ATP-dependent DNA binding by
yeast Rad50 (Raymond and Kleckner 1993) suggested
that ATP might play a regulatory role in M/R/N func-
tions. We observed a pronounced effect of ATP on the
M/R/N digestion of a DNA substrate containing a hair-
pin on one end and a 38 overhang on the other end. The
time course of this degradation suggested that the nucle-
ase was initiating its attack at the 38 end, not the hairpin
end (Fig. 3B). This was unexpected because Mre11 and
Mre11/Rad50 are much less active on a 38 overhang
compared to a blunt or recessed 38 end (Paull and Gellert
1998).

When DNA substrates with 38 overhangs at both ends
were tested, it became clear that ATP induced the triple
complex to cleave the 38 overhang at the single-/double-
strand transition (Fig. 6). After this initial endonucleo-
lytic cut was made, exonucleolytic degradation of the
cut strand (now blunt) proceeded. Thus, with the hairpin
substrate, it is very likely that M/R/N cut off the 38
overhang and degraded the rest of the molecule 38–58.

In this process, ATP appears to primarily influence
DNA unwinding (although an additional role in the nu-
cleolytic attack has not been ruled out). As shown in
Figures 4 and 5, ATP binding (or hydrolysis) stimulates
unwinding of duplex DNA from a 38 overhang. Changes

in the g phosphate linkages of ATP reduced unwinding
to the basal level, and these effects correlated with the
effects on endonuclease activity.

The ATP-driven unwinding and cleavage by M/R/N
on open ends appears to be specific to 38 overhangs; how-
ever, we also observed a strong effect of ATP on degra-
dation of a covalently closed dumbbell DNA (Fig. 3A).
On this substrate, ATP increased the rate of the first
endonuclease cut of a hairpin as well as the subsequent
degradation of the opened end. We are not yet able to
measure unwinding of a dumbbell, but we predict that
the same unwinding/cleavage event that occurs on the
38 overhang substrates also takes place with M/R/N on
these dumbbell molecules. To link these two observa-
tions we postulate that ATP may act to switch the bind-
ing preference of M/R/N from double-stranded DNA to
unwound duplex DNA. Therefore, on the single hairpin
substrate, ATP favored the endonuclease substrate that
could be unwound more easily (the 38 overhang) over one
that was more difficult (the hairpin). It may be signifi-
cant in this respect that a Bacillus subtilis SMC (struc-
tural maintenance of chromosomes) protein related to
Rad50 in primary sequence exhibits ATP-dependent ag-
gregation of single-stranded DNA (Hirano and Hirano
1998).

The significance of 38 overhangs

The preference for 38 protruding strands could be a criti-
cal aspect of M/R/N function, considering the impor-
tance of 38 single-stranded ends as recombination inter-
mediates in vivo. Long 38 single-stranded tails are pro-
duced at the onset of meiotic and mitotic homologous
recombination in S. cerevisiae, for example, and the
presence of the Mre11 complex increases the rate of re-
section of the 58 end (Ivanov et al. 1994). In overall effi-
ciency of homologous mitotic recombination, however,
mre11 strains are equivalent to wild-type. Since Mre11 is
not itself a 58–38 exonuclease (Furuse et al. 1998; Paull
and Gellert 1998; Trujillo et al. 1998; Usui et al. 1998),
we conclude that it is very unlikely that Mre11 performs
the resection of 58 ends prior to homologous recombina-
tion. It is possible, however, given the affinity of M/R/N
for 38 overhangs, that the complex may recruit a 58–38
nuclease or facilitate its activities there.

The Mre11 complex was also shown recently to be
involved in telomere maintenance in S. cerevisiae
(Kironmai and Muniyappa 1997; Boulton and Jackson
1998; Nugent et al. 1998), and epistasis analysis of yeast
mutants has shown that the Mre11 complex functions in
the same pathway as telomerase (Nugent et al. 1998). As
the ends of telomeres undergo a transient lengthening of
the 38 G-rich strand during S phase (Wellinger et al.
1993), it is possible that the activities of the Mre11 com-
plex on 38 overhang structures also form the basis of its
role at telomeres. The Mre11/Rad50/Xrs2 complex may
be important in preparing a DNA end for the addition of
telomeric repeats by presenting the end to telomerase so
it can create the G-rich strand. Alternatively, it could
initiate the degradation of the opposite strand in the
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same way that the 38 overhang is thought to be generated
for homologous recombination. In either case, the activi-
ties of the Mre11 complex on 38 overhangs are likely to
be important in the mechanism used to replicate telo-
meric repeats.

A model for the role of M/R/N in double-strand
break repair

We propose that the M/R/N complex may function in
double-strand break repair as a key organizer that deter-
mines the type of processing to be used on double-strand
breaks, depending on the structure of the ends at the
break and perhaps on the availability of other factors. In
this model, M/R/N would bind to the ends and form a
specific complex which may entail ATP-dependent
DNA unwinding or a conformation change in the com-
plex. In some cases, M/R/N would recruit other factors
that would initiate homologous recombination. Alterna-
tively, the factors involved in NHEJ could be enlisted to
bring the broken ends together, to prevent Mre11 from
degrading more than the few nucleotides necessary to
form blunt ends or compatible overhangs, and to facili-
tate rejoining. Finally, as a last resort, M/R/N could
commence a homology search through more extensive
38–58 degradation of the ends and could enter a 38 over-
hang by the ATP-driven unwinding of the end of the
duplex.

A critical component of this model is the nuclease
activity of Mre11, which is likely to be important in
removing damaged or mismatched base pairs prior to li-
gation. Several groups have made mutations in the con-
served nuclease motifs of yeast Mre11 and all of these
mutant strains show reduced survival after radiation or
MMS treatment (Bressan et al. 1998; Furuse et al. 1998;
Tsubouchi and Ogawa 1998; Usui et al. 1998; Moreau et
al. 1999). The sensitivity observed with these catalytic
mutants is, in some cases, because of the failure of nucle-
ase-deficient Mre11 proteins to associate with the other
factors (Usui et al. 1998, and this work). However, there
is at least one instance of an Mre11 mutant which forms
the triple complex normally but still is deficient in
nuclease activity, and this mutant (Mre11-6) exhibits
MMS resistance which is partway between a wild-type
strain and a null strain, indicating that nuclease activity
does contribute to the efficiency of Mre11-mediated re-
pair (Usui et al. 1998).

The intermediate double-strand break repair pheno-
types of some of the Mre11 catalytic mutants in yeast
(Bressan et al. 1998; Furuse et al. 1998; Moreau et al.
1999) suggest that the M/R/N complex is likely to have
a function separate from the nuclease activity that may
require only binding of the complex to double-strand
breaks. In agreement with this view, the Mre11 complex
has been shown to be necessary for the joining of plasmid
ends in vivo, even when the ends are complementary
(Boulton and Jackson 1998). In addition, the M/R/N
complex may have a role in assembly of other compo-
nents, for instance Ku, Xrcc4, and ligase IV, onto DNA
ends prior to any processing events.

The Ku protein is capable of preventing extensive deg-
radation by M/R/N and thus could play dual roles of
bringing ends together (Ramsden and Gellert 1998) and
regulating Mre11 nuclease activity. The residual junc-
tions found in yeast strains deficient in Ku contain large
deletions and are often joined at microhomologies (Boul-
ton and Jackson 1996a,b, 1998), whereas the few junc-
tions recovered from mre11, rad50, and xrs2 mutants are
predominantly intact (Boulton and Jackson 1998). This
observation argues for the existence of an Mre11-depen-
dent, deletion-prone pathway which is only seen in the
absence of Ku or other NHEJ components. Mre11 and
M/R can facilitate joining of mismatched 38 recessed
ends and blunt ends in vitro, creating junctions at short
microhomologies (Paull and Gellert 1998) which are
similar to junctions seen in Ku− cells in vivo (Boulton
and Jackson 1996a,b, 1998). As we show in this work, the
triple complex can resect any type of 38 end that may
need to be removed to uncover matching sequences. It is
likely that the ATP requirement for removing a 38 over-
hang reflects the importance of this type of DNA end
structure in eukaryotic cells, thus access of the Mre11
nuclease to a 38 overhang is tightly regulated by Rad50
and possibly other factors involved in end joining. Fur-
ther investigation of the interactions between Ku, M/R/
N, and RPA in vitro should lead to a fuller understanding
of the balance of power between these important protein
complexes in double-strand break repair.

Materials and methods

Proteins

An NBS1 cDNA was isolated from a human HeLa cell library
(Clontech) and was cloned into the baculovirus transfer vector
pFastBac1 (GIBCO-BRL), yielding plasmid pTP36. The cDNA
was missing exon 13, according to the genomic sequence (Mat-
suura et al. 1998), and had several single amino acid substitu-
tions. One of these, Q185E, was present in one of the published
cDNA sequences (Varon et al. 1998) so it was left unchanged,
but the other mutations were changed back to the correct se-
quence and the missing exon was replaced. No affinity tags were
included with the NBS1 gene. pTP36 was used to make the
bacmid pTP40, according to the procedures specified by GIBCO-
BRL. In this work, the human MRE11 gene with a carboxy-
terminal histidine tag (Paull and Gellert 1998) was also cloned
into pFastBac1 yielding pTP17 and this was used to make the
corresponding bacmid, pTP19. The MRE11 and RAD50 genes,
each with carboxy-terminal histidine tags (Paull and Gellert
1998), were also cloned into pFastBacDual (GIBCO-BRL) for use
in coexpression of both proteins, yielding pTP30, and this was
used to make the bacmid pTP43. pTP30 was modified to include
the K42E mutation in RAD50, yielding pTP50, and was also
used to construct the D1231A mutant, yielding pTP48. Bacmids
were generated from these constructs, yielding pTP51 and
pTP49, respectively. pTP19, pTP40, pTP43, pTP49, and pTP51
were used to make recombinant baculovirus according to the
supplier’s instructions (GIBCO-BRL) and gave rise to high-titer
virus after one amplification. pTP19, pTP43, pTP19 plus pTP40,
pTP40 plus pTP43, pTP40 plus pTP49, and pTP40 plus pTP51
combinations of viral stocks were used to express M, M/R,
M/N, M/R/N,M/R(D1231A)/N, and M/R(K42E)/N, respec-
tively. Complexes of Mre11, Rad50, and Nbs1 were purified as
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described previously for Mre11 and Rad50 (Paull and Gellert
1998). Ku protein and RPA were purified as described (Weinberg
et al. 1990; Ramsden and Gellert 1998).

Oligonucleotide substrates

The substrate used for DNA binding in Figure 1B was com-
posed of TP53 (GACCTGGCACGTAGGACAGCATGGGCT-
GCAGGTCGACTTACACAGTGCTACAGACTGGAACAA-
AAACCCTGCAG) annealed to TP54 (CTGCAGGGTTTTT-
GTTCCAGTCTGTAGCACTGTGTAAGTCGACCTGCAGC-
CCATGCTGTCCTACGTGCCAGGTCACTGA) with both
oligos labeled with 32P at the 58 ends. The substrate used for
mapping of endonuclease cleavage sites in Figures 6 and 8 con-
tained 38 overhangs on each end and was composed of DAR40
(Ramsden et al. 1996) annealed to DG113 (CACAGTGCTA-
CAGACTGGAACAAAAACCCTGCAGTACTCTACTCATC-
TC) with DAR40 labeled with 32P at the 58 end in Figures 6B and
8 and labeled with 32P cordycepin at the 38 end in Figure 6A. The
substrate used in Figures 4, A and B, and 5B had a 44-bp 38

overhang and was composed of DG62 (McBlane et al. 1995)
annealed to DG130 (GTACAAAAACCCTCGGG) with DG130
labeled with 32P at the 58 end. The 58 overhang substrate used in
Figure 4A consisted of DG61 (McBlane et al. 1995) annealed to
DG128 (CCCGAGGGTTTTTGTAC) with DG128 labeled with
32P at the 58 end. The helicase substrate with a 58 overhang used
in Figure 4C was composed of DG9 (McBlane et al. 1995) an-
nealed to DAR39 (Ramsden et al. 1996) with DG9 labeled with
32P at the 58 end. The substrate with the 38 overhang used in
Figure 3C was composed of DG10 (McBlane et al. 1995) an-
nealed to DAR40 (above) with DG10 labeled with 32P at the 58

end.

Hairpin oligonucleotide substrates

In Figures 2, A and B, 3B, 5A, and 7, the substrates were com-
posed of a hairpin (TP40 in Fig. 2A; TP40, TP41, TP42, and
DAR132 in Fig. 2B; TP41 in Figs. 3B, 5A, and 7) ligated to a
linker duplex. TP40 (Paull and Gellert 1998), TP41 (CATCCAT-
GCCTACCTGAGTACCAGTAGCTACTGGTACTCAGGTA-
GGCATG), TP42 (CATCCATGCCTACCTGATCAAAGTAG-
TACTACTTTGATCAGGTAGGCATG), and DAR132 (CATC-
CATGCCTACCTGACAGTCCGATGCATCGGACTGTCAG-
GTAGGCATG) were each labeled with 32P at the 58 end. After
removal of excess ATP, the oligonucleotides were made into
hairpins by boiling and quickly cooling them to 4°C. The linker
was composed of TP45 annealed to TP5 (Paull and Gellert 1998)
and TP45 was phosphorylated with nonradioactive ATP prior to
annealing. The hairpins were each ligated with a twofold excess
of linker and T4 DNA ligase (NEB) overnight, precipitated, and
separated on a sequencing gel containing 10% acrylamide, 20%
formamide, and 7 M urea. The labeled band with the slowest
mobility was cut out of the gel, eluted overnight in extraction
buffer (500 mM ammonium acetate, 10 mM MgCl2, 1 mM EDTA,
and 0.1% SDS), ethanol-precipitated, and resuspended in TE.
Before use in the experiment, the hairpins were boiled and
cooled again to 4°C.

In Figure 3A, the dumbbell substrate was composed of two
hairpins ligated together: DAR133 (Paull and Gellert 1998),
which was phosphorylated with cold ATP, and TP41 (above),
which was labeled with 32P at the 58 end. The hairpins were
ligated and purified as described above for the single hairpin
substrates.

Gel shifts and helicase reactions

Gel mobility shift assays contained 25 mM MOPS (pH 7.0), 100

mM NaCl, 0.1% Triton X-100, 100 µg/ml BSA, 2 mM DTT, 0.1
pmole DNA substrate, and 37.5–150 ng of protein (as indicated
in Fig. 1B). The reactions were incubated for 10 min at room
temperature, 1 µl of 50% glycerol was added, then each reaction
was loaded onto a 1/2× TBE gel containing 0.7% agarose and
run at 7 V/cm for ∼2 hr. DNA unwinding reactions contained 25
mM MOPS (pH 7.0), 50 mM NaCl, 2 mM DTT, 5 mM MgCl2, 0.1
pmole DNA substrate, 0.5 mM ATP and varying combinations
of proteins as indicated. Reactions were incubated at 37°C for
30 min, then stopped by the addition of EDTA and SDS to final
concentrations of 10 mM and 0.2%, respectively. TBE dye (5×)
was added before loading half of each sample onto a 10% poly-
acrylamide gel (Novex) and running for ∼90 min at 100 V.

Nuclease reactions

Reactions contained 25 mM MOPS (pH 7.0), 50 mM NaCl, 2 mM

DTT, 1 mM MnCl2, 0.1 pmole of DNA substrate, and protein
complexes as stated in the figure legends. Except where noted in
the figures, the reactions were performed in a volume of 10 µl,
and were incubated at 37°C for 30 min. The amount of protein
added in each reaction varied as described in the figure legends.
The amount of Mre11 present in 150 ng of the wild-type
M/R/N preparation was ∼25 ng. Reactions were stopped by the
addition of EDTA and SDS to final concentrations of 10 mM and
0.2%, respectively. Three microliters of each reaction was dried
down, resuspended in 5 µl of formamide loading buffer, and then
loaded onto a sequencing gel containing 15%–22.5% acryl-
amide and 7 M urea (gels with hairpin substrates also contained
20% formamide). After the run, each gel was analyzed using a
PhosphorImaging system (Molecular Dynamics).
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