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ABSTRACT

The non-homologous end-joining pathway promotes
direct enzymatic rejoining of DNA double-strand
breaks (DSBs) and is an important determinant of
genome stability in eukaryotic cells. Although
previous work has shown that this pathway requires
Ku, DNA-PKcs and the DNA ligase IV/XRCC4
complex, we found that these proteins alone did not
promote efficient joining of cohesive-ended DNA
fragments in a cell-free assay. To identify factors that
were missing from the reaction, we screened
fractions from HeLa cell extracts for the ability to
stimulate the joining of cohesive DNA ends in a
complementation assay containing other known
proteins required for DNA DSB repair. We identified a
factor that restored end-joining activity to the level
observed in crude nuclear extracts. Factor activity
copurified with Rad50, Mre11 and NBS1, three
proteins that have previously been implicated in DSB
repair by genetic and cytologic evidence. Factor
activity was inhibited by anti-Mre11 antibody. The
reconstituted system remained fully dependent on
DNL IV/XRCC4 and at least partially dependent on Ku,
but the requirement for DNA-PKcs was progressively
lost as other components were purified. Results
support a model where DNA-PKcs acts early in the
DSB repair pathway to regulate progression of the
reaction, and where Mre11, Rad50 and NBS1 play a
key role in aligning DNA ends in a synaptic complex
immediately prior to ligation.

INTRODUCTION

The DNA double-strand break (DSB) end-joining pathway
contributes to the maintenance of genome stability in eukaryotic
organisms. It has been the subject of intense scrutiny. The
pathway is dependent on at least five polypeptides: the two
subunits of Ku protein, the DNA-dependent protein kinase
catalytic subunit (DNA-PKcs), DNA ligase IV (DNL IV) and
XRCC4 (reviewed in 1,2). Ku and DNA-PKcs carry out the

initial recognition of broken DNA ends (3,4), and a complex of
DNL IV and XRCC4 catalyzes the actual step of phos-
phodiester bond formation (5–9). Mutations affecting any of
these proteins in mice lead to hypersensitivity to ionizing
radiation and an inability to complete V(D)J recombination, a
process that proceeds through a DSB intermediate (10–16).
Except for DNA-PKcs, the components of the end-joining
pathway are conserved in Saccharomyces cerevisiae, where
they play a role similar to that in higher organisms (reviewed in 2).
Components of the DNA end-joining machinery also associate
with telomeres. They are required for the maintenance of
telomere length and structure in S.cerevisiae (17–20) and for
the suppression of telomere fusions in higher eukaryotes (21–24).

It is unclear how many other proteins, in addition to Ku,
DNA-PKcs and the DNL IV/XRCC4 complex, are essential for
the end-joining reaction. A number of proteins are candidates for
involvement, based on their biochemical activities, their ability
to localize to sites of DSBs in vivo or the phenotypes associated
with mutations. For example, the phosphorylated γ-H2AX
histone isoform is associated with altered chromatin domains
near DNA breaks and helps to recruit additional repair proteins
(25,26). The WRN helicase interacts with Ku protein in vitro
and has a proposed role in unwinding and processing of DNA
ends (27–30). The Mre11/Rad50/NBS1 complex strikingly
relocalizes to sites of DSBs in vivo and has a nuclease activity
capable of specifically degrading mismatched DNA ends to
expose regions of microhomology (31–37). BRCA1 and 53 BP1
localize to sites of DSBs in vivo, but their functions are unknown
(38–40). Some of these proteins may participate directly in repair,
whereas others may affect DNA damage signaling.

The role of the Mre11/Rad50/NBS1 complex has been
particularly hard to understand because of conflicting results
obtained in different systems. In S.cerevisiae, Rad50 and
Mre11 proteins are essential for DSB end joining (41,42) and
are components of the same repair pathway as Ku (18,43).
However, in Schizosaccharomyces pombe, these proteins
appear to have no role in DSB repair (44). In higher eukaryotes,
the role of these proteins has been difficult to assess, because
deletion of either Mre11 or NBS1 leads to loss of functions
essential for normal cell growth (45–47). Natural mutant
alleles of NBS1 and Mre11 exist in the human population, and
are associated with Nijmegen breakage syndrome and a variant
form of ataxia telangiectasia, respectively (32,48,49). Afflicted
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individuals are sensitive to radiation but do not appear to have
defects in DSB repair itself.

We have used a biochemical fractionation and reconstitution
approach to gain insights into the requirements for the
mammalian DNA end-joining reaction. Recent developments
have facilitated the use of this approach. One of these is the
availability of cell-free end-joining systems that show a
faithful dependence on Ku, DNA-PKcs and other proteins
known to be required for end joining in vivo (50–53). In addition,
pure and active preparations of Ku protein, DNA-PKcs and
DNL IV/XRCC4 have become available, and these have been
shown to synergize with other components in cell extracts to
give a high level of in vitro end-joining activity (53–55). The
availability of these reagents has allowed us to focus on the
identification of additional, unknown proteins required for end
joining.

We have carried out a multicolumn fractionation of human
cell extracts, using a biochemical complementation assay to
identify a fraction that restores efficient end joining in the
presence of DNL IV/XRCC4 and Ku. The fraction contains
Mre11, Rad50 and NBS1, and its activity is inhibited by anti-Mre11
antibody, suggesting that the Mre11/Rad50/NBS1 complex is
an intrinsic participant in the mammalian DNA end-joining
pathway under the conditions used. Additionally, we find that
the requirement for DNA-PKcs is lost as other components of
the end-joining pathway are purified, suggesting that although
DNA-PKcs may regulate the reaction, it is not an intrinsic
participant in the final end-joining complex.

MATERIALS AND METHODS

HeLa cell nuclear extracts

Extracts were prepared as described (56) with modifications.
Cells were swollen in hypotonic buffer and lysed by Dounce
homogenization, and nuclei were collected and extracted with
4 packed cell volumes of buffer containing 50 mM Tris–HCl
pH 7.9, 420 mM KCl, 5 mM MgCl2, 0.1 mM EDTA, 20%
glycerol, 10% sucrose, 2 mM dithiothreitol (DTT), 10 µg/ml
phenylmethylsulfonyl fluoride and 1 µg/ml each of pepstatin
A, soybean protease inhibitor and leupeptin. After stirring for
30 min at 4°C, nuclei were pelleted at 26 500 g for 30 min,
0.33 g/ml (NH4)2SO4 was added to the supernatant and the
precipitate was collected by centrifugation at 20 500 g for
10 min. The pellet was resuspended in 0.25 packed cell
volumes of 0.1 M KOAc in DB buffer (20 mM Tris–HCl
pH 7.9, 0.5 mM EDTA, 1 mM DTT, 20% glycerol and
protease inhibitors). After dialysis, the preparation was
clarified by centrifugation at 85 000 g for 60 min and stored at
–80°C.

Protein purification

Recombinant DNL IV/XRCC4 complex and non-his-tagged Ku
heterodimer were purified as described (54,57). Native DNA-PKcs
was purified from HeLa cells through the DEAE–Sephacel step as
described (56). Purification was completed by sequential
chromatography on single-stranded DNA–agarose and
Superdex 200 (Amersham Pharmacia Biotech).

Purification of fractions with end-joining complementation
activity was as follows: nuclear extract from 30 l of HeLa cell
culture was applied to a 40 ml heparin–agarose column

(Sigma) that had been pre-equilibrated with 0.1 M KOAc in
DB buffer. The column was eluted stepwise with 0.1, 0.2, 0.4,
0.6 and 1.0 M KOAc in DB buffer. The 0.4 M fraction was
dialyzed against 0.1 M KOAc in DB buffer and applied to a
25 ml Q-Sepharose HP column (Amersham Pharmacia Biotech)
equilibrated in the same buffer. The column was eluted stepwise
with 0.1, 0.2, 0.3, 0.5, 0.85 and 1.0 M KOAc in DB buffer. The
0.85 M fraction was dialyzed against 0.1 M KOAc in DB
buffer and subjected to Superdex 200 gel chromatography (HR
16/60 column, Amersham Pharmacia Biotech). Active fractions
were pooled and applied to a Mono S column (HR 5/10, Amersham
Pharmacia Biotech). The column was eluted with a gradient of
0.1–1.0 M KOAc in DB buffer. Active fractions were aliquotted
and stored at –80°C. Protein concentrations were determined
by a dye-binding procedure (Bio-Rad). Immunoblotting was
performed as described (58), except that membranes were
developed using ECL substrate (Amersham Pharmacia
Biotech).

DNA end-joining activity assay

Substrate DNA was prepared by digestion of pBluescript II
KS+ plasmid (Stratagene) with restriction endonuclease
BamHI and was 5′ end-labeled with polynucleotide kinase and
[γ-32P]ATP. End-joining assays were performed in a volume of
20 µl, and contained 50 mM triethanolamine, pH 7.5, 10 mM
Tris–HCl, pH 7.9, 65 mM KOAc, 0.25 mM EDTA, 0.5 mM
DTT, 10% glycerol, 1.0 mM Mg(OAc)2, 100 ng/µl bovine
serum albumin, 1 mM ATP, 0.5 ng/µl substrate DNA and
proteins as specified in the figure legends. All components
except for DNA were mixed, then incubated for 10 min at
37°C. DNA was added, and incubation was continued for
30 min at 37°C. Reactions were terminated by addition of 5 µl
of 1% SDS, 30% glycerol, 0.1% bromphenol blue, 0.1%
xylene cyanol. Samples were incubated for 15 min at 70°C and
subjected to electrophoresis on a 0.6% agarose gel cast and run
in buffer containing 40 mM Tris–acetate pH 8.0, 1 mM EDTA
and 0.1% SDS. Radiolabeled DNA was visualized by
PhosphorImager analysis.

RESULTS

End-joining assay

The substrate DNA used in these studies was a BamHI-digested,
5′-32P-labeled plasmid DNA. We have shown previously that
DNL IV/XRCC4-supplemented cell extracts join the ends of
this substrate perfectly, without loss or gain of nucleotides, to
recreate a BamHI site (54). Because this DNA substrate does
not require processing of DNA ends prior to ligation, it allows
the identification of the minimal set of proteins required for
end joining in the simplest case. The protein extract used in
these experiments was from HeLa cell nuclei. When supplemented
with DNL IV/XRCC4, this extract has activity equivalent to a
whole-cell lymphoblast extract used earlier (54), and is more
readily prepared in large quantities.

Resolution of a stimulatory factor from Ku and DNA-PKcs

Fractionation of HeLa cell extracts was performed by sequential
chromatography on heparin–agarose, Q-Sepharose HP and
Superdex 200 columns, as outlined in Figure 1. Results of
functional assays are shown in Figure 2. Consistent with
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previous results, DNL IV/XRCC4 had little or no end-joining
activity in the absence of additional column fractions. Figure 2A
(upper panel) shows that end-joining activity was present at a

high level when DNL IV/XRCC4-containing reactions were
supplemented with nuclear extract. Activity was quantitatively
removed from the flow-through fraction when nuclear extract
was passed over a heparin–agarose column (lanes labeled
‘FT’) and was eluted in a 0.4 M KOAc step fraction. None of
the other heparin–agarose fractions showed activity. The
activity of the 0.4 M fraction was strictly dependent on
recombinant DNL IV/XRCC4.

Immunoblotting showed that endogenous Ku and DNA-PKcs
co-eluted with activity in the 0.4 M fraction (Fig. 2A, lower
panel). Consistent with the abundance of endogenous Ku and
DNA-PKcs in this fraction, there was no further increase in
activity when exogenous Ku and DNA-PKcs were supplied
(not shown). Because of subsequent results showing a requirement
for the Mre11/Rad50/NBS1 complex in the reconstituted end-
joining system, fractions from the early steps of purification
were retrospectively analyzed using anti-NBS1 peptide anti-
body. Immunoblotting showed that NBS1 was present mostly
in the 0.4 M KOAc fraction.

Fractionation of the HeLa cell extract was continued using a
Q-Sepharose HP column. From this point on, recombinant Ku
protein was included in the end-joining complementation
assays. Again, activity was absent from the flow-through
(Fig. 2B, upper panel). End-joining activity was detectable in
0.3, 0.5 and 0.85 M KOAc step fractions, and in each case was
DNL IV/XRCC4-dependent. Because the 0.85 M KOAc fraction

Figure 1. Fractionation scheme used in these studies. Material from a HeLa
cell nuclear extract was subjected to sequential chromatography using
heparin–agarose, Q-Sepharose, Superdex 200 and Mono S columns. Fractions
at each stage were assayed for complementation activity in an end-joining
assay, pooled, and passed over the next column.

Figure 2. Characterization of end-joining activity and immunoreactive polypeptides in heparin–agarose, Q-Sepharose and Superdex 200 fractions. (A) Upper panel:
end-joining assays using heparin–agarose column fractions. Assays were performed as described in Materials and Methods, and contained 2 µl of flow-through (FT),
2 µl of fractions eluted with buffer containing KOAc (molar concentration indicated) or 2 µl of nuclear extract (NE). Fractions containing >0.1 M KOAc were
subjected to dialysis against DB buffer containing 0.1 M KOAc prior to assay. Reactions were performed in the presence or absence of 100 ng of purified, exogenous
DNL IV/XRCC4 complex as indicated (+ or –). Products were resolved by SDS–agarose gel electrophoresis and visualized by PhosphorImager analysis. Lower
panels: immunoblotting using heparin–agarose column fractions. Fractions are the same as in the upper panel, except that 10 µl was used. Proteins were resolved
by 7.5% SDS–PAGE and transferred to nitrocellulose. Blots were probed with a mixture of anti-DNA-PKcs (mAb 18-2), anti-Ku80 (mAb 111) and anti-Ku70
(mAb N3H10), or with anti-NBS1 (rabbit polyclonal serum, Novus Biologicals, Littleton, CO) as indicated. (B) Upper panel: end-joining assays using Q-Sepha-
rose column fractions. Assays were performed as in (A), and contained 2 µl of fractions eluted with buffer containing KOAc (molar concentrations indicated).
Some reactions contained Ku heterodimer (25 ng) as indicated. Lower panel: immunoblotting using Q-Sepharose fractions. Fractions are the same as in the upper
panel, except that 15 µl was used. Blots were probed with the same antibodies as in (A). (C) Upper panel: end-joining assays using Superdex 200 fractions.
Reactions contained 2 µl of pooled Q-Sepharose 0.85 M fraction or 3 µl of individual Superdex 200 fractions as indicated. Middle panels: immunoblotting using
10 µl of 0.4 M heparin–agarose fraction (HA), 15 µl of 0.85 M Q-Sepharose fraction (QS) or 20 µl of Superdex 200 fractions as indicated. Blots were probed with a
mixture of antibodies as in (A). Lower panel: Superdex 200 elution profile showing absorbance trace at 280 nm. Dashed lines indicate region of profile analyzed in
activity and immunoblotting assays. Column void volume is indicated (V0).
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was the most active, it was selected for further characterization.
Activities in the other fractions have not yet been characterized.

Immunoblotting showed that most of the Ku eluted in the
active 0.85 M KOAc fraction, whereas most of the DNA-PKcs
eluted in the less active 0.5 M KOAc fraction (Fig. 2B, lower
panel). The high level of end-joining activity in the 0.85 M
fraction suggests either that DNA-PKcs is not essential for end
joining under these conditions, or that a trace amount of
remaining DNA-PKcs is sufficient. NBS1 was detected in both
the 0.5 and the 0.85 M KOAc fractions.

Fractionation was continued by passing the Q-Sepharose
0.85 M KOAc fraction over a Superdex 200 gel filtration
column. Activity eluted in a sharp peak, which coincided with
the void volume (Fig. 2C, upper panel). This implies a native
molecular weight of >500 kDa, based on a calibration of the
column with standard proteins. In an immunoblotting assay,
Superdex fractions 23–29, which have end-joining activity,
gave no detectable signal at the positions expected for Ku and
DNA-PKcs polypeptides (Fig. 2C, middle panel). Fractions 25
and 27 contained a trace of an unidentified cross-reacting
polypeptide, which was slightly larger than Ku80. The bulk of the
Ku protein eluted at its expected position, starting in fraction 31,
consistent with its native molecular weight of 153 kDa. If
present, DNA-PKcs would have eluted from this column
slightly after the void peak (56). Taken together, the data in
Figure 2 demonstrate that HeLa nuclear extracts contain a
factor that is essential for efficient DNA end joining in the
presence of DNL IV/XRCC4 and that is separable from Ku and
DNA-PKcs.

Stimulatory activity purifies in association with Mre11,
Rad50 and NBS1

Active fractions from the Superdex 200 column were pooled
and subjected to high resolution Mono S chromatography.
Activity eluted in a single peak (Fig. 3A). Comparison with the
protein profile (Fig. 3A, lower panel) indicated that activity
was resolved from the bulk of the protein eluting from the
column.

It was of interest to determine whether the active fractions
represented a novel activity, or whether they contained
proteins that had previously been implicated in DSB repair by
genetic or cytologic criteria. Column fractions were subjected
to analysis by immunoblotting using various sera that were
purchased commercially or were provided by other laboratories.
Positive results were obtained using anti-Rad50, anti-Mre11
and anti-NBS1 sera. These polypeptides co-eluted with end-
joining activity in fractions 31–39 (Fig. 3A, center panel).
Preliminary attempts to detect other known repair proteins,
including BRCA1 and 53 BP1, gave negative results (data not
shown). The presence of Mre11, Rad50 and NBS1 in the active
fractions suggests that these proteins are direct participants in
the mammalian DSB end-joining reaction under the conditions
used.

Inhibition by anti-Mre11 antibodies

To further investigate the requirements for activity in the
fractionated system, we tested the effect of an anti-Mre11
serum in an end-joining assay. As shown in Figure 4, addition
of increasing amounts of anti-Mre11 serum resulted in a
progressive decrease in end-joining activity. In contrast,
addition of non-immune serum resulted in a modest increase in

activity, presumably because the higher total protein concen-
tration in the reaction had a protective effect on the repair
enzymes. The difference between immune and non-immune
serum is clear, and the results strongly suggest that Mre11 is
essential for DNA end joining in the reconstituted system.

Figure 3. Characterization of Mono S fractions. Mono S elution profile. Upper
panel: end-joining assays were performed as in Figure 2, and contained 2 µl of
material from the Superdex 200 column (pooled fractions 25–28) or 3 µl from the
Mono S column (flow-through, FT, or undialyzed individual fractions, as indicated).
Reactions were performed in the presence or absence of DNL IV/XRCC4 complex
(100 ng) and Ku heterodimer (25 ng) as indicated. Middle panels: immunoblotting
was performed using the same fractions as in the upper panel, except that 20 µl
of the Superdex fraction and 25 µl of the Mono S fractions were used. Three simi-
lar blots were probed with rabbit polyclonal sera directed against mouse
Rad50, human NBS1 or human Mre11 (Novus Biologicals). The expected
position of each protein is indicated by an arrow on the right. Migration of
molecular weight markers is indicated on the left. Bottom panel: column pro-
file showing relative protein concentration (determined by the Bradford assay)
and end-joining activity in each fraction. Dashed lines indicate the approxi-
mate boundaries of the end-joining activity peak.

Figure 4. Effect of anti-Mre11 serum on end-joining activity. End-joining assays
were performed as in Figure 2, and contained 100 ng of DNL IV/XRCC4
complex, 25 ng of Ku heterodimer, and the indicated amount of material from
the Mono S column (pooled fractions 35–38). In addition, reactions contained
the indicated amounts of anti-Mre11 rabbit serum or non-immune rabbit
serum. Non-specific background is seen in some lanes in this experiment and
in Figure 5. The background appears to be attributable to contamination of the
gel surface with radiolabel and is not correlated with the contents of the
reactions.
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Lack of dependence on DNA-PKcs

Although Q-Sepharose chromatography removed most of the
endogenous DNA-PKcs from the active 0.85 M fraction
(Fig. 2B), it is possible that undetected trace levels of DNA-
PKcs remained and contributed to the end-joining reaction. To
further investigate the requirement for DNA-PKcs, we tested
the effect of adding purified, active DNA-PKcs to the
fractionated system. As shown in Figure 5A, small amounts of
DNA-PKcs inhibited end-joining activity in reactions
containing DNL IV/XRCC4 and active Superdex 200 fractions.
Thus, not only is the requirement for DNA-PKcs lost as other
factors are purified, but DNA-PKcs actually interferes with the
reaction. It is unlikely that this interference arises from the
presence of non-specific inhibitors in the DNA-PKcs preparation,
as similar preparations of DNA-PKcs markedly stimulate end-
joining activity in a crude cell extract that has been immuno-
depleted with anti-DNA-PKcs antibodies (55). Presumably,
the difference in the results obtained in the purified system and
in the crude extracts reflects the presence, in the latter system,
of additional proteins required for productive function of
DNA-PKcs. For example, under the conditions used, DNA-PKcs
is in stoichiometric excess over DNA ends. It may be that

additional factors in the extract are capable of promoting
release of DNA-PKcs from these DNA ends, allowing DNL IV
and other proteins to gain access.

To confirm that DNA-PKcs is required for the end-joining
reaction in crude extract but not in the purified system, we tested
the effect of a small molecule inhibitor, LY294002. This
compound inhibits the enzymatic activity of DNA-PKcs and
blocks end joining in lymphoblast cell extracts (53). As expected,
there was substantial inhibition of activity in reactions containing
unfractionated HeLa nuclear extract (Fig. 5B and C). There
was only ∼50% inhibition of activity reactions containing the
Q-Sepharose 0.85 M fraction, and there was no inhibition in
reactions containing Mono S fractions. These results confirm
that the requirement for DNA-PKcs activity is lost as other
factors are purified.

DISCUSSION

We have carried out biochemical fractionation and in vitro
reconstitution studies in order to gain insight into the requirements
for the eukaryotic DNA end-joining reaction. Previous work
has shown that proteins required for this reaction include Ku,
DNA-PKcs and the DNL IV/XRCC4 complex. We show here
that these proteins alone are insufficient to reconstitute activity
to the levels seen in crude extracts, and that there is a requirement
for at least one additional factor. This stimulatory factor copurifies
with immunoreactive Mre11, Rad50 and NBS1 polypeptides
and is inhibited by anti-Mre11 antibody. A second finding is
that the requirement for DNA-PKcs is conditional, and is lost
as the other proteins required for the reaction are purified.

Potential role of the Mre11/Rad50/NBS1 complex in the
alignment of DNA ends

Presumably, a major function of the additional repair factors is
to accelerate the reaction by aligning the DNA ends in the
correct position and orientation. Purified DNL IV/XRCC4
complex efficiently uses an oligo(dT)–poly(dA) model
substrate, where DNA ends are aligned for ligation by base
pairing to a complementary homopolymer, but is much less
efficient in its use of natural DNA fragments. One of the key
issues in the field is the identity of the proteins that maintain
synapsis between the ends of double-stranded DNA fragments
in preparation for ligation. Interestingly, there is evidence that
each of the known DSB repair proteins contributes to synapsis
of the DNA ends in some way. For example, several lines of
evidence suggest that Ku protein participates in transient, non-
covalent complexes containing two DNA molecules (59–63).
The enzymatic activity of DNA-PKcs is modulated in ways
that suggest the ability to interact with more than one DNA at
once (35,64). The nuclease activity of the Mre11/Rad50/NBS1
complex is arrested when opposing DNAs are base paired,
indicating that two DNA ends can be accommodated at the
same time within the active site (35). Consistent with this,
structures have very recently been observed by electron micro-
scopy and by atomic force microscopy in which Mre11/Rad50
complexes (or yeast Mre11/Rad50/Xrs2 complexes) appear to
bridge two DNA ends (65,66). Finally, the presence of two
ligase active sites in the tetrameric DNL IV/XRCC4 complex
is suggestive of the ability to interact with two DNAs
simultaneously (54), and complexes where DNL IV/XRCC4
bridges the ends of two different DNAs have been observed

Figure 5. End-joining activity in the presence and absence of DNA-PKcs, and
in the presence of varying amounts of DNA-PKcs inhibitor. (A) Effect of
DNA-PKcs. End-joining assays were performed as in Figure 2. Reactions contained
3 µl of individual Superdex 200 fractions as indicated. Reactions were performed in
the presence and absence of DNA-PKcs and Ku, as indicated. All reactions
contained DNL IV/XRCC4 complex (100 ng). (B) End-joining activity in the
presence of LY294002. Reactions contained HeLa cell nuclear extract (10 µg),
Q-Sepharose 0.85 M fraction (2 µl) or Mono S mixed fraction (3 µl) as indicated.
Reactions also contained Ku protein (0 or 25 ng) and DNL IV/XRCC4 complex
(100 ng). LY294002 was prepared as a 5 mM stock in dimethylsulfoxide
(DMSO) and was added to give the final concentrations indicated (0–250 µM).
Compensating amounts of DMSO were added to other reactions, such that the
final concentration was held constant at 5%. (C) Quantitation of results from
(B). End-joining activity was calculated as the ratio of ligated products to total
DNA, and is expressed as a percentage of the activity observed with each set of
proteins in the absence of LY294002.
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directly (67). Because the DNA termini can make only a
limited number of contacts at once, it seems likely that the
various repair proteins come into contact with the ends sequentially,
rather than simultaneously.

Our data suggest that Ku and the Mre11/Rad50/NBS1
complex, but not DNA-PKcs, participate together in a complex
that is formed immediately prior to strand rejoining. The
primary evidence for this is that Ku, DNL IV/XRCC4 and the
Mre11/Rad50/NBS1-containing fraction, but not DNA-PKcs,
have been shown to cooperate directly to reconstitute end
joining in the most purified system. DNA-PKcs may act at an
earlier step and dissociate prior to the formation of the synaptic
complex, or it may participate in an alternative subpathway of
repair. Current data do not permit us to distinguish between
these alternatives.

Importantly, the requirement for Mre11/Rad50/NBS1 is
seen with cohesive-ended DNA fragments, which do not
require processing for ligation. Thus, the requirement for the
Mre11/Rad50/NBS1 complex cannot be attributed solely to the
structure-dependent nuclease activity that is associated with
these proteins. We suggest that the nuclease and alignment
functions of the Mre11/Rad50/NBS1 complex may be
dependent on a single DNA binding site, which is capable of
binding the ends of both DNAs simultaneously, remodeling
them as needed to remove radiation-damaged and non-
cohesive base pairs, and holding them in position for ligation
by DNL IV/XRCC4. If this model is correct, then the cohesive
DNA substrates used in the present study are able to enter
directly into this site, but the ends are not processed because
they are already fully base paired. A high-resolution structure
of a related archaeal complex is available (68), but does not
give insights into the nature of the end-bridging phenomenon
in the eukaryotic complexes. Thus, a more critical evaluation
of the nature of the DNA binding site awaits further studies.

The proposal that the Mre11/Rad50/NBS1 complex has an
alignment function, independent of its nuclease activity, is
consistent with the results of genetic studies in S.cerevisiae. In
this organism, Mre11 and Rad50 protein are essential for DSB
rejoining, but a point mutation affecting only nuclease activity
is associated with a phenotype that is milder than that of the
null mutant (69,70).

Role of Ku

Further work will be needed to better define the role of Ku
protein in the ligation complex. It has been suggested that
Ku protects DNA ends against excessive degradation prior to
repair (71,72). Consistent with this, we have observed that Ku
tends to protect against non-specific loss of radiolabeled
phosphate from the DNA ends in the in vitro system, particularly
in the presence of crude fractions, where non-specific nucleases
and phosphatases are more likely to be present. This complicates
efforts to detect specific effects on the end-joining reaction
itself. We did observe that Ku stimulated end joining in the
most purified system (data not shown) but we have only
explored this to a limited extent, and current data are not
sufficient to establish that the stimulation occurs by a specific,
rather than a non-specific, mechanism.

Prior studies disagree over whether Ku is able to directly
affect the activity of eukaryotic DNA ligases, in the absence of
other factors (63,67). In the current study, we performed a
number of control reactions in which the effect of Ku was

tested in the absence of other stimulatory factors (Figs 2, 3 and
5). The amount of ligation under these conditions was barely
discernable, and there was no obvious difference in the
presence or absence of Ku. The reason for the different results
obtained in different studies is unclear.

Regulatory role for DNA-PKcs

Current findings suggest that DNA-PKcs is able to play a dual
role, inhibiting end joining in the context of purified system,
but promoting it in the context of crude extract or the intact
cell. One possible explanation for the dual role of DNA-PKcs
is that it controls progression through a reaction checkpoint.
For example, several lines of evidence suggest that DNA-PKcs
is able to interact with more than one DNA end at once, and the
presence of an opposing DNA end may provide a signal that
allows the reaction to proceed (64). The lack of a requirement
for DNA-PKcs in the purified system could be explained if
proper functioning of the checkpoint requires interaction of
DNA-PKcs with another, regulatory protein, which is lost as
the system is purified.

In vitro studies show that DNA-PKcs is capable of phospho-
rylating sites in both Ku and XRCC4 (73–75). The finding that
DNA-PKcs is not required in a purified system, even though
Ku and XRCC4 are present, argues that phosphorylation of
these proteins is not intrinsically required for completion of the
end-joining reaction. However, phosphorylation could modulate
interactions of Ku and XRCC4 with DNA-PKcs itself or with
other regulatory proteins not present in the minimal system.

A recent report describes stimulation of end joining by
inositol hexakisphosphate (IP6), which apparently works by
activating DNA-PKcs (68). We observed no effect when this
molecule was added to a partially purified system (data not
shown), suggesting that the absence of IP6 does not, in itself,
account for the failure of DNA-PKcs to cooperate in end
joining.

How many proteins participate in the end-joining pathway?

The results of fractionation studies present a relatively simple
picture. In contrast to the multiplicity of factors uncovered
when similar approaches have been applied to such processes
as eukaryotic transcription and replication, it appears that as
few as seven polypeptides could be sufficient for reconstitution
of the end-joining pathway: the two subunits of Ku, DNL IV,
XRCC4, Mre11, Rad50 and NBS1. The predicted molecular
weight of the Mre11/Rad50/NBS1 complex is at least 524 kDa,
assuming that two copies of the 80 kDa Mre11 polypeptide,
two copies of the 140 kDa Rad50 polypeptide and at least one
copy of the 84 kDa NBS1 polypeptide are present (68). Thus,
elution of the end-joining factor at a >500 kDa position in the
Superdex 200 profile could be explained on the basis of a
complex containing Mre11, Rad50 and NBS1 alone. However,
a number of additional polypeptides are visible in the most
purified fractions after SDS–PAGE and silver staining, and we
do not yet know whether these are stably associated with the
factor and contribute to its activity.

Another study has recently shown that yeast Mre11/Rad50/Xrs2
complex promotes DNL4-catalyzed DNA end joining in a cell-free
system (65). The results are similar to the findings presented
here with the mammalian system. Taken together, these studies
suggest that the fundamental mechanism by which DNA ends
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are aligned has been conserved between the yeast and mammalian
systems.
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