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Recognition of DNA double-strand breaks during non-
homologous end joining is carried out by the Ku70–Ku80 protein,
a 150 kDa heterodimer that recruits the DNA repair kinase
DNA-dependent protein kinase catalytic subunit (DNA-PKcs) to
the lesion. The atomic structure of a truncated Ku70–Ku80 was
determined; however, the subunit-specific carboxy-terminal
domain of Ku80—essential for binding to DNA-PKcs—was
determined only in isolation, and the C-terminal domain of
Ku70 was not resolved in its DNA-bound conformation. Both
regions are conserved and mediate protein–protein interactions
specific to mammals. Here, we reconstruct the three-dimensional
structure of the human full-length Ku70–Ku80 dimer at 25 Å
resolution, alone and in complex with DNA, by using single-
particle electron microscopy. We map the C-terminal regions of
both subunits, and their conformational changes after DNA and
DNA-PKcs binding to define a molecular model of the functions
of these domains during DNA repair in the context of full-length
Ku70–Ku80 protein.
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INTRODUCTION
Non-homologous end joining (NHEJ) directly ligates DNA double-
strand breaks (DSBs) independently of the template, and is the
most prevalent DSB repair mechanism in mammalian cells
( Jackson, 2002; Lees-Miller & Meek, 2003; Lieber et al, 2003).

The first step during NHEJ is the specific recognition of the DNA
ends at the site of the lesion. This is carried out by the Ku70–Ku80
protein, a heterodimer consisting of the two highly related
subunits Ku70 (70 kDa) and Ku80 (86 kDa), which build a
preformed ring that can encircle DNA (Fig 1; Doherty & Jackson,
2001; Walker et al, 2001; Downs & Jackson, 2004). Ku70–Ku80
then recruits the catalytic subunit of the DNA-dependent protein
kinase catalytic subunit (DNA-PKcs) to the DNA end (Gottlieb
& Jackson, 1993; West et al, 1998; Meek et al, 2004; Falck et al,
2005). The medium resolution structures of the 460 kDa DNA-
PKcs kinase and its complex with Ku have been solved by cryo-
electron microscopy (cryo-EM) and show that the molecule is
divided into a large head that comprises the conserved carboxy-
terminal domains and an extended arm assigned to the amino
terminus (Rivera-Calzada et al, 2005; Spagnolo et al, 2006).

The atomic structure of a truncated form of the Ku70–Ku80
dimer has been determined by using X-ray crystallography
(Walker et al, 2001). Both subunits show a common topology
consisting of an N-terminal a/b domain, a central b-barrel domain
and a helical C-terminal arm, which together form a pseudo-
symmetrical structure with a preformed ring extending from a
broad base (Fig 1A–D). DNA is embraced by the narrow bridge
through sequence-independent interactions (Fig 1E). The ends of
the C-terminal arms are located centrally in this atomic structure
(Fig 1D, shown by blue and red filled circles), from which the
subunit-specific C-terminal regions of each monomer emerge
(Fig 1A). The 19 kDa C-terminal region of Ku80 (Ku80-CTD;
residues 545–732) is implicated in the recruitment of DNA-PKcs
by Ku to sites of damage, and has also been shown to interact
with the Werner’s syndrome protein (Gell & Jackson, 1999; Falck
et al, 2005). Nuclear magnetic resonance studies of Ku80-CTD in
isolation show a flat helical structure for the fragment comprising
residues 592–709 (Harris et al, 2004; Zhang et al, 2004; Fig 1A),
whereas the most C-terminal portion of Ku80-CTD (residues 720–
732) is disordered. The Ku70-specific C-terminal region consists
of a 5 kDa SAP domain (Ku70-SAP), the structure of which
was determined both in isolation (Zhang et al, 2001) and as part
of the Ku70–Ku80 crystal structure (Walker et al, 2001; Fig 1C).
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Importantly, in the DNA-bound Ku70–Ku80 crystal structure,
the Ku70-SAP domain was displaced from its original position
and was not resolved. SAP domains have been defined as
putative DNA-binding motifs (Aravind & Koonin, 2000); therefore,
this region could also have a role in DNA binding during the
NHEJ reaction.

The subunit-specific C-terminal domains of Ku mediate DNA
recognition and DNA-PKcs recruitment specific to mammals,
and the structural basis of these processes has remained
unclear in the absence of a three-dimensional (3D) structure of
the full-length Ku70–Ku80. Here, a 3D structural model of the
full-length Ku protein is proposed on the basis of single-particle
EM experiments.

RESULTS
Ku purification and its interaction with DNA
Ku70–Ku80 was purified from HeLa cells (Fig 1F). The ability of
our preparation to form a stable complex with DNA was tested by
incubation with a 54 bp oligonucleotide. We used concentrations
and conditions that were identical to those used later in the
EM. The complex was resolved by using native polyacrylamide
gel electrophoresis, which was first incubated with ethidium
bromide to show the presence of DNA (Fig 1Ga), followed by

immunoblotting with a monoclonal antibody specific for the
Ku70 subunit (Fig 1Gb). A faster migrating band is detected
both by the antibody and the ethidium bromide, and indicates
that under these conditions we can assemble a homogenous
DNA-bound Ku complex as there is only one band after
incubation with DNA.

EM and 3D structure of full-length Ku70–Ku80
Ku molecules were clearly seen in negatively stained electron
micrographs (Fig 2A, indicated by asterisks) with some single-
molecule images being strongly evocative of the typical view of
Ku (Fig 2A,B, within a red square). A total of 3,419 images were
subjected to iterative angular refinement using a strategy defined
to avoid any influence of our previous knowledge of the atomic
structures (supplementary information online), which resulted in
a 3D reconstruction at a resolution of approximately 25 Å (at a
Fourier shell correlation of 0.5; Fig 2E–G, top row; supplementary
Movie S1 online). Projections and averages at the final step of
refinement (Fig 2C) were consistent with averages derived from the
initial data set using reference-free classification and 2D averaging
methods implemented in EMAN (Electron Micrograph Analysis;
Ludtke et al, 1999) and XMIPP (X-windows-based microscopy
image processing package; Sorzano et al, 2004; Fig 2D).

Ku80

C-terminal 
arm

Helical
domain

N C

Ku70

N C
SAP

C-terminal 
arm Ku80SAP

Ku70

Ku70

120 Å

70 Å

DNA

Ku80 helical
domain

C-terminal 
arm

A B

DC

E F G

a

53 kDa

76 kDa

KuM
ar

ke
rs b DNA

DNA

DNA

Ku

Ku+
DNA

Ku Ku+
DNA

KuDNA

β-Barrel

β-Barrel β-Barrel

Ku70
β-Barrel

Ku70
Ku80

Ku80
α /β-Domain

α /β-Domain

α /β-Domain
α /β-Domain

α /β-Domain

α /β-Domain

Fig 1 | Purification of the Ku70–Ku80 dimer. (A) Schematic representation of the domain organization of Ku80. Ku80-CTD contains a helical domain

(PDB 1Q2Z; Harris et al, 2004). (B) Schematic representation of Ku70. (C,D) Two views of the Ku70–Ku80 atomic structure (PDB 1JEQ; Walker et al,

2001). Ku80 and Ku70 subunits are coloured blue and red, respectively. In (D), a dotted line represents the connection between the core of Ku70 and

the SAP domain, not solved in the structure. (E) Front view of the Ku-DNA atomic structure (PDB 1JEY). In (C–E), the last amino acid of each

carboxy-terminal arm, from which the subunit-specific C-terminal domains emerge, is indicated with either a blue (Ku80) or a red (Ku70) filled circle.

(F) SDS gel of purified Ku70–Ku80. (G) DNA interaction assay. (a) 6% native polyacrylamide gel electrophoresis gel developed with UV to show the

presence of DNA. (b) Western blot of the native gel using a monoclonal antibody against Ku70. SDS, sodium dodecyl sulphate.
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The homogeneity and consistency of the EM reconstructions
in this work was further evaluated by using several approaches:
(i) a number of volumes were used as starting references for
angular refinement and all of these converged to the same solution
(ii) regions of high variance within the 3D reconstructions calcu-
lated using a bootstrap technique of sampling (Penczek et al, 2006)
were found to be very limited (supplementary Fig S1 online);
and (iii) we employed the random conical tilt (RCT) method
(Radermacher, 1988) on typical views. Internal consistency of the
reconstructions defined by angular refinement was supported by
their similarity to the RCT volumes, which were constructed from
tilted data not used in the reconstruction using EMAN (supple-
mentary Fig S2 online). These results support that the reconstructed
volume is coherent with the input data and that the methodology
used has probably minimized the effects of distortions caused by
the staining agent at the particles in the 3D reconstruction.

The reconstructed volume contains the general features found
in the atomic structure of the core dimer, with an obvious hole
underneath a narrow bridge of density (Fig 2E). However, there are
other masses evident at the main axis and also at the back of
the hole (see asterisks in Fig 2E–G), which break the symmetry of
the structure. As information on atomic resolution is available
for much of the Ku molecule, although in several pieces (Fig 1),
we fitted the structure of the crystallized dimer in the absence of
DNA but containing the SAP domain (Walker et al, 2001) into
the EM density maps using SITUS (Chacon & Wriggers, 2002). The
top solution shows an excellent agreement between the low- and

high-resolution structures (cross-correlation value of 0.66), sub-
stantiating the quality of our map and defining the correct
handedness (Fig 2E–G, bottom row; supplementary Movie S2 and
supplementary Fig S3 online). The characteristic ring and elongated
shape of the Ku molecule, plus the presence of the SAP domain
limit the number of acceptable solutions during the fitting. The
density of the SAP domain was clearly present in our reconstruction
and, significantly, a region in our map was not accounted for by the
atomic structure and was therefore considered as the likely position
of Ku80-CTD (Fig 2E–G, indicated by asterisks).

3D structure of Ku70–Ku80 complexed with DNA
Ku70–Ku80 was incubated with a 54 bp oligonucleotide under
conditions in which all the protein was bound to DNA (Fig 1G),
and then observed using an electron microscope (Fig 3A). A total
of 8,285 particles were extracted from the micrographs (Fig 3B)
and the images were processed, as stated above into a structure,
with a resolution of approximately 25Å, which shows substantial
conformational changes (Fig 3D–F, top row; supplementary Movie
S3 online). To confirm these rearrangements, the reconstructions
of Ku and DNA-Ku were used as input references of the DNA-
bound and DNA free data sets respectively, which nonetheless
refined to the correct final structure. We fitted the crystal structure
of DNA-bound Ku into the EM map of the full-length DNA-Ku
molecule but without the DNA (Fig 3D–F, bottom row;
supplementary Fig S4 and supplementary Movie S4 online). In
the atomic structure of DNA-bound Ku (Walker et al, 2001), the
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Fig 2 | Three-dimensional structure of full-length Ku70–Ku80. (A) Electron microscopy field of negatively stained Ku70–Ku80 dimers. Some molecules

are indicated with asterisks. (B) Gallery containing a representative collection of single molecules. (A,B) A view evocative of the atomic structure of Ku

is shown within a red square. (C) Panel containing projections (upper row) and their corresponding class averages (lower row) obtained after image

refinement. (D) Galley of reference-free two-dimensional averages obtained using EMAN and XMIPP (1) compared with projections derived by angular

refinement (2). (E–G) Views of the three-dimensional reconstruction of Ku (upper row) and their corresponding fitting of the atomic structure of Ku

(PDB file 1JEQ; lower row). Ku80 and Ku70 are coloured blue and red, respectively. The last amino acid of each carboxyl-terminal arm, from which

the subunit-specific C-terminal domains emerge, is indicated with either a blue (Ku80) or a red (Ku70) filled circle. Densities in the reconstruction

that are not accounted for by the atomic structure are highlighted with asterisks.
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SAP domain moves from its position in the apo-structure but is not
resolved in the DNA-bound complex. Our EM reconstruction fits
this atomic structure well (cross-correlation value of 0.75) and
confirms this displacement of the SAP domain (Fig 3D). However,
in the EM reconstruction, there is some additional density that is
not accounted for by the atomic structure (Fig 3D–F, asterisks).
Furthermore, the hole beneath the bridge, which is responsible for
encircling DNA, now shows some density.

Mapping of Ku70-SAP and Ku80-CTD
To locate the subunit-specific Ku70-SAP and Ku80-CTD in the
full-length Ku70–Ku80, we calculated difference maps between
the reconstructions and their corresponding fitted atomic struc-
tures (Fig 4, differences are shown in yellow). This approach
seems to be supported by the consistency of our reconstructions
(supplementary Figs S1,S2 online) and their close resemblance
with the atomic information of Ku despite this not being used
during refinement. In addition, the observed displacement of the
SAP domain matches that found by X-ray crystallography, further
supporting our reconstructions. Consequently, difference mapping
showed only a few regions that possibly correspond to the missing
C-terminal domains.

In the DNA-free protein, Ku70-SAP maps to one side, as seen
in the atomic structure, and the additional densities that are not
occupied by the atomic structure probably enclose the linker
segments and the missing Ku80-CTD domain (Fig 4B–D, arrows 1
and 2). Putative density for Ku80-CTD is present underneath
the base beside the a/b domain of the Ku70 subunit (Fig 4B–D,
arrow 1) and also in the back of the ring and slightly protruding
from the top (Fig 4B–D, arrow 2). Ku80-CTD contains a helical
domain connected by a flexible linker to the core domain of Ku,
and followed by a C-terminal region, which is implicated in DNA-
PKcs recruitment (Gell & Jackson, 1999; Fig 1A). Either of the
regions of unoccupied density (Fig 4B–D, arrows 1 and 2) could
accommodate this helical domain, and the combination of both
regions is sufficient to account for the whole Ku80-CTD. Never-
theless, the NMR structures of the helical domain in Ku80-CTD

were better fitted in the region under the a/b domain of the Ku70
subunit (Fig 4B,D, arrow 1), which, together with its proximity to
the C-terminal end of Ku80 at the core domains (Fig 4B,C, blue
filled circle), allows us to assign this region speculatively to the
helical domain. The second additional region placed proximal to
the ring might correspond to the most C-terminal portion to Ku80-
CTD implicated in DNA-PKcs recruitment (Fig 4B–D, arrow 2).

Similar difference mapping analyses were carried out with the
DNA-bound conformation (Fig 4E–H), showing densities under
the a/b domain of the Ku70 subunit in a similar orientation to that
described previously in the DNA-free density (Fig 4B–D, arrow 1).
Additional material was evident at the level of the hole, but here
it was more compact and packed against the core domains
(Fig 4G,H, arrow 2). These observations indicate that Ku80-CTD
remains at a similar position after DNA binding but is probably
affected by some changes in conformation. The largest change
occurs to the SAP domain, which is in contact with the a/b
domain of Ku80 in the absence of DNA, a location found
unoccupied after DNA binding. The atomic structure of DNA-
bound Ku shows a similar change and Walker et al indicate that
the domain could have moved to regions in contact with the DNA
present in the structure (Walker et al, 2001). Those regions are
located at the side of the Ku ring opposed to the free end of the
DNA, facing the continuous DNA molecule; therefore, Ku70-SAP
could be implicated in the maintenance of interactions between
DNA and Ku. In our difference map, densities that might
accommodate the displaced SAP domain could not be mapped
owing to its small size.

Model of recruitment of DNA-PKcs by DNA-Ku
In the 3D structure of the DNA-PKcs–Ku complex (Spagnolo et al,
2006), Ku sits on the top of the palm domain of DNA-PKcs in a
defined orientation that allows the DNA to follow a continuous
channel formed by Ku and the cavity in DNA-PKcs (Fig 5A). We
compared the structure of DNA-bound Ku with that after the
recruitment of DNA-PKcs to explore the conformational changes
that might occur in full-length Ku70–Ku80 on forming a complex
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Fig 3 | Three-dimensional structure of full-length DNA-bound Ku70–Ku80 complex. (A) Electron microscopy field of negatively stained DNA-Ku
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circle. Densities in the reconstruction that are not accounted for by the atomic structure are indicated with asterisks.
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with DNA-PKcs. We fitted the reconstruction of DNA-bound Ku
into the DNA-PKcs–Ku complex, by matching the orientation of
the core domains of DNA-Ku shown after fitting (Fig 3), with the
position of the core domains of Ku in the DNA-PKcs–Ku complex
(Spagnolo et al, 2006; Fig 5B). This fitting shows directly (Fig 5B)
and after calculating a difference map (Fig 5C), that the Ku80-CTD
present in DNA-Ku underneath the base is missing in the
corresponding position after formation of the complex with

DNA-PKcs. As this region is essential for the interaction with
DNA-PKcs, the Ku80-CTD domain has probably dislocated and
it is likely to be now situated in the density of the complex.
Tentatively, we searched for possible locations; visual inspection
showed an area of protein density in the DNA-PKcs–Ku complex
that was not found in isolated DNA-PKcs (Rivera-Calzada et al,
2005) and that might therefore be very cautiously attributed to this
domain (Fig 5A, dotted circle).
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DISCUSSION
We propose a structural model of the functions of the subunit-
specific C-terminal domains in the context of the full-length
Ku70–Ku80 protein (Fig 5D). The Ku70-SAP domain changes
its position on DNA binding from the base of the a/b domain
of Ku80 to a position that might be proximal to the ring in the
side of Ku that faces the continuous DNA. At this site, the SAP
domain may be in contact with the DNA, possibly acting
to stabilize Ku binding at the end of the break and favouring
its interaction with DNA-PKcs. By contrast, Ku80-CTD undergoes
a substantial displacement only when DNA-PKcs is recruited,
detaching from the Ku core to interact with DNA-PKcs. The
length of the linker between the Ku80 core and the helical
domain of Ku80-CTD would certainly allow such a displacement.
As Ku and DNA-PKcs do not associate in the absence of DNA—
whereas Ku80-CTD is sufficient to interact with DNA-PKcs—it is
likely that the displacement of Ku80-CTD contributes to stabili-
zing the interaction. Such a mechanism would ensure that
the DNA-PKcs–Ku repair complex assembles only at the site of
the lesion. It has also been recently reported that Ku80-CTD
can dissociate a DNA-PKcs–Artemis complex (Drouet et al,
2006). Our structure would suggest that the displacement
of Ku80-CTD on DNA-PKcs binding could potentially remove
Artemis by competition.

METHODS
Purification of the Ku70/Ku80 dimer. Ku70 and Ku80 were
purified from the HeLa nuclear extract (CilBiotech, Mons, Belgium)
by using a combination of heparin, double-stranded DNA cellulose,
phenyl sepharose high resolution and monoQ chromatographies.
DNA interaction assay. A 54 bp blunt-ended double-stranded
DNA was constructed by annealing two FPLC-purified comple-
mentary 54-base oligonucleotides (50-biotGGCCGCACGCGTCC
ACCATGGGGTACAACTACGATCTAGCTTCATGCACCGGAC-30;
Oswell, Southampton, UK). Then, 2 ml of purified Ku (0.45 mM), an
approximately tenfold molar excess of 3.7 mM DNA (4 ml) and 1 ml
of buffer (50 mM Tris pH 7.5, 20% glycerol, 1 mM MgCl2, 50 mM
KCl, 10 mM EDTA) were incubated at 25 1C for 20 min. A 6%
native polyacrylamide gel electrophoresis gel was run at 4 1C
in Tris-glycine buffer, incubated with ethidium bromide and
developed with UV. After washing, the gel was subjected to
immunoblotting with a polyvinyl difluoride membrane (Bio-Rad
Laboratories, Hercules, CA, USA) with a monoclonal anti-Ku70
(2C3.11, ab87; Abcam, Cambridge, UK) followed by a horseradish
peroxidase-conjugated secondary antibody (ab6728; Abcam).
Electron microscopy and image processing. A few microlitres of
the purified Ku and the DNA-bound complexes were adsorbed
to glow discharged carbon-coated grids and negatively stained
using 1% uranyl acetate. The grids were observed in a JEOL
1230 operated at 100 kV. Micrographs were taken at � 50,000
magnification under low-dose conditions and digitized at a final
10 mm step size. Particles from the micrographs were extracted,
normalized, centred, filtered and refined using different com-
mands found in the EMAN (Ludtke et al, 1999). A total of 3,419
particles for Ku and 8,285 for the DNA-containing protein were
collected. The resolution was estimated at approximately 25 Å for
both reconstructions by Fourier shell correlation using the eotest
command and a correlation of 0.5. The density maps and the
atomic structures were visualized with University of California,

San Francisco Chimera (Pettersen et al, 2004). In addition, pairs of
micrographs were obtained and processed according to the RCT
method and using the XMIPP platform (Sorzano et al, 2004). 3D
variance was estimated using a bootstrap technique of sampling
as proposed by Penczek et al (2006) with SPIDER (Frank et al,
1996; supplementary information online).
Fitting atomic structures into the EM volumes and calculation
of difference maps. Fitting was carried out using files from the
Protein Data Bank (1JEY and 1JEQ) by a six-dimensional search
using colores (Chacon & Wriggers, 2002) from the software
SITUS. Fittings were performed using both possible hands in
the volumes and it was found that one hand allowed the
most adequate fitting. To calculate the difference maps between
the fitted atomic structures and the EM density, the atomic
structures were converted to density maps at comparable
resolution. The EM maps of the Ku70–Ku80 dimer have been
deposited in the 3D EM database (http://www.ebi.ac.uk/msd/)
under accession codes EMD-1270 (Ku70–Ku80) and EMD-1271
(DNA-bound Ku70–Ku80).
Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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