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Ku acts in a unique way
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Telomeres are specialized DNA/protein structures that
act as protective caps to prevent end fusion events and to
distinguish the chromosome ends from double-strand
breaks. We report that TRF1 and Ku form a complex at
the telomere. The Ku and TRF1 complex is a specific
high-affinity interaction, as demonstrated by several in
vitro methods, and exists in human cells as determined
by coimmunoprecipitation experiments. Ku does not
bind telomeric DNA directly but localizes to telomeric
repeats via its interaction with TRF1. Primary mouse
embryonic fibroblasts that are deficient for Ku80 accu-
mulated a large percentage of telomere fusions, estab-
lishing that Ku plays a critical role in telomere capping
in mammalian cells. We propose that Ku localizes to
internal regions of the telomere via a high-affinity inter-
action with TRF1. Therefore, Ku acts in a unique way at
the telomere to prevent end joining.

Received August 19, 2000; revised version accepted
September 29, 2000.

Telomeres, composed of repetitive DNA sequences
bound by telomere protein complexes, function to pro-
tect the chromosome termini from fusion events and
promote chromosomal end replication (Blackburn 1999).
Telomere maintenance is a critical determinant of cel-
lular senescence (Bodnar et al. 1998), and telomerase ac-
tivity is altered in most cancers (Artandi and DePinho
2000). Telomere maintenance requires a homeostatic
balance between addition of telomeric sequences by
telomerase, repression of telomerase, and persistent cap-
ping activity by telomeric proteins and structures (Black-
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burn 1997; Shore 1998; Griffith et al. 1999). To under-
stand telomere maintenance, the components of the
telomere and how they interact need to be defined.

Several proteins that were originally identified by their
important roles in DNA repair have recently been shown
to play additional roles in telomere maintenance (Boul-
ton and Jackson 1998; d’Adda di Fagagna et al. 1999;
Hande et al. 1999). One example is the Ku heterodimer
(composed of ~70- and ~80-kD subunits; denoted here as
Ku70 and Ku80), shown to be crucial for nonhomologous
DNA double-strand break repair (Taccioli et al. 1994;
Critchlow and Jackson 1998; Kanaar et al. 1998), and
that, in addition, binds site specifically to particular
DNA sequences (Giffin et al. 1996; Ludwig et al. 1997,
Galande and Kohwi-Shigematsu 1999), functions in site-
specific recombination of V(D] gene segments (Nussen-
zweig et al. 1996), and plays an important role at the
telomere (Boulton and Jackson 1996; Porter et al. 1996;
Bailey et al. 1999; Hsu et al. 1999; Gasser 2000). During
the repair of double-strand breaks, Ku binds nonspecifi-
cally to DNA ends with high affinity (Mimori et al. 1986;
Paillard and Strauss 1991; Cary et al. 1997; Dynan and
Yoo 1998). However, telomeric ends are capped or bound
by specific telomere proteins that serve to conceal and
disguise the telomeric DNA end, thereby preventing end
fusion events and preventing cellular DNA damage sig-
naling. We, along with our collaborators, recently found
that Ku is in close proximity to the mammalian telo-
mere and that loss of Ku, in virally transformed Ku-de-
ficient mouse cell lines, resulted in telomere fusion
events (Bailey et al. 1999; Hsu et al. 1999). However, the
exact role that Ku plays at the telomere and how it lo-
calizes to the telomere is not yet known.

The mammalian telomere binding protein TRF1 local-
izes at telomeres by binding specifically to telomeric
DNA and plays a role in telomere length regulation
(Zhong et al. 1992; van Steensel and de Lange 1997). Here
we report that Ku forms a high-affinity protein/protein
interaction with TRF1 to localize to internal regions of
telomeric DNA. In addition, we present evidence that
Ku provides an essential telomere capping function in
primary mammalian cells to prevent telomere fusions.
Therefore, Ku functions in a different way at the telo-
mere than during joining nonhomologous DNA double-
stranded breaks.

Results and Discussion

We quantitated the affinity of the Ku and TRFI interac-
tion using surface plasmon resonance on a Biacore 2000
(Malmqvist and Karlsson 1997). Recombinant Ku or a
control protein, a-Ku80 Fab fragment, were covalently
attached to the surface of a CM5 chip, and binding was
monitored after injection of TRF1 or BSA. TRF1 did not
bind significantly (<5 resonance units) to the control, and
no binding was observed for any concentration of BSA to
either the Ku or the control protein surface. As the con-
centration of TRF1 was increased from 2 nM to 200 nM,
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increasing amounts of TRF1 bound to the Ku-coupled bated with radiolabeled Ku. Immobilized TRF1 protein
surface, generating a typical hyperbolic saturation curve interacted strongly with the labeled Ku probe (Fig. 1D).
(Fig. 1A). The fit produced an apparent k, of 2.1 x 10° In addition, labeled Ku hybridized with the immobilized
(1/Ms) and kg of 1.01 x 1073, giving an equilibrium dis- Ku, presumably because of dissociation and reassocia-
sociation constant, K, of 0.4 nM. Since the extremely tion of the Ku heterodimer components. Control pro-
slow dissociation rate of the TRF1/Ku complex prohib- teins BSA and Rad51 displayed no significant interaction
ited confirmation of the apparent K by Biacore steady with Ku. Therefore, TRF1 bound the greatest amount of
state analysis, we can only state that the K, of this in- radiolabeled Ku; Ku bound 30%-40% as much radiola-
teraction appears to be within the low nanomolar range beled Ku, whereas BSA and Rad51 bound barely detect-
(Fig. 1B). The specificity and calculated rate constants for able levels (Fig. 1E).
the interaction were similar when TRF1 was immobi- We tested for the presence of a Ku/TRF1 complex in
lized on the chip and various concentrations of Ku were human HT1080 fibrosarcoma cells expressing a haecmag-
passed over the surface (data not shown). Therefore, glutinin-tagged TRF1 (HA-TRFI; Kim et al. 1999). Pro-
TRF1 binds with high affinity to Ku and the Ku/TRF1 tein extracts were analyzed for a Ku/TRF1 complex by
complex is very stable, as evidenced by the extremely coimmunoprecipitation and Western analysis using
slow dissociation rate. a-Ku80 or a-HA mAbs (Fig. 2). When extracts were im-
We further characterized the Ku/TRF1 complex using munoprecipitated with Ku80 mAb, HA-TRF1 coprecipi-
an in vitro immunoprecitation-binding assay. Radio- tated (Fig. 2A, lane 2). The Ku80 antibody precipitated
labeled TRF1 produced by in vitro translation was equal amounts of Ku protein from lysates of HA-TRF1-
incubated with purified recombinant Ku, followed by expressing HT1080 cells or control HT1080 cells (Fig.
immunoprecipitation using several Ku80 monoclonal 2A, lanes 3,4). In reciprocal experiments, we observed
antibodies (mAbs). All Ku80 mAbs efficiently coimmu- that Ku80 was present in «-HA immunoprecipitates
noprecipitated a Ku/TRF1 complex (Fig. 1C, lanes 2-5), from cells expressing HA-TRF1 (Fig. 2B, lane 4), whereas
with up to 19% of the input TRFI present in the im- no Ku80 was immunoprecipitated from the control cell
mune complex (Fig. 1C, lanes 2,5). The p21 mADb control line (Fig. 2B, lane 3). Taken together, these results indi-
did not immunoprecipitate detectable levels of TRF1 cate that Ku interacts with TRF1 with high affinity and
(Fig. 1C, lane 1). Therefore, under these in vitro condi- specificity under several in vitro conditions and in hu-
tions with Ku and TRFI free in solution, we observe a man cells.
stable Ku/TRF1 complex. Ku displays two DNA binding activities: nonspecific
In a far-Western assay, TRF1, Ku, Rad51, and BSA were end binding (Mimori et al. 1986; Dynan and Yoo 1998)
immobilized on a nitrocellulose membrane and incu- and site-specific internal binding (Giffin et al. 1996; Lud-
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Figure 1. Ku binds TRF1 with high affinity in vitro. (A) Graph of relative response levels obtained for specific TRF1 concentrations
after injection was stopped for 10 sec (during dissociation phase) with a best fit curve (Cricket-Graph). RU, Resonance units. (B) Three
representative sensorgrams obtained by flowing the indicated concentrations of TRF1 over Ku70/Ku80 covalently attached to the
surface of a Biacore CM-5 chip. Curves were aligned on the X- and Y-axes and subtracted against a negative control using BiaEvaluation
software. Injection start indicates the point at which TRF1 begins to flow over the Ku-coupled surface, while injection stop indicates
the point at which buffer alone begins to flow over the surface. The TRF1 that remained associated with Ku after a 2-3-min
dissociation period was removed in subsequent regeneration steps. Injections of each TRF1 concentration were repeated a minimum
of three times using two different Ku-coupled CM-5 chips. (C) In vitro translated [>°S]methionine labeled His-tagged TRF1 was
preincubated with baculovirally expressed purified Ku70/Ku80 heterodimer. The mixtures were immunoprecipitated by p21 antibody
(a-p21, lane 1) and by various Ku80 monoclonal antibodies («-Ku80, lanes 2-5). Immunoprecipitates were resolved on SDS-PAGE
followed by autoradiography. The translated His-TRF1 migrated as a 64-kD protein. (C, lower panel) Western analysis of coimmu-
noprecipitated Ku70 protein by the Ku80 antibodies. (D) Far-Western analysis TRF1 interaction with Ku. BSA (1 pg), TRF1 (200 ng),
Ku70/Ku80 (200 ng), and Rad51 (200 ng) proteins were placed on a nitrocellulose membrane, and this membrane was incubated with
a 3P-labeled Ku70/Ku80 probe. (E) Phosphorlmager quantitation of 3*P-Ku bound on the membrane. The relative level of Ku bound
to these proteins was normalized to the amount of proteins used with BSA set at 1 U.
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Figure 2. Ku and TRFI1 form a complex in vivo. Cell lysates
from HT1080 infected with HA-tagged TRF1 (HA-TRF1) retro-
virus or control retrovirus alone (TRF1) were immunoprecipi-
tated with a-Ku80 or a-HA monoclonal antibodies. The immu-
noprecipitates were resolved by SDS-PAGE and probed with
a-Ku80 (A) or a-HA (B).

wig et al. 1997; Galande and Kohwi-Shigematsu 1999).
We tested whether Ku binds site specifically to telomeric
DNA sequences. Using a gel shift assay, we tested
whether microcircular DNAs (~200 bps) with internal
telomeric repeats showed site-specific Ku binding. Mi-
crocircular DNA substrates were used to eliminate back-
ground from nonspecific Ku end-binding activity. We
found that Ku alone did not bind microcircles containing
either three (Fig. 3A, lane 2) or six internal telomeric
repeats (Fig. 3C, lanes 5,6). Addition of TRF1 to micro-
circles with three internal telomeric repeats (a single
TRF1-binding site; Zhong et al. 1992) produced a single
mobility-shift band (Fig. 3A, lane 3; Fig. 3D, lane 2). Mi-
crocircles containing six internal telomeric repeats also
showed a band at lower concentrations of TRF1 consis-
tent with occupation of one TRF1 binding site (Fig. 3C,
lane 2). In addition, with increasing concentrations of
TRF1, a higher shifted band appeared consistent with
occupation of two TRF1 binding sites (Fig. 3C, lanes 3,4).
When both Ku and TRF1 were added to the telomeric
microcircular DNA, we observed a slight band shift com-
pared with TRFI alone (Fig. 3A, lane 3, cf. lanes 4-6; Fig.
3D, cf. lane 2 with lanes 3,4). This increase in mobility
shift was seen regardless of the order of addition of the
individual components (Fig. 3A, lanes 4,5) or the addi-
tion of a preformed Ku/TRF1 complex (Fig. 3A, lane 6).
We observed no band shift of microcircles containing
three nontelomeric repeats, (TAGCAT),, under these
same conditions (Fig. 3B). Confirming that both Ku and
TRF1 were bound simultaneously to the telomeric mi-
crocircles, we observed a super-shift on addition of TRF1
antibody (Fig. 3D, lane 7) and an additional super-shift on
addition of Ku antibody (Fig. 3D, lane 5). No super-
shifted bands appeared on addition of normal mouse IgG
(Fig. 3D, lane 4). Our results indicate that Ku does not
bind specifically to telomeric DNA but requires and em-
ploys TRF1 to localize to telomeric DNA.

To determine whether Ku functions to cap telomeres
in mammals, we analyzed primary mouse embryonic fi-
broblasts (MEFs) deficient for Ku80 (Fig. 4; Nussenzweig

Ku and TRF1 form a complex at the telomere

et al. 1996). Ku80-deficient MEF metaphase chromo-
some spreads contained high levels of telomere fusions
(31 telomere fusion in 50 cells) compared with wild-type
MEFs (one telomere fusion in 50 cells; Fig. 4D). The large
accumulation of telomere fusions in Ku80-deficient
MEFs indicates that Ku plays an important telomere cap-
ping function to prevent end fusions. Previously, it was
shown that both Ku and TRF1 localize at telomeres (van
Steensel and de Lange 1997; Hsu et al. 1999), with essen-
tially all the cellular TRF1 localized to telomeres (van
Steensel and de Lange 1997), and that a Ku/TRFI com-
plex exists in human cells (Fig. 2). Taken together, these
results strongly suggest that the Ku/TRF1 complex must
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Figure 3. Telomeric DNA binding analysis by EMSA. (A) Ku
does not bind directly to internal telomeric repeats. Binding
reactions were performed as described above using a mirocircle
containing (TTAGGG); repeats. Lane 1, no protein added; lane
2, 250 nM Ku70/Ku80 only; lane 3, 125 nM TRF1 alone; lane 4,
250 nM Ku was incubated with substrate DNA first, followed
by 125 nM TRF1; lane 5, 125 nM TRF1 was incubated with
substrate DNA first, followed by 250 nM Ku; lane 6, a pre-
formed complex containing 250 nM Ku and 125 nM TRF1 was
incubated with substrate DNA. (B) Microcircles containing ran-
dom sequence repeats were not bound by both TRF1 and Ku.
Reaction mixtures are same as A except that the substrate used
was a microcircle containing a random sequence (TAGCAT),
repeat. (C) Titration of binding sites. Binding studies were per-
formed using a microcircle containing (TTAGGG), repeats.
Lane 1, no protein; lane 2, 125 nM TRF]1; lane 3, 250 nM TRF];
lane 4, 500 nM TRFI; lane 5, 250 nM Ku; lane 6, 500 nM Ku. (D)
Antibody mediated super-shift. The telomeric microcircle DNA
containing (TTAGGG), repeats was incubated with either TRF1
alone (lane 2) or as a preformed complex of TRF1 with Ku70/
Ku80 (lanes 3-5,7) as described above, except that the concen-
tration of the poly (dI/dC) was reduced to 0.1 mg/mL. Appropri-
ate antibody was then added to individual reaction mixtures,
and the resulting DN A-protein complexes were resolved as de-
scribed in methods. As a control, mouse IgG,, was added to one
of the reactions (lane 4). Rabbit a-TRF1 antibody (lanes 6,7) or
mouse a-Ku70/Ku80 (lane 5) antibodies were used.
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DNA replication, the 3’ end must be exposed
to allow telomerase access to anneal for telo-
meric DNA replication (Fig. 5B). It is possible
that Ku could load onto telomeric DNA, using
its nonspecific end-binding activity at this
stage; however, even as the 3’ telomeric DNA
overhang is unwound, it is likely to be associ-
ated with specific proteins and eventually
bound by telomerase (Fig. 5B). Given that the
telomeric DNA end is capped or blocked in
either case, Ku would not be physically ca-
pable of loading onto the telomeric termini. As
Ku and TRF1 form a high-affinity complex in
human cell and essentially all TRF1 localizes
to the telomere, our results give a possible

mechanism for Ku localization to the capped
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Kus - 50 45.28 29 25 21 Recently, several DNA repair proteins,
+11.8 (58%) (92%) (62%) which function to join DNA double-stranded

Figure 4. FISH analysis of metaphase chromosomal spreads from wild-type
and Ku80~/~ mouse embryonic fibroblasts. (A) A metaphase chromosomes
from Ku80*/* mouse embryonic fibroblast (MEF). Chromosomal DNA was
stained with DAPI (blue), and telomeres were hybridized with Cy3-labeled
telomere probe (red). (B-C) Chromosome aberrations detected in metaphase
spreads from Ku80~/~ MEF. (B) White arrow points to a dicentric chromosome
ring; (C) White arrow points to a Robertsonian fusion-like configuration with
telomeres at the fusion point. (D) Compilation of the chromosomal analysis of
wild-type and Ku80~/~ MEF. Percentages indicate the number of specific chro-

mosomal aberrations per metaphase chromosome set.

be localized to telomeres, which we find critical for telo-
mere maintenance.

It is likely that the structure of the telomere changes
conformations depending on the developmental stage or
phase of the cell cycle. The 3’ telomeric DNA single-
stranded overhang is apparently buried in the t-loop form
with telomeric proteins bound to stabilize and conceal
the t-loop junction (Fig. 5A). However, during telomeric

t-loop form

replicative form

ez k- N

telomerase

plus
other proteins

Figure 5. Model for Ku localization to the telomere via TRFI.
(A) Schematic representation of the 3’ telomeric overhang du-
plexed within the t-loop (Griffith et al. 1999). Shaded rectangle
represents hindrance by specialized t-loop junction proteins
such as TRF2. (B) Unwound 3’ telomeric tail during telomeric
DNA replication. Shaded oval represents hindrance by telom-
erase and specialized 3’ overhang telomeric proteins (LaBranche
et al. 1998). (C) The TRF1 homodimer bound to internal telo-
meric tracts with Ku bound to TRF1. Note that Ku is not di-
rectly bound to telomeric DNA.

2810 GENES & DEVELOPMENT

breaks, have been shown to play important
roles at the telomere (Gasser 2000). One per-
plexing question that has arisen from this find-
ing is: Why are proteins that function to join
broken DNA ends found at the telomere? We
present evidence that Ku, originally identified
as being critical for joining nonhomologous
DNA double-stranded breaks, provides essen-
tial telomere capping function in mammals to
prevent telomere fusions. Importantly, we find
that Ku acts uniquely at the telomere by form-
ing a high-affinity protein/protein interaction
with TRFI to localize to internal regions of the telomere.
Therefore, Ku functions at the telomere differently than
during joining nonhomologous DNA double-stranded
breaks. This suggests that once Ku forms a complex with
TRF1, Ku-specific DNA repair domains required to
tether broken DNA ends and recruit other DNA repair
proteins may be obscured to prevent DNA end-joining
activity at the telomere (Cary et al. 1997; Nick McEI-
hinny et al. 2000). The exact role that Ku and other DNA
repair proteins are performing at the telomere will be
important to decipher for our continued understanding
of telomere function and maintenance.

Materials and methods

Cell culture

HeLa cells were cultured in RPMI 1640 medium (GIBCO BRL) supple-
mented with 10% fetal bovine serum (HyClone). Human HT1080 fibro-
sarcoma cells with and without HA-TRF1 expressed from a pLXSN ret-
roviral vector (Kim et al. 1999) were cultured in RPMI 1640 medium
containing 400 pg/mL Geneticin (GIBCO BRL).

Vector construction and recombinant protein purification

His-tagged recombinant TRF1 was expressed in Escherichia coli. Culture
were cooled to 18°C and induced with 0.1 mM IPTG (Sigma) for 16 h.
Cells were lysed by sonication and the lysates cleared by centrifugation.
The recombinant His-tagged TRF1 was purified from the soluble fraction
using 1 mL Ni-NTA agarose (QIAGEN). The Ni-NTA beads were washed
(3%, 10 mL each time) with PBS plus 25 mM imidazole. The His-TRF1
protein was eluted with 250 mM imidazole. The His-TRF1 protein was
purified to near homogeneity as evidenced by a single coomassie-stained
band on SDS-PAGE.
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Purification of recombinant Ku70/Ku80 heterodimer from insect cells
Human genes encoding full-length Ku70 and Ku80 were cloned into the
baculoviral shuttle vector pBluebacll (Invitrogen). Recombinant Ku70/
Ku80 was purified as described previously (Cary et al. 1997). The Ku70
and Ku80 proteins were purified to near homogeneity as evidence by two
coomassie stain bands on SDS-PAGE (Cary et al. 1997).

Surface plasmon resonance

Surface plasmon resonance (SPR) experiments were performed on a Bi-
acore 2000 (Biacore) using a flow rate of 10-20 nL/min. Ligands (1800 and
1600 resonance units of Ku70/Ku80 or «-Ku80 Fab fragment) were
coupled to individual flow cells of a CM5 chip using amine coupling
chemistry (Malmgqvist and Karlsson 1997). Two flow cells on the same
chip were activated and deactivated with the coupling reagents to pro-
vide background values for subtraction throughout the binding experi-
ments. The running HBS buffer consisted of 10 mM HEPES (pH 7.4), 150
mM NaCl, 3.4 mM EDTA, and 0.005% surfactant P20, and regeneration
was carried out using one 30-sec pulse of 10 mM glycine followed by a
30-sec pulse of 100 mM HCI and 20 mM EDTA. TRFI and BSA were
diluted in HBS before injection. Injections were performed three times for
each protein concentration, varying the association times from 30 sec to
1 min and the dissociation times from 1 to 5 min. We obtained an ac-
ceptable fit for one TRF1 concentration series to a 1:1 binding (Lang-
murir) model after increasing the injection times to 1 min. Sensorgrams
were evaluated kinetically using Biacore Evaluation Software (Biacore).

In vitro transcription/translation and binding assay

To prepare 3°S-methionine labeled TRF1 protein, a rabbit reticulocyte
lysate TNT system was used (Promega). TNT reaction mixtures were
labeled with [3*S]methionine (Amersham) at 30°C for 2 h according to the
manufacturer’s instructions. In vitro translated TRF1 protein was incu-
bated with recombinant Ku70/Ku80, in a 50-pL total volume of buffer
containing 0.5% NP-40, I mM EDTA, 1 mM EGTA, 150 mM NaCl, 5
mM MgCl,, and 50 mM Tris-HCI (pH 8.0), for 4 h at 4°C. Monoclonal
antibodies against Ku80 or p21 (Calbiochem) were added to reactions for
4 h at 4°C with occasional rotation. After incubation, mixture of protein
A and G beads (Pharmacia Biotech, Boehringer Mannheim) was added for
1 h and then washed six times in 1 mL buffer A (150 mM NaCl, 0.05%
Tween 20, 50 mM Tris-HCI at pH 7.4) at 4°C for 10 min each. Bound
proteins were eluted by SDS sample buffer and analyzed by 4%-12%
SDS-PAGE (Novex).

Far-Western analysis

Purified His-TRF1, His-Rad51, recombinant Ku70/Ku80, and BSA pro-
teins were spotted onto a nitrocellulose membrane for far-Western analy-
sis (Ishiguro et al. 1998). Filters were blocked in buffer A (150 mM NaCl,
0.05% Tween 20, 50 mM Tris-HCl at pH 7.4) containing 5% nonfat dry
milk for 1 h, and were incubated with 32P-labeled Ku in buffer A con-
taining 1% milk for 2 h at room temperature. Blots were washed four
times for 10 min in buffer A without milk, dried, and analyzed by Phos-
phor-

Imager (Molecular Dynamics) and ImageQuant software.

Immunoprecipitation

Mixture of protein A/G beads suspended in NET buffer (0.5% NP-40, 1
mM EDTA, 1 mM EGTA, 150 mM NaCl, 5 mM MgCl,, 50 mM Tris-HCI
at pH 8.0) were incubated overnight with mAbs at 4°C. HeLa lysates were
immunoprecipitated with «-Ku80 mAb or «-HA mAb (Sigma) coupled
protein A/G sepharose beads. After incubation for 4 h at 4°C, the beads
were collected by centrifugation and washed six times with NET buffer.
The immune complexes were released by 40 nL of SDS sample buffer and
subjected to SDS-PAGE analysis.

Western blot analysis

Triton X-100 treated cell extracts and immunoprecipitated proteins were
separated on 4%-12% SDS-PAGE and transferred to nitrocellulose mem-
branes. The membranes were probed with goat a-Ku70 Ab (Santa Cruz
Biotechnology), mouse a-Ku80 Ab, or rabbit a-HA Ab (Santa Cruz Bio-
technology), followed by incubation with horseradish peroxidase-conju-
gated, a-goat, a-mouse, or a-rabbit IgG secondary antibodies. The blots
were developed using enhanced chemiluminescence (Amersham Phar-
macia).

Ku and TRF1 form a complex at the telomere

Preparation of microcircles

Telomeric [GAAGATCT(TTAGGG),AAGATCTTC] or nontelomeric
[GAAGATCT(TAGCAT),AAGATCTTC] sequence-containing duplex
oligonucleotides (n = 3 or n = 6) were digested with BglII and cloned into
the BamHI site of pSP73 (Promega). The cloned sequences were excised
by Nde! and Xho! digestion and were 3?P-end labeled using Klenow poly-
merase (New England BioLabs). The labeled DNAs were circularized as
described previously (Galande and Kohwi-Shigematsu 1999).

DNA binding analysis by electrophoretic mobility shift assay (EMSA)
Binding reactions contained 10 mM HEPES (pH 7.9), 50 mM KCl, 2.5 mM
MgCl,, | mM DTT, 10% glycerol, 0.2 mg/mL BSA, and 0.25 mg/mL poly
(dI/dC) (Pharmacia). Proteins were first incubated in the above reaction
mixture and then microcircle DNA was added, followed by addition of a
second protein and/or antibody. After a 15-min incubation at 25°C, the
reaction mixtures were loaded directly onto 6% native polyacrylamide
gels and electrophoresed for 4 h at 150 V, 4°C, in 0.57x Tris/borate/EDTA
buffer. DNA was visualized by autoradiography of the dried gels.

Fluorescence in situ hybridization

Early passage Ku80*/* and Ku80~/~ mouse embryonic fibroblasts were
treated with colcemid (0.1 pg/mL) for 4-5 h and were subsequently tryp-
sinized and spun for 8 min at 120g. After hypotonic swelling in 30 mM
sodium citrate for 25 min at 37°C, cells were fixed in methanol:acetic
acid (3 : 1). After two to three additional changes in fixative, cell suspen-
sions were dropped on wet, clean slides and dried overnight. FISH with
Cy3-labeled (CCCTAA); peptide nucleic acid was performed as described
(Hande et al. 1999). Cells were viewed with an Olympus BH2 microscope
equipped with a CCD camera, and the images were acquired using a
Cytovision software (Applied Imaging). The scoring criteria were as de-
scribed elsewhere (Bailey et al. 1999; Hande et al. 1999). Fifty metaphases
per sample were analyzed.
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