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Ku complex controls
the replication time of DNA
in telomere regions
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We have investigated whether the Ku complex is in-
volved in regulating DNA replication in the yeast Sac-
charomyces cerevisiae. We find that Ku proteins control
the replication time of telomeric regions; replication ori-
gins located close to telomeres or within subtelomeric
repeat sequences normally initiate late, but are activated
much earlier in mutants lacking Ku function. In con-
trast, origins distant from telomeres initiate replication
at the normal time. Ku is one of the first components
identified as important for replication timing, and speci-
fication of the replication time of chromosome ends by
Ku is consistent with its role in maintaining telomere
localization.

Received March 21, 2002; revised version accepted July 23,
2002.

Eukaryotic cells replicate their chromosomes during S
phase of the cell cycle. Progress through S phase is con-
trolled by regulating when origins of DNA replication
are activated, with the various origins initiating replica-
tion in a defined and reproducible temporal sequence.
Replication origin structure and function are best under-
stood in Saccharomyces cerevisiae, for which the repli-
con organization of the entire genome has been mapped
recently, all putative origins having been located by use
of microarray analyses of replication time and initiation
factor binding sites (Raghuraman et al. 2001; Wyrick et
al. 2001).

Despite the wealth of information available concern-
ing origin location and replication time in the yeast ge-
nome, our understanding of how the temporal program
of origin firing is controlled is far from complete. It is
known that chromosome context plays an important
role in determining when an origin initiates (for review,
see Gilbert 2001). Origin rearrangement studies indi-
cated that an early activation time generally represents a
default state, whereas certain chromosome contexts can
impose late initiation. The chromosome end is an ex-
ample of a late context; most origins located either
within ~35 kb of the telomere (telomere-proximal con-
text) or actually in the subtelomeric repeat sequences
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(subtelomeric context) are activated late in S phase (Fer-
guson and Fangman 1992; Raghuraman et al. 1997). The
yeast genome also contains late-activated origins that lie
far from any telomere (internal context); in these cases as
well, some feature of the long-range surrounding chro-
mosome context imposes late initiation (Friedman et al.
1996). In molecular terms, however, our understanding
of the mechanisms controlling origin firing time is lim-
ited. The late replication time of telomere-proximal ori-
gins appears to be preprogrammed during early G, phase
(Raghuraman et al. 1997), but molecules involved in pro-
gramming telomere-proximal origins have not been
identified previously. Likewise, nothing is known of the
mechanism that establishes the internal late-origin con-
text. Replication of a subtelomeric late origin, the chro-
mosome V right Y’ origin, is somewhat earlier than nor-
mal in a sir8 mutant, but the influence of Sir3 on origin
firing time is limited to subtelomeric origins (Stevenson
and Gottschling 1999). Cdc7 kinase and cyclin-depen-
dent kinase are required for the normal origin firing se-
quence, but are probably involved in execution rather
than determination of the origin temporal program
(Bousset and Diffley 1998; Donaldson et al. 1998a,b).

Because Ku proteins function at eukaryotic telomeres,
we became interested in the possibility that they are
involved in controlling origin activation timing. Ku con-
sists of two protein subunits that are related in sequence
and form a heterodimeric complex involved in multiple
cellular processes (for review, see Featherstone and Jack-
son 1999). Ku is important for the repair of double-
stranded DNA breaks and has high affinity for DNA
ends, and it has emerged that Ku also functions at telo-
meres. The yeast Ku proteins Yku70 and Yku80 (also
called Hdf1 and Hdf2) are required for correct localiza-
tion of telomeres to the nuclear periphery, and contrib-
ute to recruitment of telomerase and transcriptional re-
pression by Sir proteins (Gravel et al. 1998; Laroche et al.
1998; Polotnianka et al. 1998; Peterson et al. 2001). Ku
also binds to mammalian telomeres, and acts to main-
tain telomere length and prevent chromosome end-join-
ing events (Bailey et al. 1999; Hsu et al. 2000; d’Adda di
Fagagna et al. 2001). Mammalian telomeres associate
with nuclear matrix components rather than with the
nuclear periphery (Luderus et al. 1996), and it is not yet
known whether Ku is involved in mediating this inter-
action.

A number of researchers have proposed that Ku func-
tions in S-phase progression in yeast and mammalian
cells (Shakibai et al. 1996; Barnes and Rio 1997; Novac et
al. 2001). To establish whether S. cerevisiae Ku is re-
quired for a normal S phase, we have examined chromo-
some replication in strains lacking Ku function. We find
that Ku is involved specifically in determining the acti-
vation time of subtelomeric and telomere-proximal rep-
lication origins.

Results and Discussion

Ku complex mediates late replication
of the chromosome V right region

We used the dense isotope transfer method to monitor
replication as cells progress through S phase (McCarroll
and Fangman 1988). In wild-type yeast cells, chromo-
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somal sequences replicate in a defined order due to the
temporal program of origin activation (Fig. 1A, top). The
replication origins ARS305 and ARSI are activated early
in S phase, leading to early replication of these two se-
quences, whereas ARS1412 is a late-replicating origin. A
non-origin internal sequence on chromosome XIV (chr
XIV-int) was used as a marker sequence for very late
replication (Friedman et al. 1996).

The chromosome V right region, which contains two
active replication origins, served as our model for telo-
mere replication (Fig. 1B). The telomere-proximal origin
ARS501 replicates late. Replication of the chromosome
V right Y’ ARS cannot be directly measured independent
of other telomeres, because it lies within the repeated Y’
subtelomeric element; instead, we followed replication
of the last unique sequence on chromosome V (called R2)
to monitor the late-activated subtelomeric Y’ ARS (Steven-
son and Gottschling 1999).

We found that in a yku70 deletion mutant strain, the

replication kinetics of the four internally located chro-
mosome loci (early origins ARS305 and ARS1, late origin
ARS1412, and late sequence chrXIV-int) were very simi-
lar to wild type (Fig. 1A). Replication timing of the telo-
mere-associated loci was, however, dramatically altered
in the yku70 strain, with both ARS501 and R2 replicat-
ing much earlier than normal. In yku70 cells, ARS501
replicated at about the same time as the early origin
ARS1, and the R2 sequence even earlier. About 20% of
yku70 cells replicated the ARS501 and R2 sequences be-
fore release from the cdc7* block used for synchroniza-
tion. This phenomenon, termed escape replication, has
been reported previously for very early-replicating se-
quences such as ARS305 (Reynolds et al. 1989). Escape
replication has been difficult to study because its levels
tend to vary in different experiments, but the observa-
tion of apparent escape replication of ARS501 and R2 in
the yku70 strain suggests that these telomere-associated
sequences have acquired properties normally associated
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Figure 1. Sequences close to the chromosome V
right telomere replicate early in yku mutants. (A)
Timing experiments on wild-type, yku70, yku70
yku80, sir3, and yku70 sir3 strains released from a
cdc7' block. Replication kinetics are plotted for
four internal sequences (ARS305, ARS1, ARS1412,
and chr XIV-int) and two telomere-associated se-
quences (ARS501 and R2); see text for details. For
unknown reasons, a lower proportion of sir3 cells
released from the cdc7" block; the percentage rep-
lication has been plotted on a different scale for
ease of comparison. (B) Structure of the chromo-
some V right telomeric region. The two origins
that are active in a wild-type strain (ARS501 and
the Y’ ARS) are drawn as gray circles. The Y’ sub-
telomeric element is shown as an unfilled rect-
angle, the X element as a gray rectangle, and the
TG, ; terminal repeats as vertical hatching.
ARS501 lies 27.3 kb and the Y’ ARS 159 bp from
the chromosome end (not including the TG, ,
tract). The R2 fragment is 4.4 kb long and is cen-
tered 11.9 kb from the chromosome end. (C) Rep-

lication times of internal and telomere-associated sequences plotted according to repli-
cation index (RI) values; see text for explanation.

2486

GENES & DEVELOPMENT

with early-replicating regions. An alterna-
tive possibility is that the replication of
ARS501 and R2 at the cdc7 block in the
yku70 strain results from a mechanism
unrelated to previously described escape
replication, for example, a recombination-
induced replication mechanism (Kraus et
al. 2001).

The replication program of a yku70
yku80 double deletion mutant was very
similar to that of yku70, with internal se-
quences replicating close to their normal
times, but both the ARS501 and R2 se-
quences replicating abnormally early (Fig.
1A, third panel).

Replication time of a sequence in these
experiments can be defined as the time at
which half of the final level of replication
has occurred. Replication times were cal-
culated for all six sequences (see Supple-
mentary Table 1, see Supplementary Ma-
terial at http://www.genesdev.org) and
standardized to ARS305 and chr XIV-int,
whose values were set to 0 and 1, respec-
tively, for each experiment (Fig. 1C). This
method of calculating replication index
(RI) adjusts for variations in the speed
with which cultures release from syn-
chrony and progress through S phase
(Friedman et al. 1996). This analysis con-
firmed that the chromosome V right telo-
mere-associated sequences (ARS501 and
R2) replicate much earlier than normal in
the yku70 and yku70 yku80 mutant
strains (RI values for ARS501 and R2
shifted by 0.34 and 0.59, respectively, in
the yku70 strain when compared with the
wild type). The replication indices of in-
ternal sequences (ARSI and ARS1412)
were approximately normal in the yku
mutant strains. ARSI replicated slightly
later than normal in the yku70 yku80 mu-
tant, but the significance of this small
shift in ARSI replication time is unclear.

A previous study identified Sir3 as
influencing the replication time of chro-
mosome V right telomeric sequences.
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Stevenson and Gottschling (1999) found that deletion of
SIR3 caused somewhat earlier activation of the Y' ARS,
leading to slightly advanced replication of the R2 se-
quence. We analyzed the replication program of the sir3
mutant (Fig. 1A,C) for comparison with the yku pheno-
type. Our results were very similar to those described
previously for sir3, with R2 somewhat advanced in rep-
lication time, but ARS501 only slightly affected. Com-
paring the data from the yku70 and sir3 strains therefore
suggests that the effects of deleting Ku on ARS501 and
the Y' ARS do not result simply from disrupted telo-
meric silencing. Replication kinetics of a yku70 sir3
double mutant were almost identical to those in the
yku70 strain (Fig. 1A,C), both R2 and ARS501 replicating
substantially earlier than in the sir3 single mutant.

ARS501 initiates replication in the yku70 mutant

One interpretation of these results is that both ARS501
and the chromosome V right Y’ ARS (which replicates
R2) initiate abnormally early in yku mutants. However,
because in the yku strains ARS501 replicated after R2, an
alternative possibility could be that activation of only
the Y’ ARS is affected by the absence of Yku70. Preco-
cious activation of the Y’ ARS could result in abnor-
mally early but passive replication of ARS501 by a left-
ward-moving replication fork. In this case, ARS501
would be inactive in the yku70 strain. We analyzed
ARS501 activity in the yku70 strain using two-dimen-
sional gel electrophoresis (Brewer and Fangman 1987), in
which the presence of a bubble arc indicates that an ori-
gin initiates replication. A clear bubble arc showed that
ARS501 initiates replication in a significant proportion
of yku70 cells (Fig. 2). Measurement of the activation
efficiency using fork direction analysis showed that
ARS501 initiates replication in 65% of wild-type and
35% of yku70 cells (Supplementary Fig. 1, see Supple-
mentary Material at http://www.genesdev.org). In those
yku70 cells in which ARS501 is not activated, it was
instead replicated by a leftward-moving fork coming
from the telomere region. These studies therefore sug-
gested that the early ARS501 replication time in the
yku70 mutant results from a combination of precocious
ARS501 initiation and passive replication from the pre-
maturely activated Y’ ARS.

ARS501 activation time is affected by YKU70

Because ARS501 initiated replication and its replication
time was early in the yku70 strain, our two-dimensional

wild-type

vku70

Figure 2. ARS501 is active in the yku70 mutant. Two-dimensional
gel analysis of replicating structures at ARS501 in wild-type and
yku70 mutant strains.

Ku controls telomere replication timing

gel analysis was consistent with the notion that, unlike
Sir3, Ku influences ARS501 activation time. We tested
this possibility more directly by examining the effect of
a yku mutation in a strain in which any effects of the
chromosome V right Y’ ARS on ARS501 replication are
eliminated. For this experiment, we used a truncated
chromosome V construct from which both the X and Y’
elements, including the Y’ ARS, have been deleted, so
that the R2 sequence abuts the terminal TG, ; repeats
(Fig. 3A). In this truncated chromosome construct,
ARS501 is the rightmost replication origin on chromo-
some V, so that ARS501 replication time is not affected
by replication forks from origins located closer to the
telomere (Stevenson and Gottschling 1999).

We compared the replication programs of YKU70" and
yku70 strains carrying this truncated chromosome, re-
ferred to as AXY’ chrVR (Fig. 3B,C). The ARS501 repli-
cation time was substantially earlier in the yku70 AXY’
chrVR strain (RI value of 0.52) than in YKU70" AXY’
chrVR (RI value of 0.90). The magnitude of the shift in
ARS501 replication time on deletion of YKU70 was
therefore similar in the truncated and unmodified chro-
mosome contexts (RI shifts of 0.38 and 0.34, respec-
tively; see Fig. 1C). Because deleting YKU70 has a sub-
stantial effect on ARS501 even when the X and Y’ telo-
meric elements are absent, we conclude that Ku affects
ARS501 activation time independent of changes in the
time of Y’ ARS activation.

ARS501 replicated later in a YKU70" strain carrying
the truncated chromosome than in the full-length chro-
mosome context (cf. Fig. 1C, wild-type), perhaps, be-
cause in the truncated chromosome, the normal contri-
bution to ARS501 replication by leftward-moving forks
from the Y' origin is removed. R2 also replicated later
than usual in the truncated chromosome context, con-
sistent with its being replicated from ARS501 (Stevenson
and Gottschling 1999).

The Ku complex mediates late replication of other
telomeric regions

Our results so far have shown that the Ku complex in-
fluences the activation time of origins associated with
the chromosome V right telomere. To establish whether
Ku affects the activation time of origins close to yeast
telomeres generally, we determined the replication time
of other telomeric regions in the experiments shown in
Figure 1.

Telomeric Y' elements replicate on average very late
in wild-type cells (Fig. 4), but much earlier in the yku70
strain (an RI shift of 0.71) and in the yku70 yku80 double
mutant. The Y’ replication values do not provide infor-
mation about specific telomeres, but do indicate that the
telomeric sequences of most yeast chromosomes repli-
cate early in the absence of Ku.

We examined the replication of a number of telomere-
proximal origins identified in the whole-genome analy-
sis performed by Raghuraman et al. (2001). We have
called one such origin ARSXII-32 according to its loca-
tion ~32 kb from the chromosome XII left telomere.
ARSXII-32 replicates late in the wild-type S phase (Fig.
4). Like ARS501, the ARSXII-32 replication time shifts
to early in yku mutant strains, but remains late in the
sir3 mutant (Fig. 4). Therefore, Ku complex appears to be
more generally responsible for the replication time of
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sequences, suggesting that Ku mediates
late activation of subtelomeric origins by
additional mechanisms as well as estab-
lishment of Sir-repressed chromatin.
Stevenson and Gottschling (1999) showed
that the sir3 mutation also leads to slight
activation of a normally inactive ARS

Figure 3. The time of replication initiation by ARS501 is affected by deletion of YKU70.
(A) The truncated chromosome construct AXY’ chr VR, in which sequences to the right
of R2 are replaced with telomeric TG, _; repeats. This cartoon should be compared with
that of the wild-type chromosome V right region shown in Figure 1B. (B) Timing experi-
ments on AXY’ chr VR YKU70* and AXY' chr VR yku70 strains released from a cdc7'®
block. (C) Replication times in the same experiments plotted according to replication

index (RI) values.

late telomere-proximal origins on yeast chromosomes,
and ARS501 is not an isolated case.

Although most replication origins located close to
telomeres (i.e., within ~35 kb) are activated late, there
are a few cases in which early origins lie close to telo-
meres. ARSXIII-896 is one such origin, lying about 28.6
kb from the chromosome XIII right telomere, and repli-
cated at about the same time as ARSI (Fig. 4). In the Ku
mutants, ARSXIII-896 replicated slightly earlier than in
the wild-type strain, although the shift in replication
time was not nearly as pronounced as for normally late
telomere-proximal origins. The replication time of early
telomere-proximal origins may therefore also be slightly
influenced by the Ku complex.

Effect of the Ku complex on subtelomeric
and telomere-proximal replication origins

In this study, we have shown that the Ku complex is
crucial for replication of yeast telomeres at the correct
time in S phase, and that cells lacking Ku activate both
telomeric and telomere-proximal replication origins ab-
normally early. This effect of Ku is specific to origins in
telomeric regions and does not derail the replication pro-
gram generally, because internally located sequences
replicate at the normal time in yku mutants (Fig. 1).
Previous data suggesting that in yku70 mutants, the
time of S phase entry is advanced (Barnes and Rio 1997)
might conceivably result from the advancement in telo-
mere replication time that we have found in yku strains.
It has been suggested that yku70 mutants over-replicate
their DNA (Feldmann and Winnacker 1993), but we
found no evidence for re-replication of DNA in our iso-
topic labeling experiments.

The effect of Ku at telomeres differs from that of Sir3,
the only gene product described previously as being in-
volved in specifying the chromosome replication pro-
gram. Deletion of SIR3 leads to premature activation of
Y’ origins (Stevenson and Gottschling 1999). The Ku
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within the chromosome V right X sub-
telomeric element; as expected, we found
that the chromosome V right X ARS is
also activated inefficiently in the yku70
mutant (data not shown).

The telomere-proximal origin ARS501
replicates slightly earlier than normal if
SIR3 is deleted (Fig. 1; Stevenson and
Gottschling 1999). This slight effect is
probably caused by passive replication
from the precociously activated Y’ ARS, because in the
AXY' chromosome V right truncation context deleting
SIR3 does not advance, but in fact slightly delays,
ARS501 activation (Stevenson and Gottschling 1999).
yku mutations, in contrast, lead to substantially earlier
replication of ARS501 and other origins in telomere-
proximal locations, and our analysis of the AXY' chro-
mosome V right truncation strain shows that Ku influ-
ences ARS501 activation time independent of the Y’
ARS.

By what mechanism does Ku affect the activation time
of ARS501? One possibility is that Ku complex binds
telomere-proximal and subtelomeric replication origins
and affects their activation time. Ku binds a linear
ARS121 yeast origin fragment in vitro (Shakibai et al.
1996) and associates with putative origin sequences in a
monkey cell line (Novac et al. 2001). However, there is
currently no direct evidence that Ku proteins are re-
quired for pre-replication complex assembly, or associate
with yeast replication origins in vivo, and our results do
not suggest any general requirement for Ku to initiate
replication at origins. Ku has, on the other hand, clearly
been shown to bind to telomeres (Gravel et al. 1998;
Martin et al. 1999). We therefore favor a model in which
Ku complex bound to telomeres is involved in setting up
a specialized chromatin context that affects the activa-
tion time of telomere-proximal origins. Ku is already
known to be involved in Sir-mediated transcriptional si-
lencing of telomeric regions, but transcriptional silenc-
ing by Sir proteins extends at most a few kilobases from
the telomere (Pryde and Louis 1999), not nearly far
enough to affect origins such as ARS501 and ARSXII-32.
A specialized chromatin domain established by Ku and
affecting these origins would have to act over a much
longer range than the Sir-mediated telomeric silencing
effect. Because the sir3 mutation does not directly affect
ARS501, any such chromatin domain presumably does
not depend on Sir proteins. We are testing genes known
to play a role in chromatin structure for involvement in
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Figure 4. Replication timing of telomere regions on other chromo-
somes depends on the Ku complex. RI values of other telomeric
sequences in wild-type, yku70, yku70 yku80, and sir3 strains. Rep-
lication times of two telomere-proximal origins are shown; late ori-
gin ARSXII-32 (horizontally hatched arrow) and early origin
ARSXIII-896 (checkered arrow). The average RI for all Y’ elements
in the cell is indicated by a Y-hatched arrow. Also shown are the
internal sequences ARS305 (white), ARSI (light gray), ARS1412
(dark gray), and chr XIV-int (black).

specifying the replication time of telomere-proximal ori-
gins.

There have been several reports of a relationship be-
tween intranuclear position of sequences and replication
time. In general, peripheral nuclear position appears to
correlate with late replication in mammalian cells. Heun
et al. (2001) showed that in yeast cells, late origins tend
to be close to the nuclear periphery during the cell cycle
interval when replication time is established, whereas
Dimitrova and Gilbert (1999) found that in mammalian
nuclei, programming of origin activation time coincides
with repositioning of sequences following mitosis.
These reports have led to the suggestion that peripheral
positioning leads to programming of origins for late rep-
lication, perhaps by locating them in a nuclear compart-
ment containing chromatin-modifying factors that can
establish a late-activation domain (Gilbert 2001). This
idea leads to a possible model for the effect of the Ku on
telomere-proximal origins, in which Ku influences the
origin activation time via its role in intranuclear posi-
tioning of telomeres. Ku is responsible for tethering
yeast telomeres at the nuclear envelope, and in yku mu-
tants, the tethering mechanism fails and telomeres are
instead distributed throughout the nuclear space
(Laroche et al. 1998); a caveat is that truncated telomeres
may not be localized by the same mechanism (Tham et
al. 2001). Nevertheless, one attractive model would sug-
gest that Ku influences the replication time of telomere-
proximal origins by localizing them to a peripheral
nuclear compartment that is conducive to establishment
of a late activation context, the molecular nature of
which is not yet clear.

Materials and methods

Yeast strains

All experiments were carried out in the A364A strain background
(Hartwell 1967), its cdc7-1 derivative RM14-3a, or its cdc7-1 HMLa
MATa HMRa derivative AR120 (Stevenson and Gottschling 1999).
yku70 :: URA3 and yku80 :: TRP1 versions of these strains were made
by standard one-step gene disruption and confirmed by PCR; details of
primers used are available on request. Strains were AW104 (cdc7-1),
AWI101 (cdc7-1 yku70), AW116 (cdc7-1 yku70 yku80), UCC4408 (cdc7-1
sir8), and ACI10 (cdc7-1 yku70 sir3). Strain AW99 (CDC7 yku70) was
used for dense isotope analysis using a-factor-only synchronization. Con-
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struction of strain UCC4431(AXY’ chr VR is described in Stevenson and
Gottschling (1999). The yku70 derivative of UCC4431 used in this study
is AW123 (AXY' chr VR yku70).

Dense isotope transfer determination of replication times

Dense isotope transfer analysis was carried out as described previously
(Friedman et al. 1996; Donaldson et al. 1998b). Probe fragments prepared
by PCR amplification of appropriate sequences were used to detect the
following genomic EcoRI fragments (numbers referring to the sequences
given in the Saccharomyces Genome Database): ARS305, chromosome
I 36,591-42,445; ARSI, chr IV 463,189-465,909; ARS1412, chr XIV
194,656-198,154; chrXIV-int, chr XIV 221,459-226,536; ARS501, chr V
544,359-552,288; R, chr V 562,741-567,161; ARSXII-32, chr XII 26,154-
31,578; and ARSXIII-896, chr XIII 894,552-900,786. The Y' probe was a
738 bp Hpa2 probe containing the Y’ ARS. Timing analysis carried out on
a yku70 strain released from an a-factor block gave results consistent
with those shown here, with telomere-associated (but not internal) se-
quences replicating prematurely; S phase occurred at the normal time
relative to bud emergence (data not shown).

Two-dimensional gel analysis

Two-dimensional gel analysis was carried out as described in Friedman
and Brewer (1995). A 3.195-kb Xbal fragment was probed to analyze
ARS305, and a 4.137-kb BamHI/Sall fragment was probed to analyze the
chromosome V right X ARS. For analysis of fork direction to the right of
ARS501, a 6013-bp Clal fragment was cleaved in-gel with EcoRV; to the
left of ARS501, a 4955-bp SnaBI fragment was cleaved in-gel with Ncol.
Probe fragments were prepared by PCR amplification of appropriate ge-
nomic sequences.
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