A telomeric repeat sequence adjacent
to a DNA double-stranded break
produces an anticheckpoint
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Telomeres are complex structures that serve to protect chromosome ends. Here we provide evidence that in
Saccharomyces cerevisiae telomeres may contain an anticheckpoint activity that prevents chromosome ends
from signaling cell cycle arrest. We found that an internal tract of telomeric repeats inhibited DNA damage
checkpoint signaling from adjacent double-strand breaks (DSBs); cell cycle arrest lasted 8-12 h from a normal
DSB, whereas it lasted only 1-2 h from a DSB adjacent to a telomeric repeat. The shortened or abridged arrest
was not the result of DNA repair, nor reduced amounts of single-stranded DNA, nor of adaptation. The
molecular identity of this telomere repeat-associated anticheckpoint activity is unknown, though it is not
dependent upon telomerase or telomere-proximal gene silencing. The anticheckpoint may inhibit the ATR
yeast ortholog Mecl because Rad9 and Rad53 became dephosphorylated and inactivated during the abridged
arrest. The anticheckpoint acts regionally; it inhibited signaling from DNA breaks up to 0.6 kb away from the
telomeric repeat but not from a DSB present on a separate chromosome. We propose that after formation of
the DSB near the telomeric repeat, a mature telomere forms in 1-2 h, and the telomere then contains proteins
that inhibit checkpoint signaling from nearby DNA breaks.
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DNA damage checkpoints are surveillance mechanisms
that ensure the integrity of the genetic material through-
out cell cycle events (Hartwell and Weinert 1989). When
cells suffer DNA damage, checkpoints cause a cell cycle
delay that promotes DNA repair to maintain genome
stability and cell viability (for review, see Kolodner et al.
2002; Rouse and Jackson 2002). One well studied and
robust checkpoint is that present in the budding yeast
Saccharomyces cerevisiae that causes a mitotic arrest in
response to a single double-strand break (DSB) (Sandell
and Zakian 1993). The arrest is dependent on a highly
conserved phosphorylation cascade initiated by the hu-
man ATR homolog, Mecl, and relayed through the
Rad53 and Chkl kinases (checkpoints) (for review, see
Zhou and Elledge 2000; Nyberg et al. 2002).

Linear eukaryotic chromosomes have specialized
structures at their ends, called telomeres, that serve
many functions, including the prevention of chromo-
some ends from behaving like DSBs. Telomeres are be-
lieved to provide a “cap” to the end of the chromosome,
and if this cap is compromised the ends behave similar to
a DSB by inducing DNA resection, activating recombi-
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national repair, and allowing end-to-end fusion of chro-
mosomes (for review, see Ferreira et al. 2004). Modula-
tions in telomere length, either shortening or rapid ex-
pansion, can activate the DNA damage checkpoint
cascade (Garvik et al. 1995; IJpma and Greider 2003; Vis-
cardi et al. 2003); therefore, wild-type chromosome ends
must have a system to recognize telomere homeostasis
and prevent inappropriate cell cycle delays. Recent stud-
ies have sought to define the role of telomere-binding
proteins and potential regulators, though how telomeres
elude the DNA damage response is still unclear.

An emerging theme in telomere biology is that DNA
damage checkpoint proteins also participate in main-
taining normal telomeric integrity (for review, see
D’Adda Di Fagagna et al. 2004; Maser and DePinho
2004). The checkpoint PIKKs (phosphatidyl inositol 3-ki-
nase-like kinases), such as ATM in humans and Tell in
S. cerevisiae, appear particularly important, and their in-
activation results in shortened and unstable telomeres
(Greenwell et al. 1995; Metcalfe et al. 1996; Hande et al.
2001). Tell and Mecl reciprocally associate with telo-
meres in a cell cycle-dependent manner (Takata et al.
2004). Why checkpoint proteins are present at telomeres
yet do not cause cell cycle arrest is the subject of this
study.

In this report we describe the ability of an internal
telomeric sequence to inhibit a DNA damage checkpoint
response. We found that a DSB adjacent to a telomeric
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repeat sequence successfully activated the G2/M DNA
damage checkpoint response; however, that checkpoint
response was lost 1-2 h later (<20% of the duration of a
normal arrest response from a DSB). The inhibitory ac-
tion of the telomeric sequence resulted in loss of Rad9
and Rad53 phosphorylation and activity. The mecha-
nism of inhibition is unknown but it is genetically dis-
tinct from the adaptation phenomenon (Sandell and Za-
kian 1993; Toczyski et al. 1997; Lee et al. 1998) and does
not involve telomere elongation per se or telomere-de-
rived gene silencing. Inhibition from the new telomere
extended to a second DSB present 0.6 kb away on the
same chromosome but not to a second DSB present on a
separate chromosome.

Based on the above observations we propose that the
telomeric repeats act as a locus of “anticheckpoint” ac-
tivity by virtue of dynamic telomere structure or by pro-
teins that are recruited to the telomeric sequence after
the break occurs. Recently a telomeric protein in mam-
malian cells called TRF2 was shown to inhibit the ATM
protein kinase, suggesting that TRF2 could contribute to
an anticheckpoint in mammals (Karlseder et al. 2004).
That observation and the findings described in this re-
port suggest that an anticheckpoint activity may be as-
sociated with normal telomeres to prevent them from
being recognized as DSBs to cause cell cycle arrest.

Results

A DNA DSB near internal telomeric repeat sequences
results in an abridged DNA damage checkpoint
response

To investigate the checkpoint response to a DSB in prox-
imity to telomeric sequences we used a system initially
developed to examine de novo telomere synthesis in the
budding yeast, S. cerevisiae (Diede and Gottschling
1999, 2001). The primary strain consists of a HO endo-
nuclease cleavage site placed directly adjacent to an 81-
base-pair (bp) telomeric “seed” sequence of C; ;A/TG, 4
repeats inserted into the ADH4 locus of chromosome VII
(ChromVII) (Fig. 1A, TG-HO). Diede and Gottschling
(1999, 2001) found that upon cleavage at the HO site, the
telomeric seed is “healed” and gives rise to a bona fide
telomere.

We used this system to ask if a DSB next to the inter-
nal C, ;A/TG,_; telomeric repeats would generate a nor-
mal cell cycle arrest. Two additional strains (Fig. 1A, HO
and no-HO) were created to use as controls. Cells from
each of the three strains were grown in rich (YEP) me-
dium containing sucrose and then switched to medium
containing galactose to induce HO synthesis for 1 h,
then HO synthesis was turned off by the addition of glu-
cose. We found that the presence of the telomeric repeats
(TG-HO) did not inhibit cutting by the HO endonuclease
(Fig. 1B; Diede and Gottschling 1999). We assayed the
cell cycle arrest response of individual cells as follows.
Following induction in galactose medium, we placed in-
dividual early S-phase cells (identified by their small
buds) onto a YEP glucose agar plate by micromanipula-
tion (Fig. 1C). This allowed us to follow the cell cycle

Telomeres produce an anticheckpoint

fate of each cell every 30 min; at any given time point
cells that were single and large-budded we inferred to be
arrested, while those that formed a new bud must have
completed mitosis and entered the next cell cycle. By
this assay we determined if a cell with a DSB in early S
phase arrests in the following mitosis. (The arrest re-
sponse of cells that incur a DSB in G1 or in G2 is similar
to the response of cells that have a DSB in early S phase;
see below.)

In Figure 1D-G we plot the cell cycle responses of cells
that had and did not have a DNA break (two separate
curves). In any culture exposed to galactose, some cells
incur a DNA break and some do not; at the time of plat-
ing cells we cannot of course distinguish between the
two (they are all small-budded). However, after cells di-
vide and form colonies we can easily tell which had
DNA breaks and which did not. In the TG-HO strain,
cells that do not have a DNA break retain the LYS2
marker and form colonies that are Lys+. In contrast, TG-
HO cells that have a DNA break lose the distal chromo-
some fragment, form a new telomere that allows them to
divide, and form colonies that are Lys- (there are no es-
sential genes in the terminal ~15 kb of the chromosome).
In the HO strains, cells that do not have a DSB survive
(and are invariably Lys+), while cells that have a DSB
eventually form a microcolony of ~10-50 cells that are
dead. (It is important to note that a DSB in either the HO
or TG-HO strains is infrequently repaired because there
is no allelic sequence homology in these haploid cells to
direct efficient repair.) As controls for the response of
cells that did not have a DNA break, we used a “no-HO”
strain (Fig. 1A). We found that any cell that did not have
a DNA break had a similar response; cells resumed bud-
ding ~3 h after plating (either the no-HO cells, or TG-HO
and HO cells without a DSB.)

We observed a remarkable difference in the G2/M cell
cycle arrest phenotypes of the HO and TG-HO strains
(Fig. 1D). The kinetics of arrest for the TG-HO cells were
similar to those of the HO strain for the first 1-2 h, but
after this initial arrest the TG-HO cells resumed budding
while the HO cells remained arrested. (After several
more hours the HO cells resumed the cell cycle by the
phenomenon called “adaptation” [see below; Sandell and
Zakian 1993; Toczyski et al. 1997; data not shown].) We
had expected the checkpoint signaling to persist for
many hours in the TG-HO strain because the DNA
break centromere-distal to the new telomere should per-
sist for many hours (and it does; see below). In sum, the
results in Figure 1D suggest that in the TG-HO strain the
normal DNA damage checkpoint response was activated
but then was lost even though DNA damage persisted.
We call this short arrest response in the TG-HO strain an
“abridged arrest”, and we next investigate its possible
causes.

The abridged arrest requires the DNA damage
checkpoint pathway

To verify that the cell cycle delay was in fact due to the
DNA damage checkpoint pathway, we carried out ex-
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Figure 1. A DSB adjacent to telomeric repeat
sequences results in an abridged G2/M arrest. (A)
Schematic representation of ChromVII in the
parent strains used in this report. For the TG-HO
strain (UCC5913), the ADH4 locus on the left
arm of ChromVII was replaced with a 6-kb frag-
ment containing the ADE2 gene and an HO en-

donuclease cleavage site, flanked by telomeric HO
C, 3A/TG,_; repeats (A represent telomeric se-

quences) (Diede and Gottschling 2001). Two ad-

ditional strains used as controls, HO (RMY169) Tt

and no-HO (RMY195), were constructed by re-
placing the HO-TG-ADE2 sequence with TRP1
or the original ADH4 sequence, respectively. (B)
The HO site in TG-HO (UCC5913) and HO
(RMY169) cells is cleaved by HO endonuclease.
Cells were propagated in YEP + sucrose before re-
ceiving a 1-h induction with galactose. Genomic
DNA was harvested 1 h later, and Ndel-cut ge-
nomic DNA was analyzed by Southern blot using
a single-stranded RNA probe (RiboT3) directed to
DNA ~500 bp centromere-distal to the HO site.
The band labeled “HO cut” is the 2.2-kb frag-
ment generated by Ndel and HO cleavage. Two
hours after the addition of galactose (1 h in ga-
lactose followed by 1 h in glucose) we estimate
that ~50% of cells received a DSB by HO. (C)
Protocol for assaying cell cycle arrest. Exponen- o
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periments in strains in which DNA damage checkpoint
genes had been mutated (Fig. 1E F). Mutating the MEC1
gene abolished any delay in the TG-HO strain, as did
mutations in other “upstream” checkpoint genes,
RADY9, RAD17, and RAD24 (data not shown). We also
tested the roles of checkpoint genes that act downstream
of MEC1. MEC1 mediates the G2/M arrest by activating
two parallel, downstream pathways: One pathway re-
quires the Rad53 and Dunl protein kinases while the
other requires the Chkl kinase and the Pdsl protein
(Gardner et al. 1999; Sanchez et al. 1999). These two
pathways were of particular interest because both path-
ways are required for a complete arrest in a cell with
DNA damage; a mutation in any one of these genes re-
sults in a partial arrest that superficially resembles the
abridged arrest of the TG-HO strain. However, as shown
in Figure 1F, both a dunl and a chkl mutation com-
pletely abolished the abridged arrest; the abridged arrest
is both CHK1- and DUN1-dependent. We conclude that
all checkpoint genes, including the two MEC1-depen-
dent pathways, are required for the abridged arrest of a
TG-HO strain. Why a chk1 or dunl mutation does not
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result in a partial arrest defect in the TG-HO strain is not
clear.

The abridged arrest is not the result of DNA repair

We also considered whether the abridged arrest might be
the consequence of repair of the DSB. We thought it un-
likely that the abridged arrest was due to recombina-
tional repair because the strains used in Figure 1 are hap-
loid and therefore do not contain allelic homologous se-
quences that allow for efficient recombinational repair.
Nevertheless, given the unusual nature of the abridged
arrest kinetics we tested if genetic defects in either ho-
mologous recombination or in nonhomologous end join-
ing affect the abridged arrest. We found that a TG-HO
rad52 mutant strain that is defective in homologous re-
combination (Fig. 1G) and a TG-HO ku70 mutant (see
below) defective in nonhomologous end joining had
similar abridged arrests as the TG-HO strain. In addition,
we think it unlikely that a repair event accounts for the
abridged arrest in the TG-HO strain because the DNA
break indeed persists for many hours (see below), and the



LYS2 gene centromere-distal to the HO site was lost in
cells that had undergone an abridged arrest.

The checkpoint phosphorylation cascade is inhibited
by the C, ;A/TG, 5 repeat element in a temporal
manner

We next sought to determine where in the checkpoint
pathway the inhibition might occur. Mecl phosphory-
lates Rad9 and Rad53, which act as a central convergence
point between sensor proteins and effectors. Phosphory-
lated Rad9 and Rad53 are detectable by a shift in the
electrophoretic mobility of bands on a Western blot
(Sanchez et al. 1996). We examined the phosphorylation
status of Rad9 and Rad53 in the TG-HO and HO strains
after induction of a HO break (Fig. 2A,B). In HO cells the
phosphorylation of both Rad9 and Rad53 was detectable
1-2 h after the galactose pulse and persisted for at least 5
h. (Since we had difficulty detecting phosphorylation of
Rad53 we show MMS-treated controls; in our hands
Rad53 is not as robustly phosphorylated after an HO DSB
as after MMS treatment.) The TG-HO cells displayed a
similar trend in the initiation of phosphorylation but
didn’t appear to achieve the same intensity as the HO
strain, and, perhaps more importantly, the phosphoryla-
tion was less evident at 5 h. The loss of Rad9 and Rad53
phosphorylation in the TG-HO strain correlated with
the loss of arrest in Figure 1D. This suggests that Rad9
and Rad53 dephosphorylation occurred prior to attenua-
tion of the cell cycle arrest.

A more direct assessment of checkpoint activation is
the status of Rad53 enzymatic activity. To look specifi-
cally at Rad53 kinase activity in response to the HO
break we used an in situ autophosphorylation assay (Fig.
2C; Pellicioli et al. 1999). The HO cells contained detect-
able enzymatic activity at ~1 h post-galactose, which
correlates well with the phosphorylation data (Fig. 2A,B).
The Rad53 kinase activity not only persisted beyond 2 h,
but appeared to increase for up to 5 h. The TG-HO cells
also contained Rad53 kinase activity at 1 h post-galac-
tose pulse, reached maximal levels at 3 h, but then re-
turned to background levels by 5 h. This result also cor-
relates with the phosphorylation data in Figure 2A, and
indicates that Rad53 was activated in the TG-HO strain
with the same kinetics as the HO strain, but the activity
was lost ~2 h later. Based on the experiments in Figure 2,
we conclude that the anticheckpoint activity acts up-
stream of RAD9 and RADA53.

The abridged arrest does not require the DSB to occur
in a specific cell cycle phase and is not a form
of adaptation

Telomere dynamics, including lengthening by the
telomerase enzyme and establishment of silencing, are
influenced by cell cycle position (Dionne and Wellinger
1996; Marcand et al. 2000; Raghuraman et al. 2001).
Moreover, some forms of DNA damage produce a much
greater effect if the cell is allowed to traverse through S
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Figure 2. The anticheckpoint correlates with transient Rad53
and Rad9 phosphorylation and Rad53 kinase activity. (A) TG-
HO (UCC5913) and HO (RMY169) cells were induced with ga-
lactose and samples were taken every 60 min. (Suc) Pre-galac-
tose negative control. Approximately 50 ng of total protein was
loaded onto each lane of an SDS-PAGE gel, followed by Western
blotting and probing with a polyclonal antibody directed toward
Rad9 (A) or with a monoclonal Flag antibody toward Flag-Rad53
(B). (P-Rad9) The phosphorylated form of Rad9; (P-Rad53) the
phosphorylated form of Rad53. In B we include MMS-treated
samples (0.02%, 2 h) for comparison. (C) Samples were gener-
ated as in A except in place of probing with antibodies, the
bound proteins were renatured and incubated with y-32P-ATP to
detect Rad53 kinase activity.

phase (Tercero and Diffley 2001). To investigate what
effects cell cycle position or cell cycle progression might
have on the abridged arrest of TG-HO cells, we per-
formed the arrest assay using cells that were either pre-
synchronized in G1 (using a factor) or in G2 (using no-
codozole) before HO induction with galactose (Fig. 3A,B,
respectively). Overall, TG-HO cells still showed a
shorter arrest than did HO cells when the DSB was in-
duced in G1, in early S phase, or in the G2 phase (cf. Figs.
3A, 1C, 3B, respectively). Importantly, the abridged ar-
rest in the TG-HO strain is unaffected by progression
through S phase (Fig. 3A); therefore, any explanation of
the abridged arrest need not involve mechanisms of
DNA replication.

We did find unexpectedly a far less robust cell cycle
arrest response of HO cells presynchronized in G2 (com-
pared with G1 or early S-phase cells) (e.g., Fig. 3, cf. A and
B). G2 presynchronized HO cells arrested for only ~5 h
while the G1 or S presynchronized HO cells arrested for
8-12 h. We then found that this shorter arrest of G2
presynchronized HO cells was due to a phenomenon
called “adaptation,” because this shorter arrest was ex-
tended when we included a cdc5-ad adaptation mutation
into the HO strains (Fig. 3C; Sandell and Zakian 1993;
Toczyski et al. 1997).
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Though the mechanisms underlying adaptation re-
main largely obscure, the shorter arrest in G2 presyn-
chronized HO cells suggested to us that the abridged
arrest in TG-HO cells might also be a form of adaptation.
To test this hypothesis we introduced the cdc5-ad allele
into the TG-HO strain and found that the duration of the
abridged arrest was unchanged (similar arrest kinetics in
TG-HO cdc5-ad and TG-HO strains) (Fig. 3C). We also
tested the role of Ku proteins that play roles in adapta-
tion as well as in nonhomologous end joining (Lee et al.
1998). We found that the duration of the abridged arrest
in TG-HO KU+ and TG-HO ku70 mutant cells were very
similar (Fig. 3D). A ku80 mutation also had no effect on
the abridged arrest (data not shown). We therefore con-
clude that the abridged arrest observed for the TG-HO
strain is not a form of adaptation.

The abridged arrest is not a function of the amount
of single-stranded DNA (ssDNA) or the rate of 5'-to-3'
resection

ssDNA is believed to be a key molecular signal for cell
cycle arrest (Garvik et al. 1995; Lydall and Weinert 1995;
Lee et al. 1998; Zou and Elledge 2003). From a normal
DSB one of the two strands on each side of the break
undergoes extensive resectioning; 5'-to-3’ exonucleases
degrade one strand leaving the 3’ strand intact. In TG-
HO cells the centromere-proximal side of the break

A G1 pre-synchronization

0
—*‘o —-)%
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is not extensively resected because of the telomere
(Diede and Gottschling 2001), while the centromere-dis-
tal side presumably is resected. Because of the unusual
arrest kinetics of the TG-HO strain, we considered the
possibility that the abridged arrest might be due to fail-
ure of this DSB to be resected or to lower amounts of
ssDNA from the centromere-distal side of the DSB. We
therefore compared the generation of ssDNA in TG-HO
and HO cells.

To assess DNA degradation in TG-HO and HO cells,
we grew cells and induced a DSB as described for cell
cycle arrest assays. We then isolated genomic DNA at
different times after induction of the DSB and analyzed
restriction fragments by Southern hybridization to deter-
mine resection. We first used a riboprobe that was spe-
cific to the Crick strand (5'-to-3’, “degraded strand”) to a
site ~500 bp from the HO site (Fig. 4A, asterisk). We
identified the predicted 2.2-kb NdeIl/HO cut undegraded
fragment 1 h after the addition of galactose (Fig. 4B). This
fragment was easily detected during the first 2 h of HO
induction, but by the third hour the fragment disap-
peared, indicating that resection had proceeded beyond
the 500-bp hybridization site (Fig. 4B). (That degradation
was minimal during the first 2 h is consistent with a
previous report of little or no resection of a DSB in the
first 2 h after HO cleavage [Frank-Vaillant and Marcand
2002].) In comparing the degradation of a DSB in HO and
TG-HO cells from the data in Figure 4B, clearly degra-
dation did occur in the TG-HO strain and to a similar
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(D) TG-HO (RMY241), TG-HO ku70A
(RMY258), and HO (RMY242) cells were
synchronized with « factor, induced with
galactose, and analyzed for G2/M arrest as
in Figure 1D.
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extent as in the HO strain. We also found that other
aspects of DNA degradation were similar in the HO and
TG-HO strains; the 3'-to-5’ strand (i.e., Watson strand)
persisted in both strains (Fig. 4C, bottom), and degrada-
tion of the 5’-to-3’ strand required the RAD50 gene (Fig.
4C, top). (We also found that HO rad50 as well as TG-
HO rad50 mutants were completely defective in G2/M
arrest; previous studies reported a less penetrant role for
Rad50 [Fig. 4D,E; see Discussion].) We conclude that the
amount of ssDNA and the pathway by which it is gen-
erated are similar in TG-HO and HO strains.

We performed two additional experiments to evaluate
the possible relationship between ssDNA and the anti-
checkpoint. The first experiment was performed because
we noticed that many TG-HO cells appeared to have
resumed the cell cycle before a substantial amount of
ssDNA had been formed; the abridged arrest lasted 1-2 h
after HO induction, and the time when we detect degra-
dation is 3 h after HO induction. This implies that many
TG-HO and HO cells might have activated the check-
point before substantial amounts of ssDNA were gener-
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ated. Therefore, in the TG-HO cell the checkpoint was
apparently inactivated by the anticheckpoint before sub-
stantial amounts of ssDNA were generated (Figs. 1D,
4C). We therefore wished to determine if the anticheck-
point could still inhibit signaling in cells if they con-
tained a substantial amount of ssDNA (that presumably
robustly activates checkpoint signaling). To generate
cells with ssDNA, we presychronized TG-HO cells in
G2 (with nocodazole), induced HO synthesis by the ad-
dition of galactose, then turned off HO synthesis and
held cells in G2 for an additional 3 h (by leaving them in
nocodazole) to allow generation of ssDNA. We then
asked whether the anticheckpoint eliminated signaling
in these G2 cells by assaying cell cycle arrest after re-
moval of nocodazole. We found that the TG-HO cells
resumed cell division immediately when the nocodazole
was removed (Fig. 5A). Apparently, activation of the
checkpoint and its subsequent attenuation by the anti-
checkpoint was completed during the 3-h period when
cells were held in G2 with nocodazole. This suggests
that a substantial amount of ssDNA formed from one
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(UCC8000) cells were analyzed via South-
ern blot as in Figure 1B, except the blot
was probed with the RiboT7 probe that de-
tects the Watson strand (3’-to-5', “non-
degraded;” bottom panel) instead of the
Crick strand (5’-to-3’, “degraded strand;”
top panell. TG-HO (UCC5913) and
TG-HO rad50A (UCC8000) cells (D) and
HO (RMY169) and HO rad50A (RMY199)
(E) were assayed for G2/M arrest as in Fig-
ure 1D.
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