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DNA double-strand breaks (DSBs) pose a threat to genome stability and are repaired through multiple mechanisms. Rarely, telo-
merase, the enzyme that maintains telomeres, acts upon a DSB in a mutagenic process termed telomere healing. The probability
of telomere addition is increased at specific genomic sequences termed sites of repair-associated telomere addition (SiRTAs). By
monitoring repair of an induced DSB, we show that SiRTAs on chromosomes V and IX share a bipartite structure in which a
core sequence (Core) is directly targeted by telomerase, while a proximal sequence (Stim) enhances the probability of de novo
telomere formation. The Stim and Core sequences are sufficient to confer a high frequency of telomere addition to an ectopic
site. Cdc13, a single-stranded DNA binding protein that recruits telomerase to endogenous telomeres, is known to stimulate de
novo telomere addition when artificially recruited to an induced DSB. Here we show that the ability of the Stim sequence to en-
hance de novo telomere addition correlates with its ability to bind Cdc13, indicating that natural sites at which telomere addi-
tion occurs at high frequency require binding by Cdc13 to a sequence 20 to 100 bp internal from the site at which telomerase acts
to initiate de novo telomere addition.

Chromosomes in the budding yeast Saccharomyces cerevisiae, as
in all eukaryotes, terminate with specialized nucleoprotein

structures called telomeres. S. cerevisiae telomeric DNA consists of
�250 to 350 bp of TG1–3/AC1–3 repeats and a short (�10-bp)
terminal G-rich 3= overhang (1). Because the conventional DNA
replication machinery cannot fully replicate chromosome ends,
telomeres shorten with each cell division cycle. In most eu-
karyotes, telomere shortening is counteracted by the enzyme tel-
omerase, a ribonucleoprotein complex that uses an intrinsic RNA
subunit as the template for telomeric DNA synthesis. Associated
with telomeric DNA are proteins that protect chromosome ends
from nucleolytic resection and prevent chromosome end-to-end
fusions by distinguishing natural chromosome ends from ends
generated by DNA double-strand breaks (DSBs) (2). These pro-
tective functions make telomeres essential for the maintenance of
genome integrity and cell viability.

In S. cerevisiae, optimal telomere length requires a balance be-
tween positive and negative regulatory mechanisms mediated by
telomere-binding proteins, including Cdc13 and Rap1 (3). Cdc13,
a telomere sequence-specific single-stranded DNA (ssDNA) bind-
ing protein, recruits telomerase to telomeres during the S/G2

phase of the cell cycle through interaction with Est1, a subunit of
the telomerase holoenzyme (reviewed in reference 3). Rap1 binds
to the double-stranded telomeric repeat, forming a telomere
length-regulatory complex through interactions of its C-terminal
domain with Rif1 and Rif2 (4, 5). Regulation occurs through a
counting mechanism in which telomere length is inversely pro-
portional to the number of Rif1 and Rif2 molecules present at a
telomere (6, 7).

Cells experience insults to their genome from endogenous and
exogenous sources, including reactive oxygen species, radiation,
and chemical mutagens (8). DSBs resulting from these sources
pose an enormous threat to genome stability and cell viability,
since failure to repair DSBs can cause chromosome rearrange-
ments and/or chromosome loss. Eukaryotic cells utilize two main
pathways for DSB repair: a homologous recombination (HR)

pathway, which uses a sister chromatid or homologous chromo-
some as the template for DSB repair, and a nonhomologous end-
joining (NHEJ) pathway, in which broken DNA ends are directly
ligated (9). Inaccurate repair of DSBs can give rise to gross chro-
mosomal rearrangements (GCRs), large-scale changes in chro-
mosome structure that include interstitial deletions, chromosome
end-to-end fusions, and translocations (10). Direct action of tel-
omerase at DSBs results in yet another type of GCR, de novo telo-
mere addition, in which all genetic information distal to the DSB is
lost (11).

In yeast, either Cdc13 or Rap1 can stimulate de novo telomere
addition. Cdc13 appears to facilitate telomerase recruitment to
DSBs in a manner similar to its role at endogenous telomeres (12).
Following DSB induction by homothallic switching (HO) endo-
nuclease, Cdc13 and Est1 are both recruited to an artificial telo-
mere seed (�80-bp TG tract) inserted adjacent to the HO site, and
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artificial tethering of Cdc13 adjacent to the break is sufficient to
stimulate de novo telomere addition (12). Est1 recruitment de-
pends on its interaction with Cdc13, although the converse is not
true (12). In contrast to its negative regulatory role at endogenous
telomeres, Rap1 stimulates de novo telomere addition at artificial
chromosomal (13, 14) or extrachromosomal termini containing
short telomere-like sequences (15). While informative about the
mechanisms of telomerase recruitment, the vast majority of the
studies referenced here utilize artificial sequences to facilitate
the formation of de novo telomeres. Cdc13 and/or Rap1 could
stimulate de novo telomere addition at endogenous intrachromo-
somal TG-rich sequences with the potential to bind one or both
proteins. However, a potential role for Cdc13 or Rap1 at such
sequences has not been directly addressed.

Given that de novo telomere addition at intrachromosomal
TG-rich sequences has the potential to influence genome stability,
we sought to identify the cis- and trans-acting factors required for
de novo telomere addition at such endogenous sequences. Here,
we investigate the requirements for de novo telomere addition at
an 84-bp site of repair-associated telomere addition, located 35 kb
from the left telomere of chromosome V (SiRTA 5L-35). As pre-
viously described (16), the majority of telomere additions at
SiRTA 5L-35 occur within a 23-bp TG-rich sequence, which we
refer to as the Core sequence.

We find that a separate TG-rich sequence located centromere
proximal to the Core, and which itself is infrequently targeted for
telomere addition, is required for high levels of telomere addition
at the Core (referred to here as the “Stim” sequence). Using two
different approaches to differentially target Cdc13 or Rap1 to
SiRTA 5L-35, we show that it is likely the ability of Cdc13 to bind
the Stim sequence that promotes telomere addition at SiRTA 5L-
35. SiRTA 5L-35 therefore has a bipartite structure in which
Cdc13 binding to an upstream sequence stimulates telomere ad-
dition at a neighboring target site. Finally, we report the identifi-
cation of a new SiRTA located 44 kb from the left telomere of
chromosome IX and show that SiRTA 9L-44 has a bipartite struc-
ture similar to that of SiRTA 5L-35.

MATERIALS AND METHODS
Yeast strains and plasmids. Table S1 in the supplemental material con-
tains a complete list of the strains used in this study. Unless otherwise
noted, strains were grown in yeast extract-peptone-dextrose (YEPD) at
30°C. In strains utilized for HO cleavage assays (YKF1310 and YKF1308),
the HMRa sequence on chromosome III was replaced with nat, which
confers resistance to nourseothricin. All gene deletions were generated by
one-step gene replacement with a selectable marker and were confirmed
by PCR. hxt13::URA3 disruptions were created by using a plasmid in
which the KpnI-SphI restriction fragment from HXT13 was replaced with
URA3 or by amplifying the hxt13::URA3 locus from an existing strain
using primers hxt13::URA3 F and hxt13::URA3 R (see Table S2 in the
supplemental material). The HO cleavage site was integrated on chromo-
somes VII and IX by one-step gene replacement using plasmid pJH2017
(HOcs::HPH; gift of J. Haber) as the template with selection for hygromy-
cin B resistance. URA3 was integrated on chromosome VII by one-step
gene replacement at the PAU11 locus and on chromosome IX by one-step
gene replacement at the SOA1 locus. Primers utilized for PCR are listed in
Table S2 in the supplemental material.

Strain YKF1409 (rad52::LEU2) was generated by transformation with
BamHI-digested plasmid pSM20, which contains the rad52::LEU2 dis-
ruption allele (17).

Mutations in SiRTA 5L-35 (see Fig. 2 to 4) were introduced by two-
step gene replacement (18). DNA fragments containing each mutation

were generated by PCR using gene splicing by overlap extension (gene
SOEing) (19). Met-NPR2 For primer was used with a reverse primer con-
taining the desired mutation to generate fragment I, and NPR2 mid-Rev
primer was used with a forward primer containing the same mutation to
generate fragment II (see Table S2 in the supplemental material). Frag-
ments I and II were extended by mutually primed synthesis using the Met
NPR2 For and Mid NPR2 Rev primers to generate a final PCR product that
was cleaved with HindIII and XbaI for ligation into pRS306. The integra-
tion plasmid was linearized with BamHI or BclI prior to transformation
and selection for Ura� integrants. To facilitate the identification of strains
containing the desired mutations following selection on medium contain-
ing 5-fluoroorotic acid (5-FOA), two-step integration was first used to
create strain YKF1366, in which SiRTA 5L-35 is deleted. Subsequent
strains were created by reintroducing mutated versions of SiRTA 5L-35
into strain YKF1366 by two-step integration. The resulting 5-FOAr iso-
lates were screened by PCR, and candidates were sequenced to confirm the
presence of the desired mutations.

For other mutations (described in Fig. 5 and 6), a portion of SiRTA
5L-35 including the Stim sequence was replaced with URA3 in strain
YKF1323 by one-step gene replacement to generate strain YKF1585. Se-
quences to be integrated were generated by PCR using the HS forward and
HS reverse primers and transformed into strain YKF1585. After allowing
cells to recover for 24 to 48 h on rich medium, cells were replica plated to
medium containing 5-FOA. Mutations were confirmed by sequencing.

SiRTA 5L-35 spacer� was integrated on chromosome VII, and muta-
tions were introduced at SiRTA 9L-44 by two-step gene replacement es-
sentially as described above. Table S2 in the supplemental material con-
tains the sequences of primers used for strain construction.

Plasmid pAB180 (pRS414-ADHpromoter-GBD-CDC13) was a gift
from A. Bianchi. pAB180-Rap1 was created by replacing the CDC13
open reading frame in pAB180 with the full-length RAP1 open reading
frame at the NcoI and AatII sites. All amplified regions were confirmed
by sequencing.

GCR assays. For spontaneous GCR assays, cells cultured overnight in
synthetic drop-out medium lacking uracil (SD-Ura) were used to inocu-
late YEPD cultures (approximately 30 per strain). YEPD cultures were
grown overnight to saturation (approximately 24 h) and plated onto me-
dium containing 5-FOA and canavanine (Can) to isolate GCRs (5-FOAr

Canr colonies). Only one colony was analyzed from each plate to ensure
independence. The approximate location and nature of GCR events were
determined by multiplex PCR (20) (see Fig. S1 in the supplemental ma-
terial) and Southern blotting (see below).

For HO cleavage GCR assays, cells were grown in SD-Ura medium
(with 2% raffinose) to an optical density at 600 nm (OD600) of �0.3 to 1.
Cells were plated on yeast extract-peptone medium with 2% galactose
(YEPG), and a dilution was plated on YEPD to determine total cell num-
ber. After 3 days, colonies were counted and galactose-resistant colonies
were transferred to SD medium containing 5-FOA to isolate GCR events.
At least 100 galactose-resistant (Galr) colonies were individually plated on
medium containing 5-FOA to determine the rate of URA3 loss. If neces-
sary, additional colonies were obtained by replica plating. The approxi-
mate location and nature of GCR events was determined by multiplex
PCR (20; see also Fig. S2 in the supplemental material) and Southern
blotting (see below).

The absolute frequency at which GCR events occur within a SiRTA is
calculated by multiplying the rate of survival on galactose (colonies on
galactose/colonies on glucose, corrected for dilution factor) by the frac-
tion of Galr colonies capable of growth on medium containing 5-FOA and
the fraction of Galr 5-FOAr colonies in which the GCR event occurred
within the SiRTA as measured by PCR. Approximately 30 Galr 5-FOAr

colonies were analyzed for each experiment, and the averages and stan-
dard deviations presented are derived from a minimum of three indepen-
dent experiments. In a few cases, rates shown are upper estimates because
no 5-FOA-resistant colonies were detected among 100 colonies analyzed
or no events were obtained within the SiRTA sequence among �30 Galr
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5-FOAr colonies. These cases are indicated in the figure legends when
applicable.

Southern blotting. For the characterization of GCR events, approxi-
mate locations determined by multiplex PCR were used to design restric-
tion enzyme digests and probes for Southern blot analysis. Information
about the restriction enzymes and primers utilized are available upon
request. Digested fragments were separated on a 0.7% agarose gel, trans-
ferred to nylon membrane (Hybond N�), and probed with [32P]dCTP-
labeled telomeric DNA. Radioactive membranes were exposed to Phos-
phor screens (Molecular Dynamics), and screens were scanned with
Typhoon TRIO variable mode imager (GE Healthcare). Telomere addi-
tion was determined by visualization of the characteristic smear generated
by the heterogeneous telomere sequence at a size consistent with the PCR
result.

Protein purification. Plasmid pET21a-Cdc13-DBD-His6 (21) was a
gift from Deborah Wuttke (University of Colorado, Boulder, CO). Esch-
erichia coli BL21(DE3) transformed with pET21a-Cdc13-DBD-His6 was
grown at 37°C in LB medium with ampicillin (50 mg/liter) to an OD600 of
�0.6. Cdc13-DBD-His6 expression was induced with IPTG (isopropyl-�-
D-thiogalactopyranoside) at a final concentration of 1 mM at 22°C for
approximately 6 h, after which cells were harvested by centrifugation.
Cells were resuspended in buffer A (25 mM HEPES–NaOH, 10% glycerol,
300 mM NaCl, 0.01% NP-40, 20 mM imidazole, 1 mM benzamidine, 0.2
mM phenylmethylsulfonyl fluoride), and cell lysis was achieved by incu-
bation with lysozyme solution (1 mg/ml lysozyme, 1 mM Tris-HCl [pH
8.0], 0.1 mM EDTA, 10 mM NaCl, 0.5% Triton X-100), followed by son-
ication for 60 s (two 30-s cycles) using a Branson 450 Sonifier (power
setting 3, 70% duty cycle). Supernatant was separated from cellular debris
by centrifugation, and Cdc13-DBD-His6 was purified from supernatant
with Ni-nitrilotriacetic acid (Ni-NTA)–agarose beads. Beads were washed
in buffer A, and protein was eluted from beads in buffer B (25 mM
HEPES–NaOH, 10% glycerol, 300 mM NaCl, 0.01% NP-40, 200 mM
imidazole, 1 mM benzamidine, 0.2 mM phenylmethylsulfonyl fluoride).
Eluted protein was dialyzed overnight in buffer C (25 mM HEPES–
NaOH, 10% glycerol, 300 mM NaCl). Protein concentration was esti-
mated by polyacrylamide gel electrophoresis, using bovine serum albu-
min as a standard. Purification of Rap1 has been previously described
(22).

EMSA. To generate electrophoretic mobility shift assay (EMSA)
probes, oligonucleotide pairs were mixed in equimolar ratios, boiled in
1� annealing buffer (10 mM Tris-HCl [pH 7.5], 100 mM NaCl, 1 mM
EDTA), and slowly cooled to room temperature. Probes were radiola-
beled with T4 polynucleotide kinase or by fill-in synthesis with Klenow
polymerase. For Rap1 EMSAs, each 20-�l EMSA reaction mixture con-
tained binding buffer (20 mM Tris-HCl [pH 7.5], 1 mM dithiothreitol
[DTT], 70 mM KCl, 1 mM EDTA, 5% glycerol, 2.5 ng/�l bovine serum
albumin [BSA]), 1.5 �g herring sperm DNA (Sigma-Aldrich), labeled
probe (30 to 50 nM), and the indicated amounts of Rap1. Reaction prod-
ucts were separated by 5% native polyacrylamide gel electrophoresis
(PAGE) in 0.5� Tris-borate-EDTA (TBE) at 100 V for 45 min. Gels were
fixed in 10% acetic acid–20% methanol and then exposed to Phosphor
screens. Screens were scanned using the Typhoon TRIO Variable Mode
Imager, and results were analyzed with ImageQuant TL 7.0 software (GE
Heathcare). For Cdc13 EMSAs, each 20-�l EMSA reaction mixture con-
tained binding buffer (50 mM Tris-HCl [pH 7.5], 1 mM DTT, 75 mM
KCl, 75 mM NaCl, 0.1 mM EDTA, 15% glycerol, 1 mg/ml BSA), labeled
probe (62.5 nM), and the indicated amount of Cdc13-DBD protein. Re-
action products were separated on 6% native polyacrylamide gels (con-
taining 5% glycerol) in 1� TBE buffer at 200 V for 30 min. Subsequent
steps were as described for Rap1 above.

Cloning and sequencing of de novo telomeres. Cloning of telomeric
DNA was performed as previously described (23) with minor modifica-
tions. Blunting of genomic DNA ends was done with T4 DNA polymerase
(New England BioLabs) in the presence of 0.1 mM deoxynucleoside
triphosphates (dNTPs). Sequences for “ds oligo 1” and “ds oligo 2” (used

to create the double-stranded oligonucleotide that was ligated to the
blunted DNA ends) can be found in Table S2 in the supplemental mate-
rial. Telomere PCR was performed with ds oligo 2 and a primer internal to
the de novo telomere (see Table S2 in the supplemental material). PCR
products were separated in 2% agarose gels, purified, and ligated into
pGEM-T Easy vector (Promega) or pDrive Vector (Qiagen). Sequencing
of inserts was carried out by GenHunter (Nashville, TN) or Genewiz
(South Plainfield, NJ) using the primer M13F (�20) (see Table S2 in the
supplemental material).

RESULTS
An internal telomere-like sequence on chromosome V in S.
cerevisiae is a target of de novo telomere addition. In S. cerevisiae,
a short sequence within the NPR2 gene on the left arm of chromo-
some V (chrV-L) incurs a high frequency of de novo telomere
addition relative to that observed in flanking sequences (16). To
determine the magnitude of this effect in our strain, we utilized an
assay (24) in which CAN1 and URA3 are utilized to select GCR
events within a 12-kb region on chrV-L between CAN1 and the
first essential gene (Fig. 1A). Independent liquid cultures were
plated on medium containing canavanine (Can) and 5-fluoro-
orotic acid (5-FOA), drugs toxic to cells expressing CAN1 and
URA3, respectively. A single surviving colony was isolated from
each culture for analysis. As previously shown (16, 24), nearly all
cells resistant to both drugs lost DNA sequences distal to CAN1.
The approximate location of each rearrangement was determined
by multiplex PCR using primer pairs spanning the 12-kb region
(see Fig. S1 in the supplemental material), and each chromosome
rearrangement was subsequently classified as “telomere addition”
or “other” using Southern blot analysis to detect the characteristic
“smear” generated by heterogeneous telomeric repeats.

Three PCR primers were designed to detect GCR formation
within an 84-bp TG-rich sequence encompassing the telomere
addition hot spot within NPR2 (see Fig. S1 in the supplemental
material, PCR products 4 and 5). To reflect the propensity for de
novo telomere addition, we refer to this sequence as the site of
repair-associated telomere addition 35 kb from the left telomere
of chromosome V (SiRTA 5L-35). Similar to what was seen in
previous reports (16), 48.3% (14 of 29) of GCR events occurred in
SiRTA 5L-35. The remaining events were split evenly between the
regions centromere and telomere proximal to SiRTA 5L-35
(Fig. 1B). In every case, GCR events within SiRTA 5L-35 in-
volved de novo telomere addition, whereas GCRs in the flanking
regions consisted of both telomere additions and other chromo-
some rearrangements (Fig. 1B). Given that the 84-bp SiRTA 5L-35
comprises less than 1% of the total region analyzed, this sequence
incurs a remarkably high frequency of de novo telomere addition.

To eliminate concern that telomere addition arises from a pro-
pensity for DNA breakage within or near this region, we utilized a
second approach in which a site-specific DNA break is introduced
�3 kb distal to SiRTA 5L-35. The strain utilized (25) contains a
single recognition site for the yeast homothallic switching endo-
nuclease (HO endonuclease) within the CAN1 gene (Fig. 1C).
Homologous sequences on chromosome III are deleted to elimi-
nate repair by gene conversion. The HO endonuclease gene is
expressed from a galactose-inducible promoter such that growth
on medium containing galactose results in a DSB �3 kb distal to
SiRTA 5L-35 (Fig. 1C). Most cells accurately repair the DSB, re-
sulting in a cleavage-repair cycle that culminates in cell death.
However, approximately 0.1% of cells survive as a result of muta-
tions at the HO site that prevent further cleavage. These cells have

Obodo et al.

1752 mcb.asm.org June 2016 Volume 36 Number 12Molecular and Cellular Biology

http://mcb.asm.org


incurred small insertions or deletions or have lost all DNA distal to
the HO site. The latter are identified by selection on 5-FOA for
cells lacking the distal URA3 marker (Fig. 1C). We refer to cells
that survive on galactose and have lost the URA3 marker (Galr

5-FOAr colonies) as GCR events. The propensity for GCR forma-
tion to occur at SiRTA 5L-35 is expressed in two ways: (i) as the
overall rate at which GCR formation occurs within SiRTA and (ii)
as the fraction of GCR events that occur within SiRTA. In both
cases, values are the averages (with standard deviations) for at least
three independent experiments with 25 to 35 GCR events analyzed
per experiment.

By PCR analysis (see Fig. S2A in the supplemental material),
25.7% 	 1.9% of GCR events following HO cleavage occurred
within SiRTA 5L-35, 68.3% 	 2.3% occurred between the HO
cleavage site and SiRTA 5L-35, and the remainder occurred in the
centromere-proximal region between SiRTA 5L-35 and the first
essential gene (Fig. 1D). We analyzed a subset of events (69 from
two independent assays) by Southern blotting. Of 18 events that
mapped to SiRTA 5L-35, 17 (94.4%) involved de novo telomere
addition (see Fig. S2B in the supplemental material). Events that
occurred distal to SiRTA 5L-35 fell into two classes. The majority
of distal events (36 of 48) occurred at or immediately adjacent to
the HO cleavage site (within 60 bp), and of those, 75.0% involved
de novo telomere addition. In contrast, only 12 events occurred
within the 3 kb separating the HO site from SiRTA 5L-35 and
58.3% of those events involved de novo telomere addition (see Fig.
S2B in the supplemental material). De novo telomere addition
events at SiRTA 5L-35 are mediated by telomerase since deletion
of RAD52 to eliminate recombination-mediated telomere main-

tenance (26) did not reduce the fraction of GCR events occurring
at SiRTA 5L-35 (see Fig. S3 in the supplemental material).

A sequence internal to the direct target of telomere addition
is required for high levels of de novo telomere addition at SiRTA
5L-35. To identify sequences required to direct high levels of de
novo telomere addition at SiRTA 5L-35, we cloned and sequenced
14 telomere addition events following HO cleavage. Telomere ad-
dition occurred at seven different sites, four of which were used
more than once (Fig. 2A). All 14 events were independent, as
reflected in the divergent telomere sequences added to each (see
Fig. S4 in the supplemental material). Of the 14 telomere addi-
tions, 8 (57.1%) occurred within the original 23-bp TG-rich se-
quence defined by Stellwagen et al. (16). Interestingly, very few
events occurred at the centromere-proximal end of SiRTA 5L-35,
despite the telomere-like nature of that sequence (Fig. 2A).

To determine which sequences contribute to the high rate of de
novo telomere addition, we created a series of mutations, dia-
grammed in Fig. 2A. Mutation of the 23-bp TG-rich sequence in
which telomere addition frequently occurs (each base mutated
to its complement) decreased the overall frequency of GCR
events at SiRTA 5L-35 16-fold (Fig. 2B, mutation a) and re-
duced the percentage of total GCR events mapping to SiRTA
5L-35 from 25.7% 	 1.9% to 4.8% 	 2.5% (see Fig. S5 in the
supplemental material). In contrast, mutation of the neighboring
sequence (mutation b) did not significantly change the overall rate
of GCR formation (Fig. 2B), with 20.3% 	 3.7% of the GCR
events mapping to SiRTA 5L-35 (see Fig. S5 in the supplemental
material). To address a potential role for the TG-rich sequence at
the centromere-proximal end of SiRTA 5L-35, we mutated this

FIG 1 SiRTA 5L-35 incurs a high frequency of de novo telomere addition relative to flanking sequences. (A) Schematic of chromosome V GCR assay system.
Filled triangles represent the terminal telomeric repeats. Throughout the figures, chromosome arms are diagrammed with the telomere to the right. This
convention places the 3= terminus upon which telomerase directly acts on the top strand of DNA. (B) Distribution of spontaneously occurring GCR events in the
WT strain. GCR events were mapped by multiplex PCR (see Fig. S1 in the supplemental material) to one of the three regions indicated in panel A. The type of
event (telomere addition or “other”) was determined by Southern blotting. A total of 29 events were analyzed. The enrichment of GCR events within the 84-bp
SiRTA relative to the expected frequency (assuming a random distribution of GCR events across the 11.5-kb target region) was significant by Fisher’s exact test
(P 
 0.001). (C) Schematic of the chromosome V HO-inducible GCR assay system. Expression of the HO endonuclease is induced by growth on medium
containing galactose, and the site of HO cleavage is indicated (arrow). (D) Distribution of HO endonuclease-induced GCR events in the WT strain. Data are from
three independent experiments and �30 to 40 GCRs per experiment. Error bars represent standard deviations.
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18-bp region to adenine (mutation c). Although this sequence is
rarely the direct target of telomere addition, the effect on the rate
of GCR formation within SiRTA 5L-35 was nearly as pronounced
as that seen when the target sequences themselves were mutated
(Fig. 2B; compare mutations a and c) and only 5.6% 	 2.1% of
total GCR events mapped to SiRTA 5L-35 (see Fig. S5 in the sup-
plemental material). Furthermore, only 3 of 5 of those events in-
volved de novo telomere addition (data not shown). While this
sequence enhances telomere addition at SiRTA 5L-35, it is insuf-
ficient to support high levels of de novo telomere addition since a
strain containing only the centromere-proximal sequences (mu-
tation d) underwent a low rate of GCR formation within SiRTA
5L-35 with a small fraction of GCR events at SiRTA 5L-35 (4.4% 	
1.9%) (Fig. 2B; see also Fig. S5 in the supplemental material).

We conclude that high levels of telomere addition at SiRTA
5L-35 require a bipartite structure in which one sequence serves as
the primary, direct target of telomere addition (the SiRTA Core;
defined by mutation a), while the other sequence (SiRTA Stim;
defined by mutation c) stimulates telomere addition within or
near the Core sequence. The spacer between these sites makes no
sequence-specific contribution to the stimulation of de novo telo-
mere addition.

The Core and Stim sequences of SiRTA 5L-35 are sufficient to
stimulate high levels of de novo telomere addition at an ectopic
site. Given that the spacer between the SiRTA 5L-35 Core and
Stim sequences could be mutated with little effect on telomere
addition, we tested the effect of deleting this sequence (Fig. 3A).
Strikingly, the overall rate of GCR formation within SiRTA 5L-35
following HO cleavage increased 36-fold compared to the wild-
type SiRTA 5L-35 (spacer�) (Fig. 3B), and 74.2% 	 15.6% of total
GCR events occurred within SiRTA 5L-35. Analysis by Southern
blotting of 35 GCR events from one representative assay showed
that all 28 events within SiRTA 5L-35 spacer� involved de novo
telomere addition (data not shown). In addition, 5 of the remain-
ing 7 events, originally classified as telomere proximal by PCR,
actually involved telomere addition within 100 bp of the spacer�
variant of SiRTA 5L-35. No events of this type were observed
among 69 GCR events characterized in the wild-type (WT) strain.

We took advantage of this remarkably high level of de novo
telomere addition to ask whether the SiRTA 5L-35 Core and Stim
sequences are sufficient to confer this property to an ectopic site. A
49-bp sequence containing the SiRTA 5L-35 Core and Stim se-
quences (SiRTA-spacer�) was integrated within nonessential se-
quences on chromosome VII-L, �20 kb from the first essential

FIG 2 High rates of telomere addition at SiRTA 5L-35 require two separable sequences. (A) Top schematic, sequence of SiRTA 5L-35 with arrows indicating sites
of de novo telomere addition. The most 3= chromosomal nucleotide with identity to the cloned de novo telomere is indicated. Individual cloned sequences are
shown in Fig. S4 in the supplemental material. Numbers above arrows indicate the number of independent telomere addition events mapped to each site. Stim,
Spacer, and Core are defined in the text. Bottom schematic, mutations created in SiRTA 5L-35. Uppercase letters represent unchanged nucleotides, lowercase
letters enclosed in box represent mutated nucleotides, and the dashed line indicates deleted nucleotides. (B) Core and Stim sequences contribute to the formation
of GCR events within SiRTA 5L-35. The frequency (%) at which GCR events occur within SiRTA 5L-35 following induction of HO endonuclease expression on
medium containing galactose is shown for the WT strain and for the mutant strains as depicted in panel A. Averages from three independent replicates are shown
with standard deviations. Mutants marked with an asterisk are significantly different from WT (P 
 0.05) by analysis of variance (ANOVA) with post hoc Tukey’s
honestly significant difference (HSD).
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gene (BRR6). The galactose-inducible HO cleavage cassette was
placed 3 kb telomere proximal to the ectopic SiRTA sequence, and
URA3 was integrated to monitor the rate of terminal deletion (Fig.
3C). A strain containing only the HO cleavage site and URA3
marker served as a control.

In the control strain, no GCR events were observed within a
542-bp sequence corresponding to the insertion site and 72.2% 	
6.9% of the GCR events occurred centromere-proximal to this
location (Fig. 3D). In striking contrast, 67.6% 	 10.8% of total
GCR events in the experimental strain occurred within SiRTA-
spacer� and only 5.7% 	 2.8% mapped to the centromere-prox-
imal region (Fig. 3D). Southern analysis was conducted on 35
events from a single experiment. Of 22 events mapped by PCR to
the SiRTA-spacer� sequence, 20 (91%) involved telomere addi-
tion. Furthermore, of 12 events that mapped telomere proximal to
the SiRTA-spacer� sequence, all but one involved telomere addi-
tion within 100 bp of SiRTA-spacer�. Therefore, in this subset of
35 GCR events, 91.4% involved de novo telomere addition within
or immediately adjacent to the SiRTA-spacer� insert. The overall
rate of GCR formation within SiRTA-spacer� was modestly (2.7-

fold) lower on chromosome VII than at the endogenous location
on chromosome V but still much higher than that observed for the
endogenous SiRTA 5L-35 (Fig. 3B).

Taken together, these results indicate that the SiRTA 5L-35
Core and Stim sequences are sufficient to support de novo telo-
mere addition following a distal chromosome break. Reducing the
spacing between the stimulatory and core sequences dramatically
increases the rate of de novo telomere addition. Interestingly, se-
quences located within approximately 100 bp of the SiRTA nucle-
ate telomere addition when the spacer sequence is deleted, most
likely because the stimulatory sequence is now closer to these sites.

Sequences that bind Rap1 and Cdc13 stimulate de novo telo-
mere addition at SiRTA 5L-35. We reasoned that the enhancing
properties of SiRTA Stim may arise from one or more proteins
bound at that site. Given the TG-rich nature of this sequence, we
investigated the ability of Rap1 and Cdc13 to bind the SiRTA Stim
sequence in vitro. Rap1 is a double-stranded DNA binding protein
that binds at high frequency within the endogenous telomeric
repeat (27) but binds additional internal chromosomal sites as a
transcription factor (28). Cdc13 binds the single-stranded over-

FIG 3 The SiRTA Stim and Core sequences are sufficient to stimulate de novo telomere addition at an ectopic location. (A) Top schematic, sequence of SiRTA
5L-35 as described for Fig. 2A. Bottom schematic, spacer� mutation created in SiRTA 5L-35. The dashed line indicates deleted nucleotides. (B) The absolute
frequency (% total cells) of GCR formation at SiRTA 5L-35 is shown for the spacer� variant at its endogenous location on chromosome V and at an ectopic site
on chromosome VII. Data for WT SiRTA 5L-35 are shown for comparison (same as Fig. 2B). Values are the averages from three independent experiments with
standard deviations. (C) Schematic of the modified left arm of chromosome VII. Sizes of the regions between the integrated spacer� sequence and either the HO
cleavage site (telomere proximal) or the most distal essential gene (BRR6; centromere proximal) are indicated. (D) The percentage of GCR events occurring in
each indicated region on chromosome VII is shown for the experimental strain (SiRTA 5L-35 spacer�) and a control strain (no integration). In the control strain,
no GCR events were observed in the 219-bp region that is replaced by the spacer� variant in the experimental strain. Values are averages from three independent
experiments with standard deviations.
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hang at the yeast telomere (29–33) and could bind at SiRTA Stim
following resection of a DSB at a distal site.

Electrophoretic mobility shift assays (EMSAs) were performed
using recombinant Rap1 and the DNA binding domain of Cdc13
(Cdc13-DBD; amino acids 497 to 694) to monitor binding to dou-
ble-stranded or single-stranded target DNAs, respectively. The
DNA binding domain of Cdc13 alone closely mimics the binding
specificity of the full-length protein (21). Indeed, the endogenous
SiRTA Stim sequence is bound by both Rap1 (Fig. 4A and B, probe
I) and by Cdc13-DBD (Fig. 4A and C, probe III). As predicted, the
poly(A) mutation that disrupts SiRTA Stim function (Fig. 2) re-
duces binding by Rap1 and Cdc13-DBD (Fig. 4A to C, probes II,
IV, and V), consistent with one or both of these proteins playing a
role in the stimulation of de novo telomere addition.

To address whether binding by Rap1 and/or Cdc13 is sufficient
to stimulate de novo telomere addition, we designed a sequence
predicted to contain two tandem Rap1 binding sites and to have
the ability to bind Cdc13. By EMSA, this sequence (Fig. 4D, Stim-
Subst) binds Rap1 with higher affinity than the endogenous
SiRTA Stim sequence (Fig. 4B and E, compare binding to probes I
and VI) and also binds Cdc13-DBD (Fig. 4F, probes VIa and VIb).
The Stim-Subst sequence was integrated in place of the SiRTA
Stim sequence on chromosome V, and the frequency of GCR
events at SiRTA 5L-35 was measured. Consistent with either Rap1
and/or Cdc13 playing a role in the stimulation of telomere addi-
tion, this artificial sequence stimulated GCR events at SiRTA
5L-35 at a rate equivalent to the endogenous sequence and in-
creased the fraction of GCR events occurring within SiRTA 5L-35
(Fig. 4G).

To verify that the Stim-Subst sequence is not the direct target of
telomere addition, we designed a reverse primer within the SiRTA
spacer sequence that generates a PCR product only if a de novo
telomere is added within or near the SiRTA Core sequence (see
Fig. S6 in the supplemental material). Consistent with our se-
quencing results in the WT strain, in which 12 of 14 (85.7%)
telomere addition events were located distal to SiRTA Stim
(Fig. 2A), 17 of 20 (85.0%) previously uncharacterized events
generated a PCR product in this assay (see Fig. S6 in the sup-
plemental material). Importantly, PCR product was obtained
in 34 of 35 (97.1%) SiRTA GCR events in the Stim-Subst strain
(see Fig. S6 in the supplemental material), indicating that Stim-
Subst enhances the probability of telomere addition within the
SiRTA Core.

To test whether stimulation is orientation dependent, we in-
verted the Stim-Subst sequence. Inversion reduced the rate of
GCR formation at SiRTA 5L-35 2.8-fold and reduced the frac-
tion of GCR events within SiRTA 5L-35 from 47.8% 	 7.1% to
10.4% 	 6.8% (Fig. 4G). Rap1 is expected to retain binding to
the Stim-Subst sequence regardless of orientation. In contrast, the
ability of Cdc13 to bind requires orientation-dependent exposure
of its single-stranded TG-rich binding site during resection from a
distal double-strand break, suggesting that Cdc13 may be the
functionally relevant protein in this context.

Binding of Cdc13 within SiRTA Stim is sufficient to drive de
novo telomere addition at the neighboring Core sequence. To
distinguish the effects by Rap1 and Cdc13, we designed sequences
to support differential binding. To create a sequence that binds
Rap1 but not Cdc13, we began with the Stim-Subst sequence con-
taining two sites predicted to bind Rap1 separated by an AC-rich
spacer sequence (Fig. 4D and 5A, probe VI). Since the 5= portion

of this sequence binds weakly to Cdc13-DBD (Fig. 4F, probe VIa),
we mutated only the most 3= residue in this repeat, a change pre-
dicted to retain Rap1 association but disrupt Cdc13 binding. At
the second Rap1 site, we mutated both that same 3=nucleotide and
several nucleotides that lie adjacent to the defined Stim sequence
(Fig. 5A, probe VII). As shown in Fig. 5B, the engineered “Rap1
only” sequence binds Rap1 with higher affinity than either the
original SiRTA-Subst sequence or the endogenous SiRTA Stim.
Mutations in the second Rap1 binding site essentially eliminate
Cdc13-DBD binding to this sequence (compare Fig. 4F, probe
VIb, with Fig. 5C, probe VIII).

We took a similar approach to create a sequence capable of
binding Cdc13 and not Rap1. Here, the starting sequence was 11
bases shown to support strong association with Cdc13 (31) (Fig.
5A, probe IX). The second base of this sequence (known to have
little or no effect on Cdc13 binding [34]) was mutated to reduce
similarity with the Rap1 binding consensus, and two of these sites
were placed in tandem. As shown in Fig. 5B, this “Cdc13 only”
sequence shows no detectable binding to Rap1 (probe X). Binding
of this sequence to Cdc13 was measured using two probes that
monitor binding to the 5= (probe XI) or 3= (probe XII) repeat. The
3= repeat shows similar affinity for Cdc13-DBD as the 11-base
consensus sequence (Fig. 5C, compare probes IX and XII), and
both of these probes are bound more strongly than is the endog-
enous SiRTA Stim (Fig. 5C, probe III). The 5= repeat is also bound
by Cdc13-DBD, although more weakly than the 3= repeat (Fig. 5C,
probe XI). In conclusion, these in vitro binding analyses demon-
strate that binding by Rap1 and Cdc13 can be separated, allowing
us to test the specific effects of these proteins on SiRTA 5L-35
function.

The sequences defined above were integrated in place of the
endogenous SiRTA Stim sequence on chromosome V (Fig. 5D).
Integration of the “Rap1 only” sequence reduced the overall fre-
quency of GCR formation at SiRTA 5L-35 to about one-half that
of the Stim-Subst sequence upon which it is based, a rate similar to
that observed for the Stim-Subst inverted sequence (compare Fig.
5D with Fig. 4G). In contrast, the sequence containing only bind-
ing sites for Cdc13 resulted in a GCR rate 8-fold higher than that of
the endogenous sequence; 70.0% 	 9.8% of all GCR events oc-
curred within SiRTA 5L-35 (Fig. 5D), and all of those events were
the result of de novo telomere addition (data not shown). We again
used a PCR-based strategy to determine where telomere addition
occurred within SiRTA 5L-35. Despite the telomere-like nature of
the “Cdc13 only” sequence, 50 of 63 (79.4%) de novo telomeres
were added at least 20 bp distal to that site (see Fig. S6 in the
supplemental material).

To confirm the ability of Cdc13 to stimulate de novo telomere
addition, we replaced the SiRTA Stim sequence with two copies of
the Gal4 upstream activating sequence (stim::2XUAS), which is
recognized by the Gal4 DNA binding domain (35) (GBD) (Fig.
6A). Into this strain, we introduced either an empty vector or a
plasmid expressing a fusion of GBD with full-length Cdc13 or
Rap1. As expected, the strain containing stim::2XUAS and empty
vector supported a rate of GCR formation at SiRTA 5L-35 indis-
tinguishable from that of a strain containing the stim::poly(A)
mutation (Fig. 6B; comparable to mutation c in Fig. 2). Expression
of the GBD-Rap1 fusion protein in the stim::2XUAS strain failed
to increase the rate of GCR formation at SiRTA 5L-35 (Fig. 6B),
suggesting that Rap1 plays either no role or a minor role in stim-
ulating telomere addition following a DSB.
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FIG 4 The Stim sequence of SiRTA 5L-35 binds Cdc13 and Rap1 in vitro and can be functionally replaced with a sequence that binds both proteins. (A) Top
schematic, sequence of SiRTA 5L-35 as described for Fig. 2A. Bottom schematic, sequences of probes utilized for Cdc13-DBD and Rap1 binding assays. Mutated
bases are shown in lowercase letters. Probes are identified with Roman numerals, and this numbering is maintained throughout the figures. Probes I and II are
double stranded; probes III to V are single stranded. (B) Binding of recombinant Rap1 to probe I (WT SiRTA 5L-35) and probe II [Stim poly(A) mutation, Fig.
2A]. The mobility of free probe (F) and two bound complexes (C1 and C2) is indicated. The fraction of probe bound when utilizing 500 nM Rap1 is quantified
on the right from three independent experiments. Error bars represent standard deviations. (C) Binding of recombinant Cdc13-DBD to probes III, IV, and V, as
indicated. Probe III contains the WT SiRTA 5L-35 sequence. Probes IV and V contain the Stim poly(A) mutation from Fig. 2A. This sequence was tested in two
pieces to avoid the formation of secondary structure. The mobility of free probe (F) and bound complex (C) is indicated. (D) The sequence shown was designed
to contain two predicted Rap1 binding sites (bold) separated by a linker sequence (lowercase letters). Probe VI is double stranded and is utilized in data shown
in panel E. Probes VI-a and VI-b are single-stranded sequences as indicated and are utilized in data shown in panel F. (E) Binding of the indicated concentration
of recombinant Rap1 to probe VI. (F) Binding of the indicated concentration of recombinant Cdc13-DBD to probes VI-a or VI-b. For panels E and F, the average
fraction of probe bound was determined from three independent experiments. Error bars represent standard deviations. (G) The SiRTA 5L-35 Stim sequence
(indicated by brackets) was replaced at the endogenous locus on chromosome V with the three sequences depicted here. Stim-Subst is identical to the sequence
of Probe VI. Stim-Subst inv is the reverse complement of the Stim-Subst sequence. Average results and standard deviations from three HO cleavage assays are
shown as the absolute frequency (%) of GCR formation within SiRTA 5L-35 (left graph) or the percentage of total GCR events that occur within SiRTA 5L-35
(right graph). Samples with statistically different values by ANOVA with post hoc Tukey’s HSD are indicated (*, P 
 0.05; **, P 
 0.01).
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In contrast, expression of the GBD-Cdc13 fusion protein in
the stim::2XUAS strain increased the rate of GCR formation at
SiRTA 5L-35 nearly 15-fold relative to the strain containing
vector only (Fig. 6B). This increase is largely attributable to the
recruitment of GBD-Cdc13 to the 2XUAS sequences on chro-
mosome V since expression of the fusion protein in the stim::

poly(A) strain had no significant effect on GCR formation at
SiRTA 5L-35 compared to the same strain containing the
empty vector (Fig. 6B).

Taken together, these results are consistent with a model in
which resection of the 5= strand following a DSB exposes one or
more sites at which Cdc13 is able to associate with the SiRTA Stim

FIG 5 The rate of de novo telomere addition at SiRTA 5L-35 correlates with the ability of the SiRTA Stim sequence to bind Cdc13. (A) Probes utilized for
Cdc13-DBD and Rap1 binding assays. Probes I, III, and VI are identical to those described for Fig. 4. Probes followed by “Rap1 EMSA” are double stranded. Those
indicated with “Cdc13 EMSA” are single stranded. (B) Binding of the indicated concentration of recombinant Rap1 to double-stranded probes shown in panel
A. (C) Binding of the indicated concentration of recombinant Cdc13-DBD to single-stranded probes shown in panel A. In panels B and C, the average fraction
of probe bound was determined from three independent experiments. Error bars represent standard deviations. (D) The SiRTA 5L-35 Stim sequence (indicated
by brackets) was replaced at the endogenous locus on chromosome V with the sequences depicted here. Average results and standard deviations for three HO
cleavage assays are shown as absolute frequency (%) of GCR formation within SiRTA 5L-35 (left graph) or percentage of total GCR events within SiRTA 5L-35
(right graph). Averages indicated with 2 asterisks are significantly different (P 
 0.01) by unpaired Student’s t test.
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sequence. Such binding is required to increase the rate at which
the more telomere-proximal Core sequence is capable of nucleat-
ing de novo telomere addition and explains why the telomere-like
SiRTA 5L-35 Core sequence alone is insufficient to maintain a
high rate of GCR formation at that site.

A second SiRTA on chromosome IX also has a bipartite
structure. In searching for additional sequences with the hall-
marks of a SiRTA, we identified a TG-rich sequence within the
BNR1 gene. This site is located �16 kb distal to the first essential
gene, MCM10, on chromosome IX-L. We integrated the HO rec-
ognition site �3 kb distal to this sequence (Fig. 7A) in a strain that
expresses the HO endonuclease under galactose regulation and
placed URA3 on the distal arm, allowing us to select GCR events as
described above for SiRTA 5L-35. Our PCR strategy was designed
to capture GCR events occurring in the most prominent TG-rich
sequence (Fig. 7B, Core 1). However, Southern blotting revealed a
second cluster of de novo telomere addition events �130 bp distal
to the original sequence (Fig. 7B, Core 2; see also Fig. S7 in the
supplemental material). These two sequences result in a combined
frequency of GCR formation of 0.015% 	 0.006%, approximately
three times higher than the rate observed at SiRTA 5L-35
(Fig. 7C). We subsequently refer to this site as SiRTA 9L-44

(SiRTA, 44 kb from the left telomere of chromosome IX). Similar
to SiRTA 5L-35, 33.0% 	 1.4% of the GCR events obtained on
chromosome IX occurred within SiRTA 9L-44 (including both
Core sequences) (Fig. 7D). Interestingly, although Core 1 lies cen-
tromere proximal to Core 2 (and therefore will be rendered single-
stranded after Core 2 in response to a distal DSB), 28.2% 	 5.2%
of all GCR events occurred within Core 1, while 4.8% 	 4.4%
occurred in Core 2 (data not shown), suggesting that Core 1 is
more efficiently targeted. No GCR events occurred within the
�16-kb region between SiRTA 9L-44 and the first essential gene
(Fig. 7D).

Given that we identified a stimulatory sequence within SiRTA
5L-35 capable of binding to Cdc13 (Fig. 2 and 4), we sought to
identify similar sequence(s) that may contribute to telomere ad-
dition at SiRTA 9L-44. Using EMSA, we identified two sites that
bind Cdc13-DBD in vitro (Cdc13 BS1 and Cdc13 BS2) (Fig. 7B
and E). Mutation of Cdc13 BS1 to polyadenine had no effect on
the overall frequency of GCR events at SiRTA 9L-44 relative to WT
(Fig. 7F), although the fraction of GCR events that occurred
within SiRTA 9L-44 was significantly reduced (from 33.0% 	
1.4% to 21.4% 	 6.2% [Fig. 7G]). This reduction occurred
specifically at Core 1, since the fraction of events at Core 2
remained similar to WT (4.8% 	 4.4% in WT versus 7.5% 	
1.5% in BS1). Of the GCR events that occurred at SiRTA 9L-44
when Cdc13 BS1 was mutated, 4.6% 	 4.2% were not de novo
telomere addition events, a phenomenon never observed in
WT cells (Fig. 7G). Together, these results suggest a minor
contribution by Cdc13 BS1 to the high rate of de novo telomere
addition at SiRTA 9L-44.

In contrast, mutation of Cdc13 BS2 to polyadenine strongly
reduced the overall rate of GCR formation at SiRTA 9L-44
(�18-fold) (Fig. 7F). Only 3.5% 	 1.3% of GCR events oc-
curred within SiRTA 9L-44 (Fig. 7G), and none were within
Core 2. Cdc13-DBD binds similarly to BS1 and BS2 in vitro,
suggesting that the efficacy of these sequences in stimulating
telomere addition correlates poorly with the strength of bind-
ing by Cdc13 (compare Fig. 7E, F, and G). The functional dif-
ference between these sequences may be explained, at least in
part, by their differing proximity to the sites of de novo telo-
mere addition at Core 1 and Core 2.

In conclusion, we identified a SiRTA on chromosome IX that
bears striking similarities to the SiRTA on chromosome V. Both
SiRTAs contain TG-rich tracts within which telomere addition
occurs, and the high rate of de novo telomere addition at these
SiRTAs relative to neighboring sequences can be attributed to
stimulatory sequences that lie centromere proximal to the major
sites of telomere addition. Finally, EMSA analysis shows that
Cdc13 binds these stimulatory sequences in vitro. Thus, increased
telomerase activity at SiRTAs is likely achieved, at least in part, by
the association of Cdc13 with one or more stimulatory sequences
upstream of the sites of actual de novo telomere addition.

DISCUSSION

Endogenous sites of de novo telomere addition can affect genome
stability and have been associated with cancer (36) and congenital
disorders (37–39). While S. cerevisiae provides a useful model sys-
tem to study mechanisms of de novo telomere addition, most stud-
ies utilize artificial sequences to stimulate telomere formation.
The goal of this study was to examine naturally occurring sites at
which de novo telomere addition is greatly favored and to identify

FIG 6 Artificial recruitment of Cdc13 to the SiRTA 5L-35 stimulatory site
increases the rate of GCR formation. (A) The SiRTA 5L-35 Stim sequence was
replaced with two tandem copies of the Gal4 upstream activating sequence
(2� UAS) or with a string of adenines [poly(A); identical sequence to that of
mutation d in Fig. 2A]. (B) The rate of GCR formation within SiRTA 5L-35 is
shown for strains containing either the 2� UAS or poly(A) sequences inte-
grated in place of SiRTA 5L-35 Stim. Cells are transformed with pRS314
(empty vector) or with pRS414 expressing either CDC13 or RAP1 as N-termi-
nal fusions with the Gal4 DNA binding domain (GBD). Values for the three
rightmost columns are maximum estimates (see Materials and Methods). Er-
ror bars indicate standard deviations for three independent experiments. Av-
erages indicated with 2 asterisks are significantly different (P 
 0.01) by
ANOVA with post hoc Tukey’s HSD.
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cis- and trans-acting factors contributing to this property. We
characterized two genomic sites (SiRTAs) at which de novo telo-
mere addition occurs at a remarkably (at least 200-fold) increased
rate compared to neighboring sequences. Zakian and colleagues
reported a third hot spot of de novo telomere addition on chro-

mosome VII at a location 50 kb internal to an HO cleavage site
(40). Unlike the two sequences studied here, the chromosome VII
site lies internal to the last essential gene on the chromosome arm
(a disomic strain lacking RAD52 was used to maintain viability
and limit homologous recombination). Given the ease with which

FIG 7 A site at which de novo telomere addition occurs at high frequency on chromosome IX (SiRTA 9L-44) has an organization similar to that of SiRTA 5L-35.
(A) Schematic of the left arm of chromosome IX. Sizes of the regions between SiRTA 9L-44 and either the HO cleavage site (telomere proximal) or the most distal
essential gene (MCM10; centromere proximal) are indicated. (B) Top schematic, sequence of SiRTA 9L-44 with vertical arrows indicating sites of de novo
telomere addition. The sequence is oriented with the telomere to the right so that the DNA strand depicted is the direct 3= primer upon which telomerase acts.
In each case, the most 3= chromosomal nucleotide with identity to the cloned de novo telomere is indicated. Numbers above arrows indicate the number of
independent telomere addition events mapped to each site. Sequences predicted to bind Cdc13 are underlined (Cdc13 BS1 and Cdc13 BS2). Bottom schematic,
mutations created in SiRTA 9L-44. Uppercase letters represent unchanged nucleotides; lowercase letters enclosed in box represent mutated nucleotides. (C) The
absolute frequency (%) of GCR events within SiRTA 5L-35 or SiRTA 9L-44 is shown. (D) The percentage of GCR events occurring in each indicated region on
chromosome IX is shown. No GCR events were observed in the region centromere proximal to SiRTA 9L-44. Values in panels C and D are averages for three
independent experiments with standard deviations. (E) Binding of the indicated concentration of recombinant Cdc13-DBD to single-stranded probe IX (Fig. 5A)
or single-stranded probes corresponding to the underlined sequences in panel B. The average fraction of probe bound was determined from three independent
experiments. Error bars represent standard deviations. (F) The BS1 mutant (mut) and BS2 mut sequences shown in panel B were inserted at the endogenous
SiRTA 9L-44 locus on chromosome IX, and the absolute frequency (%) of de novo formation within SiRTA 9L-44 was determined. (G) The percentage of total
GCR events that occur within SiRTA 9L-44 for WT and the indicated mutant strains is shown. GCR events involving de novo telomere addition were identified
by Southern blotting; any event that does not involve telomere addition is classified as “other.” Results in panels F and G are the averages and standard deviations
for three independent experiments. Samples with statistically different values by ANOVA with post hoc Tukey’s HSD are indicated (*, P 
 0.05; **, P 
 0.01).
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these sites have been found, it seems likely that additional SiRTAs
remain to be identified.

While many assays of de novo telomere addition utilize short
telomeric tracts placed immediately adjacent (within 20 to 30 nu-
cleotides [nt]) to the HO cleavage site (for examples, see refer-
ences 12 and 41 to 43), the natural SiRTAs described here are
located several kilobases internal to the induced break, requiring
extensive resection prior to telomere addition. In our assays, we
also observe telomere addition at or very close to the HO cut site
(see Fig. S2 in the supplemental material). This propensity is at
least partially a consequence of the TGTT-3= overhang produced
by HO endonuclease cleavage. When the recognition site is in-
verted to generate the complementary ACAA-3= overhang, de
novo telomere addition at the HO site is reduced and the fraction
of events at SiRTA 5L-35 is increased (data not shown). Given
these observations, studies of telomere addition at endogenous
sites located at a distance from an induced break may more faith-
fully capture the mechanism of repair of a random chromosomal
break than models in which a telomeric seed sequence is inten-
tionally placed adjacent to the HO cleavage site.

We observe that both SiRTA 5L-35 and 9L-44 contain se-
quences that enhance telomerase action but act rarely, if ever, as
the direct target of telomerase action (SiRTA Stim sequences).
Because the telomere-binding proteins Cdc13 and Rap1 stimulate
de novo telomere addition at artificial sequences in S. cerevisiae
(12–15, 43), we hypothesized that one or both of these proteins
could be responsible for the enhancing activity of the Stim se-
quence. Although Cdc13 and Rap1 bind similar sequences, we
were able to design artificial sequences that bind with great pref-
erence to one protein as measured in vitro. Using this approach,
we found that a sequence designed to facilitate Cdc13 binding is
much more effective in the stimulation of de novo telomere addi-
tion than one binding primarily Rap1 (Fig. 5D). Importantly, ar-
tificial recruitment of GBD-Cdc13 to SiRTA 5L-35 (Fig. 6) led to
high frequencies of telomere addition, suggesting that Cdc13
binding, and not the TG-rich sequences per se, stimulates de novo
telomere addition. Replacement of Stim with the “Rap1 only”
sequence did not reduce telomere addition as dramatically as the
replacement of Stim with a poly(A) sequence or with the Gal4
UAS (compare Fig. 5D with Fig. 2B and 6B), so binding by Rap1
may also contribute to the stimulation of de novo telomere addi-
tion. Consistent with the proposal that binding by Cdc13 is im-
portant for the stimulatory effect of the Stim sequence, we find
that high levels of telomere addition at SiRTA 9L-44 require a
sequence capable of binding Cdc13 (Fig. 7B, BS2) and that this
sequence stimulates telomere addition over a distance of more
than 100 bp. Rap1 does not bind to the BS2 sequence in vitro (data
not shown), suggesting that Cdc13 is sufficient to stimulate de
novo telomere addition at this SiRTA.

The stimulation of de novo telomere addition by telomere-like
sequences located internal to the site of telomerase action has been
previously observed in both artificial and natural contexts. For
example, de novo telomeres generated following DNA cleavage
by HO endonuclease near a TG-rich seed sequence are fre-
quently added at the 3= overhang of the HO endonuclease tar-
get site rather than within the telomeric seed itself (23). At the
SiRTA on chromosome VII reported by Mangahas et al. (40),
telomere addition occurs at several closely spaced sequences
located 37 to 49 bp distal to a 35-bp GT dinucleotide repeat.
This sequence matches the GXGT(T/G)7 consensus for Cdc13

binding (34), consistent with the GT dinucleotide repeat acting
as a Stim sequence in the manner that we report here for SiR-
TAs 5L-35 and 9L-44. However, as is the case at SiRTA 5L-35,
the TG dinucleotide tract on chromosome VII may also bind
Rap1 (44), so a contribution of Rap1 to Stim function cannot
be ruled out.

Kramer and Haber reported that de novo telomere addition
occurs �15 to 100 bp distal to an ectopic tract of 13 T2G4 repeats
(Tetrahymena thermophila telomeric sequence), and a similar
phenomenon was reported for plasmid substrates (45, 46). The
Tetrahymena telomeric sequence contains the GXGT(T/G)7 con-
sensus sequence for Cdc13 binding (34), although a (T2G4)3 oli-
gonucleotide was shown to compete poorly with the yeast telo-
meric sequence for Cdc13 binding in vitro (29). This short
sequence is predicted to contain only a single Cdc13 binding site,
while the tract of 13 repeats utilized by Kramer and Haber has
multiple potential binding sites (45). Combined with our obser-
vation that the Stim sequences in both SiRTA 5L-35 and 9L-44
bind Cdc13 with lower affinity than an optimized sequence from
the yeast telomere (Fig. 5C and 7E), it is reasonable to suggest that
the stimulatory effect observed by Kramer and Haber is due to
Cdc13 binding to the ectopic T2G4 tract.

How might the bipartite structure of SiRTA 5L-35 facilitate de
novo telomere addition? Genetic and biochemical analyses suggest
that Cdc13 protects telomeres from extensive 5= strand degrada-
tion (47–50). One possibility is that Cdc13 bound to the Stim
sequence inhibits resection past SiRTA, thereby providing a grace
period to allow for the formation of a stable telomere at the Core
sequence. However, inhibition of resection alone does not ac-
count for the increased efficacy of Stim when it is brought in
close proximity to Core (Fig. 3B). Another possibility is that
Cdc13 must be bound to both the Stim and Core sequences to
stably recruit telomerase to the SiRTA. This proposal is con-
gruent with the results of Hirano and Sugimoto that show
greatly increased stimulation of telomerase recruitment and de
novo telomere addition when two tandem Cdc13 binding sites
are placed adjacent to an HO-induced break, compared to the
effect of a single site (43).

In addition to its C-terminal oligonucleotide/oligosaccharide
binding (OB) fold domain (also known as its DNA-binding do-
main), Cdc13 contains an N-terminal OB fold that is involved in
Cdc13 dimerization (51). The minimal binding site for both full-
length Cdc13 and its isolated DBD is an 11-mer TG1–3 sequence.
However, as demonstrated by EMSA, the Cdc13 N-terminal OB
fold, which exists as a stable dimer in solution, does not bind to
this 11-mer but binds with stronger affinity to single-stranded
DNA (ssDNA) sequences at least 37 nucleotides long (51). These
observations support a model in which each Cdc13 monomer
binds to a separate site on a single molecule of ssDNA, with opti-
mal binding depending on the distance between the two sites.
Finally, mutations that disrupt Cdc13 dimerization in vitro cause
telomere shortening when introduced in vivo (51). We propose
that dimerization between Cdc13 monomers bound to the Stim
and Core sequences is required to stably recruit telomerase to the
SiRTA. This model additionally accounts for the increased efficacy
of Stim when it is juxtaposed with Core, since in that context, the
distance between the two monomers may be more optimally
suited to stable telomerase recruitment.
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