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Regulation of homologous recombination at telomeres in budding yeast
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Homologous recombination is suppressed at normal length telomere sequences. In contrast, telo-
mere recombination is allowed when telomeres erode in the absence of telomerase activity or as
a consequence of nucleolytic degradation or incomplete replication. Here, we review the mecha-
nisms that contribute to regulating mitotic homologous recombination at telomeres and the role
of these mechanisms in signalling short telomeres in the budding yeast Saccharomyces cerevisiae.
� 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
1. Introduction

Telomeres are conserved nucleo-protein complexes that define
the physical ends of eukaryotic chromosomes and ensure their sta-
bility by facilitating efficient replication and by preventing unti-
mely recognition by the DNA damage machinery. Telomere
length is dynamic and primarily determined by the balance be-
tween loss of telomere sequences due to the ‘‘end-replication prob-
lem”, i.e. the inability of DNA polymerase to fully replicate the
telomere termini, and gain of telomere sequences by telomerase-
mediated extension of telomere ends. Telomerase is a reverse
transcriptase with an intrinsic RNA template [1] and was first iden-
tified in Tetrahymena [2]. In Saccharomyces cerevisiae, telomerase
comprises the RNA template TLC1 and the catalytic subunit Est2
[3–5]. TLC1 anneals to the extreme terminus of the telomeres
and is used as a template for telomere extension by Est2 [5]. Reg-
ulation of telomerase activity in vivo additionally requires Cdc13,
Est1 and Est3, although these proteins are not directly involved
in the catalytic activity of telomerase [6,7]. Deletion of EST1 or
EST3 results in shorter telomeres (EST: Ever Shorter Telomeres)
and in a replicative senescence phenotype [7,8]. Est1 has been
shown to associate with telomerase via TLC1 [9], while Est3 associ-
ates with telomerase via an OB-fold domain [10]. Since telomeres
are the physical ends of chromosomes, they resemble DNA dou-
ble-strand breaks and are potential targets for the DNA repair
machinery.
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DNA repair is vital for cell survival, because DNA damage con-
tinuously arises as a result of exogenous or endogenous DNA dam-
aging agents or as a result of problems during DNA replication.
Double-strand breaks (DSBs), in which both DNA strands are bro-
ken, are some of the most deleterious lesions. Two pathways can
repair this kind of damage: non-homologous end-joining (NHEJ),
which may require nucleolytic trimming of the DNA at the break
before ligation of the ends [11], and homologous recombination
(HR) [12]. While NHEJ is error-prone, HR is generally considered
error-free, because genetic information is copied from an intact
homologous duplex to restore genetic information disrupted at
the DSB. While NHEJ is the predominant DSB repair pathway in hu-
man cells, HR is preferred in the budding yeast S. cerevisiae. DSBs
are recognized and processed by numerous proteins [13]. When
a DSB occurs, it is first bound by the yKu70–yKu80 (Ku) and/or
the Mre11-Rad50-Xrs2 (MRX) complexes in a competitive fashion
[14–16]. The Ku complex inhibits DSB resection and thereby pro-
motes NHEJ [14], while MRX favors resection, which directs repair
to the homologous recombination pathway. In addition to the
intrinsic nuclease activity of MRX, the Sae2, Sgs1, Dna2 and Exo1
enzymes also contribute to resection of DSBs [17]. The MRX com-
plex recruits the Tel1 kinase [18] to signal the initial checkpoint re-
sponse to a DSB [19,20]. Further, MRX plays a structural role in
tethering the two ends of a DSB [21,22]. In budding yeast, the
resection of a DSB results in the loss of MRX and Tel1 association
[23]. However, the resulting single-stranded DNA (ssDNA) is bound
by replication protein A (RPA), which recruits the Mec1-Ddc2
(ATR-ATRIP) and the Ddc1-Mec3-Rad17 (9-1-1) complexes to
maintain DNA damage checkpoint signalling. RPA also recruits
lsevier B.V. All rights reserved.
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Rad52 to initiate homologous recombination. Rad52 catalyzes dis-
placement of RPA and loads the Rad51 recombinase onto the
ssDNA, thus mediating the formation of a Rad51 filament. Rad51
is responsible for homology search in order to find a homologous
donor sequence, from which the genetic information can be copied
after strand invasion has occurred.

Homologous recombination is regulated at several levels to pre-
vent untimely and deleterious recombination. For example, homol-
ogous recombination is restricted to the S/G2 phase of the cell
cycle by permitting extensive DSB resection only at this phase
[24,25]. Further, recombination at the ribosomal gene locus (rDNA)
is suppressed by exclusion of Rad52, Rad59, Rad51, and Rad55
from the nucleolus and in part by sumoylation of Rad52 [26]. Sev-
eral lines of evidence also suggest that homologous recombination
is controlled by modification of chromatin structure [27–30].

To prevent the telomere ends of chromosomes from being rec-
ognized and processed as DSBs, telomeres are capped by specific
proteins including Rap1, and the Sir2-Sir3-Sir4 and Cdc13-Stn1-
Ten1 complexes, which prevent the DNA damage response from
being activated at telomeres. This is necessary to prevent end-to-
end fusion of chromosomes [31].

In the absence of telomerase, telomeres become shorter with
each replication cycle. In budding yeast, telomeres erode on aver-
age 3–5 bp per mitotic cell cycle, whereas the rate of erosion is
50–100 bp per cell cycle in human cells [3,6,32,33]. Telomere ero-
sion is linked to aging, and it is possible to estimate the age of indi-
viduals based on the average length of their telomeres [34,35].
Indeed, transgenic mice with constitutively short telomeres and
wild-type telomerase show age-associated degenerative symp-
toms [36]. Although telomerase is inactive in most mammalian so-
matic cells, it is active in germ cells. Importantly, telomerase
activity is up-regulated in many cancer cells [37]. In S. cerevisiae,
telomerase is active in wild-type cells. However, telomerase-nega-
tive cells continue to divide for approximately 50 generations until
they enter a permanent cell cycle arrest, also termed replicative
senescence, with critically short telomeres [6].

Nevertheless, a small fraction of telomerase-negative cells sur-
vive replicative senescence by alternative telomere lengthening
mechanisms. These cells are referred to as survivors. In budding
yeast, the predominant mechanism for survivor formation is
RAD52-dependent recombinational telomere elongation (RTE)
[38], which bears resemblance to alternative lengthening of telo-
meres (ALT) in mammalian cells (reviewed in [39,40]).
2. Telomere homeostasis

Telomeres are composed of GC-rich tandem repeats of a degen-
erate TG1–3 sequence with a 12–14 nt single-stranded 30 overhang
termed the G-tail [41]. A variable number of subtelomeric X and Y0

sequences are found immediately adjacent to the telomeric TG1–3

repeats. The length of the tandem TG1–3 repeats is maintained in
the range of 250–350 bp. Telomere length homeostasis is a dy-
namic process that is regulated by switching from a state in which
telomeres are accessible to telomerase to a state where they are
not. As a consequence, telomerase acts preferentially on the short-
est telomeres [42].

In S. cerevisiae, the Rap1 protein binds the double-stranded telo-
meric DNA, while Cdc13 binds the single-stranded G-tail [43]. Rap1
is a cis-acting regulator that negatively affects telomere elongation
by inhibiting resection and telomerase recruitment [44–46]. The
longer the double-stranded telomeric DNA, the greater the amount
of Rapl bound to it, resulting in inhibition of telomerase activity
[33,46].

Cdc13 is a telomere-binding protein that affects telomere
length homeostasis in a dual manner [5,47]. cdc13 mutants were
originally found to display stretches of single-stranded DNA at
telomere-proximal regions [47]. Cdc13 associates with Ten1 and
Stnl [48], which are also able to bind telomeric DNA. The Cdc13-
Stn1-Ten1 (CST) complex has been suggested to act as a telo-
mere-specific RPA-like complex [49]. Recent crystallography data
support this notion [50]. Binding of Cdc13 to single-stranded telo-
meric sequences blocks access of the catalytic site of telomerase to
the G-tail [51]. Genetic data indicate that the interaction between
Stnl and Cdc13 is required for negatively regulating telomerase
activity [52]. Ten1 was found to enhance binding of Cdc13 to
telomeric DNA, thereby also enhancing telomerase inhibition
[53]. Besides this role as a negative regulator, Cdc13 is required
for telomerase recruitment and G strand synthesis [43,54]. Thus
Cdc13 can act as both a negative and a positive regulator of
telomere length homeostasis, depending on whether it is bound
to telomerase (positive regulation) or to Stn1 (negative regulation)
[54].
3. Telomere capping prevents the DNA repair pathways at
chromosome ends

Besides regulating telomere length and telomerase activity, the
telomere capping proteins also play a crucial role in protecting
telomeres from the DNA repair machinery. The importance of telo-
mere capping in this respect is illustrated by the observation that a
conditional mutant of rap1 results in more frequent chromosome
fusions. Since loss of the yKu proteins, Mre11 and Lig4 suppresses
this phenotype, chromosome fusions seem to occur by NHEJ [31].
Recently, it has been shown that Rif2, Sir4 and the central domain
of Rap1 inhibit NHEJ via several independent pathways [55]. Inter-
estingly, the inhibition of NHEJ by Rap1 and Rif2 does not require
the presence of telomeric DNA, since ectopic tethering of the C ter-
minus of Rap1 near a DSB also leads to inhibition of NHEJ. The
authors argue that Rif2 thus might act through inhibition of the
MRX complex [55], which is consistent with the recent finding that
Rif2 competes with Tel1 for binding to the C terminus of Xrs2 [56].
Thus, multiple independent mechanisms are in place to ensure that
telomere fusions do not occur under normal circumstances
[55,57,58].

Telomere capping by Rap1 also inhibits the HR pathway at telo-
meres by suppressing recruitment of the Mec1-Ddc2 checkpoint
complex and the Rad52, Mre11 and RPA recombination machinery
unless telomeres are short [45,59]. For a telomere DSB, this length-
dependent regulation of Mre11 and RPA recruitment seems to re-
quire Rap1 being bound to the DNA, because the regulation is abol-
ished by mutation of the Rap1-binding sequence [45]. However,
some aspects of the cellular response to a telomere DSB may differ
from the response to telomeres that shorten gradually, since for
example the preference for binding of Mec1 to short telomeric
DNA at a DSB is not reflected in a requirement for Mec1 to prefer-
entially extend the shortest telomere during gradual telomere ero-
sion [45,60]. Further, the subtelomeric binding protein Tbf1 also
contributes to telomerase-mediated telomere elongation in tel1D
cells [60]. Importantly, the inhibition of recruitment of HR proteins
is primarily dependent on the central domain of Rap1 and indepen-
dent of Ku, Cdc13, the RIF complex and the C-terminal domain of
Rap1 [45]. Moreover, uncapping of telomeres as a result of muta-
tion of RAP1 leads to nucleolytic resection of telomere sequences,
which may be the underlying mechanism that destines the telo-
meres for recombination [45].
4. Senescence and survival pathways

Leonard Hayflick predicted that cells could only undergo a finite
number of cell divisions before entering a state of senescence, i.e.



Fig. 1. Recombinational telomere elongation. In the absence of telomerase, rare
survivors emerge that maintain their telomeres by homologous recombination in a
RAD52-dependent manner. Type I survivors extend their telomeres by amplifying
the subtelomeric Y0 elements. Besides RAD52, type I survivors require RAD51,
RAD54, RAD55 and RAD57, indicating that they have formed by Rad51-catalyzed
strand invasion. Type II survivors exhibit sudden elongation of their telomeres by
amplification of TG1–3 repeats to more than 10 kb. Type II survivor formation is
independent on RAD51, but requires the 30–50 helicase Sgs1, the MRX complex and
Rad59. It was further observed that extrachromosomal telomeric TG1–3 and Y0

circles were present in telomerase-deficient cells, which led to the suggestion that a
roll-and-spread mechanism could be responsible for the formation of type II
survivors [75,76]. Several scenarios can be envisioned for the formation of type II
survivors. First, Sgs1 could unwind telomeres, which could subsequently reanneal
by the aid of Rad59. Due to the repetitiveness of the TG1–3 tail, the telomeric repeats
may misalign during annealing leading to a loop, which could be excised by the
nuclease activity of MRX or other nucleases, leading to formation of a single-
stranded loop. This loop could subsequently serve as a template for rolling-circle
replication to allow the spreading of the TG1–3 repeats to other short telomeres.
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replicative cell cycle arrest [61,62]. This is referred to as the Hay-
flick limit, and was later proposed to be due to the end-replication
problem [63,64]. As stated above, telomerase helps maintaining
telomere length, however it is not active in most somatic human
cells, because cell differentiation is accompanied by a down-regu-
lation of telomerase gene expression (for review [65]). As a conse-
quence, in normal somatic human cells, telomere length correlates
with age [66]. Interestingly, telomerase expression is reactivated in
about 85% of human cancers, thus helping the cells to reach a state
of immortality and escape senescence. Other mechanisms of telo-
mere lengthening exist that do not involve telomerase: Alternative
Lengthening of Telomeres (ALT) is based on recombination pro-
cesses and is responsible for the escape of senescence in the
remaining 15% of cancers (reviewed in [67]).

In S. cerevisiae, eroded telomeres, whether caused by mutation
of telomerase or other factors that affect telomere length homeo-
stasis, e.g. a conditional cdc13-2 mutant, may also lead to replica-
tive senescence [43]. However, similar to the ALT pathway in
mammalian cells, a small fraction of the cell population survives
replicative senescence by extending their telomeres using homol-
ogous recombination also referred to as recombinational telomere
elongation (RTE). These survivors appear at a frequency of 10�4 or
less and require RAD52 [38,68]. Two survivor types exist (reviewed
in [40]). Both survival pathways involve break-induced replication
like extension of telomere sequences [69,70]. Type I survivors ex-
tend their telomeres by amplifying the subtelomeric Y0 elements.
Besides RAD52, type I survivors require RAD51, RAD54, RAD55 and
RAD57, suggesting that they have formed by Rad51-catalyzed
strand invasion (Fig. 1). Telomere length in type I survivors is usu-
ally below that of wild-type cells, which may explain their slow
growth phenotype. As a consequence, type I survivors are not sta-
ble in the long term and because type II survivors grow faster than
type I survivors, type II survivors eventually take over in a mixed
culture. Type I survivors can convert to type II, but the reverse
has not been observed [71]. Type II survivors display sudden elon-
gation of their telomeres by amplification of TG1–3 repeats to more
than 10 kb. Type II survivor formation is also dependent on RAD52
but independent on RAD51. Further, type II survivor formation re-
quires the helicase Sgs1 (a BLM homologue), the MRX complex and
Rad59 [38,72,73], indicating that these survivors are formed by a
process that involves strand-displacement (Sgs1), and nucleolytic
incision or resection (Sgs1 and MRX) followed by single-strand
annealing (Rad59). The checkpoint proteins Tel1 and Mec1 also
mediate type II survivor formation [74]. The observation that
extrachromosomal telomeric TG1–3 and Y0 circles are present in tel-
omerase-deficient cells led to the suggestion that a roll-and-spread
mechanism be responsible for the formation of type II survivors
[75,76]. However, it is still unclear how Rad51-independent roll-
ing-circle replication of extrachromosomal circles may be estab-
lished. A possible model for type II survivor formation is
presented in Fig. 1. In this model, the helicase activity of Sgs1 un-
winds the TG1–3 repeats, leading to the appearance of single-
stranded DNA. Part of this single-stranded DNA might be excised,
resulting in the formation of a DNA circle, which can then anneal
to the protruding G-strand and be used as template for elongating
the TG1–3 repeats.

Using strains in which telomere movements can be visualized
by fluorescence microscopy, it has been shown that telomere
movements in est2D or in wild-type cells were similar until the
cells enter crisis. At senescence, telomeres travel back and forth
across the bud neck in est2D cells. Post-senescence, the two survi-
vor types can be distinguished by telomere movement: telomeres
of type I survivors continue to move back and forth through the
bud neck, while telomere movements in type II survivors regain
a mobility identical to that of wild-type telomeres [18]. The
back-and-forth movements are similar to those observed for a
dicentric chromosome during mitosis at the transition to anaphase
[77], suggesting that in type I survivors sister chromatids have
fused or are linked by unreplicated regions, while the TG1–3 exten-
sion of telomeres in type II survivors provides wild-type function-
ality during chromosome replication and propagation.



Fig. 2. Checkpoint signalling at eroded telomeres. Both major checkpoint kinases,
Mec1 (ATR) and Tel1 (ATM) contribute to the DNA damage response to eroded
telomeres. Tel1 is activated by MRX binding to DNA ends and Mec1 is activated by
single-stranded DNA in the context of resected ends or stalled replication forks.
Uncapped telomeres are potential substrates for unwinding and/or resection by the
30–50 helicase Sgs1 and an associated nuclease. (a) The unwinding of uncapped
telomeres by Sgs1 may be suppressed by the strand-annealing activity of Rad52 and
Rad59 as suggested by accelerated senescence of a rad52D mutant [83]. Upon
unwinding, telomeric single-stranded DNA may activate the Mec1-dependent
checkpoint (b). Further, uncapped and resected telomeres (c) will lead to replication
fork stalling and activation of Mec1 (d). It is not entirely clear, which structure may
be recognized by MRX-Tel1, but it could be either the DNA end of the regressed fork
(shown in (e)) or a DNA end formed during replication fork collapse (not shown).
Regression of the collapsed replication fork may require Sgs1 and its restart may
require Rad51-Rad52-Rad59 (f).
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5. DNA damage response at eroded telomeres

5.1. Signalling of telomere erosion

Eroded telomeres elicit a DNA damage response which results in
Rad53, Rad9, Mrc1, Chk1 and Dun1 phosphorylation, cell cycle ar-
rest and RNR3 transcriptional induction [78,79]. The DNA damage
response is accompanied by enrichment of checkpoint and repair
proteins at telomeres in both yeast and mammalian cells [59,80–
82]. However, initially eroding telomeres in telomerase-negative
cells cause only a transient cell cycle arrest. As a consequence, cells
alternate between transient checkpoint arrest and adaptation, a
state that is referred to as pre-senescence. Both major DNA damage
checkpoint kinases, Mec1 (ATR) and Tel1 (ATM) contribute to the
DNA damage response to eroded telomeres [78,83–85].

During pre-senescence, the MRX complex associates with
eroded telomeres throughout the cell cycle as evidenced by
Mre11 focus formation [59]. In contrast, Ddc2 foci are observed
only during S/G2 phase of the cell cycle [59], indicating that
although the Mec1-Ddc2 checkpoint kinase is also active during
pre-senescence its recruitment to telomeres is cell cycle regulated.
These findings are corroborated by chromatin immunoprecipita-
tion of both Tel1 and Mec1 to telomeres [83,86]. Mre11 and
Ddc2 focus formation is already induced 10 generations after shut-
ting down TLC1 transcription, indicating that these proteins are re-
cruited shortly after the telomeres start to shorten. The state of
pre-senescence lasts for approximately 50 generations [18,59,83].
However, ultimately the majority of telomeres reach a critical
short length of approximately 100 bp, and the majority of cells en-
ter a state of permanent Mec1-dependent checkpoint arrest and
eventually die.

Some additional insight into the anatomy of senescence has
been gained recently. Using strains in which one telomere was
shorter than the others, Abdallah et al. have shown that the pres-
ence of a single short telomere is sufficient to accelerate senescence
by approximately 15 generations [83]. Surprisingly, the length of
the truncated telomere in these telomerase-negative cells re-
mained constant without any evidence of intertelomere recombi-
nation even though the population of cells continued to grow,
albeit at a reduced rate, suggesting that the subpopulation of cells
with the shortest telomere entered a permanent cell cycle arrest,
while the remaining cells continued to divide [83]. Further, the
authors found that rad52D and mms1D strains senesce prematurely
without their telomeres being significantly shorter, indicating that
the checkpoint signal is stronger in these mutants. Notably, this
function of Rad52 during pre-senescence does not involve recombi-
nation between the short telomere and the long telomeres. Since
the senescence phenotypes of telomerase-negative rad52D and
mms1D strains were indistinguishable, and because Mms1 is in-
volved in repair of stalled replication forks but not repair of DSBs,
the authors conclude that the role of Rad52 in pre-senescence is
linked to its function in recombinational restart of stalled replica-
tion forks [83]. Perhaps, uncapping of the shortest telomere leads
to its resection, which would result in replication fork stalling
(Fig. 2). Indeed, a role for Rad52 in preventing resection has been re-
ported for both telomeres and DSBs [40,87]. The observation that
Rad52 foci are formed as early as 20 generations after inactivation
of EST2 supports a model in which Rad52 acts already during pre-
senescence to rescue stalled replication forks or to prevent exces-
sive resection of telomere termini [59,87], both of which could lead
to checkpoint-mediated cell cycle arrest (Fig. 2).

5.2. Localization of eroded telomeres

Yeast telomeres are found close to the nuclear membrane in 6–
8 clusters that colocalize with Rap1 as demonstrated by FISH with
a probe against the Y0 elements and immunostaining of Rap1 [88].
Recent work indicates that the composition of clusters is dynamic
and that interactions between individual telomere pairs are tran-
sient and non-specific [89]. Sir4 and Esc1, both involved in silenc-
ing, and yKu70 and yKu80 have been shown to tether telomeres to
the nuclear envelope [90–92]. Importantly, all telomeres are gener-
ally in the vicinity of the nuclear envelope over longer periods of
time [90]. A recently identified component of the nuclear envelope
in S. cerevisiae is the SUN domain protein Mps3 [93,94]. SUN (Sad1-
UNC-84) domain proteins are integral membrane proteins found in
most eukaryotes. Their conserved C-terminal SUN domain is lo-
cated in the space between the inner and the outer nuclear mem-
branes, while the acidic N terminus is facing the interior of the
nucleus (see [95] for review). Recent studies indicate that Mps3
is involved in anchoring telomeres at the nuclear envelope [92–
94]. Pull-down with GST-tagged Mps3 as a bait revealed that
Mps3 directly interacts with the telomerase subunit Est1 [93].
Telomere clusters increase in number and telomeres fail to localize
at the nuclear envelope in mps3 mutants [93,94].

During senescence the majority of telomeres remain clustered
at multiple Rap1/Ku foci at the nuclear periphery [59]. In addition,
we recently found using chromatin immunoprecipitation and fluo-
rescence microscopy that the subset of telomeres that are bound
by Rad52 associate with the Nuclear Pore Complexes (NPCs) [59].



Fig. 3. Controlling recombination at telomeres. Homologous recombination initiates at single-stranded sequences. Single-stranded TG1–3 repeats are formed by a burst of
resection during S phase. Left: In wild-type cells, single-stranded TG1�3 repeats are bound preferentially by Cdc13 to prevent initiation of recombination. Right: Upon
telomere shortening in telomerase-negative (est2D) cells, resection has a greater chance of extending into subtelomeric Y0 elements that are bound preferentially by RPA,
which recruits Rad52 to initiate recombination.
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Thus eroded telomeres appear to relocate from their membrane
anchor site to the NPC. Interestingly, similar localization to the
NPC has been reported for collapsed replication forks and persis-
tent DNA damage sites [96]. In an independent study, unrepaired
DSBs were found to be enriched at the nuclear periphery in an
Mps3-dependent but NPC-independent manner [97]. Based on
these observations, the relocalization of telomeres to the NPC in
senescing cells could be explained by the increased presence of col-
lapsed replication forks at telomeric regions in the absence of tel-
omerase. Considering that short telomeres do arise in telomerase-
proficient cells in vivo [98], and that Rad52 foci are seen at short
telomeres in telomerase-proficient cells [59], it is possible that
the NPC may also play a role in telomere homeostasis in wild-type
cells.

5.3. Regulation of HR at telomeres

Anchoring of telomeres at the nuclear periphery is essential for
efficient DSB repair in subtelomeric DNA [99]. Consistently, it was
recently reported that spontaneous gene conversion is enhanced in
a Nup84- and Slx8-dependent manner by tethering of a donor se-
quence to the NPC [96]. Further, it was shown that DNA damage,
and in particular DSBs, accumulate in mutants of the Nup84 and
Nup60 complexes and that mutants of the Nup84 complex are syn-
thetic lethal with genes of the RAD52 epistasis group [100,101].
These studies are indicative of a role of the NPC in recombinational
DNA repair. Since eroded telomeres relocalize to the NPC, we
hypothesize that RTE may also be stimulated by NPC association.
It was suggested that desumoylation of repair proteins by the
SUMO-specific protease Ulp1, which associates with the NPC
[102], could be responsible for the observed stimulation of gene
conversion [96]. This is supported by changes in sumoylation pat-
terns of RPA, Rad52 and Rad59 observed in nucleoporin mutants
and in slx8D [101,103].

Capping of telomeres is likely the major barrier for recombina-
tion at telomere sequences either by inhibiting recombination pro-
teins or by preventing resection of telomeres, which is required to
initiate homologous recombination [104,105]. At telomeres, Sae2
and Sgs1 control the two principal pathways for nucleolytic resec-
tion of telomere termini [106]. Using a fluorescently-tagged, induc-
ible short telomere, we showed that a single short telomere, which
also is the preferred substrate of telomerase [42], was sufficient to
recruit recombination proteins [59]. Indeed, a single Rad52- and
Cdc13-containing focus is found to colocalize with such a short
telomere in 50% of cells [59]. Interestingly, senescing cells in which
erosion of all telomeres have progressed approximately synchro-
nously also form just a single Rad52–Cdc13 focus, which colocal-
izes with one of multiple Rap1/Ku foci. This observation suggests
that telomere uncapping and subsequent resection is a local event
affecting only one telomere or a cluster of telomeres rather than a
global event simultaneously effecting all telomeres in a cell. The
number of Cdc13 molecules estimated in the observed foci were
equivalent to resection of 140–150 bp of TG1–3 sequences assum-
ing that Cdc13 binds 11 nt per molecule [107]. Based on these
observations, we propose that a burst of resection at a single telo-
mere marks the transition between recombination-resistant and
recombination-prone states at telomeres. Such burst of resection
could be explained by a positive feedback loop, where initial resec-
tion causes loss of Rap1 leading to further susceptibility to resec-
tion and so forth. Alternatively, long telomeres are in a specific
conformation, e.g. t-loop or G-quadruplex, which is not supported
once telomere length drops below approximately 100 bp.

Interestingly, single-stranded DNA at telomeres does not appear
to be sufficient to attract recombination proteins. This was shown
by analysing RPA, Rad52 and Cdc13 localization to telomeres with
various end structures [59]. In particular, RPA and Rad52 are en-
riched in Cdc13 foci in yku70D and est2D cells, which is indicative
of ongoing homologous recombination, but not in temperature-
sensitive cdc17-1 cells, which harbor a mutation in the catalytic
subunit of the DNA polymerase I alpha-primase complex that
causes telomerase-dependent over-extension of telomeres [108].
Since yku70D and cdc17-1 mutants both display single-stranded
G-tails, the presence of ssDNA at telomeres is not sufficient for
recruiting Rad52. In fact, it appears that recombination is initiated
in the yku70D mutant, because it allows resection to proceed into
the subtelomeric X and Y0 elements (Fig. 3).
6. Conclusion

In conclusion, chromosome termini exist in a dynamic state of
graded instability defined by the length of the telomere, where
long telomeres are stable and invisible to DNA damage machinery
and shorter telomeres can be recognized as DSBs or elongated by
telomerase. Homologous recombination at telomere sequences is
primarily controlled at the level of nucleolytic resection of telo-
meres during late S phase, and resection into subtelomeric X and
Y0 elements, which are not protected by Cdc13, greatly stimulates
recruitment of the recombination machinery. However, other fac-
tors such at localization of telomeres to the NPC, chromatin remod-
eling, and sumoylation of recombination proteins may also affect
homologous recombination at telomeres although these factors
await further studies.
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