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Yeast telomerase and the SUN domain
protein Mps3 anchor telomeres and
repress subtelomeric recombination

Heiko Schober,1,2 Helder Ferreira,2 Véronique Kalck,2 Lutz R. Gehlen,2 and Susan M. Gasser1,2,3

1NCCR Frontiers in Genetics, University of Geneva, 1211 Geneva, Switzerland; 2Friedrich Miescher Institute
for Biomedical Research, 4058 Basel, Switzerland

Telomeres form the ends of linear chromosomes and protect these ends from being recognized as DNA double-
strand breaks. Telomeric sequences are maintained in most cells by telomerase, a reverse transcriptase that adds
TG-rich repeats to chromosome ends. In budding yeast, telomeres are organized in clusters at the nuclear
periphery by interactions that depend on components of silent chromatin and the telomerase-binding factor yeast
Ku (yKu). In this study, we examined whether the subnuclear localization of telomeres affects end maintenance. A
telomere anchoring pathway involving the catalytic yeast telomerase subunits Est2, Est1, and Tlc1 is shown to be
necessary for the perinuclear anchoring activity of Yku80 during S phase. Additionally, we identify the conserved
Sad1–UNC-84 (SUN) domain protein Mps3 as the principal membrane anchor for this pathway. Impaired
interference with Mps3 anchoring through overexpression of the Mps3 N terminus in a tel1 deletion background
led to a senescence phenotype and to deleterious levels of subtelomeric Y9 recombination. This suggests that
telomere binding to the nuclear envelope helps protect telomeric repeats from recombination. Our results provide
an example of a specialized structure that requires proper spatiotemporal localization to fulfill its biological role,
and identifies a novel pathway of telomere protection.

[Keywords: Telomere protection; telomerase; nuclear envelope; Sad1/UNC-84 (SUN) homology domain; Mps3; nuclear
organization; ATM homolog Tel1]
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The sequestration of different types of chromatin into
distinct subnuclear compartments is thought to help
regulate nuclear processes such as gene activation, si-
lencing, and DNA repair (for review, see Sexton et al.
2007). A well-studied example is provided by the cluster-
ing of the 32 budding yeast telomeres into two to eight
foci that are enriched at the nuclear periphery. This
localization is mediated by two redundant pathways that
require silent information regulatory 4 (Sir4), a silencing
factor, and the yeast Ku (yKu) heterodimer (Hediger et al.
2002; Taddei et al. 2004). Sir4 anchors repressed chroma-
tin to the nuclear envelope (NE) through its partitioning
and anchoring domain (PAD, residues 950–1262). This
domain specifically binds Esc1 (Enhancer of silent chro-
matin 1), an acidic protein of low abundance that is
associated exclusively with the inner face of the NE
(Andrulis et al. 2002; Gartenberg et al. 2004; Taddei
et al. 2004). Esc1 is excluded from nuclear pores but
localizes independently of Sir4 in patches along the

nuclear membrane (Taddei et al. 2004). Although Yku80
and Sir4 interact, Yku80 is able to relocate chromatin to
the NE in the absence of Sir4 and Esc1 (Taddei et al. 2004),
indicating that it binds another, as yet unidentified,
membrane-bound factor. Apart from its roles in telomere
anchoring, capping, and silencing, the yKu heterodimer
also acts as a positive regulator of telomerase by direct
interaction with Tlc1, the RNA subunit of telomerase
(Stellwagen et al. 2003; Ting et al. 2005).

Telomerase is a reverse transcriptase conserved in
nearly all eukaryotes. It is necessary for the maintenance
of their genomes, which are propagated as linear chro-
mosomes. Chromosomal ends, or telomeres, shorten pro-
gressively during successive rounds of replication and cell
division. Telomerase counteracts this so-called ‘‘end
replication problem’’ by templating DNA synthesis from
telomerase RNA (Lingner et al. 1995).

Mutations in telomerase lead to chromosomal rear-
rangements due to aberrant end-joining events, which
occur frequently in the early stages of cancer. In higher
eukaryotes, the colocalization of telomerase components
to subnuclear Cajal bodies has been shown to play a role
in regulating its activity (Jady et al. 2006; Tomlinson
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et al. 2006; Cristofari et al. 2007; Venteicher et al. 2009).
In addition, there is evidence that the binding of budding
yeast subtelomeric factors, which antagonize telomere
association with the NE, negatively affects telomerase
efficiency (Berthiau et al. 2006; Hediger et al. 2006).

A recent study has suggested that the integral nuclear
membrane protein Mps3, the sole Saccharomyces cere-
visiae member of a conserved family of proteins bearing
a conserved Sad1–UNC-84 (SUN) homology domain,
contributes to telomere anchoring (Bupp et al. 2007). In
higher eukaryotes, SUN domain proteins bridge inner
and outer membranes of the NE, interacting with both
the cytoskeleton and nucleoskeleton (Tzur et al. 2006).
The Schizosaccharomyces pombe homolog Sad1 con-
tributes to telomere clustering in meiosis through in-
teractions with two additional proteins, Bqt1 and Bqt2
(Chikashige et al. 2006). The budding yeast homolog
Mps3 spans the inner NE once and plays a major role in
spindle pole body (SPB) organization (Jaspersen et al.
2002; Nishikawa et al. 2003). Recently, it was also shown
to play a role in the Esc1-independent anchoring of
telomeres in S-phase cells (Bupp et al. 2007).

As mentioned above, Yku80 is able to anchor chroma-
tin and telomeres to the nuclear periphery in the absence
of Esc1 (Gartenberg et al. 2004; Taddei et al. 2004).
We therefore set out to identify the peripheral partner
involved in Yku80 anchorage. This also allowed us to
explore the role of nuclear compartmentation in the pro-
tection and maintenance of telomeric structures, through
the use of live-cell imaging and reverse genetic tools. This
led to the discovery that the interaction between yKu and
telomerase is required for Yku80 anchoring at the NE in
S-phase cells.

We found that the telomerase core subunit Est2 itself
can relocate chromatin to the NE in a manner dependent
on Est1 and Mps3. Mps3 is also needed for yKu-mediated
chromatin anchoring in S-phase cells, and neither Yku80
nor Est2 tethers chromatin to nuclear pores. Finally,
we show that the overexpression of a soluble N-terminal
domain of Mps3 relieves telomere anchoring in S phase.
Overexpression of this Mps3-N domain in strains lacking
the ATM-kinase homolog Tel1 further led to a senescence-
like phenotype and to unprotected, hyperrecombinant
telomeres. This argues strongly that anchorage through
Mps3 and telomere helps suppress recombination at
telomeric repeats.

Results

Yku80–Tlc1 interaction is critical for perinuclear
anchoring by targeted Yku80

The yKu heterodimer has been shown to interact di-
rectly with a stem–loop of the telomerase RNA, Tlc1
(Stellwagen et al. 2003). Given that yKu can anchor
telomeres independently of Sir4 (Hediger et al. 2002),
we examined whether the Yku80–Tlc1 interaction might
contribute to telomere positioning. To address this, we
exploited a yku80 mutant that has lost the ability to bind
Sir4 (yku80-4) (Roy et al. 2004; Taddei et al. 2004), and

fused this mutant allele in-frame to a sequence encoding
the bacterial DNA-binding factor lexA. When bound to a
lacO/lexA-tagged chromosomal locus (ARS607), the
lexA-yku80-4 fusion shifted ARS607 from a random to a
peripheral position in both G1- and S-phase cells (Fig. 1C).

To see if this relocalization required the interaction of
Yku80 with telomerase, we performed the same experi-
ment in a strain bearing a mutation in TLC1 that
abolishes the interaction between YKu80 and telomerase
RNA (tlcD48) (Fig. 1A; Stellwagen et al. 2003). In this
background, the binding of lexA-yku80-4 failed to shift
the tagged locus to the nuclear periphery in S-phase cells
(Fig. 1C). Intriguingly, the loss of anchoring was much
less pronounced in G1 phase. Although it is unclear how
cell cycle stage affects localization, this result confirms
previously reported differences between G1- and S-phase
anchoring by Yku80 (Taddei et al. 2004).

To confirm that the S-phase-specific loss of anchoring
indeed reflects the loss of Yku80–Tlc1 interaction, we
tested the reciprocal mutation in Yku80, which impairs
its recognition of the Tlc1 stem–loop structure (yku80-
135i) (Fig. 1A). Again, relocalization activity was lost in
S-phase cells (Fig. 1D). Combining the ‘‘135i’’ and ‘‘4’’
mutations into one yku80 allele such that the lexA-yKu
fusion binds neither Tlc1 nor Sir4 (lexA-yku80-4–135i)
(Fig. 1A) completely abrogated the affinity of Yku80 for
the NE, again in S-phase cells (Fig. 1D). We conclude
that, in S phase, Yku80 anchoring to the NE is dependent
on its ability to bind the telomerase RNA Tlc1.

The telomerase catalytic core subunit Est2 localizes
chromatin to the NE

The dependence of Yku80 on Tlc1 for peripheral targeting
prompted us to test whether the catalytic core compo-
nent of telomerase Est2 also targets chromatin to the NE.
To eliminate senescence phenotypes that occur upon
est2 deletion, we made use of the relocalization assay,
this time using a lexA-Est2 fusion targeted to the lacO-
tagged ARS607 locus. We found that lexA-Est2 was able
to recruit chromatin to the nuclear periphery in both G1-
and S-phase cells, whereas lexA alone could not (Fig. 2A).

We next asked whether Est1, an accessory component
of telomerase, is involved in the Est2 anchoring pathway.
We repeated the relocalization assay for lacO-tagged
ARS607 in strains lacking Est1 (Fig. 2B). Since est1
deletion causes a senescence phenotype, these experi-
ments were done on cultures derived from multiple est1D

spores grown up immediately after tetrad dissection. We
found that yku80-4 as well as Est2 fail to anchor in S
phase when Est1 is not present.

These results suggested that telomerase, specifically
the Est1 subunit, has a binding partner at the NE. This
binding partner is not Esc1, or at least not exclusively
Esc1, since deletion of esc1 led to an insignificant drop
in relocalization efficiency (see P-values) (Fig. 2A).
We note that both Yku80 and Est2 can target DNA
efficiently to the NE in both G1- and S-phase cells, while
Yku80-mediated relocation depends on Tlc1 and Est1
only in S phase. This may indicate either that yKu binds
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Est2 independently of Tlc1 in G1, or that yKu binds
another as yet unidentified perinuclear protein in G1.

yKu80 and Est2 do not recruit chromatin to
the nuclear pore complex (NPC)

We speculated that the perinuclear anchor of Yku80 and
telomerase might be a component of the NPC. The
deletion of genes encoding nuclear pore proteins (Nup)
is often pleiotropic, since they affect nuclear macromo-
lecular transport (Zhao et al. 2004; Loeillet et al. 2005;
Palancade et al. 2007). For this reason, relocation assays
in strains deleted for Nup genes are rarely conclusive.
Instead, we made use of a strain carrying a small
N-terminal deletion of NUP133, which shifts all pores
into one large cluster while maintaining normal poly(A)+-
RNA export (Doye et al. 1994). We used CFP-Nup49 to
visualize the position of the pore cluster and inserted an
array of lacO- and lexA-binding sites near LYS2, a gene
found in the middle of the right arm of chromosome 2
(Chr 2) (Fig. 2C). Expression of lacI-GFP and various lexA
fusion constructs allowed us to determine whether or not
the tagged LYS2 locus was recruited to the NPC. As
a positive control for pore association, we expressed
lexA-Nup84, an integral NPC component.

We found that the expression of lexA-Nup84 doubled
the frequency with which the tagged LYS2 locus co-
incided with CFP-Nup49 in S-phase cells (i.e., coinci-
dence of 42% vs. 19% in the presence of lexA alone). The
expression of lexA-yku80-4 or lexA-Est2, on the other
hand, gave but a slight and statistically insignificant
increase in LYS2 pore coincidence over lexA (Fig. 2D).
lexA-yku80-4, lexA-Est2, and lexA-Nup84 all shift DNA
to the nuclear periphery in ;60% of the cells scored
(Figs. 1, 2A; Nagai et al. 2008), thus the 25% coincidence
with CFP-Nup49 makes it unlikely that the perinuclear
anchor of Yku80 and telomerase is an integral NPC
component.

In order to evaluate the significance of these values, we
calculated the degree of colocalization of a randomly
distributed spot with a pore cluster. Simulation of ran-
dom colocalization of a focus of 250 nm in diameter
within a pore cluster shows that the frequency of chance
colocalization depends on the cluster length and width,
and on the fraction of foci found in zone 1 (Supplemental
Fig. S1). After we eliminated the nucleolar volume from
the potential nuclear space occupied by LYS2, computer
simulation indicated that a randomly distributed tagged
locus would coincide with a pore cluster in 9% of the
cells (pore cluster dimension set to 800 nm 3 340 nm). A

Figure 1. Yku80-mediated NE anchoring in S
phase requires interaction with Tlc1. (A) Scheme
of different Yku80 proteins and their interaction
partners relevant for this study. (B) We scored
the efficiency of DNA position by taking three-
dimensional (3D) through-focal stacks of images of
living yeast cells and scoring the position of the
GFP-tagged locus with respect to GFP-Nup49 in the
focal plane of the GFP focus. Relative positions
from >100 cells were binned into three zones, and
deviations from a random distribution were scored
for statistical significance (Hediger et al. 2004).
(C,D) Zoning assay of GA-1461 (wild type) trans-
formed with (+) lexA alone (G1, n = 158; S, n = 87);
GA-1461 (wild type) + lexA-yku80-4 (G1, n = 147; S,
n = 113); and GA-2814 (tlc1D48) + lexA-yku80-4
(G1, n = 255; S, n = 170) (C), and GA-1461 (wild
type) + lexA-yku80-4 (G1, n = 147; S, n = 113); GA-
1461 (wild type) + lexA-yku80-135i (G1, n = 215; S,
n = 169); and GA-1461 (wild type) + lexA-yku80-
135i-4 (G1, n = 195; S, n = 129) (D).
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locus that is in zone 1 60% of the time would coincide
with a pore cluster in 10% of cases (Supplemental Fig. S1).
Since the binding of lexA, which has no physiological
interaction with the NPC, yielded a 20% level of coloc-
alization, we suspect that some element or gene in the
vicinity of LYS2 may have affinity for the NPC. On the
other hand, the zone 1 values of 24%–27% scored for
lexA-yku80-4 and lexA-Est2 are not significantly higher
than those obtained with lexA alone (Fig. 2D). This argues
that neither Yku80 nor Est2 associates significantly with
the NPC. Consistent with this finding, we found that
double deletion of two NPC-associated proteins (Mlp1
and Mlp2), which were once proposed to bind yKu, do not
affect the efficiency with which Yku80 or yku80-4 shift
ARS607 to the NE (Supplemental Fig. S2).

Telomerase-mediated recruitment to the NE depends
on Mps3

The conserved budding yeast SUN domain protein Mps3
is an integral inner nuclear membrane protein whose

N-terminal domain faces the nuclear interior (Fig. 3A).
Mps3 was shown to bind Est1 by in vitro immunoprecip-
itation and yeast two-hybrid assays (Antoniacci et al.
2007). It was shown recently that Mps3 also interacts
with a domain upstream of the Sir4 PAD domain, and that
Mps3 is needed for proper telomere anchoring in S-phase
cells (Bupp et al. 2007).

To test whether Mps3 is the peripheral anchor for
telomerase, we made use of the targeted anchoring assay
again, but expressed lexA-Est2 and lexA-yku80-4 in cells
bearing a deletion of amino acids 75–150 of Mps3, which
eliminates the nucleoplasmic anchorage site for telo-
meres (see Bupp et al. 2007). Using this deletion back-
ground and an isogenic parental strain that expresses an
intact Mps3, we found that both lexA-Est2 and lexA-
yku80-4 require this nucleoplasmic domain of Mps3 to
shift a tagged internal locus to the NE (Fig. 3B,C). The
statistical significance and robustness of this dependence
is striking. This argues that an anchoring pathway that
involves yKu, telomerase, and the nuclear membrane
protein Mps3 functions in both G1- and S-phase cells,

Figure 2. Est2 relocates a randomly distributed locus to
the NE in an Est1-dependent manner. (A,B) The targeted
anchoring assay for ARS607 was performed as described
in Figure 1B. (A) Strains and numbers of cells counted are
as follows: GA-1461 (wild type) + lexA alone (G1, n = 131;
S, n = 118), GA-1461 (wild type) + lexA-Est2 (G1, n = 190;
S, n = 167), and GA-1950 (esc1D) + lexA-Est2 (G1, n = 269;
S, n = 120). P-values for wild type + lexA vs. esc1D + lexA-
Est2: G1 phase, P = 0.047; S phase, P = 0.032. (B) Haploid
yeast were sporulated from diploid GA-5559 (est1D) pre-
viously transformed with lexA (G1 phase, n = 69; S phase,
n = 52); lexA-yku80-4 (G1 phase, n = 252; S phase, n = 126),
or lexA-Est2 (G1 phase, n = 121; S phase, n = 86). (C)
Strain GA-4584 bearing nup133DN, CFP-Nup49, lacI-
GFP, and lexA-lacO integrated at LYS2 (green spot) was
used. In this strain, pores cluster at one site of the NE and
are visualized by CFP-Nup49 (red). (D) Either lexA, lexA-
yku80-4, lexA-Est2, or lexA-Nup84 fusion proteins were
expressed and scored for their ability to shift the lacO-
lexA-tagged LYS2 locus to the CFP-Nup49 cluster. Tan-
gency and overlap were both considered as colocalization.
Cell cycle was scored based on the presence of buds (S
phase). The numbers of nuclei scored for each condition
are indicated. The bottom dashed line indicates expected
colocalization for a randomly distributed locus (9%), and
the top dashed line indicates expected colocalization of
a peripherally enriched locus (60% zone 1; 9.9%) (Sup-
plemental Fig. S1) A proportional analysis test with
a Bonferroni multiple test correction showed that only
lexA-Nup84 significantly colocalizes with pores. lexA
versus lexA-Nup84 (S phase), P = 0.002; lexA versus
lexA-yku80-4 (S phase), P = 0.9; lexA versus lexA-Est2
(S phase), P = 0.85.
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although its dependence on Yku80–Tlc1–Est1 interaction
is cell cycle-controlled and S-phase-specific. We speculate
that in S phase yKu exploits telomerase to bind Mps3,
whereas in G1 phase, when a cell cycle-dependent degra-
dation depletes Est1 mRNA (Larose et al. 2007), yKu
either binds Est2 directly or interacts with another, un-
identified peripheral protein. We note that Est2 seems to
be able to interact with Mps3 throughout the cell cycle,
thus control over this interaction may be imposed by
a modification of yKu.

Ectopic expression of the Mps3 N terminus can disrupt
artificial tethering

To demonstrate that the loss of anchoring does not stem
from indirect effects, we expressed a dominant-negative
allele of MPS3 that contains only its nucleoplasmic
N-terminal domain fused to tetR-mCherry. This fusion
stabilized the domain and allowed us to monitor its
expression (Shaner et al. 2004). Unlike the perinuclear
full-length Mps3 protein (Bupp et al. 2007), Mps3-
N9-tetR-mCherry (Mps3-N9) diffused freely throughout

the nucleoplasm (see below). We then performed the
relocalization assay using a lacO-LexA array inserted at
ARS514, found in the middle of Chr5R (Fig. 4A), to make
sure that anchoring effects were not locus-specific. We
found that the overexpression of Mps3-N9 impaired the
ability of both lexA-Est2 (Fig. 4B) and lexA-yku80-4 (Fig.
4C) to recruit the tagged locus to the NE. As expected,
Mps3-N9 had no effect on anchoring mediated by a trans-
membrane protein, Yif1. That is, lexA-Yif1 shifted
ARS514 to the nuclear periphery with or without Mps3-
N9 coexpression (Fig. 4D). We conclude from these loss-
of-function and dominant-negative studies that the path-
way of NE anchorage involving Yku80 and telomerase is

Figure 3. Mps3 N terminus is required for Yku80 and Est2
anchoring. (A) Domain organization of Mps3 shows the acidic
region, transmembrane domain (TM), a potential Walker P-loop
(P), two coiled-coil regions (cc), a hydrophobic region (h’phob),
a polyglutamine stretch (pQ), and a SUN domain (see Conrad
et al. 2007). The deletion amino acids 75–150 and overexpressed
N9 domain (amino acids 1–153) are indicated. (B) GA-5175
(mps3D75–150) + lexA (G1 phase, n = 151; S phase, n = 140),
GA-1461 (wild type) + lexA-Est2 (G1 phase, n = 190; S phase, n =

167), and GA-5175 (mps3D75–150) + lexA-Est2 (G1 phase, n =

167; S phase, n = 132). (C) GA-5175 (mps3D75–150) + lexA (G1
phase, n = 151; S phase, n = 140), GA-1461 (wild type) + lexA-
ku80-4 (G1 phase, n = 147; S phase, n = 113), and GA-5175
(mps3D75–150) + lexA-yku80-4 (G1 phase, n = 151; S phase, n =

140).

Figure 4. Mps3-N9 expression antagonizes the perinuclear
anchoring of ARS514 by Est2 and Yku80. (A) Scheme of targeted
anchoring for lacO repeats integrated in the middle of Chr5R
near ARS514 for the relocation assay. (B) The position of
ARS514 was scored as in Figure 1B with the following strains
and ligands: GA-3690 (wild type) + lexA (G1 phase, n = 604; S
phase, n = 444), GA-3690 (wild type) + lexA-Est2 (G1 phase, n =

374; S phase, n = 204), and GA-3690 (wild type) + lexA-Est2 +

Mps3-N9 (G1 phase, n = 282; S phase, n = 170). (C) GA-3690 (wild
type) + lexA (G1, n = 239; S, n = 221), GA-3690 (wild type) +

lexA-yku80-4 (G1, n = 228; S, n = 158), and GA-3690 (wild type)
+ lexA-yku80-4 + Mps3-N9 (G1, n = 317; S, n = 150). (D) GA-3690
(wild type) + lexA-Yif1 (G1 phase, n = 86; S phase, n = 42), and
GA-3690 (wild type) + lexA-Yif1 + Mps3-N9 (G1 phase, n = 153; S
phase, n = 91).
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indeed mediated by interaction with the Mps3 N-termi-
nal domain.

Telomere anchoring requires the inner nuclear
membrane protein Mps3 in S-phase cells

We next asked whether the results obtained in these
‘‘targeted relocalization’’ assays accurately reflect the
behavior of a native telomere in a wild-type background.
Although Bupp et al. (2007) scored a significant reduction
in telomere anchoring in the mps3D75–150 strain, in-
direct side effects might have arisen from the abrogation
of SPB function. We sought to counter this criticism by
titrating out telomere-binding sites for the intact Mps3
with a soluble, overexpressed N-terminal domain of
Mps3. Indeed, expression of Mps3-N9 in a yeast strain
that contains a fluorescently tagged telomere 6R (Tel6R)
showed a strong reduction in its perinuclear anchoring in
S-phase cells (Fig. 5A). Our results are consistent with
those obtained by Bupp et al. (2007), who observed Mps3-
dependent association of Tel6R to the NE in S-phase cells
only. This result is particularly relevant because Tel6R
anchoring is known to be strongly dependent on Yku80
(Hediger et al. 2002).

Given that the perinuclear anchorage of Tel6R is only
partially sensitive to sir4 deletion, we next tested the ef-
fect of Mps3-N9 expression in this background. There was
no additive effect on telomere displacement over the sir4-
provoked loss of anchoring, arguing that the residual asso-
ciation of Tel6R in S-phase cells expressing the Mps3- N9

fragment does not act through Sir4. This is consistent
with data from Bupp et al. (2007), and argues for a third
G1-phase anchorage pathway for native telomeres that is

neither yKu- nor Sir4-dependent. While this was postu-
lated previously in Taddei et al. (2004), the interpretation
was complicated by the fact that Yku80 and Sir4 interact.
Indeed, since sir4 or yku80 mutation could ‘‘neutralize’’
the function of the other, epistasis in native telomere
anchoring is difficult to determine.

Nonetheless, since we showed that lexA-Est2 targets
chromatin to the NE in an Mps3-dependent manner, we
were interested to know whether Est2 tethering works in
parallel to or in cooperation with the Sir4 anchoring
pathway. To this end, we compared Tel6R anchoring in
wild-type cells with its anchoring in cells deleted for sir4
alone or for both sir4 and est2. Telomere position was
scored in the latter strain before cells entered senescence.
Intriguingly, in G1-phase cells we see a strongly additive
effect of sir4 and est2 deletions on telomere anchoring,
while in S-phase cells the sir4 deletion led to strong
delocalization alone, and there was no additional effect
upon loss of est2 (Supplemental Fig. S3). These results
indicate that in G1-phase cells Sir4 and Est2 act on
distinct pathways, while at natural telomeres Sir4 may
contribute to the yKu–telomerase anchorage in S phase. It
is not clear whether sir4 deletion directly impairs the
yKu–telomerase–Mps3 interaction in S phase, or alters
telomere structure such that the interaction with Mps3 is
impaired.

Synthetic interactions between Mps3-N9 and tel1D

affect telomere stability

The absence of the S. cerevisiae ATM homolog Tel1 leads
to a stable but short telomere repeat length (Greenwell
et al. 1995). This reduces the number of Rap1-binding
sites per chromosome end, and in turn results in less SIR
complex at telomeres. The reduced level of SIR complex
at telomeres in tel1 cells correlates with a weakened
telomere position effect (TPE) (data not shown), yet tel1
cells retain fairly robust telomere anchoring (Hediger
et al. 2006). We speculate that telomere anchoring in
tel1 cells may therefore be even more dependent on the
interaction of Yku80, telomerase, and Mps3.

This reflection led us to test whether a perturbation of
the yKu–telomerase–Mps3 pathway of anchoring affects
telomere maintenance in tel1 mutant cells. We exam-
ined both telomere length and subtelomeric repeat sta-
bility in isogenic wild-type and tel1 deletion strains in
which Mps3-N9 was expressed to interfere with this telo-
mere anchor. Indeed, whereas tel1 cells are not them-
selves senescent, the overexpression of Mps3-N9 led to
a senescence-like phenotype, which limited proliferative
capacity and resulted in an accumulation of division-
arrested, large-budded cells (Fig. 6A). This phenotype was
not observed upon equally robust Mps3-N9 expression in
wild-type cells (see red fluorescence in Fig. 6A).

We quantified this perturbation by scoring unbudded
(G1) and budded (S–G2) large budded/dumbbell-shaped
cells (G2/M-arrested) in tel1 and tel1 + Mps3-N9 cultures
(Fig. 6B). Whereas roughly 60% of all tel1 cells bearing an
empty vector were unbudded (G1-phase cells), only 20%
of all tel1 + Mps3-N9 cells were in G1 phase (Fig. 6B).

Figure 5. Peripheral nuclear localization of Tel6R depends on
Mps3. (A) Localization of the lacO-tagged Tel6R (Hediger et al.
2002) at the NE was monitored in 3D through-focus stacks of
images of live cells growing in agar. Cell cycle stages were
determined by bud morphology. The strains used and cell
numbers scored are as follows: GA-1459 (wild type, control;
G1, n = 87; S phase, n = 61) compared with GA-1459 expressing
Mps3-N9 from a multicopy vector (G1 phase, n = 61; S phase, n =

56). (B) GA-1867 (sir4D, control; G1 phase, n = 62; S phase, n =

57) compared with GA-1867 expressing Mps3-N9 from a multi-
copy vector (G1 phase, n = 51; S phase, n = 53).
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Instead, tel1 + Mps3-N9 cells accumulated as large-
budded and dumbbell-shaped cells, consistent with an
arrest in late G2/M (Fig. 6B). We were not able to detect
modification of Rad53, which is indicative of checkpoint

activation, although fragmented nuclei and anaphase
bridges were detected at a higher frequency in the senes-
cent population (data not shown).

To determine whether telomeres shortened continu-
ously under these conditions, as in telomerase deficient
mutants, we performed a Southern blot to monitor telo-
mere length and/or possible rearrangements (Craven and
Petes 1999). However, no change in the composition of Y9

DNA and no significant alteration of telomere length
were observed when Mps3-N9 was overexpressed in wild-
type cells (Fig. 6C). Nonetheless, in cells lacking the Tel1-
mediated control over telomerase, we observed a signifi-
cant amount of Y9 DNA amplification whenever cells
overexpressed Mps3-N9’ (Fig. 6C, cf. lanes 3,5). In con-
trast, TG repeat length was not affected beyond the stable
shortening that accompanies tel1 deletion. We interpret
this as showing that the Mps3-mediated anchoring does
not affect the elongation activity of telomerase per se,
although Mps3-N9-induced telomere displacement signif-
icantly enhanced recombination between telomere ends.
The amplification was specific for Y9 repeats, as telomere-
proximal genes showed no increase in copy number.
Moreover, there was no detectable accumulation of ex-
trachromosomal circles of Y9 repeats (data not shown).

We next asked whether this Mps3-N9-induced effect
was dependent on yKu function, by scoring telomere
length and Y9 amplification in a strain deleted for
yku80. We noted a similar degree of Y9 amplification
upon Mps3-N9 overexpression in yku80 as in tel1 strains,
arguing that Mps3-N9-induced uncapping and recombi-
nation does not require yKu. This also argues that
the protection from recombination that is disrupted
by Mps3-N9 overexpression can be achieved through
Yku80-mediated anchorage. We speculate that the re-
combination events provoked by Mps3-N9 overexpres-
sion, which correlate with loss of anchoring, result from
S-phase replication, since Mps3-N9 overexpression does
not release native telomeres in G1 phase cells (Fig. 5).

Discussion

Here we sought to understand the functional significance
of telomere anchoring at the nuclear periphery in S.
cerevisiae. Yeast is ideal for testing the functional com-
partmentation of the eukaryotic nucleus, as it provides
a powerful system for the manipulation and monitoring
of telomere position. Our analyses led to the discovery
that budding yeast telomerase itself has an affinity for the
NE. Telomerase forms part of a multiprotein pathway
that is necessary for the perinuclear anchoring of telo-
meres during S phase. We identified the evolutionarily
conserved protein Mps3 as its putative peripheral anchor.
Mps3 was shown previously to interact with Est1, an
essential noncatalytic component of telomerase (Uetz
et al. 2000; Antoniacci et al. 2007). It was proposed to
anchor telomeres through Sir4 (Bupp et al. 2007). Besides
its tethering function, Mps3 is involved in protecting telo-
meres from inappropriate recombination events. These
were scored in strains that lack the ATM homolog Tel1
and express the N terminus of Mps3, which competes for

Figure 6. Synthetic interaction between tel1D and Mps3-N9

expression. (A) Transmission light images of wild-type yeast
strain GA-426 (Tel5R-ADE2-TG) and GA-1370 (tel1D in GA-426)
transformed with either empty vector (2m) (top panels) or with
2m carrying Mps3-N9 fused to mCherry (bottom panels). Diffuse
nuclear fluorescence of mCherry (red) confirms Mps3-N9 ex-
pression. Bar, 5 mm. The right panels show a tel1D strain
carrying vector only (top) or Mps3-N9 (bottom) on selective
media. (B) Comparison of unbudded, budded, and large-budded
dumbbell-shaped cells in wild-type (GA-426) and tel1D cells
(GA-1370) cells transformed with either empty vector (2m) or 2m

bearing Mps3-N9. Numbers of cells scored for samples from left

to right are 138, 270, 338, and 159. Phase images of each
category are shown at right. Bar, 5 mm. (C, left) Southern blot
of XhoI-digested genomic DNA probed with TG repeats as
described (Craven and Petes 1999). (Right) The same membrane
was stripped and probed with P32-labeled Y9 DNA.
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the Est1–Mps3 interaction. Earlier work shows a correla-
tion between loss of anchoring and telomere shortening
in a tel1D background. Indeed, telomere delocalization
correlates with repeat shortening in cells in which the
viral transcriptional activator VP16, or the natural sub-
telomeric ligands Reb1 and Tbf1, are targeted to telo-
meres (Hediger et al. 2006). These previous experiments,
however, did not directly implicate telomerase in the
subnuclear positioning of chromatin.

The transcription of telomeric repeats also leads to
shorter yeast telomeres, at least in a mutant that is
unable to degrade nascent mRNAs (Luke et al. 2008).
Whereas membrane anchorage per se does not silence
subtelomeric genes (Mondoux et al. 2007), the clustering
of telomeric repeats and sequestration of SIR factors does
promote transcriptional repression (Andrulis et al. 1998;
Taddei et al. 2009). Thus, an intact telomere that supports
SIR-mediated silencing is likely to be anchored and non-
transcribed, both of which are characteristics that stabi-
lize telomerase binding and function. To this we add the
finding that telomerase itself helps anchor telomeres
during S phase, a time at which the interaction of SIR
factors with nucleosomes is likely to be disrupted by the
passing replication fork. This would explain why the
presence of a second, silencing-independent pathway for
telomere anchorage is physiologically relevant.

Relevance of position for telomere stability

Although the precise subnuclear positioning of telomeres
differs in yeast and mammalian cells, telomere localiza-
tion has been shown to contribute to the processing of
telomerase components and the regulation of telomerase
activity in mammalian cells as well (Wong et al. 2002;
Tomlinson et al. 2006; Cristofari et al. 2007). Indeed,
a component of Cajal bodies appears to be an essential
cofactor of mammalian telomerase (Venteicher et al.
2009). Consistent with the notion that telomerase as-
sembles on telomeres that are tethered, de Lange and
colleagues (van Steensel et al. 1998) have monitored in-
creased end-to-end fusion events in cells that are depleted
for the telomere binding protein TRF2. TRF2 depletion
also correlates with enhanced telomere mobility that
seems to allow chromosome ends to explore larger sub-
nuclear territories by stochastic diffusion (Dimitrova et al.
2008). Similarly, we monitored enhanced recombination
events in yeast when telomeres lose Mps3-mediated
anchoring, at least in tel1-deficient strains.

The data we presented here are consistent with the
hypothesis that subnuclear localization contributes to an
‘‘open’’ or ‘‘closed’’ state of telomeres, which is thought to
correlate with altered states of accessibility for telomer-
ase (Blackburn 2001; Teixeira et al. 2004). The open state
may favor telomerase loading, as opposed to shunting the
damage to another repair mechanism, be it end-joining or
homologous recombination (HR). It is noteworthy that
a spatial mapping of Rad52 foci in relation to the NE
suggested that HR events occur preferentially in the
nuclear lumen; Rad52 foci were strongly depleted from
the nuclear periphery (Bystricky et al. 2009). This was

true whether the source of damage was an enzymatically
induced DNA double-strand break (DSB), alkylation by
MMS, or spontaneous replication fork collapse. Given
this internal localization for HR, it is easy to imagine that
sequestration at the NE disfavors recombination events.
This is supported not only by the amplification of Y9

elements that is detected when S-phase-specific anchor-
age is disrupted (Fig. 6), but also by the doubling in the
rate of direct repeat recombination of an internal LEU2
reporter in a strain bearing the mps3D75–150 deletion (J.
Gardner and S. Jasperson, pers. comm.).

Consistently, it was reported recently that recombina-
tion among yeast rDNA repeats is suppressed by tether-
ing the rDNA at the NE by Heh1, a protein related to
Man1, a mammalian component of the inner NE (also
called Src1) (Mekhail et al. 2008). Loss of Heh1 caused
decondensation of the rDNA, partial release of the
nucleolus from the nuclear periphery, and increased
recombination (Mekhail et al. 2008). Although the Heh1
suppression of rDNA recombination is most likely un-
linked to the effect of Mps3 anchoring on telomeres,
these results reinforce the notion that NE tethering is
able to repress recombination events independently of
the transcriptional status of the locus.

We suggest that telomere anchoring by Mps3 at the
NE protects chromosomal ends from inappropriate re-
pair by nonreciprocal recombination events, which most
likely arise during replication. Interference with Mps3-
mediated telomere anchoring in a sensitized background
like tel1 led to Y9 amplification and a senescence-like
growth arrest. Amplification appears to occur primarily
at telomeric elements, as subtelomeric genes did not
change copy number (data not shown). We detected
DNA bridges between daughter nuclei in late anaphase
cells of Mps3-N9-overexpressing cells, yet these pheno-
types were not detected unless telomere capping was
compromised by tel1 deletion (Fig. 6). Consistent with
these observations, however, yeast deleted for this intra-
nuclear domain of Mps3 showed increased ectopic re-
combination after induction of a DSB (Oza et al. 2009).
There is accumulating evidence that telomere-specific
factors can be recruited to DSBs along with repair factors
like the Mre11–Rad50–Xrs2 complex (Trujillo et al. 2003;
Oza et al. 2009). Surprisingly, recombination factors can
also be found at telomeres. Thus, a delicate balance is
maintained between recombination-mediated repair and
telomerase loading, which itself appears to suppress
recombination. Whether telomerase-mediated anchoring
retards resection or strand invasion is at present unclear.
Intriguingly, Ku and Mre11 act not only as repair proteins,
but also as positive regulators of telomere length (for
review, see Rog and Cooper 2008). Thus, in this context, it
is plausible that the subnuclear position of DNA will help
regulate the outcome of repair protein association to
chromosomal ends, be they telomeres or DSBs.

The yKu–telomerase–Mps3 anchorage complex

Our search for a perinuclear anchor for yKu revealed not
only that Yku80-mediated anchoring requires Tlc1 in
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S phase, but also that the catalytic subunit of telomerase
Est2 can relocate chromatin to the NE. Both events
required the interaction of Est1 with the nucleoplasmic
domain of the inner NE protein, Mps3. This novel
function for telomerase reinforces the link between
nuclear localization and telomere maintenance. Telomer-
ase helps Yku80 anchor chromatin in S phase, which is
precisely when Est1 is expressed and Est2 recruitment to
telomeres peaks (Taggart et al. 2002; Schramke et al.
2004). Indeed, the cell cycle regulation of this anchoring
pathway (Taddei et al. 2004) may reflect the fact that
Yku80 is found in different complexes, enabling it to
fulfill different roles in repair, transcriptional silencing,
and telomere protection.

Since Sir4 also was shown to interact with yKu and
Mps3, and to contribute to telomere anchoring in S phase
(Taddei et al. 2004; Bupp et al. 2007), we cannot exclude
that a single complex of Sir4, Yku70/Yku80, Tlc1, Est2,
and Est1 anchors telomeres to the evolutionarily con-
served SUN domain protein Mps3. Importantly, interfer-
ing with this pathway perturbed telomere position in
S-phase cells and enhanced the frequency of telomeric
recombination events.

The pathway of perinuclear anchoring through Yku80–
telomerase and Mps3 is distinct from the recently
reported relocation of irreparable breaks to the nuclear
pore subcomplex Nup84/Slx5/Slx8 (Nagai et al. 2008).
Indeed, the binding of lexA-yku80-4 or lexA-Est2 to
chromatin does not promote significant colocalization
with the NPC, while the targeting of lexA-Nup84 does.
We further note that the outcomes of the two peripheral
tethering events are opposite: Mps3 binding suppresses
recombination, while the Nup84/Slx5/Slx8 interaction
facilitates an alternative pathway of repair that enhances
gene conversion, possibly through template switch re-
combination (Nagai et al. 2008).

It is noteworthy that the human homolog of Slx5/Slx8,
RNF4, is involved in the degradation of SUMO-modified
PML protein (Lallemand-Breitenbach et al. 2008; Tatham
et al. 2008; Weisshaar et al. 2008). Intriguingly, PML
bodies are implicated in the alternative lengthening of
telomeres through recombination, the so-called ALT
pathway (Bernardi and Pandolfi 2007). By analogy, we
speculate that the loss of Mps3–telomerase interaction
may lead to the transfer of telomeric chromatin to the
Nup84/Slx5/Slx8 complex, where it may be processed for
recombinational repair. Indeed, in the absence telomerase
activity, the Slx5–Slx8 complex in budding yeast appears
to facilitate the formation or growth of type II survivors,
in which telomere sequences (TG repeats) themselves are
amplified by recombination events that require Rad52
and Sgs1 (Azam et al. 2006; McEachern and Haber 2006).
Thus, delivery to the Nup84/Slx5–Slx8 complex appears
to be involved in the final choice of recombinational
repair pathways (Nagai et al. 2008), and we propose that
this transfer may also happen for DSBs that are first
recruited to Mps3 (Oza et al. 2009). Further analysis is
needed to determine how these distinct perinuclear
anchorage sites orchestrate repair, and whether one or
both also involves the G1-phase pathway that implicates

the RFC-associated factor Ctf18 in tethering (Hiraga et al.
2006). Our study makes it clear that telomerase itself is
likely to serve as part of a cell cycle-specific anchorage
complex for yeast telomeres, on a pathway that seems to
be intimately involved in protecting telomere ends from
recombination.

Materials and methods

Yeast techniques and live fluorescence microscopy

For live imaging, cultures were grown in synthetic medium to
a concentration of <1 3 105 cells per milliliter. Microscopy was
performed at 30°C on cells spread on agarose patches containing
synthetic complete medium with 4% glucose. Images for zoning
measurements were captured on a Metamorph-driven Olympus
IX70 widefield microscope equipped with a Coolsnap HQ camera
from Roper Scientific Photometrics. Cells expressing GFP-
NUP49 and lacI-GFP bound to lacO were imaged by acquiring
stacks with a step size of 0.2 mm using a wavelength of 475 nm
for excitation. For cells bearing the nup133 N-terminal deletion
(amino acids 44–246) (Doye et al. 1994) CFP-Nup49 was used to
identify pore clusters and lacO/GFP-lacI was used to monitor the
targeted locus. Stacks of 21 images with a step size of 0.2 mm
were acquired, with the wavelength alternated between 437 nm
(CFP) and 517 nm (YFP) once per plane. A 1003/1.4 Oil Plan-
Apochromat objective from Zeiss was used. Deconvolution was
performed using the Huygens software (calculated PSF) and
Imaris (Biplane) Software for analysis of colocalization. The
Fisher’s Exact Test for Count Data was performed using the
R-project software package (http://www.r-project.org). Plasmids
and yeast strains used in this study are described in the
Supplemental Material. Deletion and modification of genes were
achieved by plasmid-borne or PCR-based methods (Longtine
et al. 1998), and were verified by PCR and phenotypic analysis.
Telomeric positioning data were analyzed as described (Hediger
et al. 2004; Taddei et al. 2004).
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