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Two interacting ribosome biogenesis factors, Ebp2 and
Rrsl, associate with Mps3, an essential inner nuclear
membrane protein. Both are found in foci along the
nuclear periphery, like Mps3, as well as in the nucleolus.
Temperature-sensitive ebp2 and rrs1 mutations that com-
promise ribosome biogenesis displace the mutant proteins
from the nuclear rim and lead to a distorted nuclear shape.
Mps3 is known to contribute to the S-phase anchoring of
telomeres through its interaction with the silent informa-
tion regulator Sir4 and yKu. Intriguingly, we find that both
Ebp2 and Rrs1 interact with the C-terminal domain of Sir4,
and that conditional inactivation of either ebp2 or rrsi
interferes with both the clustering and silencing of yeast
telomeres, while telomere tethering to the nuclear peri-
phery remains intact. Importantly, expression of an Ebp2-
Mps3 fusion protein in the ebp2 mutant suppresses the
defect in telomere clustering, but not its defects in growth
or ribosome biogenesis. Our results suggest that the ribo-
some biogenesis factors Ebp2 and Rrsl cooperate with
Mps3 to mediate telomere clustering, but not telomere
tethering, by binding Sir4.

The EMBO Journal (2011) 30, 3799-3811. doi:10.1038/
embo;j.2011.267; Published online 5 August 2011

Subject Categories: chromatin & transcription; proteins
Keywords: nuclear envelope; ribosome biogenesis;

SUN protein; telomere clusters; telomeric silencing

Introduction

All protein synthesis depends on the ribosome, a huge RNA-
protein complex containing four different ribosomal RNAs
(rRNAs; 255/28S, 18S, 5.8S and 5S rRNA) and about 80
ribosomal proteins. In yeast, all TRNAs are generated as a
single precursor synthesized by RNA polymerase I, except the
5S rRNA, which is transcribed by RNA polymerase III. Early
90S pre-ribosome particles are formed in the nucleolus by
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recruitment of both ribosomal and non-ribosomal proteins
onto the transcript. The multistep maturation process occurs
sequentially in the nucleolus, the nucleoplasm and the
cytoplasm, where pre-ribosome particles are converted to
functional 40S and 60S ribosome subunits (reviewed by
Tschochner and Hurt, 2003).

In rapidly proliferating eukaryotic cells, ribosome produc-
tion consumes an enormous fraction of the cell’s resources. To
cope with this, cells must tightly regulate ribosome biogenesis
(reviewed by Warner, 1999 and Moss, 2004). A combination
of TAP purification and proteome analysis has revealed that
around 200 non-ribosomal proteins are required for pre-TRNA
processing and assembly of the 60S and 40S subunits in
Saccharomyces cerevisiae (reviewed by Henras et al, 2008).
Many homologues of these regulatory or assembly proteins
have been identified in the nucleolar fraction that was isolated
from human cells (Andersen et al, 2002; Scherl et al, 2002),
suggesting that mechanisms that produce ribosomes are con-
served among eukaryotes. Recent studies have shown that
some bona fide ribosome synthesis factors function in a range
of other cellular processes in yeast, extending well beyond
ribosome biogenesis (reviewed by Dez and Tollervey, 2004).
However, it remains unclear how ribosome synthesis itself is
coordinated with other cellular mechanisms.

We have previously shown that Rrsl and its interacting
protein Ebp2 are required for the maturation of 25S rRNA and
the production of the 60S ribosomal subunit in yeast (Tsujii
et al, 2000; Tsuno et al, 2000). In this study, we show that
Ebp2 and Rrsl associate with Mps3, an essential inner
nuclear membrane protein, and that both are localized to
the nuclear periphery as well as to the nucleolus. Mps3
belongs to the SUN (for Sad1-UNC84 homology) protein
family (Jaspersen et al, 2006) which is found in all eukar-
yotes. In many species, SUN domain proteins have a struc-
tural role by bridging from the cytoskeleton through the
nuclear envelope to the nuclear interior (Crisp et al, 2006),
where they affect a range of cellular functions (reviewed by
Tzur et al, 2006). Mps3, the only SUN protein in budding
yeast, is involved in spindle pole body (SPB) duplication in
mitotic cells and telomere anchoring at the nuclear periphery
in both mitotic and meiotic cells (Jaspersen et al, 2002;
Nishikawa et al, 2003; Antoniacci et al, 2007; Bupp et al,
2007; Conrad et al, 2007, 2008; Schober et al, 2009).

In mitosis, yeast telomeres are anchored in clusters at the
nuclear periphery through two partially redundant pathways,
the Sir4- and yeast Ku- (yKu; Yku70/Yku80 heterodimer)
anchorage pathway (Hediger et al, 2002; Taddei et al,
2004). In both cases, these telomere-associated factors bind
nuclear envelope proteins to establish a specialized subnuc-
lear compartment, in which telomeres are sequestered. One
pathway tethers SIR-repressed chromatin through the inter-
action of the Sir4 PAD domain with Escl, a peripheral
membrane anchor (Hediger et al, 2002; Taddei et al, 2004;
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Bupp et al, 2007). This occurs independently of yKu and
Mps3. In S-phase cells, on the other hand, the yKu pathway of
telomere anchoring requires telomerase RNA, its protein
subunits, Est2 and Estl, and interaction with an 80-aa acidic
domain in the N-terminus of Mps3 (Antoniacci et al, 2007;
Schober et al, 2009). Deletion of the Mps3 N-terminus
specifically compromises telomere anchoring in S-phase
cells (Bupp et al, 2007; Schober et al, 2009). Given that
Mps3 also precipitates with Sir4, we conclude that telomere
position in mitotic yeast nuclei is maintained through redun-
dant and partially overlapping sets of interactions between
membrane-associated and telomere-bound proteins showing
tight cell-cycle regulation (Hediger et al, 2002; Taddei et al,
2004; Ebrahimi and Donaldson, 2008).

Here, we suggest that Ebp2 and Rrsl contribute to this
telomere organization network. We find that Ebp2 and Rrsl
localize to the nuclear envelope as well as to the nucleolus,
independently of Sir4. Mutations in EBP2 and RRSI that
retard rRNA processing, also affect telomere clustering and
subtelomeric silencing, but not anchoring at the nuclear
envelope. The telomere and ribosome assembly defects
become manifest in the temperature-sensitive strains with
very different kinetics. Importantly, we are able to separate
the telomere function of Ebp2 from its role in ribosome
biogenesis, by expressing it as a fusion to Mps3. This
construct localizes to the nuclear envelope and restores the
telomere clustering function of Ebp2, but does not suppress
the ribosomal defects of the ebp2 mutant strain. This sub-
stantiates the argument that Ebp2 has an independent
function in telomere maintenance.

Results

ebp2 and rrs1 conditional mutants lead to nuclear
deformation as well as defects in ribosome biogenesis
By random PCR mutagenesis, we generated several tempera-
ture-sensitive ebp2 and rrs1 mutants. Each of the mutants has
nucleotide changes in regions that are highly conserved from
yeast to human (Miyoshi et al, 2004; Horigome et al, 2008).
[Methyl-*H] methionine pulse-chase and polysome analyses
revealed that 25S rRNA maturation and 60S ribosomal sub-
unit production are compromised in temperature-sensitive
ebp2 and rrs1 mutants grown at the restrictive temperature
(Figure 1A and B; Miyoshi et al, 2004; Horigome et al, 2008),
indicating that Ebp2 and Rrsl indeed regulate the rate of
ribosome biogenesis. We used ebp2-14 and rrsi-124 for
further analyses, because temperature sensitivity of ebp2-7
was very weak, ebp2-12 exhibited slight defects in growth
and ribosome biogenesis even at 25°C (Horigome et al, 2008),
and rrs1-84 caused reduction of cellular concentration of the
mutant form of Rrsl at the restrictive temperature (Miyoshi
et al, 2004).

Intriguingly, coincident with impaired 60S ribosomal
subunit biogenesis, we found a striking morphological phe-
notype in the nuclei of the ebp2-14 and rrsi-124. Immuno-
fluorescence microscopy with antibodies against nuclear pore
complex (NPC) proteins showed that the nuclear envelope
in mutant cells became distorted into a non-spherical shape
at the restrictive temperature, but not at the permissive
temperature (see arrows in Figure 2A). This is not due to a
disruption of nucleolar structure, which is closely tied to
ribosome biogenesis, because Nopl, a well-known nucleolar
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protein that has a role in rRNA methylation, showed an intact
nucleolar structure in ebp2-14 and rrsi-124 mutants at 37 °C
(see YFP-Nopl; Supplementary Figure S1A). We, therefore,
further explored the possibility that Ebp2 and Rrsl have a
distinct role in the maintenance of nuclear organization, in
addition to their role in ribosome biogenesis.

Ebp2 and Rrs1 are localized not only to the nucleolus
but also to the nuclear periphery

To examine whether Ebp2 and Rrsl might function at the
nuclear envelope, we analysed the subnuclear localization of
these proteins in detail. We constructed strains expressing
Ebp2 or Rrsl fused to enhanced green fluorescent protein
(EGFP) at their endogenous loci, expressed from their own
promoters. The fusions had little effect on growth rate of
wild type (data not shown). Surprisingly, EGFP-Ebp2 and
EGFP-Rrsl fusions generated punctate signals at the nuclear
periphery as well as labelling the crescent-shaped nucleolus.
The signals remain associated with the nuclear envelope
through mitosis (Figure 2B).

We confirmed the localization of Ebp2 and Rrs1 by indirect
immunofluorescence microscopy. We acquired 8-step image
stacks and analysed them with constrained iterative (CI)
deconvolution, which confirmed the punctate distribu-
tion of Ebp2 and Myc-tagged Rrsl at the nuclear periphery
(Supplementary Figure S1B and C). A typical nucleolar
marker like Nopl, on the other hand, was not observed
at the nuclear periphery. Quantification of fluorescence
intensity by line scanning across a nuclear plane reveals the
bimodal distribution of Ebp2, which unlike Nopl1 is both at
the nuclear periphery and in the nucleolus (Supplementary
Figure S1D).

Double staining showed that Ebp2 colocalizes precisely
with Rrs1-9Myc at the nuclear periphery (Supplementary
Figure S1C). On the other hand, in the nucleolar compart-
ment, both proteins appear to surround the rDNA, but
Rrs1-9Myc generally had a more peripheral distribution
than Ebp2. This suggests that despite their ability to interact
(see below) the two proteins may not always form a hetero-
dimer (Supplementary Figure S1C).

Mutant forms of Ebp2 and Rrs1 lose association

with the nuclear periphery

We next examined whether the ebp2-14 and rrs1-124 alleles
that lead to nuclear deformation also affect the subnuclear
distribution of the mutant proteins. We generated strains
expressing wild-type or mutant forms of Ebp2 fused EGFP,
or else wild-type or mutant forms of Rrsl fused to cyan
fluorescent protein (CFP). EGFP-ebp2-14 and CFP-rrs1-124
mutants exhibited a fluorescent signal at the nuclear periph-
ery at permissive temperature, which was lost when cells
were placed at 37°C (Figure 2C). Although the ebp2-14 and
1rs1-124 strains have deformed nuclei at the restrictive tem-
perature (Figure 2A), the EGFP-ebp2-14 and CFP-rrsl-124
signals in the nucleolus were not affected by the temperature
shift (Figure 2C). Thus, we observed a correlation between
the punctate perinuclear localization of both Ebp2 and Rrs1,
and maintenance of a spherical nuclear shape. In Figure 2C,
the nucleolar signal of CFP-rrs1-124 is also more diffuse than
the corresponding wild-type protein, whereas YFP-Nopl
shows an intact nucleolar structure at 37°C (Supplementary
Figure S1A).

©2011 European Molecular Biology Organization



A RRS1

Ribosome synthesis and telomere clustering

C Horigome et al

rrs1-84 rrs1-124
25°C
80S
<
&
< | Polysome
60S
40S
37°C4h
<
&
<
BOTTOM TOP BOTTOM TOP BOTTOM TOP
B 7°C 4h
src EBP2 ebp2-7 ebp2-12 ebp2-14

Chase (min) 0 3 10

358

278
258

20S
18S

3 10 0 3 10 O 3 10

Figure 1 The ebp2 and rrs1 mutants are defective in 60S ribosomal subunit biogenesis. (A) Polysome profiles in r7s1 mutants. RRS1 (KM370)
and rrs1 (rrs1-84: KM921, rrs1-124: KM923) cells cultured at 37°C for 4 h were disrupted, and free ribosomal subunits and polysomes in cell
extracts were separated. Arrows indicate half-mer polysomes. (B) [Methyl-*H] methionine pulse-chase analysis of rRNA synthesis in ebp2
mutant cells. EBP2 (KM411) and ebp2 (ebp2-7: KM412, ebp2-12: KM413, ebp2-14: KM414) cells cultured at 37°C for 4 h, pulsed with [methyl-*H]
methionine, and chased with non-radioactive methionine. Total RNA prepared from each sample was analysed by electrophoresis and blotted
onto a membrane. The membrane was sprayed with En*Hance (NEN) and exposed to film. The membrane was reprobed for PYK] as a loading
marker. [Methyl->H] methionine pulse-chase analysis of rRNA synthesis in rrs]1 mutant cells and polysome profiles in ebp2 mutants have been

reported (Miyoshi et al, 2004; Horigome et al, 2008).

To understand the kinetics of delocalization, we scored the
position of EGFP-ebp2-14 and CFP-rrs1-124 as early as
30min after the temperature shift. Both proteins became
rapidly dispersed from the nuclear periphery (Figure 2C).
To see if this correlates with defective ribosome synthesis,
we scored this over the same time period. However, little or
no defect in ribosome synthesis was observed by 30min
after the temperature shift in either ebp2-14 or rrs1-124 cells
(Supplementary Figure S2). We conclude that the delocaliza-
tion of Ebp2 and Rrsl from the nuclear periphery in the
mutant cells is not a secondary effect of impaired ribosome
synthesis.

©2011 European Molecular Biology Organization

Ebp2 and Rrs1 interact with Mps3, a nuclear envelope
SUN protein
An earlier yeast two-hybrid screen for Schizosaccharomyces
pombe SUN protein Sadl, identified the Schizosaccharomyces
pombe Ebp2 and Rrs1, as well as 23 other proteins located at
the SPB, NPC and nuclear membrane, as ligands of Sadl
(Miki et al, 2004). Given that Sadl spans the inner nuclear
membrane, we examined whether the Sadl orthologue in
S. cerevisiae, Mps3, might control Ebp2 and Rrs1 positioning
at the nuclear periphery.

We first performed in vitro pull-down, immunoprecipita-
tion and yeast two-hybrid assays to see if Ebp2 and Rrsl
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Figure 2 Ebp2 and Rrsl are localized to the nuclear periphery and the ebp2-14 and rrsI-124 mutations affect the localization to the nuclear
periphery. (A) Localization of NPC (anti-NPC; white) was observed in wild-type (EBP2: KM411, RRS1: KM370) and ebp2-14 (KM414), rrs1-124
(KM923) mutant cells at 25°C and the restrictive temperature (37°C) for 4h. Arrows indicate nuclei in deformed shape. (B) Localization of
EGFP-Ebp2 (KM1067) and EGFP-Rrs1 (KM943) was analysed at 30°C. (C) Localization of wild-type EGFP-Ebp2 (KM1067), CFP-Rrs1 (KM1110)
and their mutant forms (KM1070 and KM1112) was analysed at 25 and 37°C for 30 min. Typical images are shown. The percentage of the cells in
which the signals of EGFP/CFP is detected at the nuclear periphery is shown on the right side. The number of nuclei examined in each dataset
is indicated (n).
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interact with Mps3. Glutathione S-transferase (GST)-fused
Mps3 and maltose binding protein (MBP) fused to either
full-length Rrs1 or the C-terminal half of Ebp2 (aa 212-427)
were expressed in Escherichia coli and affinity purified for in
vitro pull-down assay. In Supplementary Figure S3A, we
show that GST-fused Mps3 binds directly to MBP fusions
with either full-length Rrs1 or the C-terminal half of Ebp2, but
not to MBP alone. The co-immunoprecipitation results argue
that Ebp2 and Rrs1-9Myc interact with 3HA-Mps3 in vivo,
albeit weakly (Figure 3A). To identify the domain of Mps3
responsible for the interaction, we tested N- and C-terminal
fragments of Mps3 (regions protruding into the nucleoplasm
and the intermembrane space, respectively; Nishikawa et al,
2003) for interaction with Ebp2 and Rrsl. The N-terminal
nucleoplasmic region of Mps3, which also is implicated in
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interaction with Sir4 and Estl (Antoniacci et al, 2007; Bupp
et al, 2007; Schober et al, 2009), was found to interact with
both Ebp2 and Rrsl (Figure 3B). We note that a C-terminal
region of Mps3 was also able to bind Rrs1, yet given that this
C-terminal domain is not predicted to extend into the nucleo-
plasm, the significance of this interaction is unknown.
Collectively, these results suggest that Ebp2 and Rrsl can
bind Mps3.

Using deconvolution confocal microscopy, we next
showed that EGFP-Mps3 is localized to the nuclear envelope
in perinuclear foci, which were largely excluded from
CFP-tagged nuclear pores, as well as giving an intense signal
at SPB (Figure 3C). To examine whether Ebp2 and Rrs1 bind
nuclear pores or Mps3 sites along the nuclear membrane, we
introduced an N-terminal deletion of Nupl133 (nupl33AN;
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Figure 3 Ebp2 and Rrsl interact with a nuclear envelope SUN protein and are localized to non-pore sites along the nuclear envelope.
(A) Co-immunoprecipitation of Ebp2 and Rrs1-9Myc with 3HA-Mps3. Liquid nitrogen ground lysates were prepared from cells bearing
Rrs1-9Myc with 3HA-Mps3 (KM1319) or Mps3 (KM978). The protein composition of lysates and anti-HA immunoprecipitates was analysed by
western blotting with anti-HA, anti-Ebp2 and anti-Myc antibodies. (B) Two-hybrid interactions of Ebp2 and Rrs1 with Mps3 were detected
by the cell growth at 30°C on a medium containing 3-AT at concentration of 0.1 mM. Upper panel shows schematic of Mps3 and its deletion
mutants used in two-hybrid analysis. “Tm’ represents a transmembrane domain. (C) EGFP-Mps3 and CFP-Nup49 were observed at 30°C
(GA6647). (D) Localization of EGFP-Mps3 (GA6650), YFP-Ebp2 (GA6648) and EGFP-Rrs1 (GA6651) was compared with that of CFP-Nup49 in
NPC clustering cells (nup133::H nup133AN) at 30°C. (E) Localization of EGFP-Ebp2 and EGFP-Rrs1 was monitored by confocal microscopy
upon overexpression of the N-terminal domain of Mps3 (aa 1-153; Mps3-N’). EGFP-EBP2 and EGFP-RRS1 strains with pRS426-P4py;-MPS3-N’
(KM1316 and KM1318) or a vector pRS426-Papy; (KM1315 and KM1317) were cultured at 30°C.
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Doye et al, 1994) in a strain expressing CFP-Nup49, a subunit
of NPC. In the nupl33AN mutant, nuclear pores cluster
at one side of the nuclear envelope. However, the distribution
of EGFP-Mps3 along the nuclear envelope was unaffected
by the clustering of nuclear pores (Figure 3D). Similarly,
both YFP-Ebp2 and EGFP-Rrs1 were found at the nuclear
periphery, but not together with the clustered CFP pores.
We conclude that Epb2 and Rrsl1 are localized to the nuclear
membrane but are not enriched at pores (Figure 3D).
Consistently, Mps3 shows an independent distribution
from that of nuclear pores, even though at some positions
Mps3 and pore signals coincide. Unlike Mps3, however,
YFP-Ebp2 was excluded from the SPB (Supplementary
Figure S3B), allowing us to propose that Ebp2 colocalizes
with Mps3 along the nuclear membrane, but not at the
SPB. Consistently, ebp2-14 was not synthetic lethal with
mutants that compromise spindle checkpoint, in contrast
to mps2-1, which produces a mutant form of Mps2, a
functional partner of Mps3 at the SPB (Supplementary
Figure S3C).

To test whether the perinuclear localization of Ebp2 and
Rrs1 is dependent on Mps3, we overexpressed the nucleo-
plasmic N-terminal domain of Mps3 (aa 1-153; Mps3-N’) and
followed the distribution of EGFP-Ebp2 and EGFP-Rrs1 in its
presence. This domain of Mps3 has been shown to have a
dominant-negative effect on telomere recombination
(Schober et al, 2009). Indeed, we found that the ectopic
expression of Mps3-N’ antagonized the perinuclear localiza-
tion of both EGFP-Ebp2 and EGFP-Rrsl (Figure 3E).
Intriguingly, the ectopic expression of Mps3-N" also provoked
a non-spherical nuclear shape like that seen in ebp2-14 and
rrs1-124 mutants at restrictive temperature (Figure 2A and C).
One interpretation of our data is that Mps3-N’, which does
not bind the nuclear envelope (Schober et al, 2009), titrates
Ebp2 and Rrsl away from their perinulcear binding sites,

thereby compromising their role in the maintenance of sphe-
rical nuclear shape.

Ebp2 and Rrs1 interact with Sird, the silent information
regulator

Recent advances have shown that proteins of the nuclear
envelope help organize chromatin within the nucleus as
structural scaffolds (for review, see Towbin et al, 2009).
To test the hypothesis that Ebp2 and Rrsl might have
implications for telomere organization, we asked whether
Ebp2 or Rrsl interacts with Sir4 using yeast two-hybrid
assays. Indeed, Ebp2 and Rrs1 interacted with the C-terminal
region of Sir4, namely aa 839-1358, which also contains the
residues required for interaction between Sir4 and Mps3
(aa 839-934; Figure 4A; Supplementary Figure S4A; Bupp
et al, 2007). Both interactions were lost when the Mps3
interaction domain was removed from the Sir4 bait
(aa 934-1358; Supplementary Figure S4B). Moreover, the
interactions were compromised when the dimerizing coiled-
coil domain (aa 1267-1358) was removed from the Sir4 bait,
a domain that alone binds Rrs1 but not Ebp2 (Supplementary
Figure S4B and C). This suggests that Ebp2 may contact
Sir4 through Mps3, while Rrs1 appears able to bind the Sir4
coiled-coil domain independently. However, given that a
number of proteins bind the extreme C-terminus of Sir4
(including Rapl, Sir3, yKu70, Ubp3 and Ubpl0O; Supple-
mentary Figure S4A; Gasser and Cockell, 2001), we cannot
rule out the involvement of a bridging partner.

To examine whether the interactions between Ebp2/Rrsl
and Mps3/Sir4 are interdependent, we tested the two-hybrid
interactions in mutant strains. The N-terminal region of Mps3
was able to bind Ebp2 and Rrsl in sir4A cells, indicating
that the both the binding of Ebp2 and of Rrsl to Mps3 are
likely to be direct (Figure 4B). Consistent with this finding,
the perinuclear localization of Ebp2 persists in sir4A cells
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Figure 4 Ebp2 and Rrs1 interact with Sir4 and the rrs1-124 mutation affects the interaction. (A) Two-hybrid interactions of Ebp2, Rrs1 or their
mutant forms with Sir4-C (aa 839-1358) were detected by the cell growth on a medium lacking histidine with or without 0.1 mM 3-AT.
(B) Interactions among Ebp2, Rrs1 and Mps3 are independent of Sir4. Two-hybrid interactions of Ebp2 with Ebp2 and Rrs1, and Mps3 with
Ebp2 and Rrs1 were detected in the sir4A strain cells (GA6308) grown at 30°C on a medium containing 0.1 mM 3-AT.
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(Supplementary Figure S5A). Ebp2-Ebp2 and Ebp2-Rrsl
interactions were also independent of the presence of Sird
(Figure 4B). Interestingly, the rrs1-124 mutation had a wea-
kened interaction with Sir4 at high temperature, whereas
ebp2-14 at high temperature had little effect on its affinity
for Sir4 (Figure 4A). In contrast, neither rrs1-124 nor ebp2-14
lost their interactions with the N-terminal region of Mps3 at
restrictive temperatures (data not shown). Taken together, we
conclude that Rrsl and Ebp2 can each bind Mps3 indepen-
dently of Sir4, while the Sir4 C-terminal coiled-coil
domain binds Rrs1 but not Ebp2.

ebp2 and rrs1 mutations confer defects in telomere
clustering and silencing

Since it has been shown that Mps3 both tethers telomeres at
the nuclear periphery and plays a role in their clustering
(Antoniacci et al, 2007; Bupp et al, 2007; Schober et al, 2009),
we next examined whether Ebp2 and Rrs1 are involved either
in the peripheral anchoring or clustering of yeast telomeres
in foci. To examine the effect of ebp2 and rrs1 mutations on
telomere position and clustering, we tagged the telomere
repeat binding protein Rapl (Shore, 1994) by inserting CFP
into an N-terminal Nrul site (Hayashi et al, 1998). We carried
out 3D live-cell imaging in asynchronously growing cells
such that we could score both the number and position
of telomeric foci throughout the entire nucleus. In wild-
type haploid cells, we found the 32 telomeres clustered in a
limited number of perinuclear foci, as previously reported
(Gotta et al, 1996). By scoring CFP-Rap1 foci in the relevant
ebp2-14 and rrs1-124 mutants after a shift to 37°C for 30 min,
we found more Rapl foci per nucleus than in the isogenic
wild-type cells under similar conditions (Figure 5A). This is
reminiscent of the increase in foci number observed in the
mps3A65-145 mutant.

It has been demonstrated that yeast telomeres are dyna-
mically rearranged through the cell cycle: telomere clusters
dissociate partially in G2/M phase and reform in early G1
(Laroche et al, 2000; Hediger et al, 2002). The Mps3
N-terminus is required for both yKu- and Sir4-mediated
telomere anchoring pathways specifically in S phase (Bupp
et al, 2007; Schober et al, 2009). Therefore, we counted the
number of telomere clusters in unbudded (G1 phase) and
small-budded (S phase) cells (bud length is <1/3 of the
mother cell). At permissive temperature, little difference was
observed in the cluster number in ebp2-14 or rrsi-124 cells
compared with that of wild-type cells (Supplementary Figure
S6A). However, after 30 min at 37 °C the cluster number in
ebp2-14 and rrsI-124 S-phase cells increased significantly
in the mutant as compared with the wild-type strain
(Figure 5B). This was not seen in G1 phase. The mps3A65-
145 mutant also had more GFP-Rap1 foci compared with the
wild-type strain in S phase (Supplementary Figure SGB).
These data suggest that Ebp2 and Rrsl are required for the
maintenance of telomere clusters in S phase, just like their
binding partner Mps3.

A recent study has been able to separate the interactions
necessary for the peripheral anchoring of HM loci from those
mediating their interaction in trans (Miele et al, 2009). Given
that Sir4 contributes to both the perinuclear anchoring of
silent chromatin at HM loci and yeast telomeres (Hediger
et al, 2002; Gartenberg et al, 2004), similar mechanisms are
likely to function for both types of loci. However, trans
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interactions at the HM loci can be separated from anchoring
mechanisms (Miele et al, 2009). For this reason, we also
scored the position of the telomeric foci relative to the nuclear
envelope in ebp2 and rrs1 mutants. To calculate the position
of the telomere relative to the nuclear periphery, distances
between Rapl foci and nuclear periphery were scored in the
plane of focus and were assigned into three zones of equal
surface, from the most peripheral zone (1), to the innermost
zone (3) (Hediger et al, 2002). We find that despite the
increase in number at non-permissive temperature in
S-phase cells, the positioning of Rapl foci relative to the
nuclear envelope is not altered in the ebp2-14 or rrs1-124
strains (Figure SA and C). This argues that Ebp2 and Rrsl
may contribute to interactions between telomeres in trans
without disrupting their interaction with the nuclear envel-
ope. This is distinct from the phenotype of mps3A65-145,
which impairs telomere binding to the nuclear envelope as
well as telomere clustering (Figure 5A and C).

Proper telomere clustering correlates with telomere
silencing (Laroche et al, 1998), just as trans interactions
between HML and HMR correlate with HM repression
(Miele et al, 2009). Therefore, we next examined whether
the ebp2 and rrsl mutations affect the repression of a
telomere proximal reporter gene (URA3; Figure 5D;
Gottschling et al, 1990). Indeed, we see a strong disruption
of telomeric silencing at 30°C, which is semipermissive
temperature in the ebp2-14 and rrs1-124 mutants under the
experimental conditions, although they were not defective in
telomeric silencing at 25°C (Figure 5D). This is not due to an
unrelated effect resulting from FOA toxicity combined
with the ribosome biogenesis (Hoskins and Butler, 2008),
because neither ebp2-14 nor rrsi-124 cells exhibit growth
defects under the same experimental conditions as the
silencing assay at 30°C (Supplementary Figure S7). Collec-
tively, our data suggest that this novel telomere-associated
role for Ebp2 and Rrsl requires interaction with Sir4
and/or Mps3.

Ebp2-Mps3 fusion proteins suppress a defect in
telomere clustering but not in ribosome biogenesis

in the ebp2-14 mutant

To determine whether the nuclear envelope-bound form
of Ebp2 is responsible for telomere clustering, we fused
Ebp2 to the N-terminus of Mps3 and tagged them with
EGFP. The fusion was expressed under the MPS3 promoter
in the ebp2-14 mutant cells, to see if it would suppress ebp2-
14 defects. The localization of the resulting EGFP-Ebp2-
Mps3 fusion protein was identical to that of endogenous
Mps3, that is, at the nuclear membrane and SPB at both
25 and 37°C (Figure 6A). Intriguingly, expression of the
fusion protein restored telomere clustering in S-phase cells
at 37°C in ebp2-14 (Figure 6B), although the fusion protein
did not suppress temperature-sensitive growth nor the defect
in 60S ribosomal subunit biogenesis (Figure 6C and D). As a
control, we expressed wild-type Ebp2, which suppressed both
these latter defects (Figure 6C and D). The ability of the
tethered fusion protein to suppress defects in telomere clus-
tering but not the ribosome biogenesis separates the two
functions ascribed to Ebp2. We conclude that the membrane-
bound fraction of Ebp2 is indeed implicated in telomere
clustering and telomeric repression, independent of its role
in ribosome biogenesis.
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Figure 5 Ebp2 and Rrsl are required for telomere clustering and silencing, but not for telomere tethering. (A-C) EBP2 (KM1128), ebp2-14
(KM1129), RRSI (KM1130) and rrsi-124 (KM1132) were grown asynchronously at 25°C and shifted to 37°C for 30 min. MPS3 (GA6654) and
mps3A65-145 (GAG655) were grown asynchronously at 30°C. Representative images of CFP/GFP-Rapl1 foci are shown in (A). The number of
telomere foci marked by CFP/GFP-Rapl in a 100 unbudded (G1 phase) and 50 small-budded (S phase) cells (ratio of the long axis length in
daughter cell to that in the mother cell is <1/3) was counted in (B). The following are P-values that were calculated using the Mann-Whitney
rank sum test. EBP2 G1 phase: ebp2-14 G1 phase=0.51 (n=100), EBP2 S phase: ebp2-14 S phase=5.5x10"° (n=50), RRSI G1 phase:
rrs1-124 G1 phase=0.66 (n=100), RRSI S phase: rrsi-124 S phase=4.3 x10~* (n=50). The distribution of telomere foci marked by
CFP/GFP-Rapl in zones 1, 2 and 3 is indicated in (C). CFP/GFP-Rapl produces uniform low-intensity fluorescence throughout the yeast
nucleoplasm, including the nucleolus. This background allows a precise determination of the nuclear periphery. The dotted line at 33%
corresponds to a random distribution. Confidence values (P) for the xz-test were calculated for each data set between random and test
distributions. The number of cells examined in each data set is indicated (12). (D) Telomere silencing was analysed with the URA3 reporter gene
inserted at telomere V-R. The growth of five-fold serial dilutions of wild-type (EBP2: KM1149, RRS1: KM1153) and the ebp2-14 (KM1152), rrsi-
124 (KM1155) and sir2A (YG881) strain cells on the medium containing 0.6 g/1 5-FOA at 25 and 30°C shows the repression level at telomere V-R.
Representative colonies from three single colonies are shown.
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Figure 6 Expression of Ebp2-Mps3 fusion proteins in ebp2-14 suppresses a defect in telomere clustering but not defects in growth and
ribosome biogenesis. (A) EGFP-Ebp2-Mps3 was expressed in ebp2-14 (KM1290) and the localization was analysed at 25 and 37°C. (B) The
ebp2-14 cells with a plasmid expressing EGFP-Ebp2-Mps3 (KM1293) or a vector (KM1294) were grown asynchronously at 25°C and shifted to
37°C for 30 min. The number of telomere foci marked by CFP-Rap1 in a 100 unbudded (G1 phase) and 50 small-budded (S phase: ratio of the
long axis length in daughter cell to that in the mother cell is <1/3) cells was counted. The following are P-values that were calculated using
the Mann-Whitney rank sum test. Vector G1 phase: Fusion G1 phase=0.63 (n=100), Vector S phase: Fusion S phase=6.3 x 10~ (n=50).
(C) 1 x 107 cells/ml and five-fold serial dilutions of cultures of ebp2-14 cells with a plasmid expressing EGFP-Ebp2-Mps3 (KM1290), wild-type
Ebp2 (KM1291), or a vector plasmid (KM1292) and EBP2 cells with a vector plasmid (KM1289) were spotted on SC-His medium. (D) Polysome
profiles in the ebp2-14 mutant. The ebp2-14 cells with a plasmid expressing EGFP-Ebp2-Mps3 (KM1290), wild-type Ebp2 (KM1292) or a vector
plasmid (KM1291) were cultured at 37°C for 4 h, and free ribosomal subunits and polysomes in cell extracts were separated. Arrows indicate
half-mer polysomes.

Discussion

The data presented here demonstrated that Ebp2 and Rrsl
have at least two functions in budding yeast (Figure 7). First,
as we previously reported, these proteins localize to the
nucleolus, a prominent subnuclear compartment in which
ribosomes are assembled. Both the downregulation and
the mutation of these proteins can impair maturation of
255 rRNA and assembly of the 60S ribosomal subunit.
Surprisingly, Ebp2 and Rrsl are also found at the nuclear

©2011 European Molecular Biology Organization

periphery where they interact with the SUN protein Mps3.
We provide evidence that Ebp2 and Rrsl also interact with
Sir4, a component of silent chromatin domains at telomeres
and contribute to the clustering of telomeres at the nuclear
envelope.

As Ebp2 and Rrsl have essential functions of ribosome
biogenesis, we considered the possibility that the phenotypes
of the ebp2-14 and rrs1-124 mutants in telomere maintenance
might be the indirect result of a defect in ribosome synthesis.
We can exclude this hypothesis based on the following
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/ p
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Figure 7 A schematic model of the roles of Ebp2 and Rrsl in the
nucleus. Ebp2 and Rrsl interact with each other and have an
essential function in biogenesis of the 60S ribosomal subunit in
the nucleolus. These proteins localize to the perinuclear region
through Mps3, a SUN protein, and thereby serve a structural
function in the mitotic nucleus. Ebp2, Rrs1 and Mps3 are associated
with the silent information factor Sir4, and function in telomere
clustering at the nuclear envelope.

results. First, the defect in telomere clustering occurs as
early as 30 min after shifting ebp2-14 or rrs1-124 to restrictive
temperature, whereas the defects in ribosome biogenesis are
manifest 2 h later. Second, the expression of the Ebp2-Mps3
fusion protein in ebp2-14 suppresses the defect in telomere
clustering, but not the defect in ribosome biogenesis, arguing
that the functions are separable.

Localization of Ebp2 and Rrs1 to the nuclear periphery
Telomeres are maintained in clusters at the nuclear peri-
phery in yeast through at least two redundant anchoring
pathways that involve Sir4 and yKu. Both anchor at least
partially through the transmembrane protein Mps3, at least in
S-phase cells (Bupp et al, 2007; Schober et al, 2009). Our data
suggest that Ebp2 and Rrs1 have a role in the maintenance of
telomere clustering in S phase as well, supporting the notion
that they cooperate with Mps3 and Sir4 to organize mitotic
telomeres. We suggest that Mps3 anchors Ebp2 and Rrsl at
the nuclear periphery because both Ebp2 and Rrs1 are able to
interact with Mps3 directly, and ectopic expression of the
Mps3 N-terminus caused a delocalization of Ebp2 and Rrs1
from nuclear envelope.

We note that Ebp2 possesses three coiled-coil domains
and can form homodimers (Figure 4B; Tsujii et al, 2000;
Horigome et al, 2008), much like the C-terminus of
Sir4. (Hattier et al, 2007). Given that the ebp2 and rrsl
mutations phenocopy the ectopic expression of the Mps3
N-terminus for maintenance of a spherical nuclear shape,
we suggest that Ebp2 and Rrsl are members of the
perinuclear protein network of coiled-coil proteins that
contributes to nuclear shape. Sir4, on the other hand,
contributes to silencing and telomere position, but not
nuclear shape.

3808 The EMBO Journal VOL 30 | NO 18] 2011

Functions of Ebp2 and Rrs1 in telomere organization
We are able to separate telomere clustering from telomere
tethering by comparing phenotypes of the ebp2-14, rrsi-124
and mps3A65-145 mutants. All three mutants have increased
numbers of Rapl foci in S-phase cells, indicating that
telomere clustering is compromised in each case. In contrast,
telomeres remained localized to the nuclear envelope in the
ebp2-14 and rrs1-124 strains, in contrast to the delocalization
observed in mps3A65-145. It was reported that telomere
clustering and SIR protein sequestration promote the repres-
sion of subtelomeric genes, whereas telomere tethering alone
does not necessarily correlate with silencing (Mondoux et al,
2007; Taddei et al, 2009). Consistent with these reports, we
observe that Ebp2 and Rrsl have a function in telomere
silencing, as does Mps3 (Bupp et al, 2007). Given that
ebp2-14 and rrsI-124 defects in telomere clustering and
silencing are manifest even in the presence of Mps3, we
argue that Ebp2 and Rrs1 have crucial roles in silent domain
organization at the nuclear periphery.

Linkage between ribosome biogenesis and telomere
organization

Since growing yeast cells dedicate a large amount of energy to
ribosome biosynthesis, which includes ~80% of total trans-
cription (reviewed by Warner, 1999), it is not surprising to
find that it is regulated in response to environmental changes.
Furthermore, it appears that ribosome biogenesis is linked to
the cell cycle, cell size control and stress response (reviewed
by Dez and Tollervey, 2004 and Jorgensen and Tyers, 2004).
Although it would not be surprising to find that ribosome
biogenesis is also connected with the nuclear organiza-
tion, our study shows that we can dissociate the defects in
telomere organization from the defects in ribosome biogen-
esis for Ebp2 and Rrsl, even though both proteins are clearly
implicated in both events.

The bi-functionality of Ebp2 and Rrs1 nonetheless leaves
open the possibility that the cell uses these proteins to
coordinate ribosome biogenesis and telomere maintenance.
Intriguingly, Rapl, the TG-repeat binding protein and Tbfl,
a TTAGGG-recognizing protein that binds subtelomeric
regions, function as transcriptional regulators of ribosomal
protein genes or genes for snoRNAs, which have a key role in
ribosome biogenesis (Preti et al, 2010). In addition, Tbfl is
the key protein necessary for transcription of ribosomal
protein genes in Candida albicans (Hogues et al, 2008). It is
possible that during evolution Tbfl was replaced by Rapl1 as a
transcriptional factor for ribosomal protein genes (Hogues
et al, 2008; Lavoie et al, 2010). Thus, even though we can
show that the telomere defects of Ebp2 and Rrsl are separ-
able from ribosome biogenesis, this latter may be linked to
telomere maintenance both on the transcriptional level and at
the assembly stage.

Functions of mammalian orthologues of Ebp2 and Rrs1
The homologues of Ebp2 and Rrsl are relevant to various
cellular responses in higher eukaryotes, such as Huntington’s
disease (Fossale et al, 2002), influenza virus replication
(Geiss et al, 2001), response to fibroblast growth factor 3
(Reimers et al, 2001) and p53-dependent cell proliferation
(Machida et al, 2006). The human orthologue, EBP2, has
been identified in nucleoli purified from HeLa cells (Scherl
et al, 2002), and co-fractionates with 28S rRNA in HeLa cells,
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suggesting a role in ribosome biogenesis (Romanova et al,
2009). It is also localized to condensed chromosomes in
mitosis (Kapoor and Frappier, 2003) and helps mediate the
mitotic segregation of Epstein-Barr virus DNA episomes,
which bind to mitotic chromosomes (Kapoor and Frappier,
2003). A recent study suggested that human RRS1, which also
localizes to the nucleolus during interphase, is distributed at
the chromosome periphery during mitosis and contributes to
chromosome congression (Gambe et al, 2009). While pre-
liminary, these results suggest that human EBP2 and RRS1
may also have multiple functions related to those described
here for yeast. Further analysis of Ebp2 and Rrs1 and a deeper
understanding of their function in nuclear organization may
reveal features conserved among eukaryotes and shed light
on the involvement of the human homologues in human
diseases, such as those ascribed to the nuclear lamina.

Materials and methods

Plasmids, strains and yeast methods

Plasmids are listed in Supplementary Table S1. All yeast strains are
derivatives of W303 (his3-11, 15 ade2-1 ura3-1 leu2-3,112 trpl-1
canl-100) and listed in Supplementary Table S2. Standard tech-
niques were used for DNA and yeast manipulations. Yeast cells
were grown in synthetic complete medium containing 2% glucose
(8C) or SC dropout medium. To test the telomere clustering, CFP-
RAP] fusion was integrated into the genome as follows: a 2.9-kb
RAPI fragment that lack the 5 end of the gene was PCR amplified
using primers, 5-AAAGCTAGCTCCGAGTATGGTCGTTGTTGA-3’ and
5'-AAACAGCTGCCTCCACAGAAAGTTCTTTATC-3’, and inserted
into pRS306 digested with Xbal-Smal after digestion with Nhel-
Pvull. CFP was PCR amplified from pDH3 and inserted into the Nrul
site of RAP1. Haploid strains were transformed with the plasmid
after digestion with Spel, which resides within a portion of the RAPI
coding region at the 5’ side to the CFP gene. The resulting CFP-RAPI
fusion construct contains the chromosomal RAPI gene intervened
by the CFP gene under regulation of the authentic RAPI promoter.
Similarly, in the wild-type and mps3A65-145 strains, pAHS52 was
digested with PstI which resides within a portion of the RAPI
coding region at the 5 side to the GFP-S65T gene (Hayashi et al,
1998). For the silencing assay, the strain CCFY100 (Roy and Runge,
2000) was transformed with a single copy plasmid pRS313
containing each of the ebp2 and rrs1 alleles and subsequently with
the DNA fragment containing the ebp2::LEU2 or rrsl::LEU2
disruption, respectively. YG881 (sir2A; a gift from Dr D Shore)
was used as a control strain.

Polysome and [methyl->H] methionine pulse-chase analyses

Sucrose density gradient ultracentrifugation and [methyl-*H]
methionine pulse-chase analysis were carried out as described
previously (Shirai et al, 2004; Yamada et al, 2007).

Protein—-protein interactions

GST pull-down and yeast two-hybrid assays of protein-protein
interactions were performed as described previously (Shirai et al,
2004; Nariai et al, 2005). In yeast two-hybrid assays, interactions
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between the indicated fusion proteins were tested in yeast L40
strain with a HIS3 reporter gene. A plasmid expressing lexA binding
domain-Adhl fusion protein was used as a negative control.
3-Amino-1,2,4-triazole (3-AT) was used as an inhibitor of the HIS3
gene product. Immunoprecipitation using liquid nitrogen ground
lysates was performed as described previously with minor
modifications (Jaspersen et al, 2006). Ground cell powder was
subjected to crosslinking with 0.2 mg/ml dithiobis (succinimidyl-
propionate; Pierce Biotechnology) for 10 min. After the quenching
reaction, lysates were sonicated in the extraction buffer containing
1M NaCl and 1% Triton X-100. Lysates were centrifuged and the
resulting supernatant was used for immunoprecipitation. Immuno-
precipitation and washing the beads were performed in the
following buffers: 100 mM/150 mM NaCl, 25 mM Hepes-KOH, pH
7.5,0.1% Triton X-100, 2 mM EDTA, 2 mM MgCl,, 1 mM DTT, 1 mM
PMSF, and 1pg/ml each of Pepstatin A, AEBSF, Bestatin and
Leupeptin.

Microscopy

Yeast cells grown to mid-log phase were harvested and spotted onto
slides for immediate microscopic examination. Images for Figures
2A and 5B were acquired using Slide Book 4 Digital Microscopy
software (Intelligent Imaging Innovations). Images on Figures 2B,
C, 3C-E, 5A and C were acquired using a Metamorph-driven the
Spinning-disk confocal system, and deconvolution was performed
using the Huygens software (calculated PSF) and Imaris (Biplane)
software for analysis of localization. The number of CFP/GFP-Rapl
foci was counted in typically 21-24 stacks of 0.2 um. Telomere
position was measured by ImageJ (NIH, USA) and the plug-in
software PointPicker (Swiss Federal Institute of Technology
Lausanne). All images were adjusted for background using Adobe
Photoshop or Imaris.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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