OPEN 8 ACCESS Freely available online

@'PLOS ‘ ONE

Identification of the Functional Domains of the Telomere
Protein Rap1 in Schizosaccharomyces pombe
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Abstract

The telomere at the end of a linear chromosome plays crucial roles in genome stability. In the fission yeast
Schizosaccharomyces pombe, the Rap1 protein, one of the central players at the telomeres, associates with multiple proteins
to regulate various telomere functions, such as the maintenance of telomere DNA length, telomere end protection,
maintenance of telomere heterochromatin, and telomere clustering in meiosis. The molecular bases of the interactions
between Rap1 and its partners, however, remain largely unknown. Here, we describe the identification of the interaction
domains of Rap1 with its partners. The Bqt1/Bqt2 complex, which is required for normal meiotic progression, Poz1, which is
required for telomere length control, and Taz1, which is required for the recruitment of Rap1 to telomeres, bind to distinct
domains in the C-terminal half of Rap1. Intriguingly, analyses of a series of deletion mutants for rap1™ have revealed that the
long N-terminal region (1-456 a.a. [amino acids]) of Rap1 (full length: 693 a.a.) is not required for telomere DNA length
control, telomere end protection, and telomere gene silencing, whereas the C-terminal region (457-693 a.a.) containing
Poz1- and Taz1-binding domains plays important roles in those functions. Furthermore, the Bqt1/Bqt2- and Taz1-binding
domains are essential for normal spore formation after meiosis. Our results suggest that the C-terminal half of Rap1 is critical
for the primary telomere functions, whereas the N-terminal region containing the BRCT (BRCA1 C-terminus) and Myb
domains, which are evolutionally conserved among the Rap1 family proteins, does not play a major role at the telomeres.
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Introduction

The telomere is the specialized chromatin structure located at
the ends of eukaryotic linear chromosomes. The telomere consists
of telomeric DNA containing repetitive sequences (I'TAGGG in
vertebrates and TTACAG, 5 in fission yeast) and various
associated proteins [1,2,3,4]. Telomere-binding proteins protect
chromosome ends from enzymatic degradation, inappropriate
homologous recombination and end-to-end fusion, and regulate
the access of telomerase, the telomere-specific reverse transcrip-
tase, to the single-stranded telomere DNA at the chromosome end
to maintain the telomere DNA length [5,6]. Moreover, telomeres
play critical roles in the dynamics of meiotic chromosomes [7].

In fission yeast, Schizosaccharomyces pombe, the Tazl protein (a
homolog of mammalian TRF1/TRF2) directly binds to the
double-stranded telomere DNA [8]. Tazl recruits the Rapl
protein (a homolog of mammalian Rapl) to the telomeres, and
Rapl in turn associates with multiple proteins to regulate a variety
of telomere functions [9,10,11,12,13,14,15] (Figure 1A). For
example, Rap1 interacts with Pozl to form the shelterin complex
[16] to negatively regulate the access of telomerase to the
chromosome end, the Bqtl/Bqt2 complex to relocate telomeres
to the spindle pole body (the equivalent of the centrosome) to form
a bouquet structure in meiotic prophase, and Bqt4 to tether
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telomeres to the inner nuclear membrane during interphase
[15,17,18]. These observations indicate that Rap] is the key player
that performs the multiple telomere functions through interactions
with its various partners.

Rapl family proteins in eukaryotes contain a BRCT domain,
one or two Myb domains, and an RCT (Rapl C-terminal) domain
in common [19]. The two Myb domains of budding yeast Rapl
mediate the direct binding to the double-stranded telomere DNA
[20]. The functions of the Myb domains of fission yeast and
mammalian Rapl, however, remain largely unknown. Recently,
we have shown that the RCT domains of Rapl in multiple
organisms act as a protein-protein interaction module [19]. The
direct telomere DNA-binding proteins, Tazl and TRI2, interact
with the RC'T domains of Rapl to recruit Rapl to telomeres in
fission yeast and mammals. In contrast, the RCT domain of
budding yeast Rapl recruits two groups of proteins, the Rif
proteins (Rifl and Rif2) to regulate telomere DNA length and the
Sir proteins (Sir3 and Sir4) to mediate gene silencing at telomeres
[21,22,23,24]. Although the nature of the RCT domain has been
considerably clarified, the molecular functions of the other parts of
Rapl especially in fission yeast and mammals remain largely
unknown.

To investigate the molecular bases of the functions of fission
yeast Rapl, we identified the domains required for the interactions
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Figure 1. Identification of the Bqt1/Bqt2-, Poz1- and Taz1-binding domains in Rap1. (A) Schematic illustration of the Rap1-binding
proteins in S. pombe. Arrows indicate the physical interactions. Poz1 also interacts with Tpz1 on the single-stranded telomere DNA. Bqt3 is a receptor
for Bqt4 on the inner nuclear membrane. SPB, spindle pole body. (B) Pull-down assays to identify the binding regions of Rap1 with Bqt2, Poz1, or
Taz1. A series of GST-Rap1 fusion proteins (#1, 1-130 a.a; #2, 120-250 a.a.; #3, 240-370 a.a.; #4, 360-520 a.a; #5, 501-693 a.a.) were purified from
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bacteria. Each GST-Rap1 protein was mixed with S. pombe cell extracts containing Bqt2-Myc, Poz1-Flag, and Taz1-HA. Glutathine bead-bound proteins
were separated by SDS-PAGE and detected with anti-Myc, anti-FLAG, and anti-HA antibodies. (C) Three-hybrid assays to detect the interactions
between Rap1 and Bqt1/Bqt2. The rap1™ DNA fragments (indicated by boxes) were inserted into the pACT2 vector (prey). pBridge-bqgt1*/bqt2* was
used as the bait. The interactions between Rap1 and Bqt1/Bqt2 were assessed by B-galactosidase activity (indicated by + or -). (D, E) Two-hybrid
assays to detect the interactions between Rap1 and Poz1 (D) or Taz1 (E). The rap1™ DNA fragments (indicated by boxes) were inserted into pACT2
(prey), and poz1* or taz1* was inserted into pGBKT7 (bait). The interactions were assessed by B-galactosidase activity (indicated by + or -).

doi:10.1371/journal.pone.0049151.g001

with its multiple partners and analyzed the effects of various
deletions of the coding region of 7apI™ on the telomere functions.
We found that the already known Rapl partners (Bqtl/Bqt2,
Pozl and Tazl) interact with distinct domains in the C-terminal
half of the Rapl protein. Deletions and a mutation at the C-
terminus of Rapl conferred telomere dysfunctions to cells. In
contrast, deletions of the Rapl N-terminal region containing the
BRCT and Myb domains caused no defect in the telomere
functions. Our results indicate that the C-terminal half is critical
for the primary functions of the telomere.

Results

Identification of the interaction domains in Rap1 for its
partners

S. pombe Rapl contains three domains, the BRCT, Myb (and
Myb-like) and RCT domains, which are conserved among the
Rapl family proteins [12,19] (Figure 1B). To identify the
interaction domains in S. pombe Rapl with its partners, we first
performed pull-down assays. The coding region of the rap/* gene
was divided into five regions (#1— #5, Figure 1B), and the
corresponding GST-Rapl fusion proteins were purified from E.
coli. Each GST-Rapl protein was incubated with the S. pombe cell
extracts containing Bqt2-Myc, Pozl-Flag, or Tazl-HA proteins.
Bqt2-Myc, Pozl-Flag, and Taz1-HA were co-purified with GST-
Rapl #3, #4, and #5, respectively, indicating that they associate
with these distinct domains in the C-terminal region of Rapl
(Figure 1B).

Yeast two- or three-hybrid assays were performed to narrow
each interaction domain. We found that the Bqtl-Bqt2 complex
mnteracts with 311-370 a.a. of Rapl, and that Pozl interacts with
457-512 a.a. of Rapl (Figures 1C and 1D). We also confirmed
that Tazl binds to the most C-terminal RCT domain (639-693
a.a.), as previously reported [19] (Figure 1E).

Expression of Rap1 variants

To analyze the physiological importance of each Rapl domain,
series of deletion strains that lacked various N-terminal (rapl-4 —
-G) and intermediate regions (rapl/-ABy, the deletion of a part of
the Bqtl/Bqt2-binding site [341-370 a.a.]; rapI-APz, the deletion
of the Pozl-binding site [457-512 a.a.]) were constructed
(Figure 2A). We tried to adjust the expression level of each
Rapl variant to that of the wild-type (i.e., full-length) Rapl
because deletion of the full-length Rap1 results in severe defects in
the telomere functions [10,12,14] and therefore a significant
decrease in the Rapl expression level possibly causes its
dysfunction. To adjust the each Rapl expression level as much
as possible, the mutated rapl genes were integrated at the genomic
rapI™ locus with its original promoter and terminator, and we
avoided epitope-tagging at the C-terminus because we found that
tagging at the C-terminus causes a remarkable change in the
expression level of the Rapl protein (data not shown). Further-
more, only a part of the Bqtl/Bqt2-binding site was deleted in the
rapl-ABg strain because the deletion of the whole Bqtl/Bqt2-
binding site caused a marked decrease in the Rapl protein level
(data not shown). Moreover, deletion of the Tazl-binding site also
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resulted in a striking decrease in the Rapl protein level (data not
shown). Therefore, the rapl-I655R strain, in which the isoleucine-
655 residue of Rapl was changed to arginine, was used instead.
The Rapl-I1655R protein does not interacts with Tazl, thereby
inducing an abnormal elongation of telomere DNA and de-
protection of chromosome ends, as shown in a previous study [19].

The expression of the Rap variant in each strain was analyzed
by western blotting using anti-Rapl antibodies that recognize the
C-terminal region (370-693 a.a.). Strains rapl-A to rapl-E
expressed each Rapl variant at levels comparable to that of the
wild-type (Figure 2B). Strains rap!-F, rapI-G and rapl-APz showed
weaker bands of Rapl variants, likely because the Rapl-F, Rapl-
G and Rapl-APz proteins contain smaller antigen-recognition
sites for the anti-Rapl antibody and/or these proteins are
expressed at lower levels compared with the full-length Rapl
(Figures 2B and 2C). We also found that the rap7-1655R mutation
caused a moderate decrease in the level of the Rapl protein,
suggesting that the Tazl-binding site is important for the stability
of the Rapl protein (Figure 2C).

We also analyzed the expression of the full-length Rap!l protein
in the strains with deletions of the various Rapl-interactor genes
(Figure 2D). None of the gene deletion strains showed an apparent
decrease in the full-length Rapl protein level. Intriguingly, the
lazIA strain showed an upshift of the Rapl band, whereas poz/A
showed a slight downshift, indicating that Tazl and Pozl affect
the post-translational modification of Rapl. To investigate the
nature of the Rapl modification in taz/A, the full-length Rapl
proteins derived from the wild-type and taz]A strains were treated
with calf intestinal alkaline phosphatase (CIAP) (Figure 2E). The
phosphatase treatment of Rapl in both strains caused a marked
downshift of the Rapl bands, indicating that Rapl is phosphor-
ylated, especially in taz/A. We have recently shown that Rapl is
hyperphosphorylated at M phase [25]. The increased level of
Rapl phosphorylation in faz/A may be caused by the possible
prolongation of M phase in faz/A or by other currently unknown
mechanisms.

The Poz1- and Taz1-binding sites are essential for
telomere length control

To investigate the physiological importance of each Rapl
domain, we analyzed the phenotypes of each rap/ mutant. Rapl,
Tazl, and Pozl are the key negative regulators of telomerase
[8,10,12,18]; thus, deletions of the entire rapl™, tazl*, or pozl*
genes result in a marked elongation of the telomere DNA
(Figures 3A, lanes 1-2, 13-14, and S1A). The N-terminal deletion
strains rapl-A — -F did not show any significant change in telomere
DNA length, whereas the rap/-G mutant exhibited a striking
elongation of telomere DNA similar to that in the complete rap!
deletion strain (Figure 3A, lanes 3-9). The rapl-APz and rapl-
1655R mutations but not the rapl/-ABg also caused a massive
elongation of telomere DNA [19] (Figure 3A, lanes 10-12). These
results indicated that the Poz1- and Tazl-binding sites are crucial
for telomere length control, whereas the N-terminal region (1-456
a.a.) is not required for it.
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Figure 2. Expression of the Rap1 proteins in various mutants. (A) Schematics of a series of rap1 deletions at the rap1* locus. The binding sites
for Bqt1/Bqt2, Poz1, and Taz1 are indicated by black bars below the Rap1 wild-type. In the rap1-1655R mutant, the lle655 residue was mutated to Arg.
(B) Expression of the Rap1 proteins. The whole cell extracts from asynchronous cells were analyzed by immunoblotting using anti-Rap1 antibodies.
WT, wild-type; A, rap1A. Asterisks indicate non-specific bands. Cdc2: loading control. (C) Expression of the Rap1 proteins in each strain was analyzed
by immunoblotting using anti-Rap1. ABq, Bqt1/2-binding site deletion; APz, Poz1-binding site deletion; IR, rap1-1655R. (D) Expression of the full-
length Rap1 proteins in the various gene deletion mutants. The whole cell extracts of each strain were analyzed by immunoblotting using anti-Rap1.
(E) Rap1 is highly phosphorylated in taz1A. Cells were grown to mid-log phase. Rap1 proteins were immunoprecipitated from the cell extracts using
anti-Rap1 antibodies and treated with CIAP for 1 h at 32°C with or without phosphatase inhibitors. The samples were analyzed by immunoblotting

using anti-Rap1.
doi:10.1371/journal.pone.0049151.g002

The C-terminal region (457-693 a.a.) is sufficient for
telomere end protection in the G; phase

To analyze the involvement of each Rapl domain in the
protection of telomere ends, we next examined the NHE] (non-
homologous end joining)-dependent telomere end fusions in Gy
phase when homologous recombination is inhibited [5]. Because
Rapl and Tazl are essential for the prevention of the fusion of
telomere ends in G, [14], deletions of the rapI* or tazI* genes and
the rapl-1655R mutation resulted in telomere end fusions, as
detected by pulse-field gel electrophoresis (PFGE) of Nod-digested
chromosomal DNA followed by Southern blotting using telomere
probes [19] (Figure 3B, lanes 1-2, 10, 13). Similar to the results
displayed in Figure 3A, the N-terminal deletion strains rapl-A — -F
did not show any telomere fusion bands, whereas the rapl-G
mutant exhibited telomere fusion bands as in the complete rapl
deletion strain (Figure 3B, lanes 3-9), indicating that the C-
terminal region (457-693 a.a.) is sufficient for telomere end
protection in Gj.

The rapl-ABg, bgtIA, and bgt2A mutants did not exhibit
telomere end fusions, indicating that the interaction between Rapl
and Bqtl/Bqt2 is not required for telomere end protection in G,
(Figure 3B, lanes 12, 15, 16). The rapl/-APz; mutant showed
telomere fusions with a lower frequency, as the intensity of the
telomere fusion bands was considerably weaker than that in the
rapIA strain (Figure 3B, lanes 2, 11). In contrast, the poz/4 strain
did not exhibit any telomere fusion (Figure 3B, lane 14). These
data suggest that the deletion of the Pozl-binding site partially
compromised the binding of other factors and led to telomere
fusion independently of Pozl. The higher frequency of telomere
end fusion in the rapl-G mutant than in the rapl-APz mutant
mmplies that the expression level of Rapl is also important for the
telomere end protection (note that the expression level of Rapl-G
is possibly lower than that of Rap1-APz [Figures 2B and 2C]).

The Poz1- and Tazl-binding sites are essential for the
telomere gene silencing

Tazl and Rapl are required for the maintenance of telomere
heterochromatin structure, and therefore the taz/A and rapIA
mutants display defects in gene silencing at telomere [8,12,26]. To
assess the telomere gene silencing in each rap/ mutant, we
analyzed the RNA expression of the /i genes at the distal end of
subtelomeres by reverse transcription-quantitative = PCR
[26](Figures 3C). While the transcription of the #/h genes was
repressed in the rapl-A — F, rap1-ABq, bgtlA, and bgt2A strains as
in the wild type, it was highly de-repressed in the rapl-G, rapl-
I655R, rapl-APz, rapIA, tazlA, and pozIA strains. These data
indicate that the Pozl- and Tazl-binding sites of Rapl are
essential for the subtelomeric gene silencing.

The Bqt1/Bqt2- and Taz1-binding sites are essential for
the normal progression of meiosis

Rapl and Tazl are required for the clustering of the telomeres
towards the spindle pole body (SPB) during the meiotic prophase,
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which is critical for the proper meiotic chromosome segregation
and the normal spore formation [9,10,12]. Bqtl and Bqt2 are
expressed specifically during meiosis and required for the
recruitment of Rapl with Tazl and telomere DNA to the SPB
[17]. Therefore, the rapIA, tazIA, bqtIA, or bgt2A strains exhibit
asci with an irregular number and morphology of spores after
meiosis (Figure 4). We found that Pozl was dispensable for the
normal progression of meiosis because the poz/A strain did not
show a remarkable defect in spore formation. To investigate the
importance of each Rapl domain in meiosis, the spore formation
of each rapl mutant was examined (Figures 4 and S1B). The N-
terminal deletion strains rapl-A — -D mostly produced four normal
spores, whereas the rapl-E — -G mutants exhibited a high
frequency of abnormal spore formation. The rap/-ABq and rapl-
1655R mutants also displayed a severe defect in spore formation,
whereas the rapl-APz mutant only showed a moderate defect.
These data suggested that the Bqtl/Bqt2- and Taz1-binding sites
are critical for the normal progression of meiosis.

Discussion

In this study, we identified the Rapl domains responsible for the
interactions with its partners, Bqtl/Bqt2 and Pozl. Bqtl/Bqt2,
Pozl1, and Tazl bind to the distinct domains of Rapl in the C-
terminal half, which was essential for the primary telomere
functions, such as telomere length control, telomere protection,
telomere gene silencing, and normal spore formation after meiosis.
In contrast, the long N-terminal region was dispensable for those
telomere functions (Figure 5A).

Our results indicated that S. pombe Rapl has multiple modules
for the protein-protein interactions. This implies the possibility
that the Rapl partners, Bqtl/Bqt2, Pozl, and Tazl, can bind to a
single Rapl molecule simultaneously. In contrast, our recent study
has shown that the long middle region of Rapl, i.e., 220-607 a.a.,
that overlaps with the Bqtl/Bqt2- and Pozl-binding sites, is
required for the interaction between Rapl and Bqt4 [25]. It will be
interesting to solve the three-dimensional crystal or solution
structure of the Rapl complex with its multiple partners.

Intriguingly, the rap/-C, -D and APz mutations, which probably
weaken the interaction between Rapl and Bqt4, do not confer a
significant deficiency in spore formation to the cells, although the
bgt4A strain shows a high frequency of abnormal spore formation
because Bqt4 plays an important role in telomere clustering in
meiosis [15] (Figure 4). These observations imply that the
existence of Bqt4 at the nuclear envelope, not the interaction
between Rapl and Bqt4, is critical for the normal progression of
meiosis.

We have previously shown that the structure of the RCT
domain of Rapl is evolutionarily conserved and it acts as a
protein-protein interaction domain [19]. The RCT domains of
fission yeast and mammalian Rap] associate with the TR family
proteins, Tazl and TRF2, respectively. In contrast, the RCT
domain of budding yeast Rapl interacts with Rifl/Rif2 and Sir3/
Sir4 to regulate telomere DNA length and telomere gene silencing,
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Figure 3. The Poz1- and Taz1-binding sites are critical for the maintenance of telomere structure. (A) Southern blot analysis of the
telomere DNA length. Genomic DNA was extracted from each strain grown in YES, digested by the restriction enzyme EcoRI, and separated on a TAE-
1% agarose gel. The EcoRl digestion generates ~1-kb fragments containing the telomere repeats from chromosomes | and Il in the wild-type (right).
A probe specific for the telomere repeats was used to detect the telomere ends. ABq, Bqt1/2-binding site deletion; APz, Poz1-binding site deletion; IR,
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rap1-1655R. These data were reproduced using the other strains carrying the same rap1 alleles (Figure S1A). (B) Telomere end protection in G;-
arrested cells. The strains used in (A) were grown in EMM, shifted into EMM-N (without nitrogen), and incubated at 28°C for 24 hours. Chromosomal
DNA was prepared in agarose plugs and separated by PFGE after Notl digestion. The gel was transferred to a nylon membrane and hybridized with a
probe specific for telomere repeats. The letters on the right side of the southern blot indicate the identities of the Notl-digested chromosomal DNA
fragments. An asterisk indicates the bands, which probably correspond to the incompletely digested DNA fragment containing the “L” fragment of
the chromosome . (C) Telomere gene silencing. RNA expression level of sub-telomeric tlh genes was analyzed by reverse transcription-quantitative
PCR. The value of the tlh genes was normalized by that of the his7 gene. Bars and error bars indicate mean and SEM of three or four experiments. A.U.,
arbitrary units.

doi:10.1371/journal.pone.0049151.g003

respectively [21,22,23,24]. Thus, the partner of the RCT domain silencing of the subtelomeric t/h genes (Figures 3A and 3C). In
is conserved 1in fission yeast and mammals, not in budding yeast. budding vyeast, the rap! mutants expressing the C-terminal
This study demonstrated that the rapl/-I655R mutant shows truncated forms of Rapl lacking the RCT domain show defects
significant defects in the telomere DNA length control and gene in the telomere DNA length control and the telomere gene
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Figure 5. Summary of the functional domains of S. pombe Rap1. (A) The interaction domains of Rap1 with its partners are shown in the upper
part. Dark green bars indicate the regions responsible for each telomere function. Pale green bars indicate the regions whose involvement in each
telomere function is unclear. The Rap1-interactors required for each telomere function are indicated at the right. (B) Sequence similarity between S.
cerevisiae Rap1 (ScRap1), S. pombe Rap1 (SpRap1), and human Rap1 (HsRap1). Identity (indicated in black) and similarity (indicated in grey) of the
amino acid sequences between the homologous domains were analyzed by the ClustalW program.

doi:10.1371/journal.pone.0049151.9005

silencing [27,28]. Therefore, both the RCT domains in budding
and fission yeasts regulate telomere DNA length and telomere
gene silencing in common. As mammalian Rapl regulates
telomere DNA length and gene silencing at subtelomeres [29], it
is possible that the RCT domain of mammalian Rapl is also
important for the two functions, although it is currently unclear.

Our results showed that the rapI-G, rapl-APz, and pozIA strains
are defective in telomere gene silencing like in the rapIA strain.
The highly elongated telomeres in these mutants contain an excess
of Tazl binding sequences, which probably leads to partially
Tazl-deficient telomeres as previously suggested [30]. Because
Tazl acts as one of the establishment factors for telomere
heterochromatin by recruiting Clr4, a methyltransferase for

PLOS ONE | www.plosone.org 8

histone H3-K9, to telomeres [13], the low abundance of Tazl at
subtelomeres possibly causes a deficiency in telomere heterochro-
matin structure in the mutants with highly elongated telomeres.
In this study, we have identified Bqtl/Bqt2- and Pozl-binding
domains in S. pombe Rapl. A partial deletion of the Bqtl/Bqt2-
binding domain resulted in the abnormal spore formation like in
the bgtIA and bgt2A mutants, indicating that the meiotic telomere
clustering is mediated by the interaction between the Bqtl/Bqt2-
binding site of Rapl and Bqtl/Bqt2. Although meiotic chromo-
somal bouquet formation is conserved in eukaryotes, no obvious
homologs of Bqtl and Bqt2 are found in other organisms, with the
exception of related fission yeast Schizosaccharomyces japonicus [31].
Consistently, the budding yeast and human Rapl proteins lack a
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region homologous to the Bqtl/Bqt2-binding domain (Figure 5B),
and the meiotic bouquet formation does not require Rapl in
mouse [32]. Therefore, the meiotic function of Rapl may not be
conserved in budding yeast and mammals. In contrast, we found
that the region containing the Pozl-binding site of S. pombe Rapl
has a weak homology with the region containing the parts of Myb1
and Myb2 of S. cerevisiae Rapl and with the region (192-259 a.a.)
of human Rapl (Figure 5B). This implies the possibility that the
structure of the Pozl-binding domain is evolutionarily conserved
and that human Rapl interacts with a protein other than TRI2.
In addition, the middle region of budding yeast Rapl also has a
weak homology to the Pozl-binding domain, although their
structural and functional similarities are unclear.

It was reported that Tazl is required for the prevention of
genome-wide DNA double-strand breaks (DSBs), and the tazIA
cells accumulate DSBs and display growth defect at the cold
temperature of 20°C [33]. Furthermore, the faz/A mutant is
hypersensitive to DNA damage induced by the MMS (methyl
methanesulfonate) treatment [33]. We found no obvious defect in
the cell growth of any 7ap/ mutant at 20°C and at 36°C or in the
presence of MMS (Figure S2), whereas the taz/A mutant showed a
weak sensitivity to MMS, suggesting that Rapl does not play a
major role in the responses to temperature stress and to DNA
damage. Recently, Tazumi et al. reported that Tazl is localized
near late origins and regulates the timing of replication [34],
implying that Rapl is also involved in the regulation of replication
timing through binding to replication origins via Tazl.

The following question has been raised from our results: what
are the roles of the BRCT and Myb domains of Rapl? The
budding yeast Rapl directly interacts with telomere DNA and
other DNA targets, and the two Myb domains of Rapl are
necessary for its binding to DNA [20]. A previous report has
indicated that the BRCT domain of human Rapl contributes to
the heterogeneity of the telomere DNA length [35]. The major
roles of the BRCT and Myb domains of human Rapl, however,
are currently unknown. Recently, mammalian Rapl has been
shown to bind to non-telomeric chromosomal DNA to regulate the
expression of various genes and does not necessarily require TRF2
for its binding to non-telomeric loci [29]. The BRC'T domains are
also known to mediate various activities: protein-protein interac-
tions, DNA-binding, and phosphate-binding [36]. Thus, the
human Rapl may directly bind to non-telomeric DNA through
its BRC'T and/or Myb domains, and thus S. pombe Rapl may also
bind to non-telomeric DNA via its BRC'T and/or Myb domains,
although whether the fission yeast Rapl is localized at non-
telomeric chromosomal regions is currently unknown. Further
analyses will be required to uncover the functions of the N-
terminal region of Rapl.

Materials and Methods

Strains and General Techniques for S. pombe

The S. pombe strains used in this study are listed in Table 1. The
YES, MEA, and EMM media were used for cell culturing. The
growth media, basic genetics, and biochemical techniques have
been previously described [37-38]. For the deletions of the rapl™,
tazl", pozI", bgtl™, bgt2", and bgt4" genes, each open reading frame
(ORF) was replaced with the ura4", kanMXG6, or hphMX6 cassette by
homologous recombination [39]. For the generation of the rap!
deletion mutants, rapl-deleted cells (rapl::ura4*) were transformed
with the DNA fragments containing each truncated form of the
rapl™ ORF, and the transformants were selected on YES plates
containing 5-fluoroorotic acid (5-FOA). The replacement of
chromosomal DNA was confirmed by PCR and DNA sequencing.
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Because FOA can induce mutations in the mitochondrial and
nuclear DNA, the cell growth on non-fermentable carbon source
media YEEG (0.5% yeast extract, 3% ethanol, 3% glycerol) and
YEG (0.5% vyeast extract, 3% glycerol, 0.1% glucose) was
examined to confirm that the mitochondrial functions are normal
(Figure S3).

Pull-down Assays

Parts of the rap/™ ORF were amplified by PCR and cloned into
pGEX-5X-2 (GE Healthcare, Little Chalfont, UK). The FE. coli
BL21-CodonPlus (Stratagene, San Diego, USA) was transformed
with each plasmid, and each glutathione S-transferase (GST)-Rapl
fusion protein was purified from bacteria using Glutathione
Sepharose 4B (GE Healthcare). GST-Rapl proteins (~1 pg)
bound to glutathione beads were mixed with S. pombe cell extracts
and washed with TNE buffer (40 mM Tris-HCl [pH 7.5],
150 mM NaCl, 5 mM EDTA, 50 mM NaF, 20 mM B-glycero-
phosphate). The protein complexes were boiled in SDS sample
buffer and analyzed by SDS-PAGE, followed by western blotting.

Yeast Two- and Three-hybrid Assays

A series of truncated forms of the rap/* gene was amplified by
PCR and cloned into pACT2 (prey; Clontech, Mountain View,
USA). The entire ORFs of taz 1" and pozI* were amplified by PCR
and individually cloned into pGBKT?7 (bait; Clontech) for the two-
hybrid assays. To detect the interactions between Rapl and Bqtl/
Bqt2 in the three-hybrid assays, pBridge-bgt/*/bgt2" [17] (bait),
which expresses the Gal4-BD-Bqtl and Bqt2 proteins, was used.
The S. cerevisiae strain Y190 (MATa, ura3-52, his3-A200, lys2—-801,
ade2—101, tp1-901, leu2-3, 112, gal4A, gal8OA, LYS2::GALI 5
HIS3 1y74-HIS3, URA3::GALI 145 GALI 1y74-lazZ, cyh'2) was trans-
formed with each plasmid and assayed for B-galactosidase activity
according to the manufacturer’s instructions.

Antibodies

For the production of polyclonal antibodies against the C-
terminal region of Rapl, the bacterial GST-Rapl (370-693 a.a.)
protein was used to immunize rabbits (Medical & Biological
Laboratories, Nagoya, Japan), and the antibodies were affinity
purified using GST-Rap1 (370-693 a.a.) protein on Immobilon P
transfer membranes (Millipore, Billerica, USA). Anti-Myc (9E10;
Santa Cruz Biotech., Santa Cruz, USA), anti-Flag (F3165; Sigma,
St. Louis, USA), anti-HA (16B12; Covance, Princeton, USA), and
anti-PSTAIR (P7962; Sigma) antibodies were used to detect Bqt2-
Myc, Pozl-Flag, Tazl-HA, and Cdc2, respectively.

Phosphatase Treatment of the Rap1 Protein

Rapl proteins were immunoprecipitated from cell extracts of
50-ml cultures using anti-Rapl. The immunoprecipitates were
washed with CIAP buffer (50 mM Tris-HCI [pH 9.0], 1 mM
MgCly) twice and treated with 60 U of CIAP (Takara, Otsu,
Japan) in the same buffer for 1 hour at 30°C with or without
phosphatase inhibitors (50 mM NaF, 1 mM NaVO,, 10 mM
EGTA, 50 mM B-glycerophosphate, 1x PhosSTOP [Roche,
Basel, Switzerland]). The immunoprecipitates were washed twice
with MASS buffer (25 mM HEPES-KOH [pH 7.5], 200 mM
NaCl, 10% glycerol, 0.1% NP-40) with or without phosphatase
inhibitors and analyzed by immunoblotting using anti-Rapl.

Telomere Southern Blot Analysis

Genomic DNA (20 pg) was digested with EcoRI and analyzed
on Hybond N* nylon membranes (GE Healthcare) as described
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Table 1. S. pombe strains used in this study.
Fig. 1 JK3068 h™ lysT*:nmt1-GFP-bqt1 aurl":nmt1-bqt2-myc bqt1:LEU2 bqt2:ura4* ade6-M216 leul.32 ura4-D18
JK2980 h®° pozi-3Flag:hph taz1-3HA:ura4* ade6-M210 leu1.32 ura4-D18
Fig. 2, 3A, 3B JK317 h™ leu1.32 ura4-D18
IF1814 h™ rap1:hph leu1.32 ura4-D18
JP1903 h™ rap1-A2-110 (rap1-A) leu1.32 ura4-D18
JP1907 h™ rap1-42-174 (rap1-B) leu1.32 ura4-D18
JP1911 h™ rap1-42-248 (rap1-C) leu1.32 ura4-D18
JP1915 h™ rap1-42-300 (rap1-D) leu1.32 ura4-D18
JP1919 h™ rap1-42-370 (rap1-E) leu1.32 ura4-D18
JP1922 h™ rap1-42-456 (rap1-F) leu1.32 ura4-D18
JP1926 h™ rap1-42-512 (rap1-G) leu1.32 ura4-D18
JP408 h™ rap1-1655R leu1.32 ura4-D18
JP1856 h™ rap1-4457-512 (rap1-4Poz1-binding site) leu1.32 ura4-D18
IF1967 h™ rap1-4341-370 (rap1-4Bqt1/2-binding site) leu1.32 ura4-D18
JK702 h™ tazl:ura4™ leu1.32 ura4-D18
JP795 h™ pozl:ura4™ leu1.32 ura4-D18
MT1806 h™ bqt1:hph leu1.32 ura4-D18
MT1808 h™ bqt2::hph leu1.32 ura4-D18
Fig. 3C, 4, 51, 52,53 JP245 h?° ade6-M210 leu1.32 ura4-D18
Fig. 3C, S1, S2, S3 IF1972 h%° rap1-41-693 (rap14) ade6-M210 leu1.32 ura4-D18
JP1906 h®° rap1-42-110 (rap1-A) ade6-M210 leu1.32 ura4-D18
JP1910 h®° rap1-42-174 (rap1-B) ade6-M210 leu1.32 ura4-D18
JP1914 h®° rap1-42-248 (rap1-C) ade6-M210 leu1.32 ura4-D18
JP1918 h% rap1-42-300 (rap1-D) ade6-M210 leu1.32 ura4-D18
JP1921 h®° rap1-42-370 (rap1-E) ade6-M210 leu1.32 ura4-D18
JP1925 h* rap1-42-456 (rap1-F) ade6-M210 leu1.32 ura4-D18
JP1929 h* rap1-42-512 (rap1-G) ade6-M210 leu1.32 ura4-D18
IF1974 h®° rap1-I655R ade6-M210 leu1.32 ura4-D18
IF1859 h* rap1-4457-512 (rap1-APoz1-binding site) ade6-M210 leu1.32 ura4-D18
IF1970 h*° rap1-4341-370 (rap1-ABqt1/2-binding site) ade6-M210 leu1.32 ura4-D18
Fig. 3C, 4, 52 TN266 h®° tazl:ura4" ade6-M210 leu1.32 ura4-D18
JK3062 h®° pozi:hph ade6-M210 leu1.32 ura4-D18
MT1671 h®° bqt1:hph ade6-M210 leu1.32 ura4-D18
MT1673 h% bqt2:hph ade6-M210 leu1.32 ura4-D18
Fig. 4 IF1971 h*° rap1-41-693 (rap14) ade6-M210 leu1.32 ura4-D18
JP1905 h% rap1-42-110 (rap1-A) ade6-M210 leu1.32 ura4-D18
JP1909 h*° rap1-42-174 (rap1-B) ade6-M210 leu.32 ura4-D18
JP1913 h®° rap1-42-248 (rap1-C) ade6-M210 leu1.32 ura4-D18
JP1917 h®° rap1-42-300 (rap1-D) ade6-M210 leu1.32 ura4-D18
JP1920 h®° rap1-42-370 (rap1-E) ade6-M210 leu1.32 ura4-D18
JP1924 h®° rap1-42-456 (rap1-F) ade6-M210 leu1.32 ura4-D18
JP1928 h% rap1-42-512 (rap1-G) ade6-M210 leu1.32 ura4-D18
IF1973 h®° rap1-1655R ade6-M210 leu1.32 ura4-D18
IF1858 h®° rap1-4457-512 (rap1-APoz1-binding site) ade6-M210 leu1.32 ura4-D18
IF1969 h®° rap1-4341-370 (rap1-ABqt1/2-binding site) ade6-M210 leu1.32 ura4-D18
JP839 h*° bqt4zura4* ade6-M210 leu1.32 ura4-D18
Fig. S2 JK325 h™ rad3:ura4* leu1.32 ura4-D18
JK685 h™ crb2:ura4* ade6-M210 leul.32 ura4-D18
doi:10.1371/journal.pone.0049151.t001
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[12]. The Apal-EcoRI fragment of pAMP1 [40], which contains
the ~300 bp of telomere repeats, was used as a probe.

Pulse-field Gel Electrophoresis (PFGE)
For the detection of telomere end fusions, PFGE was performed
as described previously [19].

Reverse Transcription-Quantitative PCR

Total RNA was extracted from each strain and treated with
recombinant DNase I (Takara). cDNA was generated using 5 ug
of RNA as a template with High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Carlsbad, USA) and
quantified with StepOne™ Real-Time PCR System (Applied
Biosystems) and Fast SYBR® Green Master Mix (Applied
Biosystems). The following primer sets were used to detect cDINA:
for th-dh, 5'-TCGTCTTGTAGCAGCATGTGA-3' and 5'-
GAGATGAACGTATCTCTATCGAC-3" (as previously de-
scribed [26]); for Aisit, 5'- CGAAGACGTGCTTCAGCGA-3’
and 5'-TGTCCACCTCGGAATCACTG-3'".

Spore Formation Assays

Cells were grown on YES plates and then were grown on MEA
plates at 28°C for 2 days. The spore formation images were taken
with a BX53 upright microscope (Olympus, Tokyo, Japan).

Supporting Information

Figure S1 Reproduction of Figure 3A and Figure 4B. (A)
Telomere DNA length was analyzed using other strains carrying
the same 7rapl alleles as those used in Figure 3A. Telomere
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southern blot was performed as in Figure 3A. (B) Spore formation
was analyzed using other homothallic strains carrying the same
rapl alleles as those used in Figure 3C. n>200 for each strain.
(TIF)

Figure S2 The rapl mutants are not sensitive to high
and low temperatures and to MMS. (A) Serial cell dilutions
of each strain were spotted on YES plates and incubated at 36°C
and at 20°C. (B) Serial cell dilutions of each strain were spotted on
YES plates containing without or with 0.003-0.01% MMS and
incubated at 32°C. The rad3A and ¢rb2A mutants are the positive
controls for the MMS-sensitive strains.

(TIF)

Figure $3 Normal cell growth of the rapl mutants in the
non-fermentable condition. Serial cell dilutions of each strain
were spotted on YES, YEG (3% glycerol, 0.1% glucose), and
YEEG (3% ethanol, 3% glycerol) and incubated at 32°C.

(TIF)
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