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Telomeres protect DNA ends of linear eukaryotic chromosomes
from degradation and fusion, and ensure complete replication of
the terminal DNA through recruitment of telomerase. The regulation of telomerase is a critical area of telomere research and
includes cis regulation by the shelterin complex in mammals and
fission yeast. We have identified a key component of this regulatory pathway as the SUMOylation [the covalent attachment of
a small ubiquitin-like modifier (SUMO) to target proteins] of a shelterin subunit in fission yeast. SUMOylation is known to be involved in the negative regulation of telomere extension by
telomerase; however, how SUMOylation limits the action of telomerase was unknown until now. We show that SUMOylation
of the shelterin subunit TPP1 homolog in Schizosaccharomyces
pombe (Tpz1) on lysine 242 is important for telomere length homeostasis. Furthermore, we establish that Tpz1 SUMOylation prevents telomerase accumulation at telomeres by promoting recruitment of Stn1-Ten1 to telomeres. Our findings provide major
mechanistic insights into how the SUMOylation pathway collaborates
with shelterin and Stn1-Ten1 complexes to regulate telomere length.
CST complex
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Fission yeast Schizosaccharomyces pombe serves as an attractive model system for studying telomere regulation, because it
uses a complex that closely resembles the mammalian shelterin
(7). Fission yeast shelterin is composed of Taz1 (an ortholog of
TRF1 and TRF2), Rap1, Poz1 (a possible analog of TIN2),
TPP1 homolog in Schizosaccharomyces pombe (Tpz1) (an
ortholog of TPP1), Pot1, and Ccq1. Whereas Taz1 binds to
double-stranded G-rich telomeric repeats, Pot1 binds to 3′ single-stranded overhang telomeric DNA, known as G-tails (8, 9).
Rap1, Poz1, and Tpz1 act as a molecular bridge connecting Taz1
and Pot1 through protein–protein interactions (7), and Ccq1 contributes to telomerase recruitment via Rad3ATR/Tel1ATM-dependent
interaction with the telomerase regulatory subunit Est1 (10).
Because of its direct interaction with Pot1 via its N terminus
and with Poz1 and Ccq1 via its C terminus (Fig. 1A) (7), Tpz1
functions as an important node in the protein–protein interaction network at telomeres. Although the circuitry of interactions among shelterin components has been well documented and
studied, how core shelterin subunits such as Tpz1 help coordinate
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elomeres protect DNA ends of linear eukaryotic chromosomes from degradation and fusion, and ensure replication
of the terminal DNA (1, 2). In most eukaryotes, telomere length
is maintained predominantly by telomerase, a specialized reverse transcriptase that adds telomeric DNA to the 3′ ends of
chromosomes. In addition, a DNA homologous recombination
(HR)-dependent mechanism, known as the alternative lengthening of telomeres (ALT) pathway, may contribute to telomere
maintenance (3). Given the significant contribution of dysfunctional telomeres to genome instability, cancer development, and
aging (4), understanding how telomere maintenance and the cellular response to telomere dysfunction is important. Maintenance
of stable telomere length requires a balance of positive and negative regulators of telomerase. The molecular details of such
regulation are not completely understood, however, and further
investigation of how telomeres ensure genomic integrity is needed.
Telomere regulation is largely mediated by the shelterin complex specifically bound to telomeric repeats (2). In mammalian
cells, the shelterin complex (composed of TRF1, TRF2, RAP1,
TIN2, TPP1, and POT1) plays critical roles in (i) regulating telomerase recruitment, (ii) preventing full-scale activation of DNA
damage checkpoint responses by checkpoint kinases ATM and
ATR, (iii) preventing DNA resection, and (iv) preventing telomere rearrangement and fusion by HR, classical nonhomologous
end-joining (NHEJ), or alternative NHEJ (2, 5, 6).
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Telomeres protect DNA ends of linear eukaryotic chromosomes
from degradation and fusion through the recruitment of telomerase. We previously found that SUMOylation negatively
regulates telomere extension; however, how SUMOylation limits
telomere extension has remained unknown until now. Here we
provide major mechanistic insights into how the SUMOylation
pathway collaborates with shelterin and Stn1-Ten1 complexes to
regulate telomere length. We establish that SUMOylation of the
shelterin subunit TPP1 homolog in Schizosaccharomyces pombe
(Tpz1) prevents telomerase accumulation at telomeres by promoting recruitment of Stn1-Ten1 to telomeres in S-phase. Thus,
our findings establish that Tpz1 not only contributes to telomerase recruitment via its interaction with Ccq1-Est1, but also
contributes to the negative regulation of telomerase via its
SUMOylation-mediated interaction with Stn1-Ten1.
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Although a CTC1/Cdc13 ortholog has not yet been identified,
the Stn1-Ten1 complex is known to be essential for telomere
stability in fission yeast (13). The coexistence of shelterin and
CST at telomeres in most eukaryotes suggests a division of roles
among complexes responsible for end protection and telomere
replication (12); however, how shelterin and CST cooperate in
telomere function remains to be determined.
It is becoming increasingly clear that dynamic protein posttranslational modifications play important roles in regulating
telomere length, possibly by modifying some of the telomerase
regulators. SUMOylation, the covalent attachment of a small
ubiquitin-like modifier (SUMO) to target proteins, plays important roles in a wide variety of cellular functions, including
DNA repair, cell cycle progression, and chromatin dynamics
(14). Like the modification with ubiquitin (ubiquitylation) and
other ubiquitin-like modifiers, SUMOylation is achieved with
a distinct but evolutionarily conserved enzymatic cascade consisting of E1-activating, E2-conjugating, and E3 ligase enzymes (15–
17). Factors involved in SUMOylation regulate recombinationbased telomere maintenance in mammals and budding yeast (18–
20), and SUMOylation of Cdc13 promotes Cdc13–Stn1 interaction
to restrain telomerase-dependent telomere elongation in budding
yeast (21). In fission yeast, mutations of SUMO (Pmt3) or SUMO
E3 ligase (Pli1) lead to long telomeres in a telomerase-dependent
manner (22, 23). The underlying molecular mechanism of SUMOdependent telomere regulation remains unknown, however.
In this study, we identified Tpz1 as a target of SUMOylation,
and determined that Tpz1 SUMOylation prevents telomerase
accumulation at telomeres by promoting recruitment of Stn1Ten1 to telomeres. Our findings thus provide major mechanistic insights into the role of SUMOylation in fission yeast
telomere length homeostasis.
Results
Shelterin Subunit Tpz1 Is SUMOylated at K242 by SUMO E3 Ligase Pli1.

Fig. 1. Tpz1 is SUMOylated at K242 in a manner dependent on the SUMO
E3 ligase Pli1. (A) Schematic representation of Tpz1 functional domains.
Pot1-, Poz1-, and Ccq1-interacting domains, as well as a predicted OB fold
domain (OBD), are shown. The SUMOylation consensus site and position of
the SUMOylated lysine (K242) are also depicted. CPBD, Ccq1/Poz1-binding
domain; PBD, Pot1-binding domain. (B) Tpz1 is SUMOylated on K242. His63HA-tagged Pmt3-aa or His6-3HA-tagged Pmt3-gg was ectopically expressed
from a pREP1-derived vector in tpz1-5Flag (WT) or tpz1-K242R-5Flag (K242R)
cells and then purified with Ni-NTA under denatured conditions. Copurifying
Tpz1 was detected by anti-Flag Western blot analysis. A band corresponding
to SUMOylated Tpz1 is indicated by an arrow. (C) Tpz1 SUMOylation can be
detected in cells expressing endogenous levels of Tpz1 and Pmt3. Tpz1-5Flag
(WT) and Tpz1-K242R-5Flag (K242R) were immunoprecipitated by anti-Flag
antibody from cells expressing endogenous WT Pmt3 only or coexpressing
WT and GFP-tagged Pmt3, and detected by Western blot analysis using antiFlag or anti-Pmt3 antibodies. (D) Tpz1 is SUMOylated primarily by SUMO E3
ligase Pli1. His6-3HA–tagged Pmt3-aa or His6-3HA–tagged Pmt3-gg was ectopically expressed from pREP1-derived vectors in fission yeast cells with
indicated genotypes, and Tpz1-5Flag protein was detected by Western blot
analysis. His6-3HA–tagged Pmt3-modified Tpz1-5Flag is indicated by an arrow. The asterisk indicates a nonspecific band.

the cross-talk between telomere-specific signaling pathways and
other cellular networks remains unclear.
Another evolutionarily conserved complex, known as CST
(Cdc13-Stn1-Ten1 in budding yeast and CTC1-STN1-TEN1 in
vertebrates) is also required for telomere stability (11, 12).
Miyagawa et al.

To identify proteins involved in telomere maintenance that
might be SUMOylated, we epitope-tagged various known telomere proteins at their endogenous loci in strains that overexpressed either His6-3HA–tagged Pmt3-aa (nonconjugatable
form) or His6-3HA–tagged Pmt3-gg (conjugatable form). Protein
extracts were then produced under denaturing conditions to preserve SUMOylated forms, and His6-3HA–tagged Pmt3 was purified
from cell extracts with Ni-NTA resin under denaturing conditions.
SUMOylated epitope-tagged proteins were subsequently detected
by Western blot analysis using epitope-specific antibodies. Based on
these analyses, we identified Tpz1 as a potential SUMO substrate
(Fig. 1B).
Sequence analysis of Tpz1 revealed an evolutionarily conserved consensus SUMOylation site, Ψ-K-x-E/D (Ψ, bulky hydrophobic residue; x, any amino acids) in the region between the
PBD (Pot1-binding domain) and CPBD (Ccq1/Poz1-binding
domain) of Tpz1 (Fig. 1A and Fig. S1A). Mutation of this putative SUMO site (lysine 242) to arginine (K242R) did not affect
Tpz1 protein stability (Fig. S1B), but did cause a loss of detectable Tpz1-Flag from the Ni-NTA resin-purified fraction (Fig. 1B,
lane 8), suggesting that Tpz1-K242 is SUMOylated. The tpz1K242R allele thus provides a useful genetic tool for assessing the
role of Tpz1 SUMOylation in telomere metabolism.
To ensure that Tpz1 SUMOylation was not caused by ectopic
overexpression of His6-3HA–tagged Pmt3, we repeated our
analysis using fission yeast cells expressing WT Pmt3 alone or
coexpressing both WT and GFP-tagged Pmt3 under control of
the pmt3 promoter (22). On anti-Flag immunoprecipitation (IP),
we detected an extra band above Tpz1 on anti-Flag Western
blots of the exact same size as a major band detected by the antiPmt3 antibody (Fig. 1C, lanes 1 and 3). This extra band was not
seen in the tpz1-K242R mutant strain, and was increased in size
when GFP-Pmt3 was coexpressed (Fig. 1C).
PNAS | April 22, 2014 | vol. 111 | no. 16 | 5951
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investigated possible roles of the HR repair proteins Rad52 and
Rhp51 (an ortholog of Rad51) (25) in telomere elongation, and
found that telomeres were highly elongated in tpz1-K242R rad52Δ
and tpz1-K242R rhp51Δ cells, to the same extent as in tpz1-K242R
cells (Fig. 2D). In contrast, deletion of the telomerase catalytic
subunit Trt1TERT caused progressive shortening of telomeres in
tpz1-K242R trt1Δ cells (Fig. 2E), indicating that the telomere elongation phenotype in tpz1-K242R cells is dependent on telomerase.
In fission yeast, Rad3ATR/ Tel1ATM-dependent phosphorylation of Ccq1 on threonine 93 (T93) promotes recruitment of
telomerase to telomeres (10, 26). We found that rad3Δ (Fig. 2F)
and ccq1-T93A (Fig. 2G) significantly reduced telomere elongation caused by tpz1-K242R, suggesting that Rad3ATR/Tel1ATMdependent phosphorylation of Ccq1-T93 is required for telomere
elongation in tpz1-K242R cells. Furthermore, ChIP assays demonstrated significantly increased Trt1 binding to telomeres in
tpz1-K242R cells (Fig. 3A), suggesting that Tpz1 SUMOylation
prevents uncontrolled telomere elongation by negatively regulating the association of telomerase with telomeres.

We also found that Tpz1 SUMOylation was greatly reduced in
pli1Δ cells and completely eliminated in pli1Δ nse2-SA cells,
which carry a deletion and a catalytically inactive mutation of the
SUMO E3 ligases Pli1 and Nse2, respectively (Fig. 1D) (24).
Thus, we conclude that Pli1 is primarily responsible for Tpz1
SUMOylation, with Nse2 possibly playing a minor role.
Tpz1-K242 SUMOylation Limits Telomerase-Dependent Telomere
Elongation. Mutations of SUMO or SUMO E3 ligases in fission

yeast lead to longer telomeres in a telomerase-dependent manner (23). To determine whether SUMOylation of Tpz1 has a role
in regulating telomere length, we examined how the tpz1-K242R
mutation affects telomere length. Southern blot analysis revealed
that tpz1-K242R cells carry highly elongated telomeres, suggesting a critical role for Tpz1-K242 SUMOylation in the negative
regulation of telomere length (Fig. 2B). Unlike tpz1Δ cells, which
showed severe growth defects and rampant telomere loss and
fusion (7), tpz1-K242R cells grew normally and demonstrated no
telomere loss or fusion. Furthermore, co-IP analyses showed that
Ccq1–Tpz1, Pot1–Tpz1, and Poz1–Tpz1 interactions are not affected by the tpz1-K242R mutation (Fig. S2). Chromatin immunoprecipitation (ChIP) assays also indicated that tpz1-K242R
mutation does not affect the association of Tpz1, Poz1, Ccq1, or
Pot1 with telomeres (Fig. S3 A and B). Taken together, these
findings identify tpz1-K242R as a separation-of-function mutation that is specifically defective in limiting telomere elongation
without affecting the integrity of the shelterin complex. Furthermore, telomere length in tpz1-K242R pmt3Δ cells was similar
to that of tpz1-K242R or pmt3Δ cells (Fig. 2 B and C), suggesting
that the telomere elongation seen in pmt3Δ cells can be attributed primarily to the loss of Tpz1-K242 SUMOylation.
Because telomere elongation in tpz1-K242R cells may result from
improper regulation of telomerase or telomere recombination, we

A

Late S/G2 Phase SUMOylation of Tpz1 Promotes Stn1-Ten1 Association
with Telomeres. Previous studies found that the human CST

complex functions as a terminator of telomerase activity (27). In
addition, both human CST and fission yeast Stn1-Ten1 maximally
bind to telomeres in late S/G2 phase, when telomerase must dissociate from telomeres before entering mitosis (27, 28). These
properties prompted us to examine whether Tpz1 SUMOylation is
required for recruitment of the Stn1-Ten1 complex onto telomeres. We found that tpz1-K242R largely abolished association of
the Stn1-Ten1 complex with telomeres in ChIP assays (Fig. 3 B
and C). Using synchronized cell cultures, we further determined
that tpz1-K242R dramatically reduced the late S/G2 phase association of Stn1 with telomeres (Fig. 3D and Fig. S4A), and that Tpz1
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Fig. 2. Tpz1 SUMOylation is required for telomerase-dependent telomere length homeostasis. (A) A
schematic representation of fission telomeres. ApaIdigested genomic DNA was analyzed by Southern
blot hybridization with a telomere DNA probe. (B–G)
Telomere length analyses of various fission yeast
strains with indicated genotypes. In all panels except E,
haploid cells with indicated genotypes were restreaked
extensively to ensure that telomeres reached terminal
length. For E, heterozygous diploid strains (trt1+/trt1Δ
tpz1+/tpz1-5Flag and trt1+/trt1Δ tpz1+/tpz1-K242R5Flag) were sporulated, and haploid cells with desired
genotypes were picked and grown in yeast extract
with supplements (YES) cultures at 30 °C for 2 d. Cultures were then used to inoculate fresh YES cultures,
and remaining cells were collected for genomic DNA
preparation (day 1). Subsequently, cultures were collected every 24 h on days 2–7 (Materials and Methods).
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blot ChIP assays. Error bars indicate SEM (n = 4). (E) Tpz1 SUMOylation is
reduced in early/mid S phase. Synchronized cell cultures were obtained using
cdc25-22, and Tpz1 SUMOylation was monitored by anti-Flag Western blot
analysis of either WCE or anti-Flag IP. The SUMOylated Tpz1 band is labeled
Tpz1-S. The asterisk indicates a nonspecific band.

Discussion
Telomeres protect DNA ends of linear eukaryotic chromosomes from degradation and fusion, and ensure complete replication of the terminal DNA through recruitment of telomerase.
SUMOylation is required for the negative regulation of telomere
extension by telomerase in fission yeast (22, 23). How SUMOylation
limits telomere extension remains unclear, however. This study
provides major mechanistic insights into how the SUMOylation
pathway collaborates with shelterin and Stn1-Ten1 to regulate
telomere length in fission yeast. Among the numerous cellular
targets of SUMOylation, we were able to pinpoint a single
SUMOylation site (K242) in Tpz1 to account for telomere elongation. Our findings further suggest that Tpz1 not only promotes
telomerase recruitment via its interaction with Ccq1, but also
helps terminate telomerase action by SUMOylation-dependent
recruitment of the Stn1-Ten1 complex to telomeres (Fig. 5A).
The exact mechanism by which Stn1-Ten1 localization limits
telomerase action remains to be established. An attractive possibility is that Stn1-Ten1 limits Ccq1-T93 phosphorylationdependent accumulation of telomerase to telomeres (10, 26) by
stimulating the recruitment of DNA polymerase α (Polα) (30,
31) to reduce single-stranded DNA (ssDNA) and subsequently
limit Rad3ATR-Rad26ATRIP kinase accumulation at telomeres.
Consistently, Polα mutations cause telomere elongation in fission yeast (32), and cells lacking the telomerase inhibitors Poz1
or Rap1 exhibit a long delay in recruitment of Polα (but not the
leading strand DNA polymerase e), leading to increased accumulation of ssDNA, Rad3ATR-Rad26ATRIP, Ccq1-T93 phosphorylation, and telomerase at telomeres (10, 29).

A
-

in human cells (27), and we recently reported that fission yeast
Tpz1 also interacts with Stn1-Ten1 (29). In a yeast three-hybrid
assay, we found that the K242R mutation significantly reduced
Tpz1–Stn1-Ten1 interactions (Fig. 4A). In addition, a yeast twohybrid assay detected interaction between Stn1 and nonconjugatable
SUMO (Pmt3-aa) (Fig. 4B).
To further analyze the role of Tpz1 SUMOylation from another angle, we generated a Pmt3-aa-Tpz1 construct by fusing
SUMO (Pmt3) to the N terminus of Tpz1 (Fig. 4C). Consistent
with the idea that fusing SUMO to Tpz1 mimics a constitutively
SUMOylated Tpz1 protein, we found that ectopic expression of
the Pmt3-aa-Tpz1 fusion protein could suppress telomere elongation in pmt3Δ cells (Fig. 4D). We also generated a Tpz1-Stn1
fusion protein by fusing Tpz1 to the N terminus of Stn1 (Fig. 4C)
to mimic a constitutive Tpz1–Stn1 interaction, and found that
ectopic expression of the Tpz1-Stn1 fusion protein could suppress telomere elongation in pmt3Δ cells, whereas expression of
Tpz1 or Stn1 alone did not affect telomere length in pmt3Δ cells
(Fig. 4D). Moreover, expression of Tpz1-Stn1 or Pmt3-aa-Tpz1
Miyagawa et al.
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ccq1+::3Flag-LEU2 (26), ccq1-T93A::3Flag-LEU2 (26), poz1+::3Flag-LEU2 (7),
trt1+::G8-13myc-kanMX6 (40), stn1+::13myc-kanMX6 (28), ten1+::5FlagTEV-Avitag-kanMX6 (28), pot1+::3Flag-kanMX6 (7), and tpz1+::13myckanMX6 (41) have been described previously. The National Bio-Resource
Project of Ministry of Education, Culture, Sports, Science, and Technology
(MEXT) Japan (yeast.lab.nig.ac.jp/nig/) provided strains with rad52Δ::ura4+
(recently renamed from rad22; FY14150), rhp51Δ::ura4+ (FY14135), spc1Δ::
LEU2 (FY14283), trt1Δ::ura4+ (FY14283), and pot1+::HA-ura4 (FY14256).
A PCR-based method (42) was used to generate pli1Δ::natMX6,
tpz1+::5Flag-kanMX6, and tpz1+::GFP-hphMX6 strains. The QuikChange SiteDirected Mutagenesis Kit (Stratagene) was used to introduce tpz1-K242R
mutation into pTN-L1-tpz1 (Table S2) and used as a template for PCR to
generate tpz1-K242R::5Flag-kanMX6 and tpz1-K242R::GFP-hphMX6 integration cassettes that were subsequently integrated into the endogenous tpz1+
locus. For the nse2-SA::13myc-hphMX6 stain, pBS-nse2 (Table S2) was mutated
with QuikChange to generate a nse2-SA (nse2-C195S-H197A) mutation and
used as a template for PCR to generate nse2-SA::13myc-hphMX6 integration
cassettes that were subsequently integrated into an endogenous nse2+ locus.
For tpz1-K242R::13myc-kanMX6 strain, pBS-tpz1-13myc-kanMX plasmid
was mutated with QuikChange to generate pBS-tpz1-K242R-13myc-kanMX,
and a gel-purified BsgI-BglII tpz1-K242R::13myc-kanMX6 fragment was used
in transformation to integrate myc-tagged tpz1-K242R into a tpz1+ locus.
Subsequently, tpz1-K242R::13myc-kanMX6 strain was transformed with a
PCR construct designed to both remove 13myc-tag and replace kanMX6 with
hphMX6 to generate a tpz1-K242R::hphMX6 strain.
To create pNmt1-His6-3HA-pmt3 plasmid, a His6 linker sequence was inserted
upstream of the 3HA tag of pSLF173L-pmt3 (22). The pmt3 gene was subsequently truncated at the C terminus to generate pNmt1-His6-3HA-pmt3-gg or
pNmt1-His6-3HA-pmt3-aa plasmid. The Tpz1-Stn1 fusion plasmid, which expresses 3HA-Tpz1-Stn1 fusion protein under the control of the nmt41 promoter,
was generated by cloning a fused tpz1-stn1 cDNA fragment into pSLF273L
plasmid. The SUMO-Tpz1 fusion plasmid, which expresses the 3HA-Pmt3-aa-Tpz1
fusion protein under the control of the nmt1 promoter, was generated by
cloning a fused pmt3-aa-tpz1 cDNA fragment into pSLF173L plasmid.

SUMOylation of Cdc13 also has been found to promote
Cdc13’s association with Stn1 to restrain telomerase function in
budding yeast (Fig. 5A) (21). Furthermore, mutations in Polα
also cause telomere elongation in budding yeast (33), and CST
interacts with the Polα-primase complex (34, 35). Thus, despite
the fact that budding yeast cells lack the shelterin-like complex,
SUMOylation-mediated accumulation of Stn1-Ten1 to telomeres may represent a highly conserved regulatory mechanism
for controlling telomerase action among budding and fission
yeast species (Fig. 5A). Given that fission yeast and mammalian
cells use evolutionarily conserved telomere factors, and the interaction between Tpz1/TPP1 and CST is conserved (27, 29, 36),
it is likely that SUMOylation-dependent regulation of shelterin
and CST is important for telomere regulation in mammalian
cells as well. We favor the possibility that SUMOylation modulates the interaction between TPP1 and CST in mammalian cells
(Fig. 5B, Left). Alternatively, SUMOylation might modulate the
interaction between the CTC1 subunit and the STN1-TEN1
subcomplex, much like in budding yeast (Fig. 5B, Right).
Our present findings highlight the extraordinarily conserved
role of SUMOylation in regulating telomerase via modulation of
the Stn1-Ten1 association with telomeres. Considering the fact
that SUMOylation also plays a conserved role in modulating ALTbased telomere maintenance via regulation of RecQ helicases
(18–20), SUMOylation has now emerged as one of the most important posttranslational modifications in telomere maintenance
of eukaryotic cells.
Materials and Methods
Yeast Strains, Plasmids, Growth Conditions, and General Methods. The fission
yeast and budding yeast strains used in this study are listed in Table S1.
Plasmids used in this study are listed in Table S2. Standard growth media (37)
were used, supplemented with 100 μg/mL G418 (Sigma-Aldrich), 150 μg/mL
Hygromycin B (Roche), or 200 μg/mL nourseothricin (clonNAT; Werner BioAgents) as needed. For strains carrying plasmids expressing proteins from
nmt1 or nmt41 promoter, cells were grown to midlog phase overnight at
30 °C in EMM with appropriate growth supplements and 5 μM thiamine (37),
washed twice with fresh EMM, and further incubated in EMM without thiamine for 20 h to induce protein expression. His6-3HA-Pmt3–linked proteins
were purified under denaturing conditions as described previously (38). For
Fig. 2E, trt1Δ haploid cells expressing either Tpz1-5Flag or Tpz1-K242R-5Flag
were generated by sporulating heterozygous diploid strains. Cells from
colonies with desired genotypes were grown in YES cultures at 30 °C for 2 d.
Cultures were then used to inoculate fresh YES cultures and remaining cells

A

Cell Cycle Synchronization. Temperature-sensitive cdc25-22 cells were incubated at 36 °C for 3–3.5 h to arrest cells at the G2/M boundary, and then
shifted to 25 °C to induce synchronous cell cycle reentry. Cell cycle progression was followed by measurement of % septated cells. For strains
carrying the cold-sensitive nda3-KM311 mutation, cell were first arrested in
M phase at 20 °C for 4 h, and then released synchronously into the cell cycle
by the return to a permissive temperature (28 °C).
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Southern Blot Analysis for Telomere Length. Fission yeast genomic DNA was
prepared with the Dr. GenTLE (from Yeast) High Recovery System (Takara).
DNA was digested with ApaI, separated on a 1.4% agarose gel, and then
transferred onto a hybond N+ membrane (GE Healthcare). The 0.3-kb ApaIEcoRI fragment of pAMP2 (43) was used as a template to generate a probe
for telomeric repeat sequences in the AlkPhos Direct Labeling and Detection
System (GE Healthcare).

9B11 monoclonal antibody (Cell Signaling) or anti-Flag M2 monoclonal antibody (Sigma-Aldrich) and analyzed by dot blotting with a 32P-labeled
telomeric DNA probe, generated using a ApaI-SacI telomere fragment from
pTELO plasmid as template DNA and the Prime-It II Random Primer Labeling
Kit (Stratagene) as described previously (10, 44). ChIP sample values were
normalized to input samples and plotted as percentage of precipitated DNA.
ChIP assays based on dot blotting were necessary for cells carrying highly
elongated telomeres, because primers used in real-time PCR-based ChIP
assays became too distant from chromosome ends.
See SI Materials and Methods for additional information.

Dot Blot ChIP Assays. Cells were grown in YES at 32 °C (asynchronous ChIP) or
25 °C (cell cycle ChIP) overnight. Cells were processed for ChIP using anti-Myc
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Yeast Two/Three-Hybrid Assay. These assays were performed using the
Matchmaker System (Clontech) according to the manufacturer’s instructions. For
Tpz1–Stn1-Ten1 interaction, MATa (Y2HGold) strains carrying GAL4 DNA-binding domain (DBD) plasmids were mated to MATα (Y187) strains carrying GAL4
activation domain (GAD) plasmids, and the interaction was scored by monitoring
growth on SD–HTL (–His) plates. For Pmt3-aa–Stn1 interaction, modified AH109
reporter strains with integrated pAS404 (empty vector control for DBD) or
pAS404-pmt3-aa (DBD-Pmt3-aa) was transformed with pGADT7 (empty vector
control for GAD) or pGADT7-Stn1, and the interaction was scored by monitoring
growth on SD-HTL plates with 2 mM 3-amino-1, 2, 4-triazole (–His +3-AT).

Supporting Information
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SI Materials and Methods
Preparation of Schizosaccharomyces pombe Cell Lysates and Western
Blot Analysis. Fission yeast whole-cell extracts (WCE) were pre-

pared as described previously (1), separated on SDS/PAGE, and
transferred semidry to Immobilon transfer membrane (Millipore)
or NitroBind nitrocellulose membrane (OSMOTIC). Immunoblot
analyses were performed using anti-myc 9E10 monoclonal antibody
(Santa Cruz Biotechnology), anti-Flag M2 monoclonal antibody
(Sigma-Aldrich), anti-Flag polyclonal antibody (Sigma-Aldrich),
anti-GFP monoclonal antibody (Roche), anti-HA F-7 monoclonal
antibody (Santa Cruz Biotechnology), anti-PSTAIR(Cdc2) polyclonal antibody (Santa Cruz Biotechnology), anti-Cig2 monoclonal
antibody (a gift from H. Yamano, University College London,
London) (2), anti-Cdc13 monoclonal antibody (Santa Cruz Biotechnology), and anti-tubulin TAT-1 monoclonal antibody (3). In
addition, polyclonal anti-Pmt3 antibody was generated for this study
by injecting Ni-NTA resin (Qiagen) purified His6-Pmt3 protein
expressed in Escherichia coli JM109 into guinea pig, and then used
in immunoblot analyses.

0.2 mL 1× Laemmli sample buffer with freshly added β-mercaptoethanol, with 50 μL of unbuffered 2 M Tris added to neutralize
the pH. The suspension was boiled for 3 min, and after centrifugation at 18,000 × g for 10 min, the supernatant was removed for
immunoprecipitation (IP). For IP, 200 μL of supernatant was
added to 800 μL of IP buffer (50 mM Tris pH 7.4, 150 mM NaCl,
0.5% Nonidet P-40, and 0.5 mg/mL BSA) containing 30 μL of
anti-Flag M2 affinity resin (Sigma-Aldrich). After 2–3 h of mixing
at 4 °C, the resin was washed once with 500 μL of IP buffer
containing BSA and then three times with IP buffer without BSA.
Proteins were eluted directly into SDS sample buffer by boiling for
2 min.

For cell lysate preparation, following a modification of a protocol
described by Foiani et al. (4), 50-mL yeast extract with supplements (YES) cultures were grown to a density of 2 × 107 cells/mL.
Cells were collected and washed immediately with 1 mL 20%
trichloroacetic acid (TCA), and the resulting pellet was frozen in
liquid nitrogen and stored at −80 °C. After thawing, the cell pellet
was resuspended in 500 μL of 20% TCA and broken with glass
beads using Micro Smash (MS-100; Tomy Seiko). The cell lysate
was combined with two 500-μL 5% TCA washes of the beads, and
the TCA pellet was collected by centrifugation at 18,000 × g for
10 min at 4 °C in a microcentrifuge. The pellet was resuspended in

IP. Cells (1∼2 × 109 cells) were suspended in 100 μL of buffer A
(50 mM Hepes-KOH pH 7.5, 300 mM KCl, 0.05% Tween-20,
0.005% Nonidet P-40, 2 mM NaF, 0.4 mM Na3VO4, and 2 mM
β-glycerophosphate) supplemented with necessary inhibitors (1×
Roche cOmplete Protease Inhibitor Cocktail, 1 mM PMSF, 0.2
mM p-APMSF, and Sigma-Aldrich Protease Inhibitor Cocktail).
The cells were then disrupted with glass beads using the MultiBeads Shocker (Yasui Kikai), and glass beads were washed with
100 μL of buffer B (buffer A + 1× Roche cOmplete Protease
Inhibitor Cocktail). The samples were then centrifuged at 18,000 ×
g for 15 min at 4 °C. Cleared supernatant was used for IP with antiFlag M2 affinity gel (Sigma-Aldrich), anti-GFP polyclonal antibody
(MBL International) with protein A agarose, or anti-myc polyclonal antibody (A-14; Santa Cruz Biotechnology) with protein A
agarose. After 2 h of rotation at 4 °C, antibody beads were washed
with 500 μL of buffer C (buffer B + 0.2 mM p-APMSF). After SDS
sample buffer was added, the samples were boiled at 95 °C for
5 min.

1. Santosa V, Martha S, Hirose N, Tanaka K (2013) The fission yeast minichromosome
maintenance (MCM)-binding protein (MCM-BP), Mcb1, regulates MCM function during
prereplicative complex formation in DNA replication. J Biol Chem 288(10):6864–6880.
2. Yamano H, et al. (2000) The spike of S phase cyclin Cig2 expression at the G1-S border
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Fig. S1. (A) Sequence alignment of TPP1 homolog in Schizosaccharomyces pombe (Tpz1). Tpz1 sequences surrounding a putative SUMOylation site from
closely related Schizosaccharomyces species (S. pombe, S. cryophilus, S. octosporus, and S. japonicus) (1) are aligned. Identical amino acid residues are highlighted in black, and similar amino acid residues are highlighted in gray. The putative SUMOylated lysine (K) is in red, and the consensus sequence for
SUMOylation is highlighted in light blue. (B) Tpz1-K242R does not affect protein stability. Cells carrying tpz1-5Flag or tpz1-K242R-5Flag were grown in YES, and
cycloheximide (CHX; 100 μg/mL) was added. CHX-treated cells were collected at indicated time points and evaluated by Western blot analysis. Cig2 and tubulin
served as controls for proteins that are rapidly degraded and those that are stably maintained on inhibition of protein synthesis by CHX, respectively.

1. Rhind N, et al. (2011) Comparative functional genomics of the fission yeasts. Science 332(6032):930–936.

A

WCE
IP(anti-GFP)
+ + + + + +
+ + + + + +
- WT K242R - WT K242R

Ccq1-13myc
Poz1-3Flag
Tpz1-GFP

Ccq1-13myc

**

Poz1-3Flag
Tpz1-GFP
1

B

2

3

WCE

4

5

6

IP(anti-Flag)

Ccq1-13myc + + +
+ + +
Tpz1-GFP
WT WT K242R WT WT K242R
Poz1-3Flag
- + +
- + +
Ccq1-13myc
Tpz1-GFP
Poz1-3Flag
1

C

2

3

WCE

4

5

6

IP(anti-Flag)

+ + + + + +
Pot1-HA
Tpz1-5Flag - WT K242R - WT K242R
Pot1-HA

*
Tpz1-5Flag
1

2

3

4

5

6

Fig. S2. The tpz1-K242R mutation does not affect stability of the fission yeast shelterin. (A) WT or K242R Tpz1 copurified with comparable amounts of Poz1
and Ccq1 in anti-GFP IP of Tpz1. (B) Anti-Flag IP of Poz1 copurified with comparable amount of Tpz1 (WT or K242R) and Ccq1. (C) WT or K242R Tpz1 copurified
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Input samples used in co-IP are shown on the left. The asterisk indicates a nonspecific band.
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Fig. S5. Tpz1 SUMOylation peaks in late S to G2 phase. (A) Experimental scheme. Exponentially growing nda3-KM311 tpz1-5Flag cell culture at 28 °C was
shifted to 20 °C for 4 h to induce M phase arrest. After release at 28 °C, aliquots were harvested every 15 min to monitor changes in Tpz1 SUMOylation. (B) DNA
profiles of nda3-KM311 synchronized cells, monitored by flow cytometry. (C) WCE at indicated time points were separated on 7% SDS/PAGE gels and evaluated
by immunoblot analysis using anti-Flag antibody for Tpz1-5Flag, anti-Cdc13 for Cdc13 (cyclin-B), and anti-PSTAIR for Cdc2 (loading control). Tpz1-S,
SUMOylated Tpz1. The asterisk indicates a nonspecific band.
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Table S1. Fission yeast and budding yeast strains used in this study
Fig.
1 B and D

1C

2 B–D

2E

Strain

Genotype*

KT3577†
KT3578†
KT3875†
KT3877†
KT3928†
KT3577
KT3578
KT3709
KT3711
PR109
KT1014
KT3577
KT3578
KT3843
KT3841
KT3885
KT3883
KT2705
KT3895
KT3856

h+ tpz1+::5Flag-kanMX6
h+ tpz1-K242R::5Flag-kanMX6
h+ tpz1+::5Flag-kanMX6 pli1Δ::natMX6
h+ tpz1+::5Flag-kanMX6 nse2-SA::13myc-hphMX6
h+ tpz1+::5Flag-kanMX6 pli1Δ::natMX6 nse2-SA::13myc-hphMX6
h+ tpz1+::5Flag-kanMX6
h+ tpz1-K242R::5Flag-kanMX6
h− tpz1+::5Flag-kanMX6 pmt3+::pYC11-LEU2-GFP-pmt3+
h+ tpz1-K242R::5Flag-kanMX6 pmt3+::pYC11-LEU2-GFP-pmt3+
h−
h− pmt3Δ::ura4+
h+ tpz1+::5Flag-kanMX6
h+ tpz1-K242R::5Flag-kanMX6
h− tpz1+::5Flag-kanMX6 pmt3Δ::ura4+
h− tpz1-K242R::5Flag-kanMX6 pmt3Δ::ura4+
h− tpz1+::5Flag-kanMX6 rad52Δ::ura4+
h− tpz1-K242R::5Flag-kanMX6 rad52Δ::ura4+
h− rhp51Δ::ura4+ ade6-M210
h+ tpz1-K242R::5Flag-kanMX6 rhp51Δ::ura4+ ade6-m210
h+/h− tpz1+/tpz1+::5Flag-kanMX6 spc1+/spc1Δ::LEU2 trt1+/trt1Δ::ura4+
ade6-M210/ade6-M216
h+/h− tpz1+/tpz1-K242R::5Flag-kanMX6 spc1+/spc1Δ::LEU2 trt1+/trt1Δ::ura4+
ade6-M210/ade6-M216
h+ tpz1+::5Flag-kanMX6 rad3Δ::ura4+
h− tpz1-K242R::5Flag-kanMX6 rad3Δ::ura4+
h− tpz1+::5Flag-kanMX6 ccq1+::3Flag-LEU2
h− tpz1+::5Flag-kanMX6 ccq1-T93A::3Flag-LEU2
h− tpz1-K242R::5Flag-kanMX6 ccq1+::3Flag-LEU2
h− tpz1-K242R::5Flag-kanMX6 ccq1-T93A::3Flag-LEU2
h− his3-D1
h− trt1+::G8-13myc-kanMX6 his3-D1
h+ tpz1-K242R::hphMX6 ade6-M210 his3-D1
h− trt1+::G8-13myc-kanMX6 tpz1-K242R::hphMX6 his3-D1
h− stn1+::13myc-kanMX6 his3-D1
h+ stn1+::13myc-kanMX6 tpz1-K242R::hphMX6 his3-D1
h− ten1+::5Flag-TEV-Avitag-kanMX6 his3-D1
h− ten1+::5Flag-TEV-Avitag-kanMX6 tpz1-K242R::hphMX6 his3-D1
h− cdc25-22 stn1+::13myc-kanMX6
h− cdc25-22 stn1+::13myc-kanMX6 tpz1-K242R::hphMX6 ade6-M210
h+ cdc25-22 tpz1+::5Flag-kanMX6
h+ tpz1+::5Flag-kanMX6
h+ tpz1-K242R::5Flag-kanMX6
MATα trp1-901 leu2-3,-112 ura3-52 his3-200 ade2-101 gal4Δ gal80Δ metURA3::GAL1(UAS)-Gal1(TATA)-LacZ MEL1
MATa trp1-901 leu2-3,-112 ura3-52 his3-200 LYS2::GAL1(UAS)-GAL1(TATA)-HIS3
GAL2(UAS)-GAL2(TATA)-ADE2 gal4Δ gal80Δ URA3::MEL1(UAS)-MEL1(TATA)-AUR1-C MEL1
MATα trp1-901::pAS404 leu2-3,-112 ura3-52 his3-200 gal4Δ gal80Δ
LYS2::GAL1(UAS)-GAL1(TATA)-HIS3 GAL2(UAS)-GAL2(TATA)-ADE2
URA3::MEL1(UAS)-MEL1(TATA)-lacZ
MATα trp1-901::pAS404-pmt3-aa leu2-3,-112 ura3-52 his3-200 gal4Δ gal80Δ
LYS2::GAL1(UAS)-GAL1(TATA)-HIS3 GAL2(UAS)-GAL2(TATA)-ADE2
URA3::MEL1(UAS)-MEL1(TATA)-lacZ
h−
h− pmt3Δ::ura4+
h+ tpz1+::5Flag-kanMX6
h+ tpz1-K242R::5Flag-kanMX6
h− ccq1+::13myc-ura4+ poz1+::3Flag-LEU2
h− tpz1+::GFP-hphMX6 ccq1+::13myc-ura4+ poz1+::3Flag-LEU2
h− tpz1-K242R::GFP-hphMX6 ccq1+::13myc-ura4+ poz1+::3Flag-LEU2
h+ tpz1+::GFP-hphMX6 ccq1+::13myc-ura4+
h− tpz1+::GFP-hphMX6 ccq1+::13myc-ura4+ poz1+::3Flag-LEU2
h− tpz1-K242R::GFP-hphMX6 ccq1+::13myc-ura4+ poz1+::3Flag-LEU2
h− pot1+::HA-ura4+

KT3857
2F
2G

3 A–C

3D
3E

4A

KT4030
KT4032
KT4230
KT4232
KT4234
KT4236
TN2411
TN7706
TN12200
RL13496
YTC6733
TN12420
TN7200
RL13588
TN6886
RL13579
KT4047
KT3577
KT3578
Y187‡
Y2HGold‡

4B

KT780‡

KT795‡

4D
S1B
S2A

S2B

S2C

PR109§
KT1014§
KT3577
KT3578
KT2615
KT3757
KT3759
KT3761
KT3757
KT3759
KT2558
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Table S1. Cont.
Fig.

S3 A and B

S4A
S4B
S5 A and B
S5C

Strain
KT3702
KT3704
TN2411
JH11829
JH12064
KT3818
KT4338
KT3945
KT4339
KT3973
KT4337
TN6886
RL13579
KT4047
KT3879
KT3879
KT3577
KT3578

Genotype*
+

h
h−
h−
h−
h−
h+
h−
h+
h−
h−
h−
h−
h−
h+
h+
h+
h+
h+

+

+

+

pot1 ::HA-ura4 tpz1 ::5Flag-kanMX6
pot1+::HA-ura4+ tpz1-K242R::5Flag-kanMX6
his3-D1
tpz1+::13myc-kanMX6 his3-D1
tpz1-K242R-13myc-kanMX6 his3-D1 ade6-M210
ccq1+::3Flag-kanMX6
ccq1+::3Flag-kanMX6 tpz1-K242R-hphMX6
poz1+::3Flag-LEU2
poz1+::3Flag-LEU2 tpz1-K242R-hphMX6 ade6-m210
pot1+::3Flag-kanMX6
pot1+::3Flag-kanMX6 tpz1-K242R-hphMX6 ade6-m210 his3-D1
cdc25-22 stn1+::13myc-kanMX6
cdc25-22 stn1+::13myc-kanMX6 tpz1-K242R::hphMX6 ade6-M210
cdc25-22 tpz1+::5Flag-kanMX6
nda3-KM311 tpz1+::5Flag-kanMX6
nda3-KM311 tpz1+::5Flag-kanMX6
tpz1+::5Flag-kanMX6
tpz1-K242R::5Flag-kanMX6

*All fission yeast strains are leu1-32 ura4-D18 (haploid strains) or leu1-32/leu1-32 ura4-D18/ura4-D18 (diploid strains).
†
Strains were transformed with pNmt1-His6-3HA-pmt3-gg or pNmt1-His6-3HA-pmt3-aa plasmid (Table S2).
‡
These budding yeast strains were transformed with plasmids for yeast two- or three-hybrid assays (Table S2).
§
PR109 and pmt3Δ strains were transformed with Tpz1, Stn1, Tpz1-Stn1, or Pmt3(aa)-Tpz1 plasmid (Table S2).
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Table S2. Plasmids used in this study
Plasmid name (stock no.*)

Genes

pQE31-pmt3 (pKT2456)

His6-pmt3; ampr

pAMP2 (pKT412)

Fission yeast telomere repeats; ampr

pTELO (pTN254)

Fission yeast telomere repeats; ampr

pSLF173L-pmt3 (pKT422)
pNmt1-His6-3HA-pmt3 (pKT440)
pNmt1-His6-3HA-pmt3-gg (pKT441)
pNmt1-His6-3HA-pmt3-aa (pKT442)
pTN-L1-tpz1 (pKT2268)
pTN-L1-tpz1-K242R (pKT2269)

Pnmt1-3HA-pmt3+; LEU2; ampr
Pnmt1-His6-3HA-pmt3+; LEU2; ampr
Pnmt1-His6-3HA-pmt3-gg; LEU2; ampr
Pnmt1-His6-3HA-pmt3-aa; LEU2; ampr
tpz1+ genomic DNA; LEU2; ampr
tpz1-K242R genomic DNA; LEU2; ampr

pBS-nse2 (pKT2044)
pBS-nse2-C195S-H197A (pKT2046)

nse2+ genomic DNA; ampr
nse2-C195S-H197A genomic DNA; ampr

pBS-tpz1-13myc-kanMX (pTN607)
pBS-tpz1-K242R-13myc-kanMX (pTN809)

tpz1+::13myc-kanMX; ampr
tpz1-K242R::13myc-kanMX; ampr

pGADT7 (pTN352 or pKT388)

GAL4 AD (GAD); LEU2; ampr

pTM580 (pTN461)

GAD-tpz1; LEU2; ampr

pGAD-GH-tpz1-K242R (pTN846)
pGBKT7-stn1+ten1 (pTN570)

GAD-tpz1-K242R; LEU2; ampr
DBD-stn1; ten1; TRP1; kanr

pGADT7-stn1 (pKT2363)
pAS404 (pKT427)

GAD-stn1; LEU2; ampr
GAL4 DNA BD (DBD); TRP1; ampr

pAS404-pmt3-aa (pKT114)

DBD-pmt3-aa; TRP1; ampr

pSLF173L (pKT25)
pSLF173L-tpz1 (pKT2399)
pREP41-stn1 (pKT2404)
pSLF273L-tpz1-stn1 (pKT2457)
pSLF173L-pmt3-aa-tpz1 (pKT2324)

Pnmt1-3HA; LEU2; ampr
Pnmt1-3HA-tpz1+; LEU2; ampr
Pnmt41-stn1+; LEU2; ampr
Pnmt41-3HA-tpz1+-stn1+; LEU2; ampr
Pnmt1-3HA-pmt3-aa-tpz1+; LEU2; ampr

Source and description
Used to express recombinant His6-Pmt3 in E. coli to
generate polyclonal anti-Pmt3 antibody.
Used to generate a telomere probe for Southern
blot analysis (Figs. 2 and 4D) (1).
Used to generate a telomere probe for dot blot ChIP
(Fig. 3 A–D and Fig. S3) (2).
Used to generate pKT440 (3).
Used to generate pKT441 and pKT442.
Used in Fig. 1 B and D.
Used in Fig. 1 B and D.
Used to generate pKT2269.
Described in Materials and Methods for making
tpz1-K242R-5Flag or tpz1-K242R-GFP.
Used to generate pKT2046.
Described in Materials and Methods for making
nse2-SA-13myc.
Used to generate pTN809.
BsgI-BglII fragment was used in transformation to
generate tpz1-K242R::13myc-kanMX6 strain.
Empty vector control for Y2H and Y3H assays. Used in
Fig. 4 A and B.
pGAD-GH-Tpz1 full-length plasmid from Ishikawa
laboratory (4). Used in Fig. 4A.
Expresses GAD-Tpz1-K242R. Used in Fig. 4A.
Expresses GAL4 DNA BD (DBD)-Stn1 and wt Ten1
(not fused to either GAD or DBD). Used in Fig. 4A.
Expresses GAD-Stn1. Used in Fig. 4B.
Used to generate DBD empty vector control budding
yeast strain used in Y2H (Fig. 4B).
Used to generate DBD-pmt3-aa budding yeast strain
used in Y2H (Fig. 4B).
Empty vector control. Used in Fig. 4D (3).
Expresses 3HA-Tpz1. Used in Fig. 4D.
Expresses Stn1. Used in Fig. 4D.
Expresses 3HA-Tpz1-Stn1. Used in Fig. 4D.
Expresses 3HA-Pmt3-aa-Tpz1. Used in Fig. 4D.

*Plasmid stock numbers with pKT are from the Tanaka laboratory, and those with pTN are from the Nakamura laboratory.
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