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The stem terminus element (STE), which was discovered 13 y ago in
human telomerase RNA, is required for telomerase activity, yet its
mode of action is unknown. We report that the Schizosaccharomyces
pombe telomerase RNA, TER1 (telomerase RNA 1), also contains a
STE, which is essential for telomere maintenance. Cells expressing a
partial loss-of-function TER1 STE allele maintained short stable telo-
meres by a recombination-independent mechanism. Remarkably, the
mutant telomere sequencewas different from that of wild-type cells.
Generation of the altered sequence is explained by reverse transcrip-
tion into the template boundary element, demonstrating that the
STE helps maintain template boundary element function. The altered
telomeres bound less Pot1 (protection of telomeres 1) and Taz1
(telomere-associated in Schizosaccharomyces pombe 1) in vivo. Thus,
the S. pombe STE, although distant from the template, ensures proper
telomere sequence, which in turn promotes proper assembly of the
shelterin complex.
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The specialized reverse-transcriptase telomerase compensates
for the inability of the conventional semiconservative replica-

tion machinery to copy the very end of the chromosome. In ad-
dition to solving this “end replication problem,” telomeres perform
other roles, such as protecting chromosomes from degradation and
end-to-end fusions, a function that requires both telomeric DNA
and telomere-associated proteins. In the fission yeast Schizosac-
charomyces pombe, telomeric DNA is bound and protected by
a six-protein complex that has many similarities to mammalian
shelterin. S. pombe shelterin protects the telomere, inhibits non-
homologous end joining, facilitates telomere replication, and re-
cruits telomerase (1–3).
The shelterin complex binds both double-stranded (ds) telomeric

DNA and the terminal single-stranded (ss) guanine-rich overhang,
known as the G-tail (3). The ds region of S. pombe telomeres is
bound by the Myb domain of the S. pombe shelterin component
Taz1 (telomere-associated in Schizosaccharomyces pombe 1), whereas
the G-tail is bound by the OB domains of Pot1 (protection of
telomeres 1). Both the Myb and OB (oligonucleotide/oligosaccharide-
binding) domains are present in the mammalian homologs of
these proteins, TRF1/TRF2 and POT1, respectively (1–3).
Although telomeric DNA almost always consists of short re-

peats, the fidelity of these repeats is not perfect in most organisms,
including humans (4). In S. pombe, repeat heterogeneity is par-
ticularly high. Although the core S. pombe telomere repeat
5′-GGTTACA-3′ is incorporated at high levels, heterogeneity
is created by the inclusion of 1–6 guanines before the core repeat
and more rarely by the addition of a cytosine at the end of the
repeat. These additions yield a telomere consensus sequence of
5′-(G)0–6GGTTACAC-3′ (rare cytosine is underlined through-
out this paper). Almost half (42%) of the telomeric repeats are
preceded by a guanine tract of 1–6 Gs, whereas the rare cytosine
is present in ∼12% of the repeats (5). The (G)1–6 tracts result
from template stuttering between the 3′ end of the telomerase
RNA template and the end of the telomere (Fig. S1, Left). The

rare cytosine is introduced by the inefficient action of the tem-
plate boundary element (TBE), a short helix immediately adja-
cent to the core template region that prevents the catalytic
subunit from copying a noncore templating sequence. When the
TBE does not function properly, it allows reverse transcription past
the core templating sequence into the TBE helix, which codes for
the rare cytosine (6–8) (Fig. S1, Right).
All telomerase RNAs contain a short sequence, the template,

which is copied by the reverse-transcriptase subunit, called Trt1
(telomerase reverse transcriptase) in S. pombe, to lengthen the 3′
end of the chromosome. The TBE is also conserved. Likewise, most
telomerase RNAs contain a pseudoknot that affects template use.
Finally telomerase RNAs from yeast to vertebrates contain a
structural element called the three way junction (TWJ), whose
primary sequence and secondary structure are both conserved (9).
Until this report, only the core region, consisting of the template,
TBE, and pseudoknot, was implicated in establishing the sequence
of telomeric DNA.
Here we identify the S. pombe TER1 (telomerase RNA 1) stem

terminus element (STE) tetraloop, a region that is distant from the
template, as an “enforcer” that limits the incorporation of atypical
repeats into telomeric DNA. STEs are identifiable in ciliate, yeasts,
and mammalian telomerase RNAs. Although STEs are critical for
telomerase activity in ciliates, mammals, some yeasts, and (as shown
here) S. pombe, the Saccharomyces cerevisiae STE is not (10, 11).
However, a different region of TLC1was recently identified thatmay
perform similar functions to mammalian and S. pombe STEs (12).
The ciliate STE is a terminal stem loop structure, and the bud-

ding yeast STE is a TWJ with bulged nucleotides (11). Most
mammalian STEs, however, contain a terminal stem loop called the
P6.1 helix (13), which partially overlaps the TWJ (11, 13, 14). As in
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humans, the predicted secondary structure for the S. pombe TER1
STE contains both a TWJ and P6.1 helix and loop, making
S. pombe an excellent model for the human STE (6, 15) (Fig. 1 A
and B). In this study, we define the STE as the TWJ and P6.1 helix
(as in ref. 9; our definition does not include the surrounding RNA).
We report that deletion of the S. pombe STE was incompatible

with telomere maintenance and normal levels of TER1 RNA.
However, a partial loss-of-function allele in the STE loop, here-
after called ter1-STEloop, was generated that maintained stable
but short telomeres. The ter1-STEloop allele greatly reduced
telomerase activity in vitro. Neither the association of this mu-
tant TER1 with the telomerase complex nor the binding of the
complex to telomeres was compromised. However, loss of TBE
function in the TER1-STEloop RNA produced telomeres of
atypical sequence that had more rare cytosines and fewer gua-
nine tracts than wild-type telomeric DNA. These aberrant se-
quences reduced Pot1 and Taz1 telomere binding.
We conclude that in addition to its essential role for telomerase

activity, the well-conserved STE is required for wild-type TBE

function. When the STE and hence the TBE are not fully functional,
telomeric DNA contains a high number of aberrant repeats, and
these reduce shelterin binding. Because a human partial loss-of-
function STE allele that is associated with aplastic anemia results in
short telomeres and very low telomerase activity (13), it would not be
surprising if the human STE also affects TBE function and the se-
quence of telomeric DNA.

Results
The Uncharacterized TER1 Arm Terminates in the STE, Which Promotes
TER1 Stability and Telomere Maintenance. We previously showed
that the terminus of the long TER1 arm binds Est1 (ever shorter
telomeres protein 1) (16). The other region splits into two arms:
One arm binds Sm and Lsm proteins (17), and the other is
uncharacterized. We undertook a mutational structure and
function analysis of the end of this uncharacterized arm. We
generated and analyzed a series of mutants and determined their
in vivo effects on telomeres.
The first mutant removed the most distal 59 nt of the arm (ter1-

Δ1036–1095) (Fig. 1 A and B). Cells expressing this mutation were
streaked seven successive times, and DNA was prepared for
Southern blotting. This analysis demonstrated that ter1-Δ1036–1095
cells lost telomeric DNA and senesced in a manner similar to that
of ter1Δ cells (Fig. 1C). Because Northern analysis showed ex-
tremely low levels of TER1-Δ1036–1095 RNA (Fig. 1D), telomere
loss in this mutant can be explained by insufficient amounts of
telomerase RNA.
Next, we generated less severe mutations. The terminus of the

arm consists of two stem loops, each comprised of a 4-bp helix with
a 4-nt loop at the end (Fig. 1 A and B). Deletion of stem loop ter1-
Δ1055–1064 or ter1-Δ1066–1080 resulted in the complete loss of
telomeric DNA (Fig. 1C). Unlike mutant ter1-Δ1036–1095, which
deleted the entire end of the arm, the telomere loss phenotypes of
these alleles could not be attributed to RNA instability, as the
steady-state level of each TER1 stem loop mutant was higher than
that of wild-type TER1 (Fig. 1D). Examination of the TER1-1066–
1080 sequence (Fig. 1 A and B) revealed that it is similar to the
telomerase RNA TWJ consensus sequence and structure, which is
found in >90% of vertebrate and yeast telomerase RNAs (11) as
well as the human P6.1 helix (13, 18). Based on its sequence, sec-
ondary structure, and critical role in telomere maintenance, we
conclude that the TER1-1066–1080 stem loop and TWJ is the
highly conserved STE in S. pombe (9, 13).
To refine the contribution of each terminal stem loop to telo-

mere maintenance, substitution alleles were constructed in which
the sequences of the 4-nt loops were changed. Mutation of the loop
in stem loop nucleotides 1055–1064 to adenines [ter1-CATG/(A)4]
maintained near wild-type telomere length and RNA levels (Fig. 1
C and D). In contrast, adenine substitutions of the STE loop (ter1-
STEloop) resulted in short but stable telomeres, ∼150 bp shorter
than wild type and five times higher levels of telomerase RNA (Fig.
1 C and D). High expression of telomerase RNA does not explain
the short telomere phenotype of ter1-STEloop cells, as, as previously
reported (6), TER1 overexpression did not affect telomere length
(Fig. S2A) even though its expression level was sevenfold higher
than the endogenous level (Fig. S2B). Some STE mutants were
semidominant, with heterozygous diploids having shorter telomeres
than ter1+/− cells (Fig. S3). Because ter1-STEloop is a partial loss-of-
function allele, it was used in subsequent experiments to assess the
function of the S. pombe STE.

TER1 and TER1-STEloop Localize to the Nucleus. A defect in nuclear-
cytoplasmic shuttling and/or in nuclear retention might explain the
high cellular TER-STEloop steady-state levels (Fig. 1D). To address
these possibilities, nuclear and cytoplasmic RNAs from WT and
ter1-STEloop cells were fractioned. The fractions were analyzed by
both Northern blotting (Fig. S2C) and quantitative RT-PCR (Fig.
S2D). Like wild-type TER1 RNA, over 70% of TER1-STEloop

Fig. 1. In vivo analysis of the STE region of TER1. (A) Model for the TER1
secondary structure (6). The TWJ and TER1-1067–1078 regions are enlarged to
show detail. Nucleotides and base pairs that are identical to the TWJ consensus
(11) or the human P6.1 sequence (13, 18) are in bold. SM, Sm binding site (6,
19); TBE, template boundary element (6, 7); Template, templating sequence;
TWJ, three way junction. (B) TER1-1036–1095 enlarged. Mutants made for this
study are indicated. (C) Telomere blots. Genomic DNA extracted from succes-
sively streaked spore products was digested with EcoRI and hybridized to a
telomeric probe. Telomere signal is indicated by brackets. Molecular weight
markers are in kb. (D) Northern blot. Total RNA extracted from ter1 mutants
described in C were hybridized to TER1 and U2 probes. TER1 precursor and
mature forms are indicated. Relative levels of TER1 normalized to the U2 signal
are indicated below the blot.
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RNA was in the nuclear fraction. Fluorescence in situ hybridization
(FISH) confirmed that TER1 and TER1-STEloop RNA were
mostly in the nucleus (Fig. S2E). Although we detected no defects
in intracellular trafficking of the TER1-STEloop RNA, we speculate
that the increase in its abundance reflects a processing bottleneck.
For example, the human STE loop is pseudouridinylated in the
nucleus (13). If this modification also occurs in S. pombe, the in-
ability to modify the STE loop in TER1-STEloop RNA could slow
RNA processing.

TER1-STEloop Does Not Affect Holoenzyme Formation or Telomerase–
Telomere Interaction.Another possibility is that the short telomeres
in ter1-STEloop cells are due to defective holoenzyme formation.
The TER1–Est1 interaction is STE-independent (16). However, it
was not known if Trt1 requires the STE to interact with TER1. We
used RNA immunoprecipitation and RT-PCR to determine if Trt1
interacts normally with TER1-STEloop RNA. As previously dem-
onstrated (6, 19), Trt1-Myc efficiently immunoprecipitated wild-
type TER1 (Fig. 2A). The same amount of TER1-STEloop was
immunoprecipitated by Trt1-Myc (Fig. 2A, Right), even though
TER1-STEloop was more abundant (Fig. 2 A, Left). Western blot-
ting demonstrated that Trt1-Myc levels were the same in WT and
ter1-STEloop cells (Fig. 2 A, Left). Thus, the short telomeres in ter1-
STEloop cells are not due to a defective Trt1–TER1 interaction.
This result also demonstrates that processing of the 3′ end of
TER1, called slicing, is not impaired by the ter1-STEloop allele, as
Trt1 does not interact with improperly sliced TER1 RNA (17).
We used chromatin immunoprecipitation (ChIP) to determine if

the short telomere phenotype of ter1-STEloop cells was due to re-
duced telomere binding of the telomerase complex. Because Trt1
interacted similarly with wild-type and ter1-STEloop telomeres (P =
0.596) (Fig. 2B), we conclude that the ter1-STEloop short telomeres
are not due to defective recruitment of telomerase to telomeres.
Furthermore, because Trt1:TER1-STEloop binding and holoenzyme–
telomere interaction occurred normally, we conclude that the 4-nt
TER1-STEloop substitution did not affect TER1 folding.

The STE Loop Is Required for Normal Levels of in Vitro Telomerase
Activity. An in vitro telomerase activity assay was performed
to determine if TER1-STEloop compromised telomerase activity.
Robust telomerase activity over a 90-min time course was observed
in Trt1-Myc immunoprecipitated from wild-type cells (Fig. 2C).
Even though we used the substrate that produces the best primer
extension (20) (Fig. 2 C, Right Lower), after 90 min Trt1:TER1-
STEloop incorporated only 6% and 3% of wild-type nucleotide
incorporation at positions +2 and +3, respectively. Incorporation
continued to decrease with each subsequent position and was un-
detectable after position +6 (Fig. 2 C, Right Upper). Thus, the ter1-
STEloop short telomere phenotype is most likely due to telomerase
catalytic defects. The conclusion that the STE loop affects catalysis
is consistent with results showing that a 61-nt fragment that in-
cludes the STE can function in trans to restore telomerase activity
in a rabbit reticulocyte lysate assay reconstituted with a mutant
TER1 RNA that included the core region (15).

The STE Loop Is Required for Normal Telomere Sequence. Unlike
mammalian systems (9, 21), S. pombe in vitro telomerase assays
cannot add multiple rounds of telomeric repeats to a substrate (15,
20, 22). The lack of repeat processivity suggests that the in vitro
systems lack one or more components that are needed for full
telomerase activity. In addition, the telomerase activity produced
by ter1-STEloop telomerase complexes in vitro was so poor that it
was not possible to assess nucleotide incorporation after the +3
position or the sequence of the added DNA (Fig. 2C).
To determine the effects of the ter1-STEloop mutant on telomere

sequence, we generated a new system to manipulate S. pombe
telomere length that allowed us to determine the impact of the
ter1-STEloop mutation on telomeric sequence directly. As in

S. cerevisiae (23), telomeres in wild-type S. pombe shortened during
growth at 37 °C. After cells were returned to 30 °C, telomeres
returned to wild-type lengths within ∼25 generations (Fig. 3A). We
exploited this temperature-dependent telomere length regulation
to shorten and then reextend the telomeres in both wild-type and
ter1-STEloop cells (Fig. 3A). After relengthening, telomeres from
wild-type and mutant cells were cloned and sequenced. The most
internal portions of the telomeric tracts, which were present at all
telomeres, were not used in this analysis, as these must have been
present before telomere shortening at 37 °C (Fig. 3B). All of the
telomere sequence data in this study were obtained by this method.
Although the sequence of wild-type telomeric DNA was sim-

ilar to a previous report (5), the DNA from ter1-STEloop telo-
meres had a dramatic 60% reduction in guanine tracts of all
lengths compared with wild type (Fig. 3C). Most S. pombe gua-
nine tracts have either one or two extra guanines (5). However,
in ter1-STEloop telomeric DNA, there was a highly significant
52% (P < 0.0005 by χ2 analysis) and 75% (P < 0.0005) reduction
in guanine residues, respectively, at these two positions.
The levels of rare cytosines were also affected in the mutant.

Although 9% of wild-type repeats contained the rare cytosine
(5′-GGTTACAC-3′) [similar to the 12% previously reported
(5)], 24% of the repeats in ter1-STEloop telomeric DNA were
5′-GGTTACAC-3′ repeats. Consistent with guanine tract loss being
due to altered template–substrate alignment (7, 8) (Fig. S1, Right
and Discussion), we observed a significant increase (P < 0.0005;
Fig. 3D) in the density of 5′-CGGTTACAC-3′ normalized to the
core 5′-GGTTACA-3′ sequence in ter1-STEloop telomeres relative
to wild type. Thus, the sequence of ter1-STEloop telomeric DNA
was significantly different from wild type in two ways, having both
reduced guanine tracts and increased rare cytosines.
The sequence 5′-GGTTACAC-3′ is relatively rare in WT telo-

meric DNA, accounting for only 9% of the repeats. However, be-
cause ter1-STEloop telomeric DNA contained more rare cytosines
and fewer guanine tracts, even tandem copies of 5′-GGTTACAC-3′
were seen. For example, in the 104 sequenced ter1-STEloop telomeres,
there were four occurrences of (5′-GGTTACAC-3′)4 (Fig. 3B).
We determined the expected probability of (5′-GGTTACAC-3′)4
in wild-type telomeres based on our analysis of the sequences of
1,453 wild-type telomere repeats. As only 9% of wild-type repeats
were 5′-GGTTACAC-3′, the calculated frequency of four tandem
repeats is 0.007%. In addition, 59.4% of wild-type repeats lacked a
(G)1–6 tract. Thus, the chance of four tandem repeats without a
(G)1–6 tract is 12.4%, which leads to a probability of only 0.0009%
for (5′-GGTTACAC-3′)4 in wild-type telomeric DNA. We con-
clude that the frequency of (5′-GGTTACAC-3′)4 in 759 ter1-
STEloop telomeric repeats (Fig. 3B) was ∼580 times higher than
expected for the same number of wild-type repeats.

The Unusual ter1-STEloop Telomeric Sequence Is Not Due to Having
Short Telomeres, Loss of Telomere Capping, or Replication Errors.
We tested the possibility that the unusual sequence of ter1-STEloop
telomeres was a general feature of short telomeres. To this end, we
analyzed telomeric DNA from two mutants, which have telomeres of
a length similar to those in ter1-STEloop cells. The occurrences of
5′-CGGTTACAC-3′ in ter1-Δ415–507 (16) telomeres were signifi-
cantly different from ter1-STEloop (Fig. 3D). Similarly, short telo-
meres produced by removal of the Ku heterodimer [pku70Δ (24)]
had significantly fewer 5′-CGGTTACAC-3′ repeats than found in
the ter1-STEloop. As Pku is required for telomere capping (24), we
can conclude that the unusual sequence of ter1-STEloop telomeric
DNA does not result from their being short or from their having
impaired capping. Comparison of the DNA sequence in the region
immediately adjacent to the telomere in ter1-STEloop and wild-type
cells showed equivalent nucleotide misincorporation rates (Fig. S4),
which demonstrated that the unusual ter1-STEloop repeats are un-
likely to be due to decreased replication fidelity.
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ter1-STEloop Telomeres Are Not Maintained by Recombination. Al-
though ter1-STEloop and ter1-CATG/(A)4 cells did not senesce,
we considered the possibility that these mutants maintained
telomeres by recombination. We did several experiments to test
this possibility. First, we used Southern analysis to detect the
rearrangements of subtelomeric DNA produced in cells that
maintain telomeres by recombination (24, 25). Genomic DNA ex-
tracted from seven successively streaked ter1-STEloop and ter1-
CATG/(A)4 colonies demonstrated that the subtelomeres were
stable (Fig. S5A). Second, we determined the sequence of telomeric
DNA in taz1Δ trt1Δ and ccq1Δ (coiled coil protein quantitatively
enriched) cells, strains where telomeres are maintained solely by
recombination (25, 26). However, neither taz1Δ trt1Δ nor ccq1Δ
telomeric DNA had an increased content of aberrant repeats (Fig.
3D). Third, we generated a ter1-STEloop rad51Δ strain and mon-
itored telomere length over multiple restreaks. By Southern
analysis, ter1-STEloop rad51Δ (radiation sensitive 51) cells main-
tained stably short telomeres (Fig. S5B). As S. pombe Rad51 is
required for most homologous recombination events including re-
combinational maintenance of telomeres (2, 3), we conclude that
telomeres in ter1-STEloop cells can be maintained for hundreds of
generations without recombination (Fig. S5B). Moreover, the
telomeric sequence in ter1-STEloop rad51Δ cells was significantly
different from wild-type telomeres (Fig. 3D). Finally, ter1-STEloop
est1Δ cells rapidly lose telomeres and senesce, indicating that ter1-
STEloop telomeres are maintained by telomerase, not recombi-
nation (Fig. S6). Thus, the TER1 templating function must be
impaired in ter1-STEloop cells.

Pot1 Binding to ter1-STEloop Telomeres Is Reduced. A ChIP assay was
performed to determine if Pot1 binding to S. pombe telomeres
in vivo was affected by the ter1-STEloop allele (Fig. 4A). Indeed,
Pot1-Myc bound less well to ter1-STEloop than to wild-type telo-
meres (P = 0.00152). This difference was not due to reduced levels
of Pot1-Myc in the ter1 mutant (Fig. 4A), nor can it be explained by
the shorter length of ter1-STEloop telomeres (Fig. 4B), as Pot1
bound equally well to short (37 °C) and wild-type–length (30 °C)
telomeres when both had wild-type sequence (Fig. S7).

ter1-STEloop Telomeric DNA Reduces Taz1 Binding. A bacterial one-
hybrid screen was used to examine Taz1 binding to mutant
substrates (27). The binding preferences as determined by the
bacterial one-hybrid system were identical to those obtained with
the S. cerevisiae one-hybrid screen that identified Taz1 (Fig. S8B,
lines 1 and 2) (28). Next we showed that Taz1 telomeric repeat
binding was not affected by the presence of the rare cytosine
(Fig. S8B, lines 2 and 4). When we extended this analysis to
multiple direct repeats, we again found that the rare cytosine did
not affect Taz1-Myb binding, as Taz1-Myb bound at least as well
to two or four direct repeats each containing the rare C as it did
to core telomeric repeats (Fig. S8C, lines 2 and 3 and Fig. S8D,
lines 1 and 2). However, the presence of one or two guanines
before each of the four copies of the core repeat increased Taz1-
Myb binding (Fig. S8D, lines 1, 3, and 4). Each additional gua-
nine increased Taz1 binding compared with the core sequence,
but the first guanine had the largest effect (Fig. S8D, lines 1 and
3). Thus, repeats preceded by one or two guanines were the
preferred Taz1-Myb binding substrate.
Based on the one-hybrid data (Fig. S8), we predicted that in vivo

Taz1 would bind less well to ter1-STEloop telomeric DNA (Fig. 3C).
To control for differences in telomere length, we normalized Taz1
ChIP signals (Fig. 4C) to telomere length (Fig. 4 D and E). Indeed,

Fig. 2. The ter1-STEloop allele does not affect the Trt1–TER1 interaction or
telomerase recruitment to telomeres but is necessary for normal catalytic
activity. (A, Left) Co-immunoprecipitation of Ade6 mRNA and TER1 or TER1-
STEloop with Trt1-G8-13Myc. Ade6 mRNA, TER1, and TER1-STEloop were de-
tected in the immunoprecipitate (IP) and Input lysate by 22 cycles of RT-PCR.
Absence of contaminating DNA was demonstrated by reactions without
reverse transcriptase (–RT). α-Myc Western blotting was used to determine
levels of Trt1-G8-13Myc in Input and IP. The asterisk indicates a nonspecific
band. (A, Right) Relative fold enrichment of TER1 and TER1-STEloop by Trt1-
G8-13Myc quantified by quantitative RT-PCR. The enrichment of TER1 or
TER1-STEloop in the Trt1-G8-13Myc IP amplified by a common region of TER1
normalized to Ade6 mRNA in the Trt1-G8-13Myc IP is depicted on the y axis.
Error bars represent SD (trt1-G8-13Myc TER1 compared with trt1-G8-13Myc
TER1-STEloop; P = 0.596). (B, Left) Effects of TER1 and TER1-STEloop on Trt1-
G8-13Myc–telomere interaction determined by ChIP. Shown is the relative
fold enrichment of Trt1-G8-13Myc at the telomere in ter1 and ter1-STEloop
cells. Relative fold enrichment compares telomere-adjacent STE1 IP/input
signal with act1 IP/input signal. (B, Right) Western blot using α-Myc to detect
levels of Trt1-G8-13Myc in Input and ChIP. The asterisk indicates a non-
specific band. Error bars represent SD (trt1-G8-13Myc compared with trt1-
G8-13Myc ter1-STEloop; P = 0.195). (C, Left) In vitro telomerase assay. α-Myc
antibodies conjugated to agarose beads were used to immunoprecipitate
equivalent amounts of Trt1-G8-13Myc from ter1 and ter1-STEloop cells to
perform an in vitro telomerase primer extension reaction. Extension prod-
ucts are visualized by sequencing gel electrophoresis. RNase A treatment
demonstrates RNA dependence for primer extension activity. A dashed line
indicates the removal of lanes from the otherwise unmodified gel image.
α-Myc Western blotting monitored the levels of telomerase in the reaction
and Input lysate. (C, Upper Right) Quantification of telomerase reactions.
Incorporations at the +2 (gray) and +3 (black) positions are shown as a
percentage of wild-type activity. (C, Lower Right) Schematic of pBoli14
primer (black) aligned with the TER1 templating region (green). The identity

of de novo telomeric sequence (red) was reported in ref. 20. The position of
each added nucleotide in relation to the sequencing gel extension products
are numbered above the de novo sequence. The +1 position is due to primer
degradation and dG misincorporation (20).
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Taz1 binding to ter1-STEloop telomeres was significantly reduced
compared with binding to wild-type telomeres (Fig. 4F). In contrast,
Taz1 binding to the similarly short but wild-type sequence ter1-
Δ415–507 telomeres was indistinguishable from wild type (Fig. 4F).
We conclude that the aberrant sequence produced by the ter1-STE
loop mutant compromises Taz1 telomere binding in vivo.

Discussion
Even though mammalian STEs have been known for over a
decade to be essential for telomerase activity, their mechanism
of action is unclear. Here we show that, as in mammals, deleting
the S. pombe STE (ter1-Δ1066–1080) caused telomere loss and
senescence (Fig. 1C). However, because we were able to isolate a
partial loss-of-function STE allele, ter1-STEloop, we were able to
determine the phenotypes of S. pombe cells with a defective STE.
Isolation of this allele was undoubtedly facilitated by the atypi-
cally high heterogeneity of fission yeast telomeric DNA and
somewhat flexible sequence requirements for S. pombe telomere
binding proteins (29). Thus, although Pot1 (Fig. 4) and Taz1
(Fig. 4 and Fig. S8) had reduced binding to ter1-STEloop telo-
meres, the level of binding was sufficient to provide telomere
functions, which may not be the case for a similar STE allele in
an organism with more precise telomeric repeats.
ter1-STEloop cells had short telomeres (Fig. 1C), which can be

explained by a combination of reduced telomerase activity (Fig. 2C)
and reduced shelterin binding (Fig. 4 and Fig. S8). However, the
most remarkable phenotype of ter1-STEloop cells is their altered
telomere sequence. Two aspects of S. pombe telomeric DNA se-
quence were significantly perturbed: the number of repeats con-
taining the rare cytosine, 5′-GGTTACAC-3′, was increased from
9% to 24%, and the occurrence of guanine tracts preceding the
core repeat was reduced by 60%. These results are unprecedented,
as they are the first example, to our knowledge, of a distant region

(i.e., a region that is not part of the telomerase RNA core) that
affects the sequence of telomeric DNA. The altered sequence is
telomerase-generated and therefore a result of the STE mutation,
as it arises in the absence of recombination and is not due to short
telomeres (Fig. 3 and Figs. S5 and S6).
The altered sequence of ter1-STEloop telomeric DNA caused

defects in shelterin binding, which mediates all key telomere
functions. Pot1 binding was significantly reduced at ter1-STEloop
telomeres (Fig. 4), consistent with in vitro studies showing reduced
Pot1 binding to repeats containing the rare cytosine (29). Taz1
content at ter1-STEloop telomeres was also reduced (Fig. 4 and Fig.
S8), owing to their reduced content of guanine tracts (Fig. 3C).
Reduced telomere binding of the sequence-specific telomere
binding protein Taz1 (and probably Pot1) reduces the association of
other shelterin components that bind telomeres via protein–protein
interactions (1–3). Moreover, we suspect that the level of atypical
repeats (Fig. 3 C and D) detected in ter1-STEloop telomeric DNA is
an underestimation, as reduced Pot1 binding, which protects telo-
meres from degradation, will lead to loss of the most atypical re-
peats. This hypothesis is supported by the finding that at a low
rate ter1-STEloop telomeres were vulnerable to abrupt loss in
recombination-deficient cells (<0.57% telomere loss events per
generation). This interpretation suggests that our sequencing data
underestimate the extent of TBE failure and resulting sequence
variation in ter1-STEloop telomeric DNA.

Fig. 3. Telomeric DNA from ter1-STEloop cells has increased rare cytosines
and reduced guanine tracts. (A) Telomere blot of genomic DNA was
extracted from wild-type and ter1-STEloop cells after three successive streaks
at 37 °C and one subsequent streak at 30 °C. (B) Telomere sequences.
Telomeric sequences recovered from wild-type and ter1-STEloop cells after
three successive streaks at 37 °C and one subsequent streak at 30 °C. The
5′-CGGTTACAC-3′ repeats are in red, and the (5′-GGTTACAC-3′)4 tracts are in
yellow. We analyzed 100 wild-type and 104 ter1-STEloop telomeres. (C) Bar
chart. Core repeats (5′-GGTTACA-3′) preceded by variable length guanine
tracts are normalized to core repeats not preceded by a guanine. The per-
centage of guanine tracts in ter1-STEloop telomeres compared with wild type
was 40%. An asterisk above the bars indicates χ2 analysis (P < 0.0005) of the
mutant compared with wild type. (D) Bar chart. The 5′-CGGTTACAC-3′ re-
peats are normalized to the core 5′-GGTTACA-3′ repeat for wild type and
mutants after telomere shortening and extension. An asterisk indicates that
the frequency of 5′-CGGTTACAC-3′ repeats was significantly different (P <
0.0005) from that in ter1-STEloop cells by χ2 analysis.

Fig. 4. Pot1 and Taz1 bind less well to ter1-STEloop telomeres compared with
wild type. (A, Upper) ChIP assay demonstrating Pot1 relative fold enrichment
at wild-type and ter1-STEloop telomeres. ChIP was performed as described in
Fig. 2B. Error bars represent SD, and P values were determined by two-tailed
Student’s t test. (A, Lower) Western blot showing levels of Pot1-Myc in input
lysates and immunoprecipitates. (B) Telomere blot comparing telomere
lengths of pot1-Myc, pot1-Myc ter1-STEloop, and ter1-STEloop cells. (C, Upper)
ChIP assay demonstrating Taz1 relative fold enrichment at wild-type, ter1-
STEloop, and ter1-Δ415–507 telomeres. (C, Lower) Western blot showing levels
of Taz1 in input lysates and immunoprecipitates. (D) Telomere blot com-
paring telomere lengths of wild-type, ter1-STEloop, and ter1-Δ415–507 cells.
(E) Quantification of telomere lengths shown in D. Lengths were determined
by measured telomeric fragment length minus 45 bp, which is the distance
from telomeric sequence to the ApaI site. (F) Normalized ChIP assay depicting
Taz1 relative fold enrichment normalized to individual telomere lengths for
wild-type, ter1-STEloop, and ter1-Δ415–507 cells. Error bars represent SD, and P
values were determined by two-tailed Student’s t test.
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The two changes in ter1-STEloop telomeric DNA, more rare
cytosines and fewer guanine tracts, are mechanistically linked
(Fig. S1) (7, 8). In wild-type cells, after addition of the core re-
peat and subsequent TER1 template translocation along the
DNA, the last adenine cannot pair with the TER1 template, a
situation that frequently results in “stuttering” and guanine tract
incorporation in wild-type cells (Fig. S1, Left). Addition of the
rare cytosine in wild-type telomeric DNA arises from loss of TBE
function (6, 7). When the TBE is not maintained, reverse tran-
scription extends through the first nucleotide of the TBE to add
a cytosine to the telomeric core repeat (Fig. S1, Right). Upon
translocation, the rare cytosine causes a different telomere–
template alignment. As a result, stuttering is less thermody-
namically favorable and the next repeat begins with a cytosine
and lacks a guanine tract (5′-CGGTTACA-3′).
Although it is possible that the STE affects both TBE function

and another aspect of telomerase action, its effects on the TBE is
sufficient to explain all of the ter1-STEloop phenotypes. Indeed,
this possibility is consistent with existing data, as mutations that
eliminate the function of the S. pombe TBE have identical
phenotypes to our ter1-STEloop mutant. Specifically, both STE
and TBE loss-of-function mutations cause telomere shortening
(Fig. 1) (7), and both generate the same pattern of aberrant
repeats by increasing the rare cytosine (6, 7), which reduces the
frequency of guanine tracts (7). Moreover, both the TBE helix
mutant (7) and the STEloop mutant (Fig. 2C) dramatically reduce
in vitro telomerase activity. The confluence of in vivo and in vitro
STE and TBE phenotypes argues that they perform similar
functions during telomere addition. Therefore, the best model to
explain our data are that the TER1 STE loop enforces addition
of canonical repeats and telomerase activity by promoting TBE
structure. Finally, the phenotypes of our STE mutant have
striking similarities to the phenotypes of human cells with similar
mutations. Both have short telomeres and reduced in vitro
telomerase activity (13) (Figs. 1C and 2C). In addition, UV
treatment cross-links the uridines in the human STE loop to the
5′ end of the template, which suggests that the STE and 5′ end of

the template could be in close proximity (30). Therefore, our
model may be relevant to mammalian STE function.
In summary, we show that in S. pombe cells, the STE is re-

quired for normal telomerase activity and telomeric sequence;
that is, the core region of telomerase RNA plus the catalytic
subunit of telomerase are not sufficient to generate wild-type
telomeric DNA. The role performed by the S. pombe STE is
reminiscent of that of exonic enhancers during pre-mRNA
splicing. These RNA sequences enforce correct catalytic events at
the ends of introns even though their positions in pre-mRNA are
remote from the splice sites (31). Impaired shelterin assembly and
hence loss of telomere function are downstream consequences of
STE failure (Fig. S9). Thus, it is not surprising that the STE re-
gion arose early in telomerase RNA evolution and is essential for
telomerase action and telomere integrity in diverse organisms.

Materials and Methods
For more details, see SI Materials and Methods.

ter1 mutants were constructed by using standard molecular genetic
techniques. Southern and Northern blotting were performed as previously
described (16). RNA immunoprecipitation and ChIP were performed as
previously described (16). In vitro telomerase assays were performed as in
ref. 16. For telomere cloning, genomic DNA was extracted and cytosine
tailed with terminal deoxynucleotidyl transferase (Roche). PCR was per-
formed using Ex Taq (Takara) with a poly(G)18 oligo and an oligo designed to
anneal to the subtelomeric element (5′-gtgtggaattgagtatggtgaa-3′). Both
oligos included restriction sites, which were used to clone the amplified
fragments. We used ∼100 sequences from each condition in the telomere
analysis. Bacterial one-hybrid assays were performed as described (27).
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