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ABSTRACT

Despite the prime importance of telomeres in chro-
mosome stability, significant mysteries surround the
architecture of telomeric chromatin. Through micro-
coccal nuclease mapping, we show that fission yeast
chromosome ends are assembled into distinct pro-
tected structures (‘telosomes’) encompassing the
telomeric DNA repeats and over half a kilobase of
subtelomeric DNA. Telosome formation depends on
the conserved telomeric proteins Taz1 and Rap1, and
surprisingly, RNA. Although yeast telomeres have
long been thought to be free of histones, we show
that this is not the case; telomere repeats contain
histones. While telomeric histone H3 bears the het-
erochromatic lys9-methyl mark, we show that this
mark is dispensable for telosome formation. There-
fore, telomeric chromatin is organized at an architec-
tural level, in which telomere-binding proteins and
RNAs impose a unique nucleosome arrangement,
and a second level, in which histone modifications
are superimposed upon the higher order architec-
ture.

INTRODUCTION

Telomere composition is uniquely tailored to execute the
diverse functions ascribed to chromosome ends, including
chromosome end-replication and telomerase recruitment,
meiotic bouquet formation, and the prevention of chromo-
some end-fusion (1). Tracts of tandemly repeated double-
stranded (ds) G-rich telomeric DNA repeats (TTAGGG
in vertebrates and related repeats in other eukaryotes),
terminating in a single-strand (ss) G-rich overhang, form

the foundation for recruitment of six proteins, known col-
lectively as shelterin. Mammalian shelterin comprises the
ds telomere-binding proteins TRF1 and TRF2, the ss
telomere-binding proteins POT1 and TPPI1, the TIN2 ss-
ds bridging factor and the TRF2-interacting protein RAP1
(2,3). The analogous complex in fission yeast comprises the
ds telomere-binding protein Tazl (ortholog of TRF1/2),
the ss telomere-binding proteins Potl and Tpzl, the Potl-
interacting factor Ccql, the ss-ds bridging factor Pozl and
the Tazl-interacting protein Rapl (4). Transcripts of the
telomere and subtelomere, known as TERRA, also asso-
ciate with chromosome ends. While the function of this long
noncoding RNA (IncRNA) is not fully understood, a grow-
ing body of evidence suggests important modulatory roles
in telomere maintenance and protection (5,6).

Current pressing issues include how telomere compo-
nents function within the context of a higher order chro-
matin structure and how this structure adapts to accom-
modate the plethora of telomere functions. The prevail-
ing model of mammalian telomere architecture implicates
a structure termed the t-loop, in which the telomeric re-
gion folds back and the 3’ ss overhang invades the subter-
minal ds telomeric DNA repeats (7). This chromosome end
arrangement has been evinced by electron microscopy and
superresolution microscopy of psoralen-crosslinked telom-
eric DNA, and a role in chromosome end protection has
been suggested by the observation that the presence of t-
loops requires TRF2 (8). However, even if this model is ap-
plicable to Schizosaccharomyces pombe, an organism with
shorter telomeres and thus fewer homologous repeats for
the ss terminus to invade, questions about the distribution
of proteins at telomeres remain.

How histones fit into this picture and in particular, how
sequence-specific binding proteins access telomeric DNA
in the context of nucleosomes, have not been resolved. In
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vitro studies have demonstrated that telomeric nucleosomes
are much less stable than bulk nucleosomes due to the se-
quence and periodicity of telomere repeats (9). The low
affinity of telomeric DNA for nucleosome wrapping may be
overcome, or perhaps capitalized upon, by telomere-specific
binding proteins that package the telomere into a func-
tional chromosomal domain. Recent in vitro studies have
demonstrated that TRF2 binds with much lower affinity
than TRF1 to nucleosomal DNA, and that these affinities
are differentially altered by histone modifications; accord-
ingly, TRF1 and TRF2 binding appears to remodel nucle-
osome spacing or mobility on model DNA templates (10).
Moreover, TRF1 has been suggested to alter the structure
of the nucleosome itself (11). Nonetheless, a typical ‘beads-
on-a-string’ nucleosome array has been observed by EM
of telomere-enriched chromatin from chicken erythrocytes
and mouse splenocytes, suggesting that nucleosomal wrap-
ping of telomeric DNA can be achieved in vivo (12).

Telomere architecture has also been investigated using
classical chromatin-mapping techniques, in which the pat-
tern of micrococcal nuclease (MNase) digestion of intact
chromatin preparations is analysed. Mammalian telomeres
present a particular challenge to the MNase approach, as
the telomeric DNA sequence comprises five to dozens of
kilobases of 6 bp tandem repeats. Hence, sequence-based
analysis of chromatin structure, which represents an average
of the entire telomeric region as well as interstitial telom-
ere regions, does not distinguish distal versus centromere-
proximal telomeric regions. The bulk of telomere repeats
in mammals are incorporated into nucleosomes that have
a shorter repeat length than the genome average but exhibit
periodic, well-defined spacing (13,14). However, an alterna-
tive structure has been observed in some mammalian cells
that harbor shorter telomeres, suggesting that when the ter-
minus represents a significant fraction of the total telom-
ere repeats, a distinct structure can be seen at the ‘business
end’ of the telomere (15). Further support for an alternative
telomere arrangement came from examination of telom-
ere ultrastructure in organisms with fewer telomere repeats,
where MNase mapping revealed a ‘non-nucleosomal’ struc-
ture termed the ‘telosome’. In S. cerevisiae, the telosome
comprises a variable region encompassing the terminal 245—
400 bp of the chromosome (16). The termini of Oxytricha
and Tetrahymena chromosomes are also protected from
MNase digestion in structures distinct from canonical nu-
cleosomal arrays (17,18). The nature of these telosomal
structures is not entirely understood, though it is thought
that binding by telomere-specific proteins could exclude nu-
cleosomes or block access to nucleases. The centromere-
proximal 3—10% of Tetrahymena telomere repeats appear in
nucleosomal arrays, leading to the suggestion that differ-
ences between the nucleosomal nature of mammalian ver-
sus ciliate telomeres are quantitative rather than qualitative
(19). Intriguingly, the presence of histones within such telo-
somes has neither been explicitly demonstrated nor fully re-
futed.

Fission yeast telomeres are highly similar to human
telomeres not only in composition but also in terms of func-
tional principles (Figure 1A). Like the TRFs, Tazl is re-
quired for protection from end-fusions, semi-conservative
replication of telomeric DNA, telomerase regulation and

meiotic bouquet formation (20-23). The loss of Tazl leads
as well to an increase in G-rich and C-rich telomeric and
subtelomeric RNA, indicating a role in telomere transcrip-
tional regulation (24). Moreover, like budding yeast and
mammalian telomeres, fission yeast telomeres are hete-
rochromatic as initially revealed via telomere position ef-
fect (TPE), in which genes placed adjacent to telomeres
are silenced in a Taz1-dependent manner (20). Accordingly,
canonical heterochromatic histone marks, such as histone
H3K9Me2 are seen in subtelomeric chromatin (25,26).

We sought to exploit the relatively tractable telomeres of
fission yeast to define telomeric chromatin structure and its
determinants through M Nase mapping. Our findings reveal
the presence of a distinct protected structure at the chro-
mosome end whose size scales with telomere length and
whose presence relies on conserved telomere proteins. Inter-
estingly, we uncover a role for RNA in telosome structure.
Moreover, we find that despite the packaging of telomeres
in a manner distinct from canonical nucleosomal arrays, the
telosome contains histones, adding a further layer of com-
plexity to the telomere ultrastructure.

MATERIALS AND METHODS
Fission yeast strains

Strains are listed in Supplementary Table S3. Standard me-
dia and growth conditions were used.

Nuclear isolation, chromatin treatment and Southern blotting

Nuclei were isolated largely according to Simpson et al. (27)
and Experiment 18 (28). Briefly, 1 L of freshly cultured cells
at 0.6 x 107 cells/ml were resuspended in S buffer (1.4 M
sorbitol, 40 mM HEPES, 0.5 mM MgCl, pH 6.5), incubated
in S buffer with 10 mM B-Me and treated with zymolyase
for 20 min. After washing with S buffer, cells were resusu-
pended in 20 ml F buffer (18% Ficoll 400, 20 mM PIPES,
0.5 mM MgCl, pH 6.5) and spun over 20 ml GF buffer (7%
Ficoll 400, 20% glycerol, 20 mM PIPES, 0.5 mM MgCl,)
at 20 000g for 30 min. Pellets were then resuspended in F
buffer, spun at 3000g for 15 min to remove debris, then cen-
trifuged at 20 000g for 25 min. Nuclear pellets were then
resuspended in D buffer (10 mM HEPES pH 7.4, 0.5 mM
MgCI2 and 0.05 mM CacCl,). Nuclei were split into sepa-
rate reactions and treated with various concentrations of
micrococcal nuclease (Thermo Scientific) ranging from 0 to
500 units/ml for 10 min at 37°C. Reactions were stopped
by adding 10 mM EDTA and placing tubes on ice. DNA
was then isolated using standard procedures. In RNA re-
moval experiments, nuclei were resuspended in D buffer and
incubated with 0.03 pg/pl RNase A (Sigma) for 10 or 30
min at 37°C. RNase was removed by washing nuclei in D
buffer twice and adding 400u RNasin (Promega). MNase
digestion was then performed as described above. South-
ern blot analyses were performed as described previously
using telomere probes that contain only telomere repeat se-
quence (24). STE1 probe was isolated from pNSU70 after
digestion with Apal and EcoRI, and STE2 was isolated
from pNSU70 after digestion with Nsil. Naked DNA was
prepared using a standard genomic DNA extraction as for
Southern blot analysis. Genomic DNA was treated with
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Figure 1. Unique chromatin structure at telomeres. (A) Schematic of fission yeast telomere components. S. pombe shelterin, comprising Tazl, Rapl, Pozl,
Tpzl, Ccql and Potl, is highly similar to mammalian shelterin. (B) Schematic of subtelomeric (STE1 and STE2) and telomeric (Telo) regions, with distance
from chromosome end indicated above. Probes used are depicted as lines below each region (not to scale). Below the schematic is a ball-and-stick diagram
of the dimensions of the telosome mapped in this study. Circles indicate canonical nucleosomes; ovals depict the telosome. (C) Gel and Southern blot
analysis of subtelomeric and telomeric regions following treatment of intact chromatin with increasing concentrations of MNase (‘chromatin’). Naked
DNA was also treated with MNase to control for sequence specificity. Duplicate samples were electrophoresed on the same gel and EtBr stained. The
EtBr images in the left and 4th panel show the pattern of bulk genomic chromatin, attesting to the intactness of the chromatin preparation. Each gel was
subjected to Southern blot analysis using the probes indicated below each panel. The STE2 probe was applied after stripping the Telo blot. The ball-and-
stick schematics to the right of each blot depict the chromatin structure, to scale with the blots; circles and ovals as in (B) with probe positions indicated
by lines whose colors correspond to the designations in (B). Note that the ball-and-stick diagrams reflect the different probe positions for each blot; for
instance, the STE1 probe hybridizes to more centromere-proximal genomic regions that start to contain canonical nucleosomes, hence the appearance of

mononucleosome bands on the STE1-probed blot.

MNase (7.5 and 100 units/ml) under the same conditions
as above for nuclei, phenol-chloroform extracted, ethanol
precipitated and included in subsequent Southern blot anal-
ysis.

ChIP and ChIP-seq

Anti-histone H3-K9M¢2 antibody (Abcam) was used to per-
form ChIP for dot blots and Southerns as described previ-
ously (29).

For telomere enrichment analysis by ChIP-seq, 1 L
of cells at 0.6 x 107 cells/ml were crosslinked with 1%
formaldehyde for 15 min at 32°C, and ChIP carried out with
the anti-histone H3-K9M2, DNA was then prepared for se-
quencing using the TruSeq ChIP library preparation kit. Se-
quencing was performed on the Illumina HiSeq 2500 plat-
form and typically generated ~46 million 101-bp paired-
end reads per sample. Raw reads from each sample were
adapter-trimmed with cutadapt (version 1.9.1) (30) and
subsequently filtered for the telomeric repeat motif ‘GT-
TACAGG’ (31). De novo assembly was performed inde-
pendently for each sample on the motif filtered paired-end
reads with both SPAdes (version 3.9.0; kmer = 97) (32) and
ABYySS (version 1.9.0; kmer = 95) (33). Upon manual in-
spection, we were able to identify 10 candidate telomeric

contigs (five for each replicate) across the replicate groups
that were assembled independently within both the input
and IP samples and/or by both SPAdes and ABySS.

The S. pombe genome was reconstructed to include the
assembled contigs, three nuclear chromosomes, the mito-
chondrial chromosome, mating type region, gap filling se-
quences between SPBPB21E7.09 and SPBPB10DS8.01 in
chromosome 2 (contig AB325691) (34), and a set of small
insert clones generated from a telomere plasmid library. Se-
quence files were downloaded from Pombase (35). BWA
(version 0.5.9-r16) (36) with default parameters was used
to perform genome-wide mapping of the adapter-trimmed
reads. Discordant, multi-mapped and soft-clipped read
pairs were removed, leaving only those that mapped to the
same contig in the correct orientation, had zero mismatches
in both reads, and a maximum insert size of 1 kb.

RESULTS
Non-canonical chromatin structure of the S. pombe telomere

As MNase preferentially cleaves linker regions between nu-
cleosomes, limited MNase digestion of intact chromatin
followed by purification of the underlying DNA vyields a
ladder of digestion products representing a ‘beads-on-a-
string’ protection pattern. Ethidium bromide (EtBr) stain-
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ing of electrophoresed fission yeast MNase digestion prod-
ucts (Figure 1) yields bands consistent with the reported av-
erage nucleosomal repeat length of ~156 bp (37). Subjecting
this gel to Southern blot analysis using a probe for telom-
ere repeats (Figure 1C) reveals the telomeric chromatin ar-
rangement. In marked contrast to the ladders representing
mono-, di-, tri- and higher order nucleosome arrays seen for
the bulk genome, two predominant diffuse bands of ~1.0
and 1.4 kb are detected with the telomere probe. We here-
after refer to this alternative structure as the telosome (16).
The difference between this MNase digestion pattern and
that of naked telomeric DNA reveals that the digestion pat-
tern is not due to sequence (Figure 1c).

As telomere repeats constitute only 300 + 50 bp of the
chromosome end, the MNase-resistant fragments of ~1 and
1.4 kb contain ~700-1100 bp of subtelomeric sequences,
which comprise semi-repetitive elements that extend ~20
kb toward the centromere. Indeed, hybridization of the blot
with a probe to the most telomere-proximal subtelomeric
region (STE1, Figure 1B and C) reveals the same protected
fragments at 1.0 and 1.4 kb, confirming that they incor-
porate subtelomeric sequences along with telomere repeats.
In addition, a faint nucleosomal ladder becomes detectable
with the STEI probe, likely reflecting hybridization not only
to the most distal part of the subtelomere, but also to more
centromere-proximal regions of the subtelomere that are
not included in the telosome. Using the STE2 probe (Figure
1B and C), which hybridizes to more centromere-proximal
subtelomeric elements, the telosome is no longer detectable,
confirming that the telosome comprises only the most distal
region of the chromosome.

In some experiments (e.g. Figure 1C), we observe ad-
ditional telomeric hybridization centered at ~0.2 kb. As
these species are variable and do not appear in other experi-
ments (e.g. Figure 2A below and (38)), they likely represent
replicating or dynamic telomeres that are quasi-resistant to
MNase, or variable levels of protease activity in our chro-
matin preparations. Nonetheless, we cannot discount the
possibility that these ~0.2 kb species comprise substruc-
tures of the 1.0/1.4 kb telosome.

The inclusion of 700-1100 bp of subtelomeric DNA (the
subtelomeric elements or STE, upstream of the telomere re-
peat region) in a protected structure prompted us to ask
whether the subtelomere itself defines the internal edge of
the telosome, and indeed whether the subtelomere is neces-
sary for telosome formation. For this, we utilized a strain in
which only Chromosome III (Chr III) contains telomeres,
as Chr I and II are circularized (see Supplementary Figure
S1). STE are absent from Chr III, on which the telomeres at
either end are directly abutted by rDNA repeats. A MNase
digestion pattern similar to that of the wt telosome is de-
tectable in this strain (Supplementary Figure S1), implying
that chromosomes lacking STE can form telosomes. The al-
tered size of the telosome bands in this strain could reflect
a difference in telomere length stemming from reintroduc-
tion of telomerase following survival of telomere loss (see
Supplementary Figure S1), or a subtle difference conferred
by the abutting rDNA; the decreased intensity of telosome
bands presumably reflects the relative deficit of telomeres in

this strain harbouring only one linear chromosome. Never-
theless, the presence of telosomes lacking STE indicates that
STE sequences are dispensable for telosome formation.

Tazl and Rapl are required for telosome structure

What components of the telomere confer the unique struc-
ture of the telosome? To define the telosomal determinants,
we examined the MNase cleavage profiles of cells lacking
Taz1. Strikingly, while bulk chromatin is unaffected by Tazl
loss, neither a telosomal pattern nor an extensive nucleoso-
mal array is detectable at taz/ A telomeres (Figure 2A, Sup-
plementary Figure S2). Instead, we observe a diffuse smear
of MNase digestion products along with mono- and di-
nucleosomes; note that the intensity of hybridization with
the telomere probe is enhanced in taz/ A relative to wt, due
to the 5- to 10-fold increase in telomere length in this set-
ting. Importantly, loss of the telosome pattern is also ap-
parent when hybridizing the same blot with a STEI probe
whose cognate sequence is not amplified in a fazl A setting
(Figure 2A, Supplementary Figure S2). Hence, the diffuse
pattern is not simply a result of the pronounced telomere
lengthening seen in the absence of Tazl. The lack of a de-
tectable telosome in the absence of Tazl indicates that Tazl
is required for telosome formation or integrity. Our obser-
vation that extensive nucleosomal arrays fail to replace the
telosome at fazl A telomeres suggests that nucleosome for-
mation is obstructed by an array of ill-defined particles con-
taining non-telomere-specific proteins whose residual affini-
ties for telomere sequences rival the low affinity of histones
for these sequences. Alternatively, taz/ A telomeres may be
largely unprotected from MNase. A paucity of nucleosomes
could stem from the excessive levels of G-rich ssDNA at
tazl A telomeres (39), which may exclude nucleosomal ar-
rays or associate with histones in a non-periodic manner.

To address the possibility that single-strandedness is re-
sponsible for the diffuse pattern of zaz/ A telomeric MNase
digests, we deleted rad50* in a tazl A strain, as Rad50 is
necessary for excessive sSDNA accumulation in cells lack-
ing Tazl (39). Deletion of rad50* yields no detectable alter-
ation of the telosome pattern in wt or tazl A cells, indicating
that the chromatin pattern at zaz/ A telomeres is not a conse-
quence of excessive ssSDNA accumulation (Supplementary
Figure S3).

A subset of Taz1’s functions is mediated by its interacting
partner Rapl. Indeed, the telosome pattern is disrupted in
rapl A cells, indicating that Tazl and Rap] act together in
organizing the telosome (Supplementary Figure S4). This
result allows us to parse telomere functions that correlate
or fail to correlate with telosome formation. For example,
progression of replication forks through telomere repeats
requires Tazl but not Rapl, while telomere length regu-
lation and prevention of telomeric non-homologous end-
joining (NHEJ) require both (21,23,40). Hence, our ob-
servation that rapl A telomeres lack detectable telosomes
suggests that telosomes are not required for telomeric fork
progression. Conversely, the telomerase-dependent hyper-
elongation and loss of protection from chromosome end-
fusion in tazl A and rapl A cells accompanies loss of the
telosome, hinting at a role for the telosome in protecting the
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Figure 2. Telosomes require Tazl and scale in size with telomere length. (A) Southern blot analysis of MNase-digested chromatin. Probes are designated
below each pair of blots. Bulk chromatin is represented by a probe for the gene cut7*. The ball-and-stick diagrams are as in Figure 1C. The disorganized
structure at raz/ A telomeres is represented by a dotted line. (B) Analysis of chromatin from wz and rif1 A cells. Designations as in Figure 1; the longer ovals

in violet represent the larger telosomes in rif/ A cells.

chromosome end from inappropriate telomerase-mediated
elongation and NHEJ.

Telosome size scales with telomere length

To further investigate telosomal determinants and the in-
terdependency of telosome formation and telomere func-
tion, we examined rifl A cells, which harbor telomeres ~2-
fold longer than wt but retain Tazl, Rapl and protection
from inappropriate DNA-damage repair (DDR) reactions
at telomeres (40,41). Intriguingly, protection patterns remi-
niscent of wt are seen for rif] A telomeres but fragment sizes
are shifted upwards, from 1.0 and 1.4 kbin wtto 1.7 and 2.1
kb in the rif1 A setting (Figure 2B). Therefore, the telosome
can accommodate larger amounts of telomeric DNA, and
this is reflected in a corresponding increase in telosome size;
this observation is consistent with the larger telosome frag-
ments seen in strains harbouring only the longer telomeres
found on Chr III (Supplementary Figure S1). We infer that
telosome formation does not prevent the moderate telom-
ere elongation conferred by rif7 deletion, nor does it enforce
late replication of telomeres (which requires Rif1) (42).

Chromatin structure of an internally placed stretch of telom-
ere repeats

To address the role of ‘endedness’ in telosome formation as
well as in nucleosome array exclusion in the absence of the
telosome, we investigated the MNase protection pattern in-
duced by a 300 bp stretch of telomeric repeats inserted at an
internal chromosome site, the ura4+ locus on Chr III (Fig-
ure 3). Previous work has shown that Tazl binds these in-
ternal telomere repeat stretches and confers a local position
effect, silencing nearby genes (43). To avoid confusion be-
tween the internal telomere stretch and natural telomeres,
we utilized a telomerase-minus strain harbouring circular
chromosomes that lack endogenous telomeres. Curiously,
we observe neither a discrete telosomal pattern nor a lad-
der of bands representing nucleosomal arrays at the inter-
nal telomere; rather, a diffuse pattern is seen (Figure 3). In-
terestingly, deletion of either tazI* or rapl™ in this strain
leads to a more distinct nucleosome array pattern, indicat-
ing that the noncanonical MNase pattern of the internal
telomere is dictated by the telomeric dSDNA binding pro-
teins. The residual indistinctness of the pattern in taz/ A or
rapl A backgrounds could be due to the poor affinity of nu-
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Figure 3. Alternative chromatin structure at internal telomeric DNA stretches. Analysis of MNase-digested chromatin in telomerase-minus strains har-
boring circular chromosomes (Otrtl A) with an internally inserted stretch of telomere repeats at the ura4™ locus on Chr III. EtBr-stained gels (left) were
subjected to Southern blot analysis with a telomere repeat probe (right). Ball-and-stick schematics are as in Figure 1C. The internal telomeric DNA lacks a
discrete structure in an otherwise wt setting, while deletion of taz1* or rapl™ leads to a more distinct nucleosomal pattern, although more diffuse than the
bulk genomic nucleosomal pattern. Importantly, the internal telomeric DNA runs as a homogenous, stable band on Southern blots of HindIII-digested
DNA both before and after raz/ deletion (diagram, and right-hand blot) despite the modest degree of replication fork stalling seen at the internal telomere

in the absence of Tazl (21).

cleosomes for telomere repeats or to some level of redun-
dancy between Tazl and Rapl for conferring the exclusion
of canonical nucleosome patterns. Hence, the presence of
Tazl/Rapl either prevents the formation of nucleosomal
arrays or alters the accessibility of linker regions. However,
the discrete telosome structure found at bona fide chromo-
some ends appears to require some feature, like the telom-
eric 3’ overhang, that is unique to the chromosome termi-
nus.

The Tazl/Rapl-dependent indistinctness conferred by
the inserted telomere repeat stretch resembles the MNase
digestion pattern seen at the central core of the centromere,
where the histone H3 variant Cnpl forms unique nucleo-
somal complexes that confer centromere function (38,44—
48). Despite the packaging of centromeric DNA into nu-
cleosomes, their alternative structural composition renders
this region ‘indecipherable’ by MNase digestion. Thus, cen-
tromeric chromatin structure may lend clues about possible
alternative arrangements of telomeric chromatin; however,
in order to interpret these clues, we were compelled to as-
certain definitively whether fission yeast telosomes harbor
histone proteins.

Fission yeast telomeres contain histones

To determine whether telomere repeats associate with hi-
stones, we performed ChIP with an antibody against hi-
stone H3-lys9-dimethyl (H3K9M?), reasoning that if his-
tones exist in the telomere, they likely carry this modifica-

tion, which characterizes all fission yeast heterochromatin.
Dot-blot analysis revealed that telomere sequences are en-
riched in H3K9M¢? immunoprecipitates when input chro-
matin fragments are sonicated to a small size, between 100
and 600 bp (Figure 4A), suggesting that telomeres are in-
deed incorporated into H3K9M2_containing nucleosomes.
However, it remained possible that the sonicated fragments
hybridizing with the telomere probe also contain subtelom-
eric sequences.

To determine whether immunoprecipitates of H3K9Me?
harbor fragments that contain telomere repeats but lack
subtelomeric sequences, we performed paired-end ChIP-
Seq of immunoprecipitated fragments in duplicate (repli-
cates R1 and R2) (Figure 4B, Supplementary Table S2).
Due to the heterogeneity of telomere sequences in a pop-
ulation, we needed to first generate a reference for mapping
telomere sequences. We filtered raw reads from input and
IP samples for a common variant (GTTACAGG) of the de-
generate telomere repeat sequence, then performed de novo
assembly for each sample and selected 5 telomere contigs
for each experiment (Supplementary Table S1) (see Mate-
rials and Methods for details). We found that the level of
enrichment of telomere-only sequence (Tel) reads not only
far exceeds that seen at a euchromatic locus (act/) but also
is comparable to that of previously well-characterized het-
erochromatic sequences such as the centromeric outer re-
peats (otr I and I1) and the subtelomeric helicase-encoding
sequences t/hl (Figure 4B) (25,26,49,50). Interestingly, the
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Figure 4. Fission yeast telomeres contain histones. (A) Schematic of the chromosome end. Histone H3K9M¢2 is present in the STE1 and STE2 regions (25)
but its presence in the telomeric DNA repeat region has not been previously defined. ChIP was performed using an antibody against histone H3K9Me2
followed by dot blot analysis using a telomere repeat probe. WCE, whole cell extract; b, beads-alone; IP, H3K9M¢2 immunoprecipitate. Quantitation of the
dot blot is shown in the graph above. The gel and Southern blot below show sonicated fragments of the bulk genome; most fragments are 100-400 bp in size.
(B) Paired-end ChIP-seq definitively shows the presence of histones in the telomere-repeat region. Fold enrichment is reported as the ratio of the number of
perfectly mapped paired-end reads in the IP versus input, normalized by sequencing depth and region length. For the region labeled ‘Tel’, paired-end reads
that mapped wholly within the telomeric portion of the assembled contigs were counted and each of the contig enrichment values were averaged; the mean
fold-enrichment for all contigs is represented by a black bar. Enrichment of reads overlapping the boundary of the subtelomere and telomere within the
assembled contigs is shown in ‘STE+Tel’. Non-telomeric heterochromatic regions of the genome, including the centromere-proximal subtelomere (¢/41)
and outer centromeric regions (otr I: SPNCRNA.231, otr II: SPNCRNA.373), and a euchromatic region (act!) are shown for comparison; blue (replicate

1) and red (replicate 2) dots represent the fold enrichment for each replicate.

telomeric enrichments in TelR1 and TelR2 were unique to
their respective contigs; R1 telomere sequences were not
enriched in R2 and vice versa (Supplementary Table S2).
This supports previous observations that specific telomere
sequences vary between different fission yeast cultures (51),
due mainly to variation introduced by telomerase, which
adds the degenerate sequence (TTAC(A)GG(G_4) (52,53).
By enforcing strict alignment criteria, any small sequence
difference in the reads will prevent alignment. Therefore,
while the telomere sequences in R1 and R2 are indeed
highly similar, reads that do not align perfectly will fail to
map to non-corresponding reference contigs. We also ex-
amined reads that included telomere and distal subtelom-
ere (STE+Tel, Figure 4B) as our MNase mapping shows
that such regions are included in the telosome; for such
telomere/distal STE reads, we observe enrichment similar
to that seen for the telomere-only reads. Hence, the telom-
eric DNA repeats themselves, as well as the distal subtelom-
ere, are incorporated into chromatin harboring H3K9M¢2,

RNA, but not heterochromatin, is a determinant of telosome
structure

Our ChIP-seq results indicate not only that telomeres con-
tain histones, but also that these histones are H3K9 methy-
lated. This observation prompted us to investigate whether
methylation of histone H3, an essential step in heterochro-
matin formation, is required for telosome formation. We
queried the telomere protection pattern in cells lacking
the sole fission yeast histone H3K9 methyltransferase, Clr4
(Figure 5A). Telosomal bands are unchanged in the absence
of Clr4, demonstrating that histone H3K9 methylation is
dispensable for telosome formation. Similarly, the telosome
remains intact in cells lacking Rik 1, another component es-
sential for heterochromatin formation (Figure 5A). Hence,
the histone methylation we observe within the telomere
does not contribute to the telosome structure. The con-
verse scenario, in which the telosome contributes to telom-
eric heterochromatin formation, remains possible. Tazl is
necessary for heterochromatin formation at the distal end
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Figure 5. RNA, but not H3K9 methylation, is a critical component of telosome structure. (A) Analysis of chromatin in strains deficient for heterochromatin
assembly, with designations as in Figure 1. (B) Analysis of chromatin untreated or treated with RNase A prior to MNase digestion. Bulk R Nase-treated
chromatin exhibits a more diffuse pattern, hence the less-defined circles in the schematic. RNase A treatment alters the telosome pattern, as reflected by
the more numerous telosome particles in the schematic; the dotted line within the red elipse represents the diffuse digestion products, suggesting smaller,

more mobile or more frequently dismantled particles.

of the telomere while the RNAi machinery governs more
centromere-proximal subtelomeric heterochromatin forma-
tion (25). The biophysical properties of the telosome (con-
sidered below) may promote the activity of the heterochro-
matin assembly machinery at the distal chromosome end.
In addition to histone methylation and other marks of
heterochromatin, chromosome ends are associated with
telomeric RNAs including TERRA (54,55). To determine
whether such transcripts contribute to the higher order
structure of the telomere, we subjected isolated nuclei
to mock-treatment or treatment with RNase A prior to
MNase digestion. Consistent with previous work demon-
strating that RNA is an integral component of chromatin
(56-58), RNase A treatment affected the bulk genomic
MNase digestion pattern (Figure 5B). While a nucleosomal
ladder is still detectable following RNase A treatment, the
bands are more diffuse, suggesting that global nucleosome
periodicity is less well-defined in the absence of RNA. In
contrast, RNase A treatment results in a conspicuous, dis-
crete alteration in telomeric M Nase digestion products, eas-
ily visualized on the blot (Figure 5B). While the two pre-

dominant bands at 1.4 and 1.0 kb appear in the absence
of RNase A, treatment with the RNase exposes new sites
of MNase accessibility and shifts band positions such that
the predominant bands are slightly larger than those seen
for untreated telosomes. In addition, a diffuse pattern of
MNase products appears below 0.9 kb upon RNase A treat-
ment.

As removal of RNAs by RNase A exposes some sites to
MNase digestion while camouflaging others, we considered
the possibility that unbridled association with RNA confers
the disordered MNase digestion pattern of taz/A telom-
eres. This is particularly relevant as loss of Tazl results in
a high abundance of telomeric and subtelomeric transcripts
(24). However, RNase treatment fails to confer a significant
change in the MNase pattern of razl A chromatin, suggest-
ing that nucleosomal array exclusion is not a result of ex-
cess RNA (Supplementary Figure S5). Hence, the altered
pattern conferred by RNase A suggests that subtelomeric
and/or telomeric RNAs associate directly with telosomes,
perhaps altering the path of DNA around nucleosomes or
regulating the positions of telomere-binding proteins. Treat-
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ment of intact chromatin with RNase H does not lead to
detectable alterations in telosomal (nor bulk) MNase diges-
tion patterns (data not shown), suggesting that RNA/DNA
double helices are not key determinants of telosome struc-
ture.

DISCUSSION

What features of the telosome could explain the MNase pat-
tern we observe? The presence of histones in the telomere
repeat region suggests that rather than excluding nucleo-
somes, Tazl and Rapl enforce a folded chromatin fiber in
which the linker regions are occluded either by telomere
proteins themselves or by an alternative wrapping pattern
that disfavors M Nase access. In budding yeast and flies, cen-
tromeric nucleosomes have been shown to induce positive
supercoils in centromeric DNA, rather than the negative su-
percoils induced by nucleosomes throughout the majority
of the genome (59,60). The above-mentioned similarity be-
tween the digestion pattern of the internal telomere repeat
stretch and the centromere suggests the intriguing possibil-
ity that telomeres share an alternative torsional state with
centromeres, a possibility that we are exploring. Conceiv-
ably, such altered supercoiling could propagate into nearby
sequences, explaining both the extension of the telosome
past the telomere repeat region and the transitional nature
of the subtelomeric chromatin as it acquires a canonical nu-
cleosome array pattern more centromere-proximally.

Intriguingly, TRF2 has been shown to wrap naked telom-
eric DNA around itself in vitro in a conformation that
generates positive supercoiling, propagating a propensity
for single-strandedness along adjacent DNA segments and
in turn, promoting strand invasion by ssDNA (forming t-
loops) (61,62). While the extent to which this wrapping ac-
tivity affects nucleosomal DNA is unclear, mutations that
abolish the activity compromise TRF2’s ability to form
t-loops and to protect telomeres from ATM activation.
TRF2’s wrapping ability has also been shown to promote
telomeric invasion by telomeric RNA (63). The residues
that confer TRF2 wrapping appear to be absent in Tazl;
nonetheless, it is conceivable that structural homology exists
and could contribute to Tazl-mediated regulation of telom-
eric torsional state.

An alternative, and not mutually exclusive, explanation
for the nature of the telosome could invoke phase separa-
tion behavior at telomeres. Chromatin regions that asso-
ciate with human or Drosophila HP1a show such behavior,
forming liquid droplet domains that exclude some proteins
while allowing free diffusion of others (64,65). Intriguingly,
association with RNA is known to change the parameters
of liquid droplet formation, often promoting phase sepa-
ration (66,67). The marked change in MNase accessibility
of telomeric chromatin following RNase treatment (Figure
5B) could suggest a model in which the boundaries of the
telosome are constrained by RNA, perhaps TERRA; the re-
moval of RNA may not only expose specific sites within the
telosome to MNase, but may also allow a telosomal ‘phase’
to expand.

Whether occlusion, torsion or phase separation underlies
telosome structure, the altered architecture at the chromo-
some end is likely to impact telomere function. Indeed, the
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dependence of telosome structure on Tazl harkens to the
TRF2-dependent t-loops in organisms with longer telom-
eres, and several potential parallels can be drawn. In the
absence of TRF2, t-loops are compromised, correlating
with exposure of telomeres to inappropriate DDR reactions
analogous to those encountered by tazl A cells. POT1, the
telomeric ssDNA binding protein, has been suggested to
stabilize t-loops by binding the DNA strand extruded by
3’ end invasion into subterminal dsDNA. In fission yeast,
deletion or inactivation of pot/+ leads to rampant resection
and telomere loss, thus preventing us from studying its im-
pact on telosome formation (68,69); however, the discrete-
ness of the chromatin pattern at natural telomeres relative to
internal telomere stretches hints at a role for endedness (and
by extension, ssDNA in complex with binding proteins) in
‘sealing’ the telosome-specific architecture.

The uniqueness of the chromosome end is highlighted
by the alternative higher order telomere structure reported
herein. The dependence of telosome formation on Tazl
reinforces the idea that telomeric DNA sequences specify
the telosome, while the known roles of Tazl in safeguard-
ing chromosome ends underline the importance of defin-
ing the biophysical basis for the telosomal pattern. Our
results provide a framework for such definition, in which
telomere-binding proteins enforce a non-canonical histone-
containing chromatin fold whose precise dimensions are
dictated by RNA transcripts and the presence of the chro-
mosome end. Our previous observations that centromeres
and telomeres have some interchangeable functions (70)
and that nontelomeric heterochromatic repeats can fulfil
chromosome end-protection roles previously thought spe-
cific to telomere repeats (71) further underscore the need to
define the features that unify and distinguish these promi-
nent chromosomal landmarks.
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