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Broken chromosomes healed by de novo addition of a telomere are
a major class of genome rearrangements seen in Saccharomyces
cerevisiae and similar to rearrangements seen in human tumors.
We have analyzed the sequences of 534 independent de novo
telomere additions within a 12-kb region of chromosome V. The
distribution of events mirrored that of four-base sequences con-
sisting of the GG, GT, and TG dinucleotides, suggesting that de
novo telomere additions occur at short regions of homology to the
telomerase guide RNA. These chromosomal sequences restrict
potential registrations of the added telomere sequence. The first
11 nucleotides of the addition sequences fell into common families
that included 91% of the breakpoints. The observed registrations
suggest that the 3� end of the TLC1 guide RNA is involved in
annealing but not as a template for synthesis. Some families of
added sequences can be accounted for by one cycle of annealing
and extension, whereas others require a minimum of two. The
same pattern emerges for sequences added onto the most common
addition sequence, indicating that de novo telomeres are added
and extended by the same process. Together, these data indicate
that annealing is central to telomerase registration, which limits
telomere heterogeneity and resolves the problem of synthesizing
Rap1 binding sites by a nonprocessive telomerase with a low-
complexity guide RNA sequence.

Genomic instability is characteristic of many types of cancer
(1). The extensive genome instability seen has suggested

that cancer cells might acquire genetic defects that destabilize
the genome leading to accumulation of genome rearrangements
that activate oncogenes and inactivate tumor suppressor genes.
This idea has gained support through the study of cancer
susceptibility syndromes associated with increased genome re-
arrangements (2–5). Terminal deletions are frequently seen in
tumor cells (1) and are present in �10% of inherited genetic
diseases associated with chromosomal aberrations (6). To gain
insights into the types of genetic defects that might destabilize
the genome, we developed a Saccharomyces cerevisiae assay for
genetic analysis of the accumulation gross chromosomal rear-
rangements (GCRs) that have one breakpoint within a 12-kb
region of chromosome V (7). This assay has been used to identify
numerous genes and pathways that suppress the accumulation of
GCRs (7–15). Although rare in wild-type yeast strains, a fre-
quent rearrangement in mutants with high rates of genome
instability is a terminally deleted chromosome V with a new
telomere added at the broken end (de novo telomere addition).

How telomerase maintains and synthesizes telomeres has been
investigated in many organisms including S. cerevisiae (16).
These studies identified proteins other than telomerase that
protect telomeres from end joining reactions and activating
checkpoints as well as target telomerase and facilitate telomere
synthesis. Because of the heterogeneous nature of S. cerevisiae
telomere sequences (17–19), most insights into how telomerase
synthesizes telomeres have come from studies in which telom-
erase is used to extend oligonucleotide substrates that can anneal
to telomerase RNA, TLC1 (20), and sequencing of bulk telo-

meres (21, 22). Other proteins affect telomere length; among
these is the Pif1 DNA helicase (23). How telomerase synthesizes
de novo telomeres at the ends of DNAs that do not contain
telomeres is not well understood. Genetic studies have shown
that de novo telomere addition require telomerase, Ku, and
Cdc13, and is partially inhibited by Pif1 (10, 24–27). However,
little is known about the properties that govern de novo telomere
addition target sites. A previous study of telomeres added at the
site of a HO-endonuclease-induced double strand break sug-
gested that a telomere-like seed sequence was required as an
organizer so that telomerase could add telomere sequences at
distant sites (28); however, these studies were hampered by the
small number of events analyzed. Here we have studied the
sequences of 534 independent de novo telomeres and, based on
their analysis, define the nature of de novo telomere addition
targets and propose a mechanism for the de novo synthesis of
telomeres.

Methods
The first and last identifiable breakpoints were identified from
the sequence of chromosome V (www.yeastgenome.org) by using
custom software. The last identifiable breakpoint was at the first
mismatch between the sequenced isolate and database sequence.
The first identifiable telomere nucleotide was derived from the
last identifiable position as follows. From the T after the
breakpoint, the position was moved in a 5� direction if these
sequences were telomeric repeats (TG1–3 or G1–3). The process
was repeated if the position ended on a T. The junction
sequence, which could be from either the telomere or chromo-
some V, is the sequence between the first and last identifiable
nucleotides. Breakpoint feature statistics were derived by using
the reference yeast genome sequence and the position of the
breakpoints determined above.

Results
Previously, we identified 534 de novo telomere additions in a
GCR assay (Fig. 1a) using a degenerate PCR approach to
amplify the breakpoints for sequencing (7–15). Only one isolate
was taken from each unique culture to avoid siblings of unique
events. These telomere additions (Table 1, which is published as
supporting information on the PNAS web site) are located
throughout a 12-kb target region from CAN1 to the first essential
gene PCM1 (Fig. 1b). Their distribution has hot spots and a bias
against the centromeric side of the region, the significance of
which is unclear. Defining the breakpoint by either the first
identifiable telomere nucleotide or the last identifiable chromo-
some V nucleotide (Fig. 1c) reveals that each observed site is
associated with approximately five events (Fig. 1d). By contrast,
random targeting predicts one event per site on average.

Abbreviation: GCR, gross chromosomal rearrangement.
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The breakpoint sequences have a 5- to 6-nt TG-rich bias (Fig. 2a).
The subset of targets used only once shows a shorter bias (Fig. 2b),
whereas targets used multiple times have a longer bias (Fig. 2c). The
dinucleotides at the target sites show a preference for GG, GT, and

TG found in normal telomeres and the reverse complement to
TLC1 (Fig. 2d). The distribution of positions of four contiguous
nucleotides composed of only GG, GT, or TG dinucleotides
matches the distribution of telomere additions (Fig. 3a), whereas

Fig. 1. Nonrandom distribution of de novo telomere additions. (a) The assay was generated by replacing HXT13 with URA3 in haploid strains, and GCRs were
isolated by selection against CAN1 and URA3. Breakpoints must occur within or between CAN1 and the most centromeric essential gene, PCM1. (b) Histogram
in which the breakpoints for the 534 de novo telomere additions isolates are displayed along chromosome V as the number of breakpoints present in 50-bp (light
gray) and 500-bp (dark gray) windows. (c) Breakpoint sequences can be divided into three parts: sequences that are unambiguously chromosomal, sequences
that could be chromosomal or telomere-derived (junction sequences), and sequences that are unambiguously telomeric. The first identifiable telomere
nucleotide is the position between 1 and 2, and the last identifiable chromosomal nucleotide breakpoint is the position between 2 and 3. Three percent of
telomeres are added to non-GT targets, so there is no junction sequence and the first and last identifiable positions are identical. (d) The 534 de novo telomere
addition breakpoints are nonrandom. Cluster size is the number of times a specific site was targeted by de novo telomere addition, and the number of
breakpoints found in each cluster size is plotted. When analyzed by last identifiable nucleotide (light gray), the average cluster has 4.9, with a minimum of one
breakpoint and a maximum of 18; when analyzed by the first identifiable nucleotide (dark gray), the average is 6.5 and the range is from 1 to 20 breakpoints
per nucleotide. A Poisson distribution predicts an average cluster size of 1.02 assuming each nucleotide is an equally likely target.

Fig. 2. TG bias at the sites of de novo telomere additions. The percentage of G � T (light gray) and A � C (dark gray) nucleotides present at each position relative
to the site of de novo telomere addition as defined by the last identifiable nucleotide is graphed for all additions (n � 534) (a), additions at sites used only once
(n � 146) (b), and additions at sites used four or more times (n � 243) (c). (d) Histogram of the individual dinucleotide 5� to last identifiable breakpoint nucleotide
method shows a bias toward GG, GT, and TG, but not TT. No such bias exists for histograms generated from the first identifiable breakpoint.
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the distribution of positions of shorter or longer such sequences did
not match as well (data not shown). Similarly, the most common
targets are stretches of two to seven G or T nucleotides (Fig. 3b).
Longer stretches of TG-rich DNA occur less often in chromosome
V, but are used more frequently (Table 2, which is published as
supporting information on the PNAS web site); such sequences may
be more efficient or they may act as multiple adjacent targets. The
most frequently target, the 14-mer 5�-GGGTGTTGTTGTGG, was
involved in 50 events, and telomere additions occurred throughout
this sequence.

To analyze how breakpoint sequences direct telomere addi-
tions, breakpoints were examined for homology to each other
and TLC1. Of the 534 telomere additions, 80% could be placed
into 23 groups for which the first 11 nucleotides was observed
five or more times (Fig. 4a); those used two or more times
accounted for 91% of the telomeres seen. The most frequent
addition sequence (5�-GTGTGGGTGTG) corresponds to 11 of
the 17 nucleotides of the template region of the TLC1 RNA and
has been called ADD1 (28). Each 11-nt addition sequence could
be registered with the TLC1 template. The position influences
the average homology preceding and following the breakpoint
and reveals a number of features of telomere additions (Fig. 4b).
First, each of the 11-nt sequences contains a substantial contig-
uous stretch of nucleotides that are complementary to the TLC1

RNA, regardless of the start point. Second, registrations starting
in the latter half of the TLC1 homology have junction sequences
that closely match (underlined) TLC1 (e.g., GAAGA:GTGG:
G10TGTGGTGTGT). Third, registrations in the first half of
TLC1 have little or no homology to TLC1 (underlined) in the
junction sequence (e.g., GAAGA:GTGG:G4TGTGGGTGTG).
However, in all such cases it was possible to identify an alter-
native registration to the second half of TLC1 such that there was
contiguous homology between TLC1 and the region before the
breakpoint (e.g., GAAGA:GTGG:G10TGTGGGTGTG); this
did not allow contiguous alignment between TLC1 and the entire
addition sequence (see below). Fourth, the TLC1 homologies for
the addition sequences starting in the first half of the TLC1
homology often only extend until the second and third TG
repeats of TLC1 (nucleotides 3–6), and tend not to include the
first TG repeat (nucleotides 1–2) (Fig. 4b). Fifth, sequences
added at the end of ADD1 are a subset of the sequence families
added after the last breakpoint nucleotide (Fig. 4c; e.g., ADD1
followed by ADD1 GTGGA:G:GTGTGGGTGTGGTGT-
GGGTGTG); this suggests that telomeres are extended by
sequential cycles of the same process. Overall, these results
suggest that de novo telomere addition involves exact copying of
TLC1 RNA and that the TLC1 template can be divided into
different functional regions.

The telomere additions show considerable heterogeneity. No
single target sequence directs a single telomere addition se-
quence, even when added to the same site (Table 3, which is
published as supporting information on the PNAS web site) or
when added to the junction sequence GTGG (Table 4, which is
published as supporting information on the PNAS web site)

Fig. 4. Addition sequence registration indicates precise TLC1 registration. (a)
Twenty-three different 11-nt telomere addition sequences are observed five
or more times after the last identifiable chromosome V breakpoint nucleotide
and involve 80% (426 of 534) of all breakpoints. The longest homology to the
TLC1 RNA template region is underlined. The most common sequence, seen 80
times, is the ADD1 sequence (28). The first nucleotide in TLC1 homology added
after the breakpoint is indicated in the start column; for GGTGTGGGT, the
sequence can either register with G14 or G9; however, the last junction nucle-
otide is T, suggesting that G14 is most likely the correct. (b) Telomere additions
from a were grouped by start position. The right circle is the last identifiable
breakpoint, which is placed by using the start position relative to the TLC1
homology. The left circle is the average position of the first identifiable
breakpoint for all telomeres in the group. The horizontal line is the average
TLC1 homology for all telomeres both before and after the last identifiable
breakpoint. (c) The sequence families added after ADD1 are illustrated as in b
and correspond to six of the families illustrated in b. The first nucleotide found
after ADD1 is indicated by the circle, and the solid line represents the average
length of homology with TLC1. It was possible to assign 56 of the 80 sequences;
of the remaining, two aligned starting at nucleotide �1, one aligned starting
at nucleotide �3, and the remaining 21 could not be assigned because
insufficient sequence was available.

Fig. 3. Targets sites are short GT-rich sequences. (a) The number of telomere
additions in 50-bp windows (black bars above chromosome) between CAN1 and
PCM1 compared to the number of four-base sequences made up of two adjacent
TG, GT, or GG dinucleotides (e.g., four contiguous bases, gray bars below the
chromosome). (b) The number of telomere additions at sequences containing
solely G�T (gray) or A�C (black) nucleotides as a function of sequence length. The
length includes bases that would be truncated if the breakpoint fell in the middle
of the runs of G�T or A�C nucleotides. Despite the preference for G�T-rich
stretches, the numbers of different G�T-rich and A�C-rich stretches between
CAN1andPCM1are roughly identicalandareclose todistributions thatwouldbe
predicted by random distribution (data not shown).
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previously suggested to force telomere registration (28). Despite
this, the target sequence obviously dictates allowable TLC1
alignments (Table 1), which can be demonstrated by grouping
telomere additions by the last three or four bases of the junction
sequence (Fig. 5). For each group, registrations with TLC1 were
assigned as for Fig. 4, which suggested a number of features.
First, �50% of the telomere additions after GGG, TGG, and
GGT can be explained by one round of annealing and simple
copying, whereas the other 50% cannot. The second group,
which includes ADD1 additions, has registrations before T7 with
no homology between TLC1 and the junction sequence and all
show another registration that includes the junction sequence.
Thus, they can be explained by two cycles of annealing-
extension-dissociation in which the first round of extension
terminates before addition of G15 and�or T16 of the TLC1
homology, preventing them from placement in the first group.
Furthermore, these groups are consistent, with only 50% of the
TGGGTGT sequences in bulk telomeres being followed by GGT
(21, 22). Second, if the 50% termination rate holds for all
junction sequences, then registrations before T7 are mostly likely

caused by multiple annealing-synthesis-dissociation cycles in-
volving other parts of TLC1, suggesting that (TG)n sequences
require multiple cycles and that the first half of the TLC1
homology (the 3� end of the template) is used in annealing and
not commonly for copying, similar to ciliate telomerases (29).
Third, common addition sequences (Fig. 4a) can be accounted
for by these addition distributions, even if S. cerevisiae telomer-
ase is nonprocessive. Overall, these results support the idea that
the mechanism of de novo telomere addition involves multiple
cycles of annealing with three to five nucleotides at the 3� end of
the TLC1 template followed by relatively low-processivity syn-
thesis (20, 30).

Although many mutations cause substantial changes in the
rate of telomere additions, we have not observed any effects
on target site selection or target length. Targeting is indepen-
dent of rearrangement rate (Fig. 7, which is published as
supporting information on the PNAS web site) and grouping
based on similar genetic defects (i.e., checkpoint defects,
recombination defects, and pif-m2 mutations) (data not
shown). Sufficient numbers of breakpoints exist to examine the
effects of the pif1-m2, tel1, mec1, rad9, rad52, rdh54, sgs1,
rfc5-1, lig4, and cac1 mutation backgrounds through paired
genotypes (Fig. 8, which is published as supporting information
on the PNAS web site). Despite the fact that pif1-m2 and tel1

Fig. 5. Heterogeneity in de novo telomere additions suggests both one- and
two-step mechanisms. Telomere additions with at least three T or G nucleo-
tides before the last identifiable breakpoint were analyzed by the potential
position of the first nucleotide after the breakpoint within the TLC1 homol-
ogy; each histogram is positioned at this first nucleotide. Registration was
determined by using only sequence after the last identifiable breakpoint (‘‘?’’
were not interpretable). Stars indicate addition registrations predicted based
on annealing between TLC1 and the end of the junction sequence (sequence
between the first and last breakpoint nucleotides; see Fig. 1c). Triangles
indicate addition registrations that would be predicted based on annealing
TLC1 with the junction sequence ends but are not observed. Surprisingly,
many additions with GGG, TGG, and GGT before the last identifiable break-
point are observed to initiate at positions lacking homology with the junction
sequences (histograms without stars); however, these cases can be explained
by two annealing-extension-disassociation cycles in which each annealing
position is still controlled by three to four bases of homology of the 3� end with
the TLC1 template. A specific example is illustrated in Fig. 6.

Fig. 6. Proposed mechanism for de novo telomere addition illustrated by
addition of ADD1 onto a TGG breakpoint by two cycles of annealing and
synthesis. In vitro studies indicate telomerase requires a 3� single-stranded
substrate (16) that could be revealed by resection of the broken chromosome
V (44). Initial annealing of TGG at the preferred location allows up to five bases
in the first annealing-synthesis-dissociation cycle; synthesis of more than five
bases would not generate an ADD1 addition sequence. Dissociation after
either 10G10 or 10GT11 are added will generate new ends that will preferentially
reanneal to the initial annealing registration (Fig. 5) and therefore give the
appearance of high processivity through this region when analyzing only bulk
telomeric sequences. On the other hand, dissociation of longer fragments
generated by addition of 10GTG12, 10GTGT13, 10GTGTG14, or 10GTGTGG15 will
generate new ends that will preferentially allow reannealing to a second,
common registration on the TLC1 template (only the specific case of 10GTGT13

addition in the first cycle is illustrated). Synthesis in the second registration is
sufficient to add final nucleotides of the 11-nt ADD1 sequence. The robustness
of reannealing of potential intermediate sequences to the first and second
registrations on the TLC1 template explains the high frequency of ADD1
additions (Fig. 4a).
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affect telomere length, these mutations have little effect on
targeting. New telomeres are added closer to a double-
stranded break in pif1-m2 (24), and our data suggest that
telomere additions avoid Pif1 inhibition randomly rather than
by using longer TG-rich targets. Telomere additions in mec1,
rad52, and rdh54 strains tend to occur on the CAN1 side of the
breakpoint region. The TG-bias length is slightly shorter in the
rad52 and rdh54 strains, possibly because of the elimination of
a competing repair pathway, but this not observed in lig4
strains. The chromatin-assembly factor cac1 mutation (12) also
causes a slightly shorter length of TG-bias at the breakpoint.
However, all of these effects are subtle, as would be expected
from the fact that mutations in telomerase specificity genes
were not included in this study. The GCR assay is, however,
capable of measuring altered specificities, as shown with
yku80–135i that requires longer TG-rich targets (25).

Discussion
The 534 events resolve into patterns that provide a number of
insights into apparently heterogeneous de novo telomere addi-
tions (17–19). Moreover, the chromosomal sequence provides a
start position that allows for specifying functional regions of the
TLC1 template, which is problematic for experiments that only
sequence bulk telomeres (21, 22). Finally, these results indicate
the central role of annealing in controlling registration, which
resolves the apparent contradiction of common addition se-
quences (Fig. 4) and long TLC1-like stretches in bulk telomeres
(21, 22) with the lack of processivity of telomerase (20).

De novo telomere additions were targeted to short three- to
five-base sequences consisting of GG, GT, and TG dinucleotides
that resembled telomere sequences, with longer sequences acting
as hot spots. These addition targets are consistent with those
suggested to be within the vicinity of telomere ‘‘organizing’’
sequences (24, 28). However, no organizers are within 241 kb of
the region studied here (24), indicating that organizers are not
essential for de novo telomere additions, in contrast to previous
proposals (28). The selected targets may be the result of multiple
specificities determined by short sequences that can anneal with
TLC1 and possibly contain minimal Cdc13-binding sites (10, 31)
and Est1 recognition sites. Our data cannot resolve whether
broken target DNAs are resected to leave a target sequence at
the very end of a 3� overhang or whether annealing can occur at
internal sequences followed by cleavage by the endonucleolytic
activity of telomerase itself (20, 32, 33); however, only a small
percentage target fragments are without TG-rich ends.

The importance of annealing in determining TLC1 registra-
tion is demonstrated by the fact that every telomere-like chro-
mosome V target falls into an alignment with TLC1 that allows
for direct homology (Fig. 4). A simple model of telomere
synthesis accounts for common families of specific addition
sequences. Some require only a single cycle of annealing and
extension, whereas others like ADD1 (Fig. 6) require two
annealing-extension-disassociation cycles. Moreover, two cycles
are the minimum for generating ADD1. Common sequences,
like ADD1, tend to use the favored annealing positions revealed
by analysis of the registration of addition to each telomere-like
chromosome V target (Fig. 5), could potentially be generated by
many annealing-extension-disassociation cycles, and could even

occur in different cell cycles. At an extreme, adding one nucle-
otide in each synthesis cycle by using only the most preferred
annealing site for each new end could generate ADD1. This
model contrasts with the initial single cycle mechanism for
ADD1 synthesis (28); like our data, the original ADD1 additions
lack homology between the target and TLC1 that allow single
cycle synthesis. Our model accounts for other published de novo
telomere additions at other genomic regions and integrated
pBR322 sequences (24, 28), supporting its generality.

These results provide important clues as to how the TLC1
template is used. The 3� end of the TLC1 template appears to
primarily anneal to the target and does not template synthesis.
Synthesis frequently does not copy the 5� end of the template,
which may be due to low processivity combined with annealing
preferences on the guide RNA. Thus, the portion of the TLC1
involved in templating synthesis appears to be between T7 and
G17, indicating that multiple cycles of annealing and synthesis are
required to generate long (TG)n sequences. The proposal that
regions of TLC1 (corresponding to TGTGTGTGGGTGTG-
GTG) are not available for annealing (21) is not borne out by the
patterns of registrations of added telomeres to the breakpoints
(Fig. 4). That proposal assumes that annealing is unimportant,
(TG)n sequences are synthesized at the 5� end of the template,
and processivity is higher in vivo than in vitro (20). In contrast,
the data leading to these conclusions (21) can be explained by
using our model involving poor processivity, multiple annealing-
synthesis-dissociation cycles, and a crucial role for annealing in
controlling TLC1 registration. If the 3� end were available for
synthesis and the central regions of the template were not
available for annealing, then S. cerevisiae telomerase would be
substantially different from ciliate telomerases (29). By contrast,
our results suggest that yeast telomerase is much more similar to
other telomerases. The dramatic heterogeneity of S. cerevisiae
telomeres is a result of poor telomerase processivity (20) and
multiple potential annealing sites within TLC1; however, our
results suggest that annealing moderates telomere randomness
and allows synthesis of sites for the Rap1 telomere-binding
protein (22).

The three to five nucleotides of homology at these 534
chromosomal healing events closely resembles the short ho-
mologies identified in the small number of de novo telomere
additions sequenced in other eukaryotes with less degenerate
telomeres, including humans (34–36), mice (37), Plasmodium
(38, 39), and wheat (40, 41). Importantly, in many cancer cells,
telomerase is reactivated after chromosomal rearrangements
induced by telomere dysfunction (42) and, in combination with
other defects that lead to broken and ultimately rearranged
chromosomes, this could drive de novo telomere additions.
Indeed, terminally deleted chromosomes with telomeres at
their ends have been observed in the karyotypes of cancer
cells (43).
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