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Some human cancers maintain telomeres using alternative lengthening of telomeres (ALT), a process thought to
be due to recombination. In Kluyveromyces lactis mutants lacking telomerase, recombinational telomere elongation
(RTE) is induced at short telomeres but is suppressed once telomeres are moderately elongated by RTE. Recent
work has shown that certain telomere capping defects can trigger a different type of RTE that results in much more
extensive telomere elongation that is reminiscent of human ALT cells. In this study, we generated telomeres
composed of either of two types of mutant telomeric repeats, Acc and SnaB, that each alter the binding site for the
telomeric protein Rap1. We show here that arrays of both types of mutant repeats present basally on a telomere were
defective in negatively regulating telomere length in the presence of telomerase. Similarly, when each type of mutant
repeat was spread to all chromosome ends in cells lacking telomerase, they led to the formation of telomeres
produced by RTE that were much longer than those seen in cells with only wild-type telomeric repeats. The Acc
repeats produced the more severe defect in both types of telomere maintenance, consistent with their more severe
Rapl binding defect. Curiously, although telomerase deletion mutants with telomeres composed of Acc repeats
invariably showed extreme telomere elongation, they often also initially showed persistent very short telomeres with
few or no Acc repeats. We suggest that these result from futile cycles of recombinational elongation and truncation
of the Acc repeats from the telomeres. The presence of extensive 3’ overhangs at mutant telomeres suggests that
Rap1 may normally be involved in controlling 5’ end degradation.

Telomeres are the DNA-protein complexes present at the
ends of linear chromosomes (11, 52, 83). Telomeric DNA is
composed of short tandem repeats, commonly between 5 and
26 bp in size. Telomeres vary widely in size between organisms
but are generally maintained at a relatively stable length within
an organism. An essential role of telomeres is to protect chro-
mosome ends from the homologous recombination (HR) and
nonhomologous end joining, which normally act at broken
double-stranded DNA ends (8, 21). However, the inability of
replicative polymerases to fully replicate ends causes telomeres
to shorten gradually over time, compromising their role in end
protection. To prevent this problem, the great majority of
eukaryotes use the ribonucleoprotein enzyme telomerase,
which can add telomeric repeats to the telomere ends (1, 40).
Telomerase is recruited to the telomere in large part via telo-
mere binding proteins that bind to a short 3’ overhang in the
DNA at the telomere end (71).

Telomeres are protected from degradation and repair by
specific proteins. In humans, a complex of six proteins called
shelterin caps and protects the telomere (15). In addition, a
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looped structure called a t-loop, thought to be a strand inva-
sion of the 3’ DNA overhang into internal duplex telomeric
DNA, seems to also facilitate end protection in many species
(28). In yeasts such as Saccharomyces cerevisiae and Kluyvero-
myces lactis, the double-stranded telomeric DNA is bound by
Rapl, while the single-stranded 3’ overhang is bound by the
trimeric Cdc13/Stnl/Tenl complex (4, 32). Rapl participates
in the negative regulation of telomere length, and its loss from
the telomere results in telomere end-end fusions (37, 44, 51,
63). Proteins associated with Rapl at the telomere include
Rifl and Rif2, which participate in telomere length regulation,
and Sir2, -3, and -4, which participate in telomeric silencing
(71).The Cdc13/Stnl/Tenl complexisrequired torecruit telome-
rase and lagging-strand replication proteins to the telomere. It
also protects the DNA end against recombination events (12,
19, 24-27, 64).

In humans, telomerase is present only at low levels in most
somatic tissues, and telomeres become progressively shorter
with each cell division (69, 70). Once telomeres reach a criti-
cally short length, they trigger a permanent growth arrest
called replicative senescence. Because of this, immortalized
cells, including the great majority of cancers, have a telomere
maintenance method, most commonly telomerase (34). How-
ever, a significant minority of cancers use alternative length-
ening of telomeres (ALT), to maintain telomeres (55). The
telomeres in typical cells displaying ALT are highly heteroge-
neous in length, and while many are much longer than normal
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human telomeres, others are abnormally short (6, 38, 56, 65).
The telomeres of ALT cancers can copy DNA from telomere
to telomere and therefore are thought to maintain their
lengths by recombination (17). Recombination proteins such
as RADS51 and the MRN complex as well as telomere binding
proteins are present in ALT cells in subnuclear bodies called
ALT-associated PML bodies (89-91). Extrachromosomal telo-
meric DNA of both linear and circular form is also found
abundantly in ALT cells (9, 62, 85).

Yeast mutants lacking telomerase have been important
model systems for understanding how recombination can
maintain telomeres. Upon deletion of telomerase in both Sac-
charomyces cerevisiae and Kluyveromyces lactis, cells display
telomere shortening and growth senescence that is followed by
the occasional production of better-growing postsenescence
survivors that arise from recombinational telomere elongation
(RTE) (42, 47, 49). RTE in yeast telomerase deletion mutants
appears to be triggered by the telomeres becoming too short
(50). Once below ~100 bp in length, telomeres from both S.
cerevisiae and K. lactis become able to initiate recombination
(73, 77). In S. cerevisiae, two distinct types of survivors that
differ both in their telomeric structure and in the genes re-
quired for their formation have been observed. Type I survi-
vors display amplified subtelomeric Y’ elements and have
short terminal tracts of telomeric repeats (42, 75). Their for-
mation requires Rad52 and the canonical HR repair proteins
Rad51, Rad55, and Rad57 (39). Type 11 survivors, in contrast,
lack subtelomeric amplification and instead have elongated
tracts of telomeric repeats. Their formation requires Rad52
and depends also on Rad50, Rad59, and Sgs1 instead of the
Rad51 group of proteins (13, 74). In K. lactis, only type II
survivors normally occur (47). A variety of experimental evi-
dence with both K. lactis and S. cerevisiae suggests that type II
postsenescence survivors arise through a “roll-and-spread”
mechanism whereby an elongated telomere is first formed by a
rolling-circle copying of a very small telomeric circle (t-circle)
(29, 41, 58, 59). This is followed by additional break-induced
replication events that copy the elongated sequence onto other
telomeric ends (77).

More recently, it has become clear that RTE in yeast can
become induced by certain perturbations in telomeric capping
proteins even when telomeres are not abnormally short. For
instance, in S. cerevisiae, a cdc13-1 yku70 mutation at the semi-
permissive temperature caused type II survivors to form after
a period of senescence-like growth without appreciably short-
ened telomeres (23). In K lactis, a mutation in the telomere-
associated protein Stnl (stnl-M1) led to RTE that produced
highly elongated and unstable telomeres and other features
that distinguished it from the RTE of telomerase deletion
survivors (33). The stmi-M1 cells had a chronic moderate
growth defect but failed to display the large changes in growth
rate that characterize senescence and survivor formation. This
unusual RTE, termed type IIR (“runaway”), is thought to be
due to a telomere capping defect that renders telomeres prone
to initiate HR in a manner largely or entirely independent of
their size. Interestingly, in a recent finding, the stn1-281t allele
of S. cerevisiae similarly led to long heterogeneous telomeres as
well as inviability in the absence of RADS52 (66). The close
similarity of type IIR RTE to the ALT phenotypes of certain
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human cancers and cell lines makes it an especially important
phenomenon to understand.

It was recently shown that the sequences from a single telo-
mere engineered to contain only mutationally tagged telomeric
repeats could sometimes be spread to all other telomeres in
the cell during the formation of postsenescence survivors in a
K. lactis mutant lacking a functional TER! gene encoding the
telomerase RNA (77). Here, we have taken advantage of this
technique to test whether either of two telomeric sequence
mutations perturbs the manner in which RTE occurs in telo-
merase-negative cells. These mutations make base changes
within each telomeric repeat that fall within the binding site of
double-strand telomere binding protein Rapl. We demon-
strate that both of these mutations can in fact lead to recom-
binational telomere maintenance with characteristics similar to
those of type IIR RTE.

MATERIALS AND METHODS

Strains and culturing conditions. All strains used in this study, with the
exception of those used for Fig. 6C and 6D, are derivatives of 7B520 (ura3 his2-2
trpI) (88). The wild-type strain CBS 2359 was used for Fig. 6C and D, and the
kuS8OA mutant used as a control was in a CBS 2359 background (36). The
terl-194(Acc) and terl-24T(SnaB) single mutants and heteroalleles were made
by a plasmid loop-in replacement process using pTER-BX-UA, which was de-
scribed previously (48, 50). All of the transformations of the single mutant
telomere were made in 7B520 with a ter/ deletion mutation (68). TERI was
reintroduced into the cells with the plasmid pJR31, a derivative of pKL316,
which contains a HIS3 gene (68). The SnaB and Acc mutant telomeres were
constructed by performing oligonucleotide-directed mutagenesis on a plasmid
(pAK25AB) that contained a cloned wild-type K. lactis telomere as described
previously (77, 81). The pAK25AB plasmid was derived from pAK25 by filling in
the overhangs of the unique BglII site next to the URA3 gene inserted into the
subtelomeric sequence (50).

In general, cells were grown on yeast extract-peptone-dextrose (YPD) rich
medium. The selective plates used were SD minimal medium plates lacking
either histidine, uracil, or both. Transformations were plated on selective me-
dium supplemented with 1 M sorbitol. YPD liquid medium was used for growing
cells for genomic DNA preparations.

To generate cells with a single mutant telomere, DNA fragments containing a
mutant telomere with a subtelomeric URA3 gene were transformed into K. lactis
cells as described previously (50). pAK25 derivatives containing only Acc or
SnaB repeats were cleaved with EcoRI and Sacll to release the URA3-tagged
telomeric fragment. This fragment was then transformed into a ferl-A mutant
containing pJR31 and plated on medium lacking histidine and uracil and sup-
plemented with 1 M sorbitol. Fragments used were ones that contained 15 or
>28 SnaB repeats and one with 14 Acc telomeric repeats. Transformants were
restreaked onto plates lacking uracil and histidine in order to eliminate any
untransformed cells. Genomic DNA preparations were conducted to confirm
that a single telomere had been replaced. In individual transformants, the num-
bers of mutant repeats retained on the mutant telomere after wild-type repeats
were added to the end were commonly somewhat smaller than the number
present on the transforming fragment.

Transformants confirmed to have a single mutant telomere were streaked on
YPD medium and patched onto a plate lacking uracil and another lacking
histidine. The YPD streaks were observed for the formation of senescing cells, as
indicated by partially rough colonies. The rough edges were restreaked onto new
YPD medium and also patched to the above-mentioned selective plates. The
appearance of rough colonies corresponded with loss of the His™ phenotype as
expected for loss of the TERI-containing pJR31 plasmid. The screening on
medium lacking uracil confirmed that the single long telomere was still present.
Senescing cells were then serially restreaked on YPD every 3 to 4 days, with each
streak representing up to 20 to 25 cell divisions. The growth on these plates was
then scored from 0 to 4 after loss of pJR31. A score of 0 represented no growth,
and a score of 4 represented wild-type growth. Scores in between were based on
the size and the degree of roughness of the colonies. After two or three streaks
of senescence, when growth scores first leveled or began to improve, scoops of
cells from the plates were taken for genomic DNA preparations. At this point,
cells were considered to be “survivors” and were found to have telomeres that
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were lengthened relative to those of cells in a highly senescent state. Typically,
multiple serial streaks were done on survivor cell lineages once they were
formed.

Gel electrophoresis and Southern blotting. Restriction digests of yeast
genomic DNAs were carried out in the presence of RNase and were run on 0.8%
agarose gels in Tris-borate buffer unless otherwise specified. They were visual-
ized by ethidium bromide treatment prior to blotting. Gels were blotted onto a
Hybond N+ (Amersham Biosciences, Piscataway, NJ) membrane in 0.4 M
NaOH. They were allowed to transfer for 1 day and cross-linked using UV light
from an electronic cross-linker.

Hybridizations were conducted in 7% sodium dodecyl sulfate, 0.5 M EDTA,
and 0.5 M Na,HPO, as described previously (14). For telomeric probes, the
G-stranded Klac1-25 oligonucleotide (ACGGATTTGATTAGGTATGTGG
TGT) was end labeled with [y-*P]JATP and allowed to hybridize with the mem-
brane for at least 4 h at 48°C. The membrane was then washed in 100 mM
Na,HPO, and 2% sodium dodecyl sulfate three times at 48°C and visualized
using a Molecular Dynamics (Sunnyvale, CA) Storm phosphorimager. For sub-
telomeric probes, a 615-bp doubly cleaved HindIII subtelomeric fragment from
plasmid pMya was gel purified using a QIAquick gel extraction kit (Qiagen,
Valencia, CA). This fragment contains the K. lactis sequence between the EcoRI
site and the URA3 gene (see Fig. 2A). pMya is a derivative of pAK25AB made
by deleting the telomeric repeats after Sacl digestion and religation. The sub-
telomeric fragment was labeled with [a->?P]dATP using the large Klenow frag-
ment and a Stratagene (La Jolla, CA) Prime-It II random primer labeling kit.

In-gel hybridization. Agarose (0.7% or 0.8%) gels were run using the same
protocol as that for the gels used for blotting. The EcoRI-digested DNA used for
these gels was split in half, with half being used in each of two agarose gels, one
that was subject to Southern blotting (denatured gels) and the other that was
used as follows for in-gel hybridization. As described previously (16), gels were
soaked in 2X SSC (0.3 M NaCl plus 0.03 M sodium citrate, pH 7.0) for 30 min.
They were then blotted to near dryness using Whatman 3-mm chromatography
paper for approximately 30 to 90 min. The flattened gels were then hybridized in
10X SSC overnight with a C-strand-specific oligonucleotide (ACACCACATAC
CTAATCAAATCCGT) in order to visualize single-stranded telomeric G-strand
DNA. The denatured gels were hybridized to either a C-strand-specific probe or
a G-strand-specific probe. After hybridization, the gel was washed three or four
times in 0.25X SSC for 1.5 h per wash, followed by visualization on a phosphor-
imager.

Exo I digestion. A total of 13.3% of the total DNA from a genomic prepara-
tion from a 1.5-ml overnight culture was incubated with 20 units of EcoRI
enzyme prepared by New England Biosciences (Ipswitch, MA) in NEBuffer
EcoRI (50 mM NaCl, 100 mM Tris-HCl, 10 mM MgCl,, 0.025% Triton X-100
[pH 7.5 at 25°C]) for 3 hours prior to digestion with exonuclease I (Exo I).
Twenty units of Exo I enzyme prepared by New England Biosciences was added
after a buffer change from NEBuffer EcoRI to NEBuffer Exo I (67 mM glycine-
KOH [pH 9.5], 6.7 mM MgCl,, 10 mM 2-mercaptoethanol) using Quantum Prep
PCR Kleen spin columns (Bio-Rad Laboratories, Hercules, CA). Reaction mix-
tures were incubated for 3 hours at 37°C and run on agarose gels prepared for
in-gel hybridization.

RESULTS

SnaB mutant repeats are infrequently incorporated at telo-
meres when synthesized by telomerase. The sequence of telo-
meric repeats in an organism is specified by the template re-
gion of the RNA subunit of its telomerase. Mutational analysis
of the template region of the K lactis telomerase RNA (TERI)
revealed that mutations within the left side of the Rap1 binding
site, including terl-194(Acc) (Acc in Fig. 1A), lead to rapid and
often severe telomere elongation that appears to be due to a
disruption in Rapl binding to the affected telomeric repeats
(37, 48, 80). However, mutations in the right side of the Rapl
binding site, including terl-24T(SnaB) (SnaB in Fig. 1A), lead
to telomeres that stabilize at shorter-than-normal lengths (50,
80) (Fig. 1A and B). It was suggested that this region of the
template encodes not only the Rapl binding site but also
another function that is required for the ability of telomerase
to efficiently add sequence onto a telomere. As a test of this,
ter]-24T(SnaB) cells were transformed with an integrative plas-
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FIG. 1. The long-telomere phenotype of the ferl-194(Acc) mutation
is dominant to the ter/-24T(SnaB) mutation in frans. (A) Diagram of the
K lactis telomerase RNA template region. The strand shown is the com-
plement of that present in the RNA. The numbers shown signify the
coordinates used for base positions in and around the template. Rapl
binds at the overlined sequence. Base substitutions making Accl and
SnaBI restriction sites are indicated. The underlined sequences are in-
volved in accurate alignment of the template with the telomeric DNA
during telomerase translocation. (B) Southern blot of telomeric hybrid-
ization to DNA from terl-24T(SnaB) and terl-194(Acc) cells created by
integration of a ferl-194(Acc)-containing plasmid into haploid ferl-
24T(SnaB) cells. Two independent heteroallelic strains are shown (S+A).
DNAs from a wild-type (WT) strain and a matching control containing
two terl-24T(SnaB) alleles are also shown. Each DNA was digested with
EcoRI (R), EcoRI and Accl (R+A), and EcoRI and SnaBI (R+S).
Markers (M) are shown in kilobases.

mid (pTER-BX-UA) containing the terl-194(Acc) gene.
Transformants were found, as expected for homologous inte-
gration, to typically contain both the ter/-24T(SnaB) and the
terl-194(Acc) alleles separated by vector sequences. Several
such heteroallelic transformants were then examined for their
telomere lengths. Results from this analysis (Fig. 1B) showed
that telomeres in these strains invariably displayed a highly
elongated smear of telomeric EcoRI fragments ranging from
~3 kb to >12 kb (Fig. 1B, S+A samples). This contrasts with
other experiments that showed that introducing terl-194(Acc)
into cells with a wild-type TERI produced a comparatively
slight telomere elongation phenotype (53). These data indi-
cated that the presence of the terl-24T(SnaB) allele, unlike
that of a wild-type TERI allele, did not substantially interfere
with the telomere elongation caused by the terl-194(Acc) al-
lele. Further passaging of the terl/-24T(SnaB)/terl-19A(Acc)
heteroallelic strains for five serial restreaks (~100 to 125 cell



VoL. 29, 2009

A EcoRI

URA3 [T
500 bp
7 [T (to scale above)

— [

m— R

——{IIm
Mutant Mutant

or

Repeats Repeats not
Counted Counted

WT addition
ARNNNNNN RN

URASHIITTIIIT]

B

STU Telomere

WT Telomere

C

STU:

Digest:

21owod] N1S

FIG. 2. SnaB and Acc telomeric repeats are defective in regulating
telomerase addition to their ends. (A) Diagram of the experimental
method for replacing a native telomere with a mutant telomere (gray
boxes represent mutant repeats, and white boxes represent wild-type
repeats). Restriction fragments containing mutant telomeres were
transformed into wild-type cells, where they each replaced a single
native telomere by recombination between common subtelomeric se-
quences. Upon integration, the mutated telomeres acquire some num-
ber of terminal wild-type repeats (white boxes) from the resident
wild-type telomerase. See text for details. A scale diagram of a STU
telomeric fragment is shown at the top. (B) The STU telomeres have
a unique Xhol (X) site at the end of the URA3 fragment. A BsrBI
(B) site is located 3 bp upstream of the telomeric repeats that is
present at 10 of 12 telomeres. The tagged repeats each have an Acc or
SnaB (A or S) restriction site so that the wild-type (WT) addition onto
them can be measured. The brackets represent fragments generated by
particular digests. (C) Southern blot of SnaB and Acc telomeres. The
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divisions) showed both continued telomere elongation and the
appearance of some sharp telomere-hybridizing bands, which,
based on previous work with terl-194(Acc) and other ter!
template mutations producing rapid telomere elongation, are
likely to be telomere-telomere fusions (reference 51 and data
not shown). Control transformants with an identical structure
except for both terl alleles being terl-24T(SnaB) exhibited a
short-telomere phenotype similar to that of the original terl-
24T(SnaB) mutant (Fig. 1B, S+S sample). This indicated that
the number of copies of terl, by itself, was not leading to
telomere elongation.

Digestion of the elongated telomeric fragments from ter!-
24T(SnaB)/ter1-194(Acc) heteroallelic strains with restriction
enzymes (SnaBI and Accl) that specifically cleave each type of
mutant repeat but not the wild-type repeats produced very
different results. Digestion with Accl led to the disappearance
of the great majority of the telomeric signal (not counting the
residual wild-type telomeric repeats remaining at basal posi-
tions of the fragments) from each of several heteroallelic trans-
formants that were examined (Fig. 1B and data not shown). In
contrast, digestion with SnaBI produced a large smear of
telomeric signal from ~100 bp to >1 kb in size with a signal
intensity roughly similar to that of the EcoRI-digested control
with uncleaved telomeric repeats. These results are consistent
with the great majority of the long telomeres in terl-
24T (SnaB)/ter1-194(Acc) heteroallelic strains being composed
of Acc repeats, with SnaB repeats only occasionally becoming
incorporated. From these experiments, we conclude that either
the SnaB telomerase is defective in synthesizing telomeric re-
peats or SnaB telomeric repeats are defective in being ex-
tended by telomerase.

Both SnaB and Acc repeats are defective in negatively reg-
ulating telomere length in the presence of telomerase. Rapl
binding to telomeric repeats negatively regulates the ability of
telomerase to extend yeast chromosome ends (44). Mutant
telomeric repeats defective in binding Rapl should therefore
be poorly able to negatively regulate telomere length in the
presence of telomerase. To test the Acc and SnaB repeats,
cloned K. lactis telomeres were first constructed to be com-
posed entirely of either Acc repeats or SnaB repeats. These
telomeres, containing an S. cerevisiae URA3 gene inserted into
adjacent subtelomeric sequence and referred to as STU (sub-
telomeric URA3) telomeres, were then transformed into K
lactis cells. This led to the transforming fragment integrating
via subtelomeric homology and replacing one native telomere

leftmost four lanes show two independent wild-type STU telomere
transformants cut by Xhol (X) or BsrBI (B). The band between 0.5
and 0.9 kb is the STU telomere in Xhol digests. The slightly smaller
band in the BsrBI digests represents 10 of the 12 telomeres. The
central six lanes show transformants that received a SnaB STU telo-
mere with ~10 SnaB repeats (SnaB 10) or ~27 SnaB repeats (SnaB
27) cut by Xhol or by a double digest with Xhol and SnaBI (X+S8).
The rightmost lanes show Xhol and Xhol-Accl (X+A) digests of two
transformants that received an Acc STU telomere with 13 Acc repeats.
The wild-type addition in the different double-digest lanes can be seen
as a light smear near the bottom of the gel. The bracket marks the
range of positions of the STU telomere fragments. Markers (M) are
shown in kilobases.
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in each transformant (50) (diagrammed in Fig. 2A). The length
of a STU telomere could be readily assessed by digestion with
Xhol, which cleaves next to the URA3 gene and allows sepa-
ration of the STU telomere from all other telomeres in the cell
(Fig. 2B and C). When the STU telomere was composed of
either wild-type repeats or the phenotypically silent Bcl mutant
repeats, it was found, as expected, to be of wild-type length (53,
81) (Fig. 2C). In contrast, both Acc and SnaB repeats showed
defects in telomere length regulation, with STU telomeres
composed of them maintaining lengths substantially longer
than wild-type telomeres (Fig. 2B and C). Acc repeats ap-
peared to be completely “uncounted,” as the array of wild-type
repeats present at the end of a STU telomere with 13 Acc
repeats was the same size as wild-type telomeres (compare
Xhol-plus-Accl digests of Accl3 clones in Fig. 2C with BsrBI
digests of wild-type STU clones). This is consistent with the
past observation that Acc repeats have a severe defect in bind-
ing Rapl (37). The length regulation defect of SnaB repeats
was less severe. A SnaB telomere estimated to have ~10.2
SnaB repeats had a terminal wild-type repeat tract (X+S lane
of SnaB 10) that was shorter than wild-type telomeres, and a
telomere having ~27 SnaB repeats had a terminal wild-type
repeat tract that was shorter still (faint signal at ~0.3 kb in
X+S lanes of SnaB 27 samples). We conclude that the SnaB
mutant repeats are partially defective in regulating telomere
length. Using the amount of wild-type addition to the end of
the mutant repeats, we established that SnaB repeats in the
constructs tested retain roughly 40% of their ability to regulate
telomere length. For example, a SnaB clone with ~10.2 SnaB
repeats was estimated to have ~12.3 terminal wild-type re-
peats. Because our control wild-type telomeres averaged 15.9
repeats, the 10.2 SnaB repeats had the same length regulation
ability as 3.6 wild-type repeats (15.9 minus 12.3).

Constructing telomerase deletion mutants with telomeres
composed of Acc or SnaB mutant repeats. We next examined
the effect of the mutant telomeric repeats on recombinational
telomere maintenance. We hypothesized that telomeres com-
posed of mutant telomeric repeats might result in chronic
telomere capping defects that in turn promoted the formation
of very long telomeres by recombination (“runaway” type IIR
RTE; outcomes 4 to 6 in Fig. 3A). To test this, we took
advantage of a technique that we had previously shown to
result in the spread of sequence from a single telomere to the
11 other telomeres in a K. lactis cell (77). Cells with a genomic
terl-A allele but having a wild-type copy of TERI on a plasmid
were first constructed to contain a single STU telomere con-
taining SnaB or Acc repeats (Fig. 3A). As described above,
these mutant STU telomeres were extended by the resident
wild-type telomerase and had a total size (mutant plus wild-
type repeats) that was longer than that of other telomeres in
the cell. These transformants were then streaked on rich me-
dium, and clones that had lost the TERI plasmid were identi-
fied (by their rough colony phenotype and loss of the HIS3
marker).

In the absence of telomerase, growth senescence ensued,
and after two or three serial streaks it was possible to identify
postsenescence survivors that showed improved growth and
contained telomeres that had been elongated by recombina-
tion. As observed previously when a single abnormally long,
but functionally wild-type, telomere was present, the presence
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of the Acc and SnaB STU telomere led to a detectable partial
suppression in the senescence of a ter/-A mutant (reference 77
and data not shown). Topcu et al. also showed that the se-
quence of the single abnormally long telomere is spread to all
11 other K. lactis telomeres during postsenescence survivor
formation at a frequency exceeding 90% (77). We therefore
expected that the mutant telomeric repeats from the abnor-
mally long Acc and SnaB STU telomeres would commonly be
spread to all telomeres in the ensuing survivors. The efficiency
of spreading could be judged by the frequency with which
telomeric restriction fragments could be shortened by the re-
striction enzyme able to specifically cleave the Acc or SnaB
telomeric repeats.

Figure 3A diagrams several conceptual outcomes of the fate
of the telomeres after the mutant repeats have spread to all of
the telomeres. Among “limited RTE” scenarios, telomeres
never become more elongated than has been observed in type
II RTE in K. lactis regardless of whether the mutant repeats
constitute none, some, or all (outcomes 1 to 3) of the newly
acquired telomeric sequences. Alternatively, type IIR “run-
away” RTE might occur as a result of the presence of mutant
repeats. This might involve the extreme elongation of all telo-
meres with uniform tracts of the mutant telomeric repeat (out-
come 4). Two alternative possibilities are that some telomeres
remain short (perhaps because of sufficient numbers of resid-
ual wild-type repeats) (outcome 5) or that elongated telomeres
are not all homogeneous in sequence, with some or all con-
taining interspersed wild-type repeats (outcome 6).

We observed that in two separate experiments, 30% (7/23)
of survivors and 58% (7/12) of survivors derived from cells with
an Acc telomere had spread mutant repeats to all telomeres
(Fig. 3 and data not shown; see also Fig. 4). Among survivors
derived from cells with a SnaB telomere, our results varied
depending upon the length of the mutant telomere. Only 8%
(1/12) of survivors derived from a cell starting with a STU
telomere estimated to have 10 SnaB repeats were found to
have spread SnaB repeats. However, 62% (8/13) of survivors
derived from a cell starting with a STU telomere estimated to
have ~27 SnaB repeats were found to have spread SnaB re-
peats. The low frequency of spreading in survivors derived
from the shorter SnaB telomere is similar to that previously
observed with a STU telomere carrying a wild-type length of
phenotypically normal Bcl repeats (77). The survivors derived
from cells with Acc or the longer SnaB STU telomeres dis-
played a spreading frequency somewhat lower than the 94%
observed with an elongated Bcl telomere. This could reflect an
increased instability of the mutant SnaB and Acc telomeres
once gradual sequence loss had eliminated the terminal wild-
type repeats.

SnaB repeats can promote the formation of longer telo-
meres through RTE than can wild-type repeats. Nine ter/-A
survivor clones that had acquired SnaB repeats at most or all
telomeres (henceforth called SnaB survivors) were followed by
serial restreaking on YPD plates. The telomeres from each
streak were then examined by Southern blotting. Figure 3B
shows genomic DNA from four representative SnaB survivors
and a control survivor that retained only wild-type telomeric
repeats, each digested with EcoRI alone and also with EcoRI
plus SnaBI. The double digestion cleaved all SnaB mutant
telomeric repeats and typically left behind much shorter frag-
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FIG. 3. SnaB telomeric repeats can promote the formation of long, unstable telomeres through RTE. (A) Scheme for generating terl-A cells
containing mutant repeats. Cells containing a single STU telomere with mutant telomeric repeats (left drawing) were deleted for telomerase and
allowed to senesce (middle drawing). The long size of the mutant telomere greatly enhances the likelihood that the mutant repeats will spread to
all other chromosome ends during RTE. The drawings at the right show several possible outcomes for the telomere structures. Outcomes 1 to 3
depict typical moderate telomere lengthening seen in type II survivors with only wild-type repeats (outcome 1), interspersed wild-type and mutant
repeats (outcome 2), or only amplification of mutant repeats (outcome 3). The asterisk depicts a different possibility that defective mutant repeats
could be effectively “capped” by wild-type repeats. Outcomes 4 to 6 depict potential results with type IIR RTE generating very long telomeres.
Outcome 4, all telomeres mutant and long. Outcome 5, mix of mutant long telomeres and shortened telomeres. Outcome 6, long mutant telomeres
with some interspersed wild-type repeats. Gray and white boxes are mutant repeats and wild-type repeats, respectively. (B) Southern blot
hybridized to a telomeric probe of terI-A survivors with telomeres containing SnaB repeats. Each gel shows a separate SnaB survivor followed for
five serial restreaks after senescence. The first gel is a control survivor that retained only wild-type (WT) repeats, while the other gels show
examples of some of the spreading patterns. DNA from each sample was digested with EcoRI (—) and with EcoRI plus SnaBI (+). Underneath
the gels is indicated the type of repeat primarily amplified. Markers (M) are shown in kilobases.

ments containing subtelomeric sequence and a small number
of wild-type repeats. Results from this analysis (Fig. 3B)
showed that SnaB survivors showed a more variable range of
telomere lengths than has been seen in ordinary ferl-A survi-
vors containing only wild-type telomeric repeats.

Three of the nine SnaB survivors, including survivor 16 (Fig.
3B), displayed telomeres that never became more than mod-
erately elongated (with estimated sizes of telomeric repeat
arrays remaining typically not more than several hundred base
pairs). This result is similar to the limited type II RTE (out-
comes 1 to 3 in Fig. 3A) that occurs in survivors of telomerase
deletion with wild-type repeats (47) and the control survivor in
Fig. 3B. These three SnaB survivors all displayed quite similar
outcomes. In streaks 1 and 2, telomeres remained very short
but typically were cut slightly shorter still upon digestion with
SnaBI (see streak 2 for survivor 16 in Fig. 3B), consistent with
many or all telomeres having acquired one or more SnaB
repeats. In subsequent streaks, however, moderate telomere
elongation (telomeric EcoRI fragments all <~5 kb) was

present and was invariably accompanied by a fragment less
than ~0.2 kb in size in EcoRI-SnaBI double digests that hy-
bridized intensely to a telomeric probe (see streaks 3 to 5 for
survivor 16 in Fig. 3B). This fragment almost certainly repre-
sents short blocks of wild-type repeats that are interspersed
among SnaB repeats in many or all of the telomeres of these
survivors (type II RTE outcome 2 in Fig. 3A). Similar inter-
spersion of wild-type repeats was observed in many survivors
derived from terl-A cells with basal wild-type repeats and ter-
minal Bcl repeats, where it was thought to be a consequence of
roll-and-spread amplification (59). Telomeric circles with both
wild-type and SnaB repeats most likely arise from a single
telomere containing both repeat types and would be predicted
by the roll-and-spread model to produce repeating patterns of
the two repeat types if copied by a rolling-circle gene conver-
sion. We suggest that sufficient concentrations of interspersed
wild-type repeats in SnaB survivors render those telomeres
relatively resistant to further telomeric recombination.

The most common outcome for SnaB survivors, including
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survivors 3, 4, and 7 in Fig. 3B, was that by streak 2, they
displayed telomeres of unusually large sizes, which frequently
migrated at positions above 5 kb in the gel. Characteristically,
the telomeric hybridization signal in these survivors extended
to limit mobility (>20 kb) in gels and also appeared in the wells
of the gel. These features have not been seen in K lactis
telomerase deletion survivors with wild-type repeats, and they
argue that SnaB repeats can lead to the formation of much
longer telomeres from RTE than can wild-type repeats (47).
We conclude that these SnaB survivors display a telomere
length phenotype that is intermediate between those for lim-
ited type II RTE and runaway type IIR (outcomes 1 to 3 and
4 to 6 in Fig. 3A, respectively).

The elongated telomeres in SnaB survivors appear to have
variable degrees of stability. In some cases, such as survivor 3
in Fig. 3B, telomeres appeared relatively stable over many cell
divisions, with changes in the telomeric fragment pattern
largely limited to the gradual shortening expected for cells
lacking telomerase. Many SnaB survivors with long telomeres
showed little if any sign of wild-type repeats except those few
that are adjacent to subtelomeric sequences. This may imply
that telomeres composed solely of SnaB repeats can often
resist uncapping and engaging in recombination for many con-
secutive cell divisions. In other cases, however, long telomeres
in SnaB survivors can be highly unstable. A particularly dra-
matic example of this can be observed between the third and
fourth streaks for survivor 4 in Fig. 3B. Here, a very long and
heterogeneous telomeric signal, commonly reaching to limit
mobility, changed abruptly into a pattern of much shorter
telomeric fragments, migrating at positions below 4 kb in the
gel. This indicates that telomeres composed of SnaB repeats
can be subject to high rates of becoming truncated. Interest-
ingly, the shortened telomeres of survivor 4 at streaks 4 and 5
appeared to contain interspersed wild-type repeats as indi-
cated by the short fragment hybridizing to a telomeric probe in
the EcoRI-SnaBI digest (Fig. 3B). This adds further support to
the idea that interspersed blocks of wild-type repeats can pre-
vent further elongation by recombinational processes of telo-
meres containing SnaB repeats.

ter]-A SnaB survivors with long telomeres displayed growth
characteristics that were different than those of telomerase
deletion survivors with wild-type repeats. Whereas terl-A sur-
vivors with wild-type repeats vary widely from streak to streak,
from having highly senescent very slow growth to growth in-
distinguishable from that of wild-type cells (47), SnaB survivors
with long telomeres showed more constant growth character-
istics, from slightly senescent to normal (data not shown).
SnaB survivors with short telomeres and interspersed wild-type
repeats instead appeared to more closely resemble telomerase
deletion survivors with wild-type repeats in having more vari-
able growth characteristics.

Acc repeats promote type IIR RTE. Seven independent
terl-A survivor clones that had acquired Acc repeats at all
telomeres (henceforth called Acc survivors) were followed by
serial restreaking and Southern blotting. The results from this
analysis showed that Acc survivors showed a highly elongated
and heterogeneous pattern beginning from the first streak ex-
amined when hybridized with a telomeric probe (Fig. 4A).
Cleavage of DNA from these survivors with Accl eliminated
almost all telomeric signal, consistent with the long telomeric
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sequences being composed almost entirely of Acc repeats. The
bands remaining after Accl cleavage correspond to shortened
telomeric fragments that retained small numbers of wild-type
telomeric repeats adjacent to subtelomeric sequence. The
smear of telomeric signal in the EcoRI digests visible below
~0.7 kb in Acc survivors is too small to have intact subtelo-
meric sequences and has been shown to be at least largely
circular in nature (L. Bechard, E. Basenko, and M. McEach-
ern, unpublished data). Past work has shown that the small
extrachromosomal telomeric sequence present in long telo-
mere mutants is primarily double- and single-stranded circles
(29). In six out of the seven Acc survivors, while the telomeric
signal sometimes varied in intensity between streaks, the gen-
eral pattern of long and heterogeneous telomeric signal did not
vary greatly either between survivors or between streaks 1 to 5
of the same survivor. After 10 streaks, however, most Acc
survivors showed a reduced amount of low-molecular-weight
telomeric signal, and the high-molecular-weight telomeric sig-
nal was more frequently in sharp bands (Fig. 4B). These results
suggest that the telomere phenotype of the Acc survivors might
gradually change over continued passaging, most likely toward
a state favoring a more stable telomere function. The colony
phenotypes of Acc survivors always showed a slight to moder-
ate senescence phenotype (rough colonies and slightly slower
growth). This supports the idea that their telomeres were never
completely wild type in their function.

In one Acc survivor (survivor 7 in Fig. 4A), substantial telo-
mere shortening was seen between the first and third streaks.
The reason for this change is not clear. One possibility is that,
as appears to occur in some SnaB survivors, the mutant phe-
notype is suppressed by the presence of a sufficient number of
wild-type repeats interspersed with the mutant repeats.

DNA samples from the Acc survivors were next probed with
a subtelomeric probe. Unlike the telomeric probe, this probe
does not exaggerate the abundance of long telomeric frag-
ments, nor was it expected to detect extrachromosomal telo-
meric DNA. The results from this (Fig. 4C) were striking. As
expected, smears of signal extending to high molecular weights
were observed, consistent with the presence of long telomeric
fragments. However, at most time points for most Acc survi-
vors examined, a substantial amount of signal in EcoRI digests
was seen to run at short sizes that were nearly identical to those
of the bands that had been digested with EcoRI plus Accl. This
indicated that many of the telomeres in Acc survivors were
often very short and contained few if any Acc repeats. Those
Acc survivor samples that showed few or no short EcoRI frag-
ments (most notably Acc survivor 6, streak 5, and Acc survivor
12, streak 5, in Fig. 4C) instead showed another, still-shorter
fragment in EcoRI-Accl digests (Fig. 4C). This additional
band was never present in digests with EcoRI alone and was
not detectable with a telomeric probe. It therefore likely rep-
resents chromosome ends that contain no basal wild-type re-
peats. Our results suggest either that telomeres in Acc survi-
vors tend to exist in a heterogeneously long state or, if some
wild-type repeats remain basally, they remain very short and
essentially without Acc repeats. The results also suggest that
the presence of even small numbers of basal wild-type repeats
can stabilize telomeres to persist at short lengths for long
enough periods of time to permit their detection as a signifi-
cant fraction of the total telomere population in Acc survivors.
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FIG. 4. Acc survivors exhibit type IIR RTE after spreading but can have persistent short telomeres. (A) Southern blots of six independent Acc
survivors. Each gel shows DNA from an independent survivor that was serially restreaked five times after survivor formation. Samples were
digested with EcoRI (—) and EcoRI plus Accl (+). A telomeric probe was used for hybridization. (B) Southern blot of telomeres of Acc survivors
after 10 streaks. The digests and probe are the same as for panel A. (C) Persistent short telomeres in Acc survivors. Southern blots of DNA from
wild-type (WT) cells, terl-A cells, and Acc survivors were hybridized to a subtelomeric sequence common to 11 of 12 telomeres. The dot indicates
the position of a group of telomeric fragments when they contain only a small number of telomeric repeats. The signal in this band in the
EcoRI-Accl digests represents the total amount of this group of telomeres and the signal in the EcoRI digests represents the fraction of the
telomeres that are very short even without cleavage of the Acc repeats. The asterisk marks the position of subtelomeric fragments in EcoRI-Accl
digests that have lost all detectable wild-type repeats and that consequently are not detectable with the telomeric probe. Molecular weight markers
(M) are shown in kilobases. (D) Model for persistent short telomeres in early Acc survivors. In the case on the left, a telomere is shown with a
basal region of wild-type repeats (white box) and a long terminal region of Acc repeats (gray region) that is unstable and, as a consequence, highly
heterogeneous in length in a population of cells. Truncated forms of the telomere that retain only the basal wild-type repeats may confer a
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SnaB survivors were also probed with a subtelomeric probe
and were not seen to contain telomeres that were very short
among the long telomeres, which is consistent with the lesser
recombination defect in SnaB survivors (data not shown).
Wild-type repeats are variably present within the long tracts Streak:
of Acc repeats in Acc survivors. To further examine the struc- Rsal:
ture of telomeres in Acc survivors, Rsal digests were per- M
formed. This restriction enzyme cleaves wild-type K. lactis telo-
meric repeats but not Acc repeats. Figure 5 shows BsrBI

Survivor: WT 4 9 10 12

digests of DNA from a number of Acc survivors alone or in 3-
combination with Rsal digests. As expected, the telomeric sig- 9 _
nal from a wild-type control was completely eliminated by Rsal 1-
digestion (Fig. 5, leftmost lanes). Also as expected, telomeric 5 -

signal from each Acc survivor was found to be substantially

resistant to Rsal digestion. With Acc survivor 2, for example, FIG. 5. Acc survivors can contain wild-type repeats within their

there was little or no sign of Rsal cleavage of telomeric arrays
at any of three streaks examined, consistent with the long
telomeres containing Acc repeat tracts uninterrupted by wild-
type repeats. Acc survivor 10 similarly shows little evidence of
telomere cleavage by Rsal. However, with the other four Acc
survivors examined (survivors 4, 9, 12, and 6), there was a
pronounced shift of high-molecular-weight signal to smaller

long tracts of Acc repeats. Southern blots show Acc survivors digested
with BsrBI (—) or BsrBI plus Rsal (+) and hybridized to a telomeric
probe. All survivor numbers correspond to those in Fig. 4. At left is a
wild-type (WT) control where the telomeres are completely cut away
by Rsal. The central and right gels show results from serial restreaks of
Acc survivors 2 and 6. Asterisks with the survivor numbers indicate
that the DNAs shown are from different subclones of the Acc survivors
than are shown in Fig. 4. Markers (M) are shown in kilobases.
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FIG. 6. Telomeres in Acc and SnaB survivors have substantial amounts of single-stranded DNA. (A) Ethidium bromide-stained gel (EtBr),
Southern blot, and in-gel hybridization of DNA from Acc survivors. The first lane in each is a wild-type (WT) control. The second and third lanes
are two independent samples of terl-194(Acc) cells. The remaining lanes are the same survivors as shown in Fig. 4. (B) Ethidium bromide-stained
gel, Southern blot, and in-gel hybridization of EcoRI-digested DNA from each of five streaks of SnaB survivor 4. The streak numbers are noted
after the survivor number above the gel. Also shown is the wild-type strain 7B520. The Southern blot and in-gel hybridization only in panel B ran
differently and therefore have different size markers. (C) Ethidium bromide-stained gel, Southern blot, and in-gel hybridization of EcoRI-digested
and EcoRI- plus Exo I-digested DNAs of Acc survivors 2, 9, 10, and 12 along with those for wild-type strain CBS 2359. Both the Southern blot
and in-gel hybridization were probed with a C-stranded telomeric oligonucleotide. (D) Ethidium bromide-stained gel, Southern blot, and in-gel
hybridization of EcoRI-digested cells of the wild-type strain CBS 2359 and the EcoRI- and EcoRI- plus Exo I-digested DNAs of ku80A cells and
senescent ferl-A cells containing an Acc-STU telomere that has not yet spread to other telomeres. (E) Ethidium bromide-stained gel, Southern

blot, and in-gel hybridization of EcoRI-digested DNAs of the wild-type
markers (M) are shown in kilobases.

sizes after cleavage with Rsal, which was often accompanied by
the appearance of some sharp bands below 5 kb. These results
indicate that at least small numbers of wild-type repeats can
often be interspersed within the long Acc telomeres. Clearly
the wild-type repeats in these clones are unable to provide
proper telomere function. Presumably they are not present in
sufficient concentrations or at the correct positions (the ends)
to be able to correct the defects caused by the more abundant
Acc repeats. The more severe defect of Acc repeats may also
act to render interspersed wild-type repeats less able to provide
telomere function than is the case with SnaB survivors.

Very small bands produced by Rsal digestion (most promi-
nent in Acc survivor 12 and streaks 3 and 5 of Acc survivor 6)
conceivably could represent small tandemly repeating units
containing both wild-type and Acc repeats, similar to the re-
peating arrays observed in some telomerase deletion survivors
with wild-type repeats generated from cells with two types of
telomeric repeats (59). The changes in the Rsal digestion pro-
file of Acc survivor 6 over a five-streak growth course showed
dramatic changes in the telomeric signal at <0.5 kb. These
data indicate that there can be rapid and substantial turnover
of telomeric sequences in Acc survivors.

strain 7B520, a terl-24T(SnaB) strain, and a terI-A strain. Molecular weight

Abundant single-stranded DNA is seen at telomeres in Acc
and SnaB survivors. Previously, it was shown that ter! long-
telomere mutants of two distinct classes {immediate [e.g., ter!l-
194(Acc)] and delayed elongation} have an abundance of sin-
gle-stranded telomeric DNA, specifically of the G-rich strand,
at their telomeres (80). To test for the presence of single-
stranded DNA in Acc and SnaB survivors, in-gel hybridizations
were performed using a telomeric oligonucleotide probe com-
plementary to the sequence of the G-rich telomeric strand.
The results obtained from Acc survivors and terl-194(Acc)
mutants are shown in Fig. 6A. The ethidium bromide gel pic-
ture is provided as a loading control. EcoRI digestions were
prepared, and half of each was run on a gel for standard
Southern blotting (denatured gel) and the other half was run
on a gel for the in-gel hybridization. The wild-type control
showed telomeric signal in the denatured gel but little or no
detectable telomeric signal in the in-gel hybridization. How-
ever, the in-gel hybridization showed that appreciable amounts
of single-stranded telomeric DNA were present both in the
terl-19A(Acc) strains and in the Acc survivors. Some variability
in the extent of the single-stranded telomeric DNA was evident
and likely reflects variations in the length or other features of
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the telomeres in these cells. Figure 6B illustrates the presence
of abundant single-stranded DNA in a SnaB survivor (survivor
4 in Fig. 3B) followed for five streaks. As can be seen,
telomeres in these SnaB survivors display abundant single-
stranded telomeric DNA, particularly when the telomeres
are very long. Our results demonstrate that elevated levels
of single-stranded telomeric DNA are present in Acc and
SnaB survivors and that it forms in a telomerase-indepen-
dent manner.

We next tested whether the single-stranded telomeric DNA
that we detected in Acc survivors existed as 3’ overhangs by
digesting with Exo I. Figure 6C shows digestion of Acc2, Acc9,
and Accl0 with EcoRI and with EcoRI plus Exo 1. The dena-
tured and in-gel hybridizations to a C-strand telomeric probe
as well as the ethidium bromide-stained control are shown.
Digestion with Exo I produced a 36 to 55% decrease in the
signal present in the in-gel hybridizations. These results are
consistent with at least a sizable fraction of the single-stranded
telomeric DNA in Acc survivors existing as long 3’ single-
stranded overhangs. Partial resistance of telomeric single-
stranded DNA to Exo I digestion was also observed in stnl-t
mutants with elongated telomeres in S. cerevisiae (66). Con-
ceivably, the resistant fraction in both cases might represent
single-stranded gaps.

We also examined the senescing terl-A precursors to Acc
survivors that contained a single mutant telomere for the pres-
ence of long 3’ overhangs. We found that the telomere with the
Acc repeats produced a prominent in-gel hybridization signal
to a C-strand telomeric probe that was sensitive to Exo I
digestion. This signal was not seen in the same cells at the
earliest stages of senescence (when the telomere would still be
capped with many wild-type repeats), nor was it seen in the
short telomeres with only wild-type repeats that were present
in the same cell (Fig. 6C and data not shown). Similar results
were found in senescing cells with the single SnaB telomere
(data not shown). On the other hand, neither terl-24T(SnaB)
cells, which have very few SnaB repeats at the ends of each of
the 12 telomeres, nor terl-A cells lacking any mutant telomere
show an increased 3’ overhang signal relative to wild-type
controls (Fig. 6E). We conclude that telomeres terminating
in extended tandem arrays of Acc or SnaB repeats are not
able to protect telomeres from extensive degradation of 5’
ends.

DISCUSSION

Length regulation defects of Acc and SnaB repeats in the
presence of telomerase are consistent with Rap1 binding de-
fects. Our results here show that both SnaB and Acc mutant
telomeric repeats are defective in regulating telomere length in
cells expressing telomerase. While SnaB repeats retain a par-
tial ability to negatively regulate telomere length when present
basally at a telomere, Acc repeats appear to be completely
defective in this function. Telomeres with an array of Acc
repeats thus acquire a terminal array of wild-type telomeric
repeats that is the full size of normal telomeres.

The defect of the SnaB and Acc repeats in regulating telo-
mere length in the presence of telomerase is very likely the
result of defects in their ability to bind the Rapl protein. Rapl
is well known to be a key negative regulator of telomere length
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in S. cerevisiae and K. lactis through its ability to bind double-
stranded telomeric repeats (37, 44). Also, the base changes of
both telomeric mutations fall within the Rap1 binding site and
disrupt Rap1 binding in vitro, with the extent of disruption of
binding being greater for the Acc mutation than for the SnaB
mutation (37; A. Krauskopf and E. H. Blackburn, personal
communication). Although a basal array of Acc repeats is
completely “uncounted” with respect to regulating telomere
length, this may not mean that there is a complete absence of
Rap1 bound to them in vivo. Not all sequences able to bind
Rapl appear able to regulate telomere length (30, 37, 80). In
K. lactis, for example, a basal array of “Kpn” mutant repeats,
each with two base changes near but not in the Rap1 binding
site, are strongly defective at being “counted” yet bind Rapl
with at least normal affinity as individual repeats in vitro (30,
37, 80). This lack of counting could result from cooperative
interactions between Rapl molecules or from Rap1’s known
ability to bend DNA (22, 54, 84).

What is the defect of SnaB repeats that interferes with
telomerase-mediated telomere maintenance? A number of
lines of evidence argue that SnaB mutant telomeric repeats
have a second defect that inhibits telomerase’s ability to add
sequence onto the mutant telomeric ends. The ter!-24T(SnaB)
mutant produces telomeres that are substantially shorter than
wild type, a characteristic shared with several other fer! tem-
plate mutations that alter the right side of the Rapl binding
site (50, 80). In addition, combining the ter/-24T(SnaB) base
change in cis with the terl-194(Acc) mutation almost com-
pletely blocks the extreme elongation normally caused by the
latter allele (51). Also, our data here show that cells containing
separate terl-24T(SnaB) and terl-194(Acc) alleles exhibit ex-
tensive telomere elongation through incorporation of Acc re-
peats but little incorporation of SnaB repeats. The very poor
accumulation of SnaB repeats in a ter/-24T(SnaB) mutant pre-
sumably accounts for why telomeres can remain short in this
mutant despite the mutant repeats being defective in the neg-
ative regulation of both telomerase and RTE.

The defect, or defects, in SnaB repeats that block sequence
addition by telomerase is not fully understood. One recently
discovered defect is that the ter/-24T(SnaB) mutation inter-
feres with the base pairing between the telomerase RNA and
the 3" end of the telomeric DNA. Recent evidence has indi-
cated that telomeric DNA copied from positions 22 to 24 of the
template base pairs with positions adjacent to the template and
that this partially explains the short-telomere phenotypes of
mutations at positions 22 to 24 (82; Z. Wang and M. McEach-
ern, unpublished data) (dotted lines in Fig. 1A show alignment
regions). An additional possibility is that the SnaB mutation
also interferes with the binding of Cdc13 or Estl, proteins that
interact with the 3’ single-stranded tail of telomeres and are
required for recruitment or activation of telomerase (19, 20,
64, 72). The binding site of Cdc13 within S. cerevisiae telomeric
sequences does appear to overlap the Rapl binding site (18).
Whether this is true in K. lactis has not been determined.

Both SnaB and Acc telomeres are defective at regulating
RTE. SnaB and Acc repeats can promote the formation of
telomeres by RTE that are much longer than those seen in
comparable telomerase deletion mutants containing only wild-
type telomeric repeats. This elongation, particularly in the case
of Acc survivors, appears to be similar to that of the type IIR
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RTE originally described for the stnl-MI mutant of K. lactis
(33). Type IIR RTE was defined as RTE that produces very
long telomeric repeat tracts due to a capping defect that makes
telomeres prone to inducing recombination in a manner inde-
pendent of their length. This contrasts with “ordinary” type II
RTE, where the telomeric recombination is initiated by a cap-
ping defect brought on by critically short telomeres and ap-
pears to be suppressed by even modestly elongated telomeres.
It could be noted, though, that standard type II RTE could
potentially produce a long telomere but only in a single step,
such as perhaps copying a circular template or copying another
telomere that was already long.

Other facts in addition to the abnormally long telomeres of
SnaB and Acc survivors suggest that both types of mutant
repeats produce type IIR RTE. Both SnaB and Acc survivors
that have amplified mutant but not wild-type telomeric repeats
normally lack the irregular cycles of growth senescence and
recovery typical of telomerase deletion mutants with only wild-
type repeats. Instead, they have no obvious growth defects or
else modest chronic growth defects that do not appreciably
change with passaging. This is similar to the case for the
stn1-M1 mutant, which had continuous moderate growth and
cellular defects presumably stemming from the continual pres-
ence of telomeric ends that triggered a DNA damage response.

Another key feature predicted for type IIR RTE is extreme
and constitutive telomere instability. Even relatively long telo-
meres are expected to be highly unstable in length and not able
to shorten gradually over multiple cell divisions as occurs in
ordinary K. lactis type II survivors. This certainly appears to be
the case with Acc survivors. Although the long smeared telo-
meric signal of Acc survivors in Southern blots remained rel-
atively constant over time, we interpret this not as telomeric
stability but rather as a steady state of high instability. The
presence of telomeric DNA in highly smeared signal indicates
that telomeres in Acc survivors (at least those composed of
primarily Acc repeats) are typically too unstable to exist at or
near a discrete size for the entire 20 to 25 cell divisions needed
to generate enough cells for Southern analysis. However, with
the extreme size and continuous presence of long telomeres in
these cells, it is not currently possible to fully exclude the
possibility that a minority of relatively stable telomeres could
be present in Acc survivors. The abundance of extrachromo-
somal telomeric DNA in Acc survivors serves as further evi-
dence of frequent telomeric recombination. SnaB survivors,
though clearly less extreme than Acc survivors, also showed
instances of sudden large changes in the sizes of telomeres that
in survivors with wild-type repeats would have been long
enough to be relatively resistant to such changes.

Our results here with Acc survivors raise the question of the
relative contributions of telomerase and HR to the long-
telomere phenotype of the terl-194(Acc) mutant. The “imme-
diate-elongation” phenotype has been shown to arise indepen-
dently of the critical recombination gene RADS52 (80). This
implies that the extreme telomere elongation in the immedi-
ate-elongation mutants very likely can arise independently by
two completely different mechanisms, type IIR RTE and un-
regulated telomerase addition. The abundant extrachromo-
somal telomeric circles in these mutants, in contrast, are
present in RAD52 cells but absent in rad52 mutants. The high
rate of telomeric recombination in ferl-194(Acc) mutants sug-
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gests that it is highly likely that the type IIR RTE is actively
occurring in the presence of telomerase, as is the case for the
type IIR RTE in the stni-M1 mutant (33).

The unusual persistence of short wild-type telomeres in
early Acc survivors. Many Acc survivors exhibit persistent
short telomeric bands in the first several streaks after they are
generated. These short telomeres are composed largely or
entirely of wild-type repeats, and their behavior is therefore
not likely to be representative of telomeres containing appre-
ciable numbers of Acc repeats. The persistence of these short
wild-type telomeres remains difficult to fully explain. Almost
certainly, the presence of a small number of wild-type repeats
provides a degree of telomere function that allows the short
telomere to be somewhat resistant to recombinational pro-
cesses. Consistent with this, disappearance of the persistent
short telomeres is correlated with loss of the wild-type repeats
from those telomeres.

What is more perplexing is how the persistently short telo-
meric bands can remain a constant size over several streaks
despite the absence of telomerase. We have previously seen an
example of short telomeres in K. lactis persisting for a number
of streaks after the introduction of a particular ter! template
mutation that produced mutant telomeric repeats and elon-
gated telomeres (51). However, in this case, the persistent
short telomeres clearly displayed gradual shortening prior to
the point where they became elongated. This was interpreted
as indicating that some telomeres did not acquire mutant
telomeric repeats for many cell divisions (perhaps because of
inefficiency of the mutant telomerase template) and instead
underwent gradual replicative sequence loss until either telo-
merase or recombination finally made them much longer. This
explanation cannot account for the persistent short telomeres
in Acc survivors, because those telomeres do not undergo
gradual shortening over the multiple streaks where they persist
(Fig. 4C). This forces us to the conclusion that the persistent
short telomeres are being actively elongated by recombination
during the time period when they appear to be persisting at
very short sizes.

One possible explanation is that the same set of short telo-
meres is repeatedly elongated by recombination to only very
small extents so as to maintain their short sizes. This seems
implausible given that telomerase is absent and other telo-
meres in the same cells undergo RTE that routinely adds
kilobases to their lengths. An alternative possibility is that the
persistently short telomeric bands represent a semistable in-
termediate state of telomeres that are otherwise regularly un-
dergoing recombination events that may either greatly
lengthen or greatly truncate them (Fig. 4D). The persistent
short telomeric bands would therefore represent a percentage
of all telomeres that retained a minimal number of basal wild-
type repeats. Given the sizable percentage of total subtelo-
meric signal present in the persistently short telomeric bands
(Fig. 4C), this model would seem to require that telomeric
truncations could routinely remove essentially all but the basal-
most wild-type repeats from a telomere with terminal Acc
repeats. Supporting the possibility of such large deletions is the
observation that “immediate-elongation” ferl template muta-
tions, including fer!-194(Acc), undergo turnover of basal wild-
type repeats in spite of having highly elongated telomeres (53).
That wild-type repeats in Acc survivors might be particularly
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resistant to loss would not be entirely surprising given that
protecting chromosome ends from degradation and recombi-
nation is their normal function. Precedents are known in both
K. lactis and S. pombe where defects in telomere binding pro-
teins can give rise to very rapid and dramatic shortening of all
long telomeres in the cell (2, 3, 33, 57).

Disruption of Rapl binding is the most likely cause of the
type IIR RTE of SnaB and Acc survivors. The simplest possible
explanation for the enhanced tendency of the Acc and SnaB
repeats to recombine is a defect in Rap1 binding. Both muta-
tions fall within the Rap1 binding site, and both interfere with
Rapl1 binding in vitro. Moreover, the more modest RTE phe-
notype in SnaB survivors relative to Acc survivors correlates
with the SnaB mutant having a lesser Rapl binding defect as
judged by both telomere length defects in the presence of
telomerase and in vitro binding studies. In S. cerevisiae, the
Rifl and Rif2 proteins bind to the Rapl C terminus and play
crucial roles in mediating Rapl’s role in the negative regula-
tion of telomere length in the presence of telomerase (31, 74,
87). In the K lactis genome, RIFI, but not RIF2, has been
identified. We have found that deletion of RIFI in terl-A mu-
tants does not produce an obvious type IIR RTE phenotype
(O. Sprusansky and M. McEachern, unpublished data). Thus,
we conclude that the type IIR RTE phenotypes of SnaB and
Acc repeats act independently, or at least not primarily,
through effects on Rifl interactions at the telomere. It also
seems unlikely that the additional defects of SnaB repeats that
interfere with telomere elongation by telomerase in terl-
24T(SnaB) cells could be solely responsible for the weaker
RTE phenotype of SnaB survivors relative to Acc survivors. If
disrupted Cdcl3 binding leads to both the short telomeres of
ter]-24T(SnaB) cells and a type IIR phenotype, it would pre-
dict, contrary to our observations, that SnaB survivors would
have a more extreme RTE phenotype than Acc survivors. We
cannot rule out, however, that defects in Cdc13 binding make
contributions to the RTE phenotypes of Acc or SnaB survivors.
Finally, the anticipated base-pairing defect of SnaB repeats
with the region next to the Terl template (Fig. 1A) would be
expected to be specific to telomerase-mediated telomere elon-
gation and not affect telomeric recombination.

How might Rapl negatively regulate telomeric recombina-
tion? An important conclusion from our results is that the
SnaB and Acc telomeric repeat mutations disrupt the negative
regulation of both telomerase- and recombination-mediated
telomere elongation. This suggests that there is some overlap
in the negative regulation of telomere elongation by telome-
rase and by recombination. Previously reported data would
also seem to support this idea. The “Kpn” mutation of the K.
lactis telomeric repeat (a double base change that does not
affect Rap1 binding in vitro [37]) also disrupts both elongation
processes (48, 77). In S. cerevisiae, the MRX complex and the
Tell and Mecl kinases contribute to both telomerase- and
recombination-mediated telomere maintenance (5, 35, 43, 61,
67,78, 79), while the Rifl and Rif2 proteins act to inhibit both
processes (31, 74, 87).

A known overlap between sequence addition by telomerase
and recombination is that both require the formation of 3’
overhangs. Normal telomeres of S. cerevisiae are exonucleo-
lytically processed to acquire 3’ overhangs of >25 nucleotides
during S phase (10). Recent data have suggested that forma-
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tion of these short overhangs may be a key regulated step in
telomerase-mediated telomere elongation (60). These 3’ over-
hangs are thought to be good substrates for binding and se-
quence addition by telomerase but too short to be efficient
substrates for recombination. In contrast, nontelomeric broken
DNA ends in yeast (at least outside of G; phase) are well
known to be degraded at their 5’ ends to produce long 3’
overhangs that can serve as substrates for Rad51 binding and
strand invasion (86). Thus, the size of the 3’ telomeric over-
hang is likely to be critical for determining whether it can be
elongated by telomerase or recombination.

Our results support the possibility that Rapl acts to prevent
recombination from initiating at telomeres by helping block
the action of one or more exonucleases that degrade 5’ strand
ends. By interfering with Rap1 binding, SnaB and Acc mutant
repeats present at telomeric ends would allow the formation of
3’ overhangs long enough to provoke the telomeres to initiate
HR. In the case of at least the Acc repeats, the long overhangs
may also stimulate sequence addition by telomerase. Prece-
dent exists for a protein that binds the double-stranded part of
telomeric DNA to protect against formation of 3’ overhangs.
Absence of the Tazl protein in the fission yeast S. pombe leads
to longer 3’ overhangs than are present at telomeres of wild-
type cells (76). One possibility for an exonuclease that might be
blocked by Rapl is Exol. Exol is known to be an important
contributor to the 3’ overhangs that are generated at broken
ends and certain dysfunctional telomeres, though it seems not
to be required for the short overhangs of normal yeast telo-
meres (45, 46, 76).

The different roles that Rapl plays at yeast telomeres likely
depend on different regions of the telomeric repeat tract. The
negative regulation of telomere length in the presence of telo-
merase can clearly be carried out by Rap1 binding sites located
within the most basal part of the telomere. In contrast, the
blockage by Rapl of telomere-telomere fusions from nonho-
mologous end joining appears to be carried out by only the
most terminal telomeric repeats (7, 51, 63). It would seem
highly likely that the proposed ability of Rapl to regulate the
nucleolytic degradation of the 5" end of the telomere also is
localized to the more terminal part of the telomere. This may
explain why the terl-194(Acc) mutant displays massive telo-
mere elongation in spite of having near-normal numbers of
wild-type repeats basally at telomeres (48).

It remains to be determined whether type IIR RTE occurs
through a roll-and-spread mechanism as has been suggested
for type II RTE (59). Although telomeric circles may be abun-
dant in K lactis mutants undergoing type IIR RTE, the con-
tinuous presence of long telomeres in these cells would seem to
provide suitable alternative templates for short telomeres to
copy to become long. Perhaps an important place for rolling
circle synthesis to contribute to type IIR RTE is at the very
early stages after a mutant’s creation during the formation of
the first long telomere in the cell.

Human ALT cells utilize recombination to maintain their
telomeres in the manner that is often highly reminiscent of
type IIR RTE in yeast. The ALT phenotype does not occur in
most human cells that undergo severe telomere shortening,
suggesting that it may require one or more mutations in order
to occur. Although ALT cells are unlikely to have mutant
telomeric repeat sequences, our results here strengthen the
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idea that mutations that cause chronic telomere capping de-
fects that promote telomeric recombination and are not sup-
pressed by telomere elongation are likely required. Future
studies with yeast type IIR may therefore be of considerable
importance in gaining insight to telomere maintenance in hu-
man ALT cancers.
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