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Telomere maintenance is required for chromosome stability, and telomeres are typically replicated by the
action of the reverse transcriptase telomerase. In both tumor and yeast cells that lack telomerase, telomeres
are maintained by an alternative recombination mechanism. Genetic studies have led to the identification of
DNA polymerases, cell cycle checkpoint proteins, and telomere binding proteins involved in the telomerase
pathway. However, how these proteins affect telomere-telomere recombination has not been identified to date.
Using an assay to trace the in vivo recombinational products throughout the course of survivor development,
we show here that three major replicative polymerases, a, 8, and €, play roles in telomere-telomere recombi-
nation and that each causes different effects and phenotypes when they as well as the telomerase are defective.
Polymerase & appears to be the main activity for telomere extension, since neither type I nor type II survivors
arising via telomere-telomere recombination were seen in its absence. The frequency of type I versus type II is
altered in the polymerase « and £ mutants relative to the wild type. Each prefers to develop a particular type
of survivor. Moreover, type II recombination is mediated by the cell cycle checkpoint proteins Tell and Mecl,
and telomere-telomere recombination is regulated by telomere binding protein Cdcl3 and the Ku complex.
Together, our results suggest that coordination between DNA replication machinery, DNA damage signaling,
DNA recombination machinery, and the telomere protein-DNA complex allows telomere recombination to

repair telomeric ends in the absence of telomerase.

Telomeres are dynamic DNA-protein complexes that pro-
tect the ends of linear chromosomes, preventing detrimental
chromosome rearrangements and defending against genomic
instability and the associated risk of cancer (33, 44, 53). Telo-
meric DNA is synthesized by the enzyme telomerase (37, 45,
50). In certain human cells, telomerase activity is absent, and
telomeres are gradually shortened with successive cell divisions
due to incomplete replication, which eventually causes repli-
cative senescence. Once telomeres become sufficiently short,
they are thought to lose the ability to protect the ends of the
chromosomes from being recognized as broken ends, which
would be subject to active recombinational repair. Continuous
telomere shortening in human fibroblasts leads to chromosome
fusions, crisis, and apoptosis (2). Very few human cells can
bypass the crisis either through telomerase reactivation or
through an alternative recombination pathway for telomere
lengthening (ALT) (6, 15, 41).

Telomeric DNA in the yeast Saccharomyces cerevisiae con-
sists of ~350 = 75 bp of TG,5/C, ;A DNA. Internal to the
TG, _5/C, 5A tracts are middle repetitive DNA elements, called
X and Y' (33, 53). The telomeric TG, 5/C, ;A DNA forms a
complex nonnucleosomal chromatin structure, called the telo-
some (52). The major component in yeast telosomes is a dou-
ble-stranded, sequence-specific DNA-binding protein-Raplp
complex including Riflp and Rif2p. The copy number of the
Raplp complex negatively regulates telomere length (31, 51).
Telomeric end-binding proteins Cdc13p and the Ku complex
also play important roles in the protection of the chromosomal
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ends and the recruitment of telomerase to the telomeres (4, 10,
21, 36, 39). In telomerase-proficient cdci13-1 cells, telomeres
harbor long single-stranded tails at the semipermissive tem-
perature (18). Reduction of telomere length has also been
observed in Ku mutants (3). Additionally, telomere mainte-
nance is under checkpoint control. Mutations in S. cerevisiae
Tell and Mecl, homologs of the human checkpoint gene
ATM, lead to shortened telomeres (22, 42, 54). This suggests
that proteins involved in DNA damage checkpoints also play a
role in maintaining telomere length.

Even in organisms that normally rely on telomerase, telom-
erase-independent mechanisms of telomere maintenance exist.
Although most cells in S. cerevisiae (30, 46), Kluyveromyces
lactis (32), and Schizosaccharomyces pombe (34) that lack the
gene for a telomerase component die, survivors arise relatively
frequently in all three organisms. In both S. cerevisiae and K.
lactis, generation of survivors requires RAD52-dependent re-
combination. In §. cerevisiae the majority of cells that survive in
the absence of telomerase activity have multiple tandem copies
of the subtelomeric Y’ element and very short terminal tracts
of TG, 5/C, 3A DNA (30, 48) (type I survivors). In a minor
fraction (~10%) of the survivors (type II), the lengths of the
telomere sequence are increased by various amounts, to 10 kb
or longer (48). The appearance of the type II survivor depends
on the presence of Rad50p, Rad59p, and Sgslp (5, 11, 12, 24,
49), and it is magnified by deficiencies in mismatch repair (43).
The structure of type II telomeres in Saccharomyces resembles
that of 10 to 15% of human cell lines and tumors that maintain
telomeric DNA by the ALT pathway (6, 15, 41).

DNA polymerases are involved in genome replication, re-
combination, and repair. Genetic studies of S. cerevisiae show
that polymerases «a, 8, and € share the duty of replicating the
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cellular genome and that all three polymerases are essential for
growth (reviewed in reference 25). Eukaryotic polymerase o
forms a complex with primase. During initiation of DNA rep-
lication, the primase synthesizes a short RNA primer on the
leading strand at the replication origin and the primer for the
Okazaki fragments on the lagging strand. The primer is trans-
ferred to polymerase o directly and further extended by poly-
merase a (17). Polymerase 3, along with its accessory factors
PCNA and RFC, is then recruited to the initial extension and
replaces the primase-polymerase o complex for a highly pro-
cessive synthesis (25). Polymerase € has also been proposed to
work in cooperation with polymerase & during leading- and
lagging-strand synthesis, but its precise role remains to be
determined (25).

All forms of DNA replication are executed by the actions of
primers, templates, and DNA polymerases. In a telomerase-
proficient strain, the leading strand is synthesized by the addi-
tion of a G-rich strand, using the reverse transcriptase telom-
erase (29) and the RNA template (46). The lagging strand is
concurrently elongated by the major replicative DNA poly-
merases o and & using the newly formed G strand as the
template (14), and these polymerases may be recruited to
telomeres through Cdc13p (16, 40). A mutation in polymerase
a causes a telomerase-mediated increase in telomere length
(1). Mutations in polymerases & and € show relatively minor or
irreproducible variations in average telomere length (1, 14).

Although the DNA polymerases, cell cycle checkpoint pro-
teins, and telomere binding proteins employed in the telomer-
ase pathway have been experimentally determined, the roles of
these proteins in the telomere-telomere recombination path-
way remain obscure. Here, we show that all three replicative
polymerase-defective, telomerase-minus mutants display dis-
tinct telomere phenotypes which reflect the in vivo functions of
these polymerases in telomere-telomere recombination. Poly-
merase 9 is essential for telomere lengthening in both type I
and type II recombination, whereas polymerase o and € mu-
tants each preferably employ a certain type of recombination.
Type II recombination is mediated by the cell cycle checkpoint
proteins Tell and Mecl. Moreover, the telomere binding pro-
teins Cdc13 and the Ku complex both exhibit abilities for the
generation and maintenance of recombination events, respec-
tively.

MATERIALS AND METHODS

Strain preparation. The yeast strains carrying tlc::LEU2 and rad52::HIS3 plus
PRADS52 were described previously (48). STY95 (YPHS01 tlc1/TLCI) was trans-
formed with pSD218 (a gift of D. Gottschling) (14) cut with PfIMI to make
STY539. A 5-fluorouracil-resistant colony purified from these strains was used to
generate several potential clones of STY540 (YPHS501 tlcl/TLCI cdcl7-2/
CDC17), which were then sporulated and screened for a segregant unable to
grow at 37°C. The yeast strains STY549 (tlcl/TLCI cdc2-2/CDC2), STY535
(tlc1/TLCI pol2-3/POL2 plus YCppol2-18), STY736 (YPHS501 tlcl/TLCI
mecl::LEU2::hisGIMEC1 smil::LEU2::hisG/SMLI tell:METI7/TELI metl7:
LEU2:hisGIMET17), STY518 (YPHS501 1lcl/TLCI cdcl3-1/CDC13), and
STY524 (YPHS501 tlc1/TLCI hdfI::HIS3/HDFI) were made by mating STY106
(YPH a tlcl) or STY107 (YPH a tlcI) plus pTLCI (48) with UCC5898 (a gift of
D. Gottschling), YHA300 plus YCppol2-18 (a gift of A. Sugino), STY584 (YPH
a mecl::LEU2::hisG smil::LEU2::hisG tell:METI17 met17::LEU2::hisG) (a gift
of Y. Tsukamoto), STY515 (YPH a cdc13-1) (a gift of A. Taggart), and STY502
(YPH « hdfl::HIS3) (a gift of W. Tham) plus pRS316HDFI (a gift of Y.
Tsukamoto), respectively. STY600 (tlc1/TLCI cdc2-2/CDC2 rad52/RADS2 plus
PRADS52) was made by mating a tlcl cdc2-2 spore from STY549 with a YPH
rad52::HIS3 haploid plus pRAD52 (48). These heterozygous diploids were then
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sporulated and screened for segregants that were unable to grow at 37°C or for
the HIS3 and LEU2 markers from their original deletions by replica plating to
selective medium and by Southern blot analysis.

Sample preparation and Southern blot analysis. Spore cells were serially
diluted into or restreaked onto YEPD medium. Liquid cultures were generated
by inoculating spore colonies from the tetrad plate into 10 ml of liquid YEPD
medium. Cultures were diluted repeatedly 1:10,000 or 3:10,000 into fresh me-
dium at 48 or 72 h. A solid-plate study was performed by repeatedly streaking
spore colonies from the tetrad plates on YEPD plates. Optimal semipermissive
temperatures were determined and used: 27°C for the cdc13-1 mutant and 30°C
for polymerase mutants (1) (data not shown). Southern blotting with a telomeric
C,3A probe was carried out as previously described (48). When DNA was
examined from individual colonies, the colony was expanded in 2 ml of liquid
medium to obtain enough DNA for Southern analysis. DNA was digested with
Xhol or a mixture of Alul, Haelll, Hinfl, and Mspl, which cut AGCT, GGCC,
GANTC, and CCGG sequences, respectively. Data shown here are representa-
tive of two or more experiments from independent spores.

Senescence and recovery growth curve analysis. Two independent spores of
each genotype were used to inoculate cultures. Cultures were inoculated directly
from the tetrad master plate into liquid YEPD medium on day 0 and allowed to
grow overnight on a 27°C or 30°C roller drum. Then, 24 h later, the cell con-
centration in each culture was determined by hemacytometer, and each culture
was diluted to a concentration of 2 X 10° cells/ml in fresh medium. This proce-
dure was repeated for 10 days. The concentrations of the nine cultures for each
strain on each day were then averaged, and the results of the senescence and
recovery rate were graphed.

tlcl hdfl survival assay. STY524 (YPHS01 tlcl/TLCI hdfl::HIS3/HDFI)/
pRS316HDFI (plasmid bearing the HDFI gene and the URA3 marker) was
sporulated and screened for Ura™ tlc] and tlc1 hdfl segregants. Four indepen-
dent type I and type II survivors were isolated by solid YEPD plate restreaking
and Southern blot analysis in each flc/ and tlcl hdfl strain carrying
PRS316HDF1I. Cells from the plates lacking uracil were used to inoculate YEPD
medium, grown for 24 h, and plated on both 5-fluorouracil and YEPD plates.
The ratio of survivor maintenance was calculated by dividing the cell numbers on
S-fluorouracil plates by those on YEPD plates.

RESULTS

In the #lcI strain that lacks telomerase activity, yeast cells
gradually lose viability after 40 to 60 generations of propaga-
tion (46). However, a subset of cells in the culture eventually
bypass the senescence and survive. Two classes of survivors,
type I and type II, have been identified and can be distin-
guished by two different Southern blot analyses. In the first
Southern blot analysis, the genomic DNA is digested with a
mixture of four restriction enzymes to very small fragments.
The telomere sequences, which are not cut by these enzymes,
remain relatively large. Using this technique, DNA from wild-
type YPH499 cells yields C,_;A-hybridizing fragments of ~400
+ 75 bp from Y’ telomeres, ~500-bp fragments from tandem
Y’ DNA, and fragments of up to 1.1 kb from X telomeres (48)
(Fig. 1, wild type). DNA from type I survivors yields fragments
of less than 300 bp from Y’ telomeres (asterisk, terminal Y’,
Fig. 1A), in addition to the ~500-bp fragment from tandem Y’
elements (arrow, Fig. 1A). In contrast, type II telomeric DNA
digested with these enzymes yields many differently sized frag-
ments of up to 10 kb or even larger (type II, Fig. 1A).

While the type II extension pattern is most easily distin-
guished by the four-base cutter assay, slight telomere length-
ening and the type I telomere pattern are more easily visual-
ized by Xhol digestion Southern blot analysis. Xhol cleaves 0.9
kb from the 3’ end of the Y’ element. In type I survivors, three
major Xhol fragments (~1.0, 6.7, and 5.2 kb) hybridized to the
telomere probe. The ~1.0-kb terminal fragment from Y’ telo-
meres consisted mainly of Y’ DNA plus a short stretch of
TG, 5/C,_3A repeat. The strong hybridization at 6.7 and 5.2 kb
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FIG. 1. Replicative polymerases exhibit distinct phenotypes in telo-
mere-telomere recombination. Liquid cultures were generated as de-
scribed in Materials and Methods and diluted repeatedly 3:10,000 into
fresh YEPD medium at 72 h at 30°C, the semipermissive temperature
for these polymerase mutants. Genomic DNA from single mutants (A)
and double mutants (B) from each dilution was digested with a com-
bination of Alul, Haelll, Hinfl, and Mspl, fractionated through 1%
agarose, and transferred to a nylon filter. The filter was hybridized
subsequently to a C, ;A probe. An equal amount of DNA was loaded
in each lane. An asterisk marks the position of critically short telo-
meres, and the arrow indicates the TG, ;/C, ;A fragments between
Y'-Y' tandem repeats. WT, wild type. Size markers (kilobases) are
shown on the left.

contained the tandemly repeated Y’ long and Y’ short ele-
ments, respectively (Fig. 2) (48). In contrast, the type II survi-
vors exhibited many Xhol fragments of different sizes.

In a flc] mutant liquid culture, although ~90% of the sur-
vivors are type I, they grow slowly and are quickly overtaken by
the type II survivors, which have a growth rate similar to that
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of wild-type cells (48). This is also exacerbated by the ability to
gradually convert from the type I to the type II pattern of
telomere structure (48). In the liquid culture assay (49), when
cultures starting from freshly dissected spores were repeatedly
diluted 1:10,000 at 48-h intervals, dramatic telomere lengthen-
ing could be observed after several dilutions. In this study, we
used this liquid culture system for all mutant strains and then
conducted both the four-base cutter and Xhol Southern anal-
yses. For each strain, we show data for either one or both of the
Southern analyses.

Replicative polymerases exhibit distinct roles on telomere-
telomere recombination. We were interested in finding which
DNA polymerases were employed for telomere-telomere re-
combination. To examine the role of replicative polymerases in
telomere-telomere recombination in #lc] strains, mutations of
the three major replicative polymerases (8, 13, 35) were gen-
erated in these strains. To evaluate if polymerase « participates
in telomere-telomere recombination in #lcl cells, a tempera-
ture-sensitive mutation (cdcl7-2) in the polymerization do-
main (8) was used. Tetrads from heterozygous tlc1/TLCI
cdcl7-2/CDC17 diploid strains were dissected, and individual
tlcl and flc1 cdcl7-2 spore colonies were inoculated into liquid
medium and cultured at a semipermissive temperature (30°C).
When both cultures reached the stationary phase, DNA was
prepared (dilution 1, Fig. 1A), and the culture was diluted into
fresh medium. This DNA isolation and dilution protocol was
repeated seven times (D2 to DS).

DNAs from the cultures were first analyzed by digestion with
four-base cutters as described above, followed by Southern
hybridization. In the #lc! cultures, telomeres were suddenly
and dramatically lengthened between D3 and D4 (Fig. 1A). At
the same time, the growth rate of the cultures increased grad-
ually to the wild-type level (data not shown). In cdc17-2 (pola)
cells, gradual telomere lengthening was observed (Fig. 1A).
However, a different result was seen in the tlc] cdcl7-2 mutant.
At the D1 stage, the telomeres of #lc1 cdc17-2 mutant were 200
bp shorter than at the equivalent flc/ D1 stage (Fig. 1B). This
telomere pattern was more similar to the D3 of the #lc] culture.
The intensities of the Y’ telomeric fragment at ~250 bp and
the Y'-Y' tandem repeat at ~500 bp were increased at the D2
stage. This result indicated that telomere lengthening in
cdcl7-2 cells is telomerase dependent and type I-like Y'-Y’
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FIG. 2. Restriction analysis by Xhol digestion supports the involvement of replicative polymerases in telomere-telomere recombination. The
experiment was conducted as described for Fig. 1, except that XAol was used for restriction digestion. Size markers (kilobases) are shown on the

left.
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recombination became a preferred pathway in the polymerase
a-defective telomerase-minus strain.

Interestingly, this type I-like Y'-Y' pattern was not stably
maintained. While the main pattern was unchanged, the inten-
sity of the Y'-Y' tandem repeat fragment at the D3 stage of the
tlel cdcl7-2 mutant decreased. This indicated that most telo-
meres had not only remained short, but had also reduced the
copy numbers of the Y'-Y’ tandem repeats at the D3 stage.
Similar to what was observed in #c! cells, at the D4 stage the
type II pattern was established suddenly, indicating that type II
survivors started to take over the culture at this stage in #lc/
cdcl7-2 (pola) cells.

We next determined whether two other major replicative
polymerases, 8 and €, were involved in telomere-telomere re-
combination. The #lc! cdc2-2 (pold [13]) double mutant exhib-
ited no long telomeric or subtelomeric lengthening throughout
the eight dilutions, suggesting that both type I and type II
lengthening was mainly dependent on polymerase & for long-
tract extension (Fig. 1B). In contrast, telomere shortening oc-
curred much earlier, and the type II long telomere pattern was
quickly generated at the D2 stage of the #lc1 pol2-18 cells (pole
[35]) (Fig. 1B). This experiment suggested that type II-like
telomere-telomere recombination is a preferred pathway to
repair the telomeric damage in the flcl pol2-18 (pole) strains.

The type I extension pattern is more easily visualized by
Xhol digestion and Southern blot analysis. In agreement with
the four-base cutter results in Fig. 1, the Xhol digestion South-
ern blot analysis of the tlc] cdc17-2 (polo) mutant showed that
the Y’ amplification signal at 6.7 and 5.2 kb developed at the
D1 stage and declined slightly at D3 (Fig. 2). After D3, al-
though type II survivors took over the culture, type I-like Y'-Y’
amplification was preferred and persisted to D8. The results of
the Xhol digestion patterns for the #lc] cdc2-2 (pold) and tlcl
pol2-18 (pole) mutants also reinforced those of the four-base
cutter experiment. A slight lengthening of the telomere at the
D2 and D3 stages and the rapid type II development at the D2
stage could be observed for the tic/ cdc2-2 (pold) and tlcl
pol2-18 (pole) mutants, respectively.

Accelerated senescence phenotype in telomerase-deficient
and polymerase-defective mutants. To further evaluate the
influence of replicative polymerases on the senescence and
recovery rate of the #lcl mutant, cells harboring double muta-
tions were tested at the semipermissive temperature in liquid
cultures and on solid plates. Cultures inoculated from freshly
dissected spores were grown to the stationary phase and then
diluted to the same cell densities. Cell numbers were deter-
mined every 24 h under a microscope over a period of 10 days
(Fig. 3A).

The tlcl strain displayed the slowest growth rate at day 5.
While the growth curve of all three single polymerase mutants
showed no significant difference compared to that of the wild
type (data not shown), all three double polymerase and telom-
erase mutants displayed the lowest growth rates at day 3, after
which the cultures gradually returned to the wild-type growth
rate. The phenotype of these double mutant strains was similar
to the fast senescence and recovery phenotype of the tlc! rad51
cells; survivors in this genetic background lose viability at the
third dilution (28). The growth curve analysis was consistent
with our four-base cutter Southern analysis, where all three
polymerase-deficient telomerase-minus strains established
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FIG. 3. Accelerated senescent phenotype in telomerase-deficient
and polymerase-defective mutants. (A) Cultures of wild-type (WT),
tlel, tlcl cdcl7-2, tlcl cdc2-2, and tlcl pol2-18 strains were inoculated
from spores and grown to the stationary phase at 30°C. Fresh cultures
were then inoculated to 2 X 10° cells/ml and grown for 24 h, and cell
numbers from the overnight cultures were determined and graphed.
(B) Each strain was repeatedly streaked on solid YEPD plates and
grown for 3 days at 30°C. It was noticeable that all telomerase-minus,
polymerase-defective spores senesced faster, and survivors showed up
much more seldom than those of the #/c mutant. (C and D) Analysis
of telomeric pattern of single survivors. Survivors were generated from
the solid-plate streaking. DNAs from each strain were prepared, and
Southern blot analysis was performed as described for Fig. 1 and 2 by
either four-base cutter (C) or Xhol (D) digestion. Three type I and
three type II survivors from the #lc1 cdc17-2 and tlcl pol2-18 mutants
and six survivors from the #lcl cdc2-2 mutant are shown here. Size
markers (kilobases) are shown at the left.

telomere or subtelomere lengthening earlier than the tlc/
strain (Fig. 1B and 2).

In the polymerase «-deficient, telomerase-minus (zlc/
cdcl7-2) strain, the growth curve exhibited two steps of recov-
ery. The first recovery was observed between day 3 and day 5,
and then a second recovery was observed from day 7. This
result is consistent with the interpretation from the Southern
analysis (Fig. 1 and 2) that the first recovery was due to the
presence of the type I survivors, whereas the second and faster
growth should be due to contributions from the type II survi-
vors. In contrast, the double flc] rev3 mutant, which encodes a
translesion repair DNA polymerase {, did not display any ma-
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TABLE 1. Distribution of survivor types

No. of survivors (% of total)

Genotype

Total studied Type 1 Type I
tlel 92 86 (93) 6(7)
tlel cdcl7-2 62 24 (39) 38 (61)°
tlel cdc2-2 20 0(0) 20 (100)®
tlcl pol2-18 50 10 (20)° 40 (80)
tlel tell 86 86 (100) 0(0)
tlcl mecl smll 86 86 (100) 0(0)
tlel tell mecl smll 86 86 (100) 0(0)
tlel cdcl3-1 63 7 (11) 56 (89)

“ All type II survivors from the tlc] cdc17-2 (pola) mutant had noticeable type
I-like Y'-Y' amplification.

b All the recovered tcl cdc2-2 (pold) survivors had barely elongated telomeres,
which is an atypical type II pattern.

¢ All type I survivors from the tlc! pol2-18 (pole) mutant had much less Y'-Y’
amplification than the typical type I pattern of the #/cI survivors.

jor difference in the growth and telomere phenotypes as ob-
served in these replicative polymerase-deficient, telomerase-
minus mutants (data not shown).

Distinct patterns of individual survivors from telomerase-
deficient and polymerase-defective mutants. Next, we were
interested in evaluating the effect of replicative polymerases on
the formation of individual type I and type II survivors. We
recovered survivors in the form of single colonies by repeatedly
streaking mutant spores on solid YEPD plates. All telomerase-
minus, polymerase-defective spores senesced faster, and survi-
vors showed much more difficulty than those of the #/c/ mutant
(Fig. 3B). Moreover, survivors from the tic! cdc17-2 (polo) and
tlcl cdc2-2 (pold) mutants were more difficult to obtain than
those from the tlcl pol2-18 (pole) mutant (data not shown).
These results suggest that polymerases a and & play more
significant roles than polymerase € in the telomere-telomere
recombination pathway.

Genomic DNA from these survivors was analyzed by the
four-base cutter (Fig. 3C) and the Xhol (Fig. 3D) Southern
analyses. Six independent survivors from each mutant strain
are shown in Fig. 3C and 3D. Although the characteristic type
I and type II survivors could be recovered from the tlc1 cdcl7-2
(pola) and flcl pol2-18 (pole) mutants, all the recovered tlc!
cdc2-2 (pold) survivors (20 of 20 in Table 1) had barely elon-
gated telomeres. These flc cdc2-2 survivors had completely
lost the ability to elongate long fragments, having neither
Y'-Y' nor TG, ;-TG,_; lengthening. Instead they showed a
unique phenotype of slight lengthening of the TG, 5 telomere
of survivors (Fig. 3C). The lengths of these telomeres ranged
from 300 to 600 bp, and these elongated telomeres were still
subject to dynamic shortening and lengthening (data not
shown).

These telomeres were long enough for the maintenance of
viability of the flcl cdc2-2 survivors. Of the 61 tlcl cdcl7-2
(pola) survivors analyzed (Table 1), 24 (39%) showed the type
I pattern and 38 (61%) showed the type II-like pattern. How-
ever, all 38 type II survivors from the tic! cdcl7-2 mutant had
noticeable Y'-Y’ amplification products (Fig. 3D and data not
shown). This result indicated that Y'-Y' amplification is a
favored repair pathway in telomerase-minus, polymerase a-de-
fective cells. In contrast, of the 50 tlcl pol2-18 (polg) survivors
that were assayed, 10 (20%) showed the type I-like pattern and
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FIG. 4. Maintenance of tlc] cdc2-2 survivors requires Rad52p. (A
and B) Cultures of the tlcl cdc2-2 strain were inoculated from spore
colonies and grown to the stationary phase at 30°C. Stationary-phase
cultures were diluted repeatedly 3:10,000 into fresh medium at 72 h as
described for Fig. 1. The cultures were grown at 30°C for the first two
dilutions and switched to 23°C, the permissive temperature, for the
remaining dilutions. DNA was prepared for Southern analysis as de-
scribed for Fig. 1A and 2B. Size markers (kilobases) are shown on the
left. (C) Spores of rad52 tlc1 cdc2-2 and tlc] cdc2-2 strains carrying a
RADS52 URA3 plasmid were isolated on complete medium lacking
uracil. Survivors were generated by restreaking spore colonies on
YEPD plates. Shown here are two tlcI cdc2-2 (left) and two rad52 ticl
cdc2-2 (right) survivors without the RAD52 plasmid on a 5-fluorouracil
(FOA) plate at 30°C. The plate is the first restreak from survivors on
the YEPD plates. WT, wild type.

40 (80%) showed the type II pattern. However, all 10 type I
survivors from the flcl pol2-18 mutant had much less Y'-Y’
amplification than the typical type I pattern of the #lc1 survivor
(Fig. 3D and data not shown). This result supported the ob-
servation that polymerase € has a more important role in type
I than in type II recombination.

tlc1 cdc2-2 survivors occur through RAD52-dependent type
II-like telomere-telomere recombination. Because the pattern
of tlcl cdc2-2 (pold) survivors was quite different from the
typical patterns of type I and type II survivors, we were aware
that these survivors might be derived from intragenic or extra-
genic suppressors or that a third undiscovered pathway for
telomere maintenance might have been elicited. To clarify
these possibilities, we first tested whether reintroduction of the
wild-type activity of polymerase & after the establishment of
survivors would rescue the pattern of tlc] cdc2-2 survivors. We
found that the flcl cdc2-2 survivors quickly converted to the
typical type II pattern once the survivors were cultured at 23°C
in liquid culture (Fig. 4A and B). Given the facts above, we
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FIG. 5. TELI and MECI genes are required for type II telomere-telomere recombination. Freshly dissected tlc1 (A), ticl tell (B), ticl mecl
smll (C), and tlc1 tell mecl smll (D) spores were inoculated into YEPD medium. At 48-h intervals, DNA was isolated, and the cultures were then
diluted 1:10,000 into fresh medium. This process was performed eight times. DNA was prepared from each time point for each strain and analyzed

as for Fig. 1. Size markers (kilobases) are shown at the left.

hypothesized that the slight lengthening of the telomere is
generated by Rad52-dependent telomere-telomere recombina-
tion.

To determine if Rad52p is required to maintain tlcl cdc2-2
survivors, we isolated independent spores in tlcl cdc2-2 rad52
and tlc] cdc2-2 strains carrying a RAD52 URA3 plasmid. Sur-
vivors were generated by restreaking spores on YEPD plates.
Cells that had lost the RAD52 plasmid were identified by their
ability to grow on plates containing S-fluorouracil. While #lc1
cdc2-2 survivors could grow on the 5-fluorouracil plate, rad52
tlcl cdc2-2 survivors did not grow at all, even on the first
restreak after loss of the RAD52 plasmid. This result indicated
that deletion of RADS52 totally prevents the formation of #lc/
cdc2-2 survivors (Fig. 4C). This argued that the cdc2-2 (pold)
mutant at the semipermissive temperature is somewhat leaky
and that the observed slight elongation represents a residual
amount of true type II recombination. Altogether, these ex-
periments clearly established that tic! cdc2-2 mutants survived
through RAD52-dependent homologous recombination.

Type II telomere-telomere recombination is mediated by the
TEL1 and MECI genes. Checkpoint responses maintain the
order and fidelity of the eukaryotic cell cycle, and defects in
checkpoints contribute to genetic instability and cancer. The
involvement of checkpoint proteins in telomere maintenance
was implicit from the consequences of telomere shortening in
tell and mecl strains (22, 42). Further evidence of Tellp’s
involvement in telomere maintenance came from the recent
observation that its human homolog ATM directly phosphor-
ylates Nbsl (19, 54). Nbsl forms a complex with hMrell and
Rad50 at double-strand breaks. Previously, several groups
demonstrated that RADS50 is essential for type II survivor de-
velopment (5, 11, 49). This led us to speculate that TELI
and/or MECI also contributes to the regulation of type II
telomere-telomere recombination.

To test this possibility, we isolated otherwise isogenic flcl,
tlel tell, ticl mecl smll, and ticl tell mecl smll spore products
(the smll mutation suppresses the inviability caused by mec!
mutations) by dissecting heterozygous diploids and restreaking
them multiple times on plates until survivors appeared. DNA

was prepared from individual survivors, and telomere structure
was determined by Southern hybridization. Significantly, all of
the tlcl tell, ticl mecl smll, and tlcl tell mecl smll survivors
established a type I pattern (86 of 86 survivors for all three
mutants, Table 1). These data suggested that Tellp and Meclp
mediate the generation of type II survivors.

It is possible that some type II events might occur in these
strains but are too rare to be recovered by solid-plate restreak-
ing. To confirm the role of Tellp and Meclp in the generation
of type II survivors, we also examined the formation of survi-
vors in the liquid assay, which favors isolation of type II sur-
vivors due to their faster growth rate (48). We inoculated flc1,
tlel tell, ticl mecl smll, and tlcl tell mecl smll spore clones
into liquid medium. The cultures were diluted 1:10,000 every 2
days for a total of eight dilutions. DNA was prepared prior to
each dilution and analyzed by Southern hybridization. As
shown in Fig. 5, while type II survivors took over the tlcl, tlc]
tell, and tlcl mecl smll cultures (Fig. 5A to C) at, respectively,
the fourth, third, and third dilutions, the type II pattern was
not detected in the #lc] tell mecl smll quadruple mutant (Fig.
5D), even after prolonged subculturing. The earlier appear-
ance of type II survivors in the #lc! tell and tlcl mecl smll
strains is consistent with the faster senescence of tlcI tell and
tlcl mecl smll cells on solid plates (data not shown). These
results suggested that the generation of type II survivors is
mediated by the combined actions of Tellp and Meclp. In the
absence of either one of them, the cells still contained residual
activity provided by the other for the generation of type II
Survivors.

Telomeric single-stranded binding protein Cdc13 and end-
binding protein Ku regulate recombination events. Several
reports provide evidence that the telomere binding proteins
Cdc13 and Ku can regulate the telomerase pathway both pos-
itively and negatively (4, 10, 21, 37, 39). To determine whether
these proteins could also be factors for telomere-telomere
recombination, we first isolated otherwise isogenic #lc and tlc/
cdcl3-1 spore clones. The liquid serial dilution and four-base
cutter assays were conducted at the semipermissive tempera-
ture, as described above, and the DNA from each strain was
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FIG. 6. Telomeric single-stranded binding protein Cdcl13 influ-
ences survivor formation. (A) Liquid cultures and telomere Southern
analysis were performed as described for Fig. 1 except that the cultures
were grown at 27°C, the semipermissive temperature for the tlc/
cdcl3-1 strain. Size markers (kilobases) are shown at the left. (B) The
senescence and recovery rate of the wild-type (WT), tlcl, and tlcl
cdcl3-1 strains were determined as described for Fig. 3A except that
the cultures were grown at 27°C. (C) Growth of the tlc1 cdcl3-1 strain
on solid plates was examined by repeated streaking on YEPD plates
and growth at 27°C.

examined by Southern hybridization (Fig. 6A). Compared to
the tlc! strain, which took five dilutions to establish, the type II
pattern of the flc] cdcl3-1 strain was established right from the
beginning of the culture. In agreement with this finding, #lc/
cdc13-1 cells senesced much faster than the #lc/ strain in the
liquid senescence and recovery assay. The #lcl cdcl3-1 strain
dropped to its lowest growth rate at day 2 (Fig. 6B). Consistent
with its rapid rate of senescence, the flc] cdc13-1 mutant grown
on a solid streaking plate displayed a similar phenotype. Sur-
vivors appeared right at the first restreak of spore colonies
(Fig. 6C).

The Ku complex has been shown to bind telomeres (21) and
recruit telomerase (39). Therefore, we tested whether the Ku
complex also participates in regulating the maintenance of
survivors. Since the tlcl hdfl double mutation is lethal, to
obtain survivors we generated a tlcl/TLC1 hdflI/HDF1 het-
erozygous diploid containing plasmid pRS316HDFI. Haploid
tlcl and tlc1 hdfI spores containing the pRS316HDF1 plasmid
were made by tetrad dissection, and type I and type II survivors
were generated from these strains. To determine the influence
of the HDFI-containing plasmid on the maintenance of #lc/
and tlcl hdfI survivors, we plated both type I and type II
survivors on 5-fluorouracil plates to select for loss of the
pRS316HDFI plasmid. The survival rates for both type I
(9.24%) and type 1I (42.4%) tlcI hdfI cells on 5-fluorouracil
plates were significantly lower than those of the type I (93%)
and type II (92%) tlcl controls (Table 2). This experiment
suggested that the Ku complex may be required for end pro-
tection and survivor maintenance in the telomerase-minus
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TABLE 2. Influence of the Ku complex on maintenance
of survivors

Survivor % 5-Fluorouracil-

type Genotype resistant cells
I tlcl hdfl + pRS316HDF1 9.24
tlcl + pRS316HDF1 93
II tlcl hdfl + pRS316HDF1 42.4
tlcl + pRS316HDF1 91.8

strain. Moreover, type I survivors (9.24%) relied more on Ku
proteins for their viability than type II survivors (42.4%).

DISCUSSION

To better understand the effect of proteins involved in
telomere-telomere recombination, we began to examine fac-
tors in various pathways more systematically. In this study, our
liquid serial dilution and four-base cutter assays provided a
way to detect the in vivo extension products of recombination
by replicative polymerases. During DNA replication, the lead-
ing and lagging strands are synthesized concurrently. The three
major polymerase mutants exhibit different telomere pheno-
types in telomerase-deficient cells. All three replicative poly-
merases play roles in the telomere-telomere recombination
pathway, and recombination events extend all the way to the
ends of chromosomes, which may indicate that telomere-
telomere recombination is a form of break-induced replication
(11, 38, 49).

In fact, evidence is steadily accumulating that recombination
is accomplished through the help of the replication machinery
(23, 26, 27). The primase-polymerase o complex is required for
the initial synthesis at leading and lagging strands during DNA
replication. In the case of type II telomere-telomere recombi-
nation, the leading strand is synthesized from the 3’-hydroxyl
group of the G strand. Since there is no autonomously repli-
cating sequence in TG, _5/C, ;A repeats but autonomously rep-
licating sequences are contained in the Y’ elements (9), defec-
tive polymerase o may cause more severe damage within Y's at
the leading strand during DNA replication. This stalled repli-
cation intermediate in Y's may promote strand transfer to
other Y's by the break-induced replication pathway. Alterna-
tively, given the potential secondary structure in G-rich single-
stranded sequences that may form during type II lengthening,
the priming step at the lagging strand for type II recombination
may face stronger hindrance in the polymerase a-defective
cells. This may explain why type I recombination is a preferred
pathway in telomerase-minus, polymerase a-deficient cells.

Polymerases & and € have been proposed to synthesize both
leading and lagging strands in a highly coordinated way during
processive DNA replication (7, 25). Here we observed separate
phenotypes for these two polymerases. In the telomerase-de-
ficient, polymerase d-defective strain, telomeres completely
lost the ability to amplify long-tract telomeric DNA, so there
was neither Y'-Y' amplification nor TG, ;-TG,_; recombina-
tion (Fig. 2). This experiment strongly supports the hypothesis
that polymerase 3 is the major polymerase for processive long-
tract lengthening of both type I and type II telomere-telomere
recombination. Without its function for long-tract elongation,
the telomeres of survivors maintain short telomeres, in a
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RADS52-dependent manner, that are sufficiently long to sustain
cell viability (Fig. 4). In contrast, in the telomerase-deficient
polymerase e-defective strain, the telomere can still be ex-
tremely elongated by the processive extension ability from
polymerase 3. Polymerase € has a much more important role in
type I than type II recombination, which is reflected by the fact
that in the absence of polymerase &, it becomes more difficult
to elongate multiple copies of the long Y’ elements immedi-
ately (Fig. 2 and 3D). Our telomere recombination study re-
capitulates but also conflicts with certain features from the
study of the mating type switch at the MAT locus. Double-
strand break repair at the MAT locus may be carried out by
polymerases «, €, and 3 (23). We show here that polymerase &
is the major polymerase for long-tract extension of telomeres,
whereas polymerase € had more of an effect than polymerase &
in the gene conversion pathway during mating type switching
(23). This discrepancy probably only reflects the difference in
the mutant strains used in these two studies. The pol3-1 mutant
used in the MAT locus study is defective in the 3'—=5" exonu-
clease/proofreading domain of polymerase 8, whereas the
cdc2-2 mutant used in the telomere study is defective in the
polymerase domain of polymerase & (13). This exonuclease/
proofreading pol3-1 mutation has been shown to have no sig-
nificant effect on the telomere-telomere recombination path-
way (43).

Several pathways other than the DNA recombination ma-
chinery also govern the process of telomere-telomere recom-
bination. Here we show that type II telomere-telomere recom-
bination is coordinately controlled by Tellp and Meclp (Fig.
5). Tellp, Meclp, and their human homolog ATM have been
found to regulate DNA damage repair and telomere mainte-
nance. Given the finding that ATM can phosphorylate Nbsl
when it responds to DNA damage (19, 54), Tellp and Meclp
may provide a similar function to convert the Rad50-Mrel1-
Xrs2 complex through Xrs2p to an active form, which is nec-
essary to generate a single-stranded overhang that turns the
telomeric terminus into a suitable substrate for the process of
type 11 telomere-telomere recombination (5, 11, 49). Further-
more, given the evidence that Tellp and Meclp may govern
the action of Rad50-Mrel1-Xrs2 at the telomere, it would be
of interest to investigate, at internal chromosomal double-
strand breaks, whether Rad50-Mre11-Xrs2 is regulated by the
combined action of Tellp and Meclp.

In addition to DNA damage-signaling proteins, telomeric
single-strand binding protein Cdcl3 and end-binding protein
Ku perform positive and negative roles not only in telomerase-
mediated telomere maintenance (4, 10, 21, 37, 39), but also in
telomere-telomere recombination. Recently, Grandin et al.
(20) also showed that type II survivors arose exclusively from
the telomerase-minus cdcl3-1 strain. The cdc13-1 strain exhib-
its a single-stranded tail phenotype at its semipermissive tem-
perature (18). The prompt development of type II survivors in
the tlcl cdcl3-1 strain (Fig. 6A) may reflect that the single-
stranded TG, _; tail is highly recombigenic and may be the in
vivo substrate during telomere-telomere recombination. Fur-
thermore, the double-stranded end-binding complex Ku is also
required for the telomere protection of survivors. Our results
demonstrate that type II cells are more resistant to the loss of
Ku function than type I cells (Table 2). They may also indicate
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that the topology and structure of the type II ends are different
from those of the wild-type and type I survivors.

The structure of telomeres in Saccharomyces type 11 survi-
vors is reminiscent of that in human cell lines and tumors that
maintain telomeric DNA by the telomerase-independent ALT
pathway. It seems that at least two steps are involved in type 11
and ALT survival. The first is the generation of the long ex-
tension on one (or a few) critically short telomere(s) in the
population (47), which will give the dying clone a slight selec-
tive advantage. The second is the propagation of that structure
through a RADS52-dependent process to the remaining telo-
meres in that cell and then into the population for the viable
maintenance of cancerous cells. Different proteins, e.g.,
Rad50, Sgs1, Tell, Mecl, Ku, Cdcl3, and replicative poly-
merases, could affect either or both of these steps in a positive
or negative way.
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