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Telomere length control is influenced by several factors, including telomerase, the components of telomeric
chromatin structure, and the conventional replication machinery. Although known components of the repli-
cation machinery can influence telomere length equilibrium, little is known about why mutations in certain
replication proteins cause dramatic telomere lengthening. To investigate the cause of telomere elongation in
cdc17/pol1 (DNA polymerase a) mutants, we examined telomeric chromatin, as measured by its ability to
repress transcription on telomere-proximal genes, and telomeric DNA end structures in pol1-17 mutants.
pol1-17 mutants with elongated telomeres show a dramatic loss of the repression of telomere-proximal genes,
or telomeric silencing. In addition, cdc17/pol1 mutants grown under telomere-elongating conditions exhibit
significant increases in single-stranded character in telomeric DNA but not at internal sequences. The single
strandedness is manifested as a terminal extension of the G-rich strand (G tails) that can occur independently
of telomerase, suggesting that cdc17/pol1 mutants exhibit defects in telomeric lagging-strand synthesis. Inter-
estingly, the loss of telomeric silencing and the increase in the sizes of the G tails at the telomeres temporally
coincide and occur before any detectable telomere lengthening is observed. Moreover, the G tails observed in
cdc17/pol1 mutants incubated at the semipermissive temperature appear only when the cells pass through S
phase and are processed by the time cells reach G1. These results suggest that lagging-strand synthesis is
coordinated with telomerase-mediated telomere maintenance to ensure proper telomere length control.

Telomeres, consisting of simple, tandem DNA repeats and
associated proteins, are located at the ends of linear eukaryotic
chromosomes, where they ensure chromosome stability and
integrity and facilitate the completion of DNA replication (re-
viewed in references 7, 25, and 61). Telomeres contribute to
the overall stability of the genome by protecting chromosomes
from the exonucleolytic degradation and end-to-end fusions
that are often associated with broken chromosome ends (40).
In addition to functioning as protective caps on chromosome
ends, telomeres contribute to the faithful completion of DNA
replication because of the unique mechanism of telomere syn-
thesis. Due to the incomplete replication of chromosome ends
that occurs because DNA polymerases require an RNA
primer, there remains a terminal single-stranded gap that can-
not be filled by conventional polymerases (57). Without a
mechanism to balance this loss of DNA sequence, telomere
sequences would be progressively lost until chromosomes be-
come unstable, causing cell death. Since telomeres are repli-
cated by telomerase, which does not require an RNA primer or
a DNA template, telomere synthesis prevents the gradual loss
of DNA sequence that would otherwise occur during each
round of replication (reviewed in references 7, 25, and 61).
Telomerase, telomeric chromatin structure, and the replication
complex all contribute to the maintenance of an equilibrium

telomere length, which is important for ensuring proper chro-
mosome function.

Telomerase plays an obvious role in maintaining telomere
length; it is a ribonucleoprotein complex that adds newly syn-
thesized telomeric sequences onto the ends of the 59-to-39
(G-rich) strands after the completion of bulk DNA synthesis.
This addition of telomeric DNA is followed by fill-in synthesis
of the complementary C-rich strand by the conventional rep-
lication machinery (25). Telomerase is an RNA-directed DNA
polymerase, or reverse transcriptase (17, 35), that uses its RNA
component as a template for the addition of new telomeric
sequences onto chromosome ends. Yeast strains carrying a
deletion of the TLC1 gene, which encodes the RNA compo-
nent of telomerase, show progressive telomere shortening,
which ultimately leads to a loss of cell viability (53). A similar
phenotype is caused by mutations in the catalytic subunit of
telomerase, encoded by the EST2 gene (17, 33, 35). The inex-
orable telomere shortening caused by perturbations in telom-
erase components indicates that telomerase function is vital for
telomere length maintenance.

Many reports suggest that alterations in chromatin structure
at telomeres can also affect telomere length equilibrium. A
unique telomeric chromatin structure called the telosome is
formed by a complex of telomere-binding proteins and telo-
meric DNA in Saccharomyces cerevisiae (60). Examination of
the sensitivity of telomeric chromatin to nucleases revealed
that the telosome is protected by a complex of proteins, in-
cluding Rap1p, which is different from the nucleosomal com-
plexes that protect the subtelomeric regions (60). Genes that
are artificially inserted adjacent to this telosome are subject to
reduced transcriptional expression, known as the telomere po-
sition effect (TPE) or telomeric silencing (23). Mutations in
several chromatin components in yeast, such as Rap1p, Sir2p,
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Sir3p, and Sir4p, cause the loss of TPE (2, 30). Some of these
mutations also cause telomere length changes (30, 37), sug-
gesting that chromatin components are important for control-
ling telomere length. In particular, it has recently been shown
that the number of Rap1p-binding sites is directly correlated
with telomere length (39, 49).

Components of the replication machinery also appear to be
involved in the control of telomere length. In 1985, Carson and
Hartwell first determined that mutations in the structural gene
for DNA polymerase a, encoded by the CDC17/POL1 gene,
cause telomeres to lengthen by several kilobases compared to
telomeres in wild-type strains (15). Our later studies revealed
that telomere lengthening can also result from mutations in the
gene encoding the large subunit of replication factor C,
CDC44/RFC1 (1). Strains carrying temperature-sensitive mu-
tations in either CDC17/POL1 or CDC44/RFC1 have slightly
elongated telomeres at permissive temperature but display
greatly elongated telomeres after growth at the semipermissive
temperature (1, 15). Furthermore, telomere lengthening in
these mutants is correlated with defects in DNA replication
(1). However, other mutations affecting DNA replication do
not show this effect. These observations suggest that Cdc17p/
Pol1p and Cdc44p/Rfc1p may play a functional role in telo-
mere length control.

To determine why mutations in certain DNA replication
proteins cause telomeres to lengthen, we examined the possi-
bility that telomere elongation in cdc17/pol1 mutants is caused
by structural defects at the telomeres. Since a mutant polymer-
ase is likely to cause defects in the DNA itself, we hypothesized
that cdc17/pol1 mutants have DNA defects that perturb the
overall structure of telomeric chromatin. The consequence of
this perturbation may be an increased accessibility of telomer-
ase to the telomere substrates or an alteration in the regulation
of telomerase. This study reveals that temperature-sensitive
DNA polymerase a mutants grown at the semipermissive tem-
perature, at which telomere elongation occurs, show a striking
reduction in TPE compared to wild-type cells. This loss of TPE
is correlated with a significant increase in the amount of single-
stranded DNA (ssDNA) character at the telomeres but not at
internal sequences. Furthermore, the generation of excess te-
lomeric ssDNA, or G tails, can occur in the absence of telom-
erase but is still cell cycle regulated. These results suggest that
the telomere elongation in DNA polymerase a mutants may be

caused by alterations in telomeric chromatin structure that
derive from defective fill-in synthesis on the lagging (C-rich)
strand during S phase.

MATERIALS AND METHODS

Yeast strains and media. Yeast strains used in this study are listed in Table 1.
The URA3 gene was placed at chromosome VII-L telomeres in strains CH2377
and CH2378 by transforming strains CH2146 and CH2147 (1), respectively, with
the EcoRI-SalI fragment of pVII-L URA3-TEL (kindly provided by D.
Gottschling), as described previously (23). Southern hybridization analysis was
used to confirm the integration of the URA3 gene at the telomere. The ura3 gene
was deleted in strains CH2514 and CH2515 by replacing the entire ura3 coding
region with the Escherichia coli kan gene (55) in strains CH2146 and CH2148 (1),
respectively; integrants were selected on yeast extract-peptone (YEP) agar con-
taining Geneticin (200 mg/liter; Gibco-BRL) (55). Insertion of the kan gene at
the deleted ura3 locus was confirmed both by PCR analysis and by the absence
of a ura3 RNA transcript on Northern blots. Additionally, the URA3 gene was
placed at chromosome VII-L telomeres in strains CH2514 and CH2515, as
described above. Strain RWY120 (cdc17-1 tlc1D) was generated by crossing
strain CH2248 (1) with RWY12, a tlc1 deletion strain. As a cdc17-1 control,
strain RWY120 (cdc17-1 tlc1D) carrying the TLC1 gene on a CEN plasmid
(pAZ1), was used (5). The entire coding region of the BAR1 gene was replaced
by the E. coli kan gene in strain CH2146 to yield strain RWY121. The bar1
deletion fragment was generated by using plasmid pRS400 (11) and primers
Bar1f (59-CGAGGTTCGCGATTATTAACACCATTACGTCTTTAACAAAA
GATTGTACGTAGAGTGCAC-39) and Bar1r (59-TCGTGACAGTTTCTGTT
ATGAGCTGTCTTATGAGTAGGCCGCTGTGCGGTATTTCACACCG-39).

Strains were grown at the specified temperatures and in standard yeast extract-
peptone-dextrose (YEPD) or synthetic minimal medium supplemented with
amino acids (52). For TPE assays, synthetic minimal medium was supplemented
with 0.02 mg of uracil per ml, 0.02 mg of adenine per ml, 0.02 mg of histidine per
ml, 0.03 mg of tyrosine per ml, and 0.02 mg of tryptophan per ml to generate
synthetic complete (SC) plates. 5-Fluoroorotic acid (5FOA) plates consisted of
synthetic minimal medium supplemented with 0.75 mg of 5FOA (American
Biorganics Inc.) per liter, 0.05 mg of uracil per ml, 0.02 mg of adenine per ml,
0.02 mg of histidine per ml, 0.03 mg of tyrosine per ml, and 0.02 mg of tryptophan
per ml.

Telomeric silencing. To examine telomeric silencing in pol1-17 mutant cells
with elongated telomeres, strains CH2378 (POL1) and CH2377 (pol1-17) were
grown to stationary phase (approximately 10 generations of growth) at the
permissive temperature (24°C) and diluted 1:1,000 into fresh YEPD and samples
were incubated at 24 or 30°C. After the cultures reached stationary phase, each
was diluted 1:1,000 once again and then incubated at the previous temperature.
This process was repeated twice to allow mutant cells to grow for approximately
40 generations at 30°C so as to allow telomeres to elongate (15). TPE was
assayed in these cultures by the method described by Gottschling et al. (23). Cell
density was determined for the final stationary cultures, and the cells from each
culture were plated onto SC plates and incubated at the previous temperatures.
After 5 days of growth at 24°C or 4 days of growth at 30°C, colonies were picked
from the SC plates, resuspended in 1.0 ml of double-distilled H2O, and plated at
a density of 300 cells per plate onto YEPD, SC, SC2uracil, and 5FOA plates. In
addition, mutant cells were plated onto 5FOA plates at densities of 3,000 cells

TABLE 1. S. cerevisiae strains used in this study

Strain Genotype Source or reference

CH557a MATa ade6 ade2 ura1 lys2 tyr1 gal1 his7 cdc28 26
CH2146b MATa ura3 trp1-289 ade2-101 tyr1 gal2 can1 his pol1-17 1
CH2147b MATa ura3 trp1-289 ade2-101 tyr1 gal2 can1 his POL1 1
CH2148b MATa ura3 trp1-289 ade2-101 tyr1 gal2 can1 his POL1 1
CH2248c MATa ura1 leu2 his7 ura3-52 cdc17-1 1
CH2377d MATa ura3 trp1-289 ade2-101 tyr1 gal2 can1 his pol1-17 URA3/VII-L-TEL This study
CH2378d MATa ura3 trp1-289 ade2-101 tyr1 gal2 can1 his POL1 URA3/VII-L-TEL This study
CH2493d,e MATa ura3 trp1-289 ade2-101 tyr1 gal2 can1 his pol1-17 This study
CH2494d,e MATa ura3 trp1-289 ade2-101 tyr1 gal2 can1 his POLI This study
CH2514d MATa ura3D::KAN trp1-289 ade2-101 tyr1 gal2 can1 his pol1-17 URA3/VII-L-TEL This study
CH2515d MATa ura3D::KAN trp1-289 ade2-101 tyr1 gal2 can1 his POL1 URA3/VII-L-TEL This study
RWY12 MATa ura3-52 lys2-801 ade2-101 trp1-D63 his3-D200 leu2-D1 VR-ADE2-TEL tlc1D::LEU2 53
RWY120 MATa ura3-52 lys2-801 leu2 cdc17-1 tlc1D::LEU2 This study
RWY121d MATa ura3 trp1-289 ade2-101 try1 gal2 can1 his pol1-17 bar1D::KAN This study

a This strain has an A364A genetic background.
b These strains are equivalent to strains SS111 or SS111-17 (‘4); they carry an unidentified his auxotrophy.
c This strain is a mixture of S288C and A364A genetic backgrounds.
d These strains are derivatives of strains SS111 or SS111-17 (14); they carry an unidentified his auxotrophy.
e These strains carry the E. coli kan gene in an unidentified location.
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and 106 cells per plate. Since 5FOA is a toxic analog of uracil, uptake of 5FOA
is lethal for URA3 cells whereas ura3 cells are viable in the presence of 5FOA (8).
Thus, the percent silencing is calculated as the ratio of the number of cells
capable of forming colonies on 5FOA to the total number of colony-forming cells
on complete medium.

Northern blot analysis. Total RNA was isolated by a phenol-freeze method
(51). Standard techniques were used for gel electrophoresis, RNA transfer, and
hybridization of RNA samples (20 mg/lane) (56); Quick-Hyb hybridization solu-
tion (Stratagene) was used for the hybridizations of the RNA immobilized onto
Hybond-N nylon membrane (Amersham). Expression of HML in strains CH2493
(pol1-17) and CH2494 (POL1) was examined with a PCR-generated 746-bp
fragment containing the entire Ya segment of the a cassette, which recognizes
both the a1 and a2 genes from the HML locus (4); the PCR primers used were
59-CTCATCTGTGATTTGTGGAT-39 and 59-AAGTAGTCCCATATTCCGT
G-39. A 571-bp fragment containing the entire ACT1 coding sequence (generated
by PCR with primers 59-CGATTTGGCCGGTAGAGATT-39 and 59-TAGATG
GACCACTTTCGTCG-39) was used to control for RNA loading. The probes
were labeled with [a-32P]ATP by random priming (DECAprime; Ambion). For
analysis of telomeric URA3 expression, strains CH2514 (pol1-17) and CH2515
(POL1) were grown to early logarithmic phase at 24°C, cultures were split, and
aliquots were shifted to 24 or 30°C for 2 or 5 h. The URA3 probe, which was
labeled as described above, is a 911-bp NdeI-NsiI DNA fragment of pCH1099,
containing the entire coding region of the URA3 gene. Quantitation was per-
formed with a Molecular Dynamics STORM PhosphorImager and ImageQuaNT
software.

Responsiveness to a-factor. Responsiveness to a-factor was examined by using
single-cell shmoo assays (20). Strain CH2494 (POL1) was grown at 24 or 30°C,
strain CH2493 [pol1-17(short)] was grown at 24°C, and strain CH2493 [pol1-
17(long)] was grown at 30°C. The strains were grown to logarithmic phase at the
indicated temperatures, and a-factor was added as described previously (20).
Aliquots of cells were collected at zero time and 3 h after the addition of a-factor
and fixed with formaldehyde. For each strain, the cell morphology of individual
formaldehyde-fixed cells was examined to quantitate the number of shmooed,
unbudded, budded, and dumbbell-shaped cells. On average, 98% of pol1 cells at
30°C, 84% of pol1-17(short) cells at 24°C, and 94% of pol1-17(long) cells at 30°C
formed shmoos following a-factor treatment.

In-gel nondenaturing hybridization. Strains CH2378 (POL1) and CH2377
[pol1-17(short)] were grown to early logarithmic phase at 23°C and shifted to
30°C. At each hourly time point, genomic DNA was isolated, digested with XhoI,
and subjected to gel electrophoresis under nondenaturing conditions as previ-
ously described (18). In-gel hybridization analysis of single-stranded telomeric
DNA was performed with a single-stranded 22-mer CA oligonucleotide probe or
a 22-mer single-stranded oligonucleotide TG probe (18). The Y9-specific probe
was generated as described previously (18). To confirm that the lanes in the
nondenaturing gels were loaded equally, nondenaturing gels were denatured,
neutralized, and reprobed with a telomeric or Y9 probe under regular conditions.

Cell cycle synchrony. To produce a synchronously dividing culture, a pol1-17
bar1D strain (RWY121) growing exponentially at 23°C in YEPD was initially
treated with 0.2 mM a-factor to arrest the cells in G1. After 11 h at 23°C, the
culture was split into two portions: one portion remained at 23°C for an addi-
tional 1 h, and the other portion was shifted to 30°C for 1 h to ensure that the
cells were at 30°C before the removal of a-factor. The cells remained at these
temperatures for the remainder of the experiment. To release cells into the cell
cycle, the 23 and 30°C portions were each split into two aliquots; a-factor was
retained in one aliquot as a control, and it was removed from the other aliquot
by centrifuging and washing the cells and reincubating them in YEPD without
a-factor and containing pronase (100 mg/ml). Following the removal of a-factor,
samples of cells were collected at the times indicated in Fig. 7 and processed for
DNA and fluorescence-activated cell sorting (FACS) analysis. The appearance of
telomeric ssDNA was examined by in-gel nondenaturing hybridization (de-
scribed above), and cell cycle progression was assessed by FACS as described
previously (24).

RESULTS

TPE is greatly reduced in pol1-17 mutants with elongated
telomeres. To determine if cdc17/pol1 mutants exhibit alter-
ations in telomeric chromatin structure, we examined the ex-
tent of telomeric silencing in pol1-17 cells with elongated telo-
meres. Telomeric silencing reflects the ability of the telosome
to repress the transcription of telomere-proximal genes (23),
and alterations in the protein components of telomeric chro-
matin can cause the derepression of genes adjacent to the
telomere (16, 27, 41, 44). Thus, an alteration in telomeric
chromatin structure could be reflected by a loss of telomeric
silencing in pol1-17 cells with fully elongated telomeres. Since
telomere elongation occurs progressively in pol1 mutants,
pol1-17 cultures must be grown for many generations at the

semipermissive temperature (30°C) for dramatic telomere
lengthening to occur. In these studies, pol1-17 mutants were
grown initially at 24°C, where telomeres are only slightly elon-
gated [hereafter called pol1-17(short)] and then shifted to
30°C. After approximately 40 generations of growth at 30°C,
telomeres are fully elongated [hereafter called pol1-17(long)].
The ability to silence a telomere-proximal URA3 gene was
assessed by determining if POL1, pol1-17(short), and pol1-
17(long) cells bearing URA3 at the telomere are capable of
growth in the presence of 5FOA. Telomeric silencing of URA3
allows cells to grow on 5FOA plates, while loss of telomeric
repression prevents cell growth on 5FOA. Thus, the level of
telomeric silencing is determined by comparing the number of
viable colonies on 5FOA with the total number of colony-
forming cells on complete medium (23).

pol1-17(long) cells displayed a striking loss of telomeric si-
lencing (Table 2). In POL1 colonies at 24 and 30°C and pol1-
17(short) colonies, 85 to 90% of the cells were capable of
telomeric silencing (Table 2). In sharp contrast, pol1-17(long)
cells showed a dramatic decrease in the repression of the
telomeric URA3 gene (URA3 was silenced in only 3.5 in 105

cells). Interestingly, the loss of TPE in pol1-17 mutants at 30°C
was also observed in pol1-17 cultures that had been incubated
at the semipermissive temperature for only 10 generations of
growth (8.3 in 104 cells were silenced), well before telomeres
were fully elongated (data not shown). These results suggest
that the elongating telomeres in pol1-17 mutants have an al-
tered chromatin structure that prevents the repression of te-
lomere-proximal genes.

To determine if the loss of TPE is due to a specific defect at
the telomeres rather than a generalized defect along the entire
length of the chromosome, we examined the level of silencing
at the cryptic mating-type HML locus. Since telomeric silenc-
ing requires many of the same proteins that are required for
silencing at HML (2, 13), loss of silencing at both locations
would reflect a nonspecific silencing defect. We examined the
level of silencing at the HML locus by determining whether the
HML a1 and a2 mating-type information genes are tran-
scribed. Total RNA was isolated from POL1, pol1-17(short),
and pol1-17(long) strains and then subjected to Northern hy-
bridization with a probe that recognizes both the a1 and a2
transcripts, which comigrate on an agarose gel (28, 46) (Fig. 1).
Although transcripts were easily visualized in a control MATa
strain in which a1 and a2 are expressed (Fig. 1, lane 5), no
hybridization to a1 and a2 transcripts was detected in RNA
from POL1 (lanes 2 and 4), pol1-17(short) (lane 1), or pol1-
17(long) (lane 3) cells. These data are consistent with results
obtained from single-cell shmoo assays to examine the repres-
sion of the silent mating loci (see Materials and Methods)

TABLE 2. Loss of telomeric silencing in pol1-17 strains at 30°Ca

Genotype Conditions Fraction that is
5FOAR b

POL1 24°C 0.65
POL1 30°C 0.86
pol1-17(short) 24°C 0.76
pol1-17 30°C, 10 generations 8.3 3 1024

pol1-17(long) 30°C 3.5 3 1025

a TPE was examined in strains CH2378 (POL1) grown in YEPD liquid at 24
or 30°C, CH2377 [pol1-17(short)] grown at 24°C, CH2377(Pol1-17) grown at
30°C for 10 generations, and CH2377 [pol1-17(long)] grown at 30°C.

b The percent TPE is calculated as a ratio of the number of cells capable of
forming colonies on 5FOA to the total number of colony-forming cells on rich
medium. The average of two independent trials is presented.
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(data not shown). These results suggest that the HML locus
remains silenced in pol1-17 mutants with elongated telomeres.

Thus, there is a cis-acting defect associated with the telo-
meres that causes the loss of silencing specifically at the telo-
meres. This defect appears after less than 10 generations of
growth, well before the telomeres are fully elongated (data not
shown).

Loss of TPE occurs rapidly in pol1-17 mutants upon shift to
30°C. Because TPE appears to be lost before telomeres fully
elongate, it is possible that structural alterations at the telo-
mere are the cause of telomere lengthening in cdc17/pol1 cells.
To more closely examine the kinetics of loss of TPE compared
to the kinetics of increase in telomere length, we used North-
ern analysis to examine telomeric URA3 expression immedi-
ately after shifting pol1-17 and POL1 cultures to the semiper-
missive temperature (30°C). To confirm that the results from
the Northern experiments reflect the same physiological state

as the TPE experiments, we first examined the levels of URA3
mRNA in pol1-17(long) cells that exhibit a loss of telomeric
silencing (Fig. 2A). Northern analysis indicated that the telo-
meric URA3 gene was strongly expressed in pol1-17(long) cells
(Fig. 2A, lane 2) whereas URA3 expression was undetectable in
pol1-17(short) cells (lane 1) and POL1 cells grown at either 24
or 30°C (lanes 3 and 4, respectively). Thus, Northern analysis
and TPE experiments yielded consistent results.

To determine if telomeric URA3 repression is lost before or
after telomere elongation occurs in pol1-17 mutants, cultures
of POL1 and pol1-17(short) cells were grown to early logarith-
mic phase at 24°C, the cultures were split, and aliquots were
shifted to 30 or 24°C for 2 or 5 h. At each time point, RNA was
isolated to measure URA3 transcript levels. Northern hybrid-
ization of RNA from temperature-shifted strains revealed that
derepression of the telomeric URA3 gene in pol1-17 strains was
detectable by 2 h after the shift to 30°C (Fig. 2B, lane 4); a
higher level of expression was detected by 5 h after the shift
(lane 5). These data suggest that TPE is lost progressively in
pol1-17 strains upon the shift to 30°C. Southern hybridization
to genomic DNA revealed that telomere lengthening in
pol1-17 mutants was first detectable by 5 to 6 h after the shift
to 30°C (see Fig. 4B, compare the telomeric DNA smear in
lanes 2 and 3; see Fig. 3B, compare lane 1 with lanes 2 to 6).
Since telomeric URA3 expression occurred before any detect-
able changes in telomere length in pol1-17 cells, alterations in
telomeric chromatin structure, as measured by URA3 dere-
pression, may be a cause of telomere elongation. Of course, we
cannot rule out the possibility that changes in TPE occur grad-
ually as telomeres lengthen. Regardless of the kinetics, how-
ever, it is clear that telomere lengthening is accompanied by
alterations of chromatin structure, as evidenced by the loss of
TPE.

pol1-17 mutants rapidly exhibit increased single-stranded
character at the telomeres upon shift to 30°C. To explain the
alteration in chromatin structure in pol1-17 mutants, we rea-
soned that a DNA polymerase mutant is likely to display de-
fects in the telomeric DNA itself. Increased single-stranded
character at the telomeres recently has been observed to result
from mutations in the CDC13 and Ku genes, which encode

FIG. 1. Loss of silencing in pol1-17 mutants does not occur at HML. Total
RNA was isolated from strains CH2494 (MATaPOL1) at 24 and 30°C, CH2493
[MATapol1-17(short)], and CH2493 [MATapol1-17(long)]. Expression of MATa
information from the HML locus was examined by Northern hybridization anal-
ysis of MATa strains with a probe that recognizes both the a1 and a2 transcripts,
which comigrate on an agarose gel. Expression of the a1 and a2 transcripts is
repressed to the same extent in POL1 cells (lanes 2 and 4), pol1-17(short) cells
(lane 1), and pol1-17(long) cells (lane 3). As a positive control, RNA also was
isolated from strain CH557 (MATa POL1) (lane 5). To monitor RNA loading in
each lane, actin mRNA levels were measured by hybridization with an ACT1
probe. A longer exposure of this gel also fails to show any a1 or a2 transcripts
in pol1-17(long) cells (lane 3).

FIG. 2. A telomere-proximal URA3 gene is rapidly derepressed in pol1-17 mutants upon the shift to 30°C. (A) Telomeric URA3 expression was examined in strains
CH2514 [pol1-17(short)] (lane 1), CH2514 [pol1-17(long)] (lane 2), and CH2515 (POL1) grown at either 24°C (lane 3) or 30°C (lane 4). pol1-17(long) cells exhibit a
dramatic loss of telomeric URA3 repression. (B) Strains CH2514 [pol1-17(short)] and CH2515 (POL1) were grown to early log phase at 24°C, and aliquots were shifted
to 24 or 30°C for 2 or 5 h. URA3 derepression in pol1-17 cells occurs by 2 to 5 h after the shift to 30°C (compare lane 1 with lanes 4 and 5). For each sample in panels
A and B, RNA was isolated and the expression of a telomere-proximal URA3 gene was examined by Northern hybridization with a URA3 probe. To monitor RNA
loading in each lane, actin transcript levels were measured by hybridization with an ACT1 probe.
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proteins that affect telomere metabolism (22, 24). Further-
more, strains with the RAD27 gene deleted also display in-
creased single strandedness at telomeres (45). To determine if
pol1 mutants exhibit increased single strandedness at the telo-
meres at times when telomeric URA3 derepression is ob-
served, we examined telomeric DNA by a nondenaturing in-gel
hybridization technique, in which DNA is hybridized within an
agarose gel without denaturation of the DNA (18). The pres-
ence of ssDNA in pol1-17(short) cells initially grown at 23°C
and then shifted to 30°C for various times was examined (Fig.
3). Interestingly, single-strandedness in pol1-17 strains grown
at 30°C was detectable by 1 h after the shift to 30°C (Fig. 3A,
lane 2) and increased even further by 2 h after the temperature
shift (lane 3).

To determine if the single strandedness that appears at 30°C
is reversible, a logarithmically growing culture of pol1-17 cells
was shifted from 23 to 30°C and DNA was isolated after 1 and
5 h of growth; the culture was then shifted back to 23°C, and
DNA was again collected after 1 and 5 h of growth. Examina-
tion of ssDNA in the collected samples reveals that the ssDNA
signal that appeared at 30°C (Fig. 4A, lanes 2 and 3) was
mostly lost after the cells were returned to 23°C for just 1 h of

growth (lane 4); even less signal was present after 5 h of growth
at 23°C (lane 5). Thus, the increase in single-stranded charac-
ter that appears rapidly upon the shift to 30°C is lost just as
quickly when the cells are shifted back to 23°C. This result
indicates that the DNA defects generated at the telomere in
pol1-17 cells at 30°C are reversible.

The significance of the single strandedness in pol1-17 mu-
tants grown at 30°C was investigated by examining the nature
of the ssDNA. To determine if single strandedness is specific to
telomeric DNA or is a general chromosomal defect, nondena-
turing in-gel hybridization was performed with probes to DNA
located internally on the chromosome. Although hybridization
to control ssDNA was observed, no hybridization occurred
with probes to Y9 DNA or rDNA (data not shown), suggesting
that single strandedness is not detectable in these regions of
the chromosome. Furthermore, a TG oligonucleotide probe
failed to hybridize with non-denatured DNA, which suggests
that the increased single strandedness is due to defects on the
C-rich lagging strand (data not shown). In addition, to deter-
mine if the single strandedness is terminal, the ssDNA in
pol1-17 mutants was treated with E. coli exonuclease I (ExoI),
an ssDNA-specific exonuclease that degrades DNA from the 39
end (32). ExoI treatment resulted in loss of hybridization of a
CA probe to pol1-17 telomeric DNA (Fig. 5A, lane 4), sug-
gesting that the single strandedness is located in terminal se-
quences rather than being caused by the presence of internal
gaps or nicks. Finally, these single-stranded G-strand exten-
sions occur in a cell cycle-regulated fashion in pol1-17 cells,
even at 30°C (see below). Although we cannot exclude the
possibility that they differ from ssDNA extensions that occur at
the telomeres in wild-type cells, they share the defining char-
acteristics of G tails. Thus, we will refer to them as G tails.

In summary, pol1-17 mutants show telomeric G tails even
before the appearance of detectable telomere elongation be-
yond the length of telomeres in pol1-17 cells grown at 23°C
(Fig. 3A and B, compare lanes 1 and 2). Furthermore, the
ssDNA is telomere specific and appears to be due to a loss of
DNA on the C-rich, lagging strand. This rapid appearance of
excessive G tails is temporally consistent with the loss of re-
pression of the telomeric URA3 gene expression that begins to
occur by 2 to 5 h after the shift to the semipermissive temper-
ature. These data suggest that alterations in telomeric chro-
matin structure could be the cause of telomere elongation in
pol1-17 mutants.

The appearance of telomeric ssDNA in cdc17-1 strains can
occur even in the absence of telomerase. The failure to detect
hybridization with a TG probe and the absence of telomeric
ssDNA in pol1-17 mutants following ExoI treatment indicate
that the single strandedness is due to a terminal absence of
DNA on the C-rich, lagging strand. To determine if the ap-
pearance of these excess G tails requires elongation of the
G-rich, leading strand by telomerase, we examined the amount
of single-stranded character in cdc17-1 tlc1D strains, which lack
telomerase activity. As expected, cdc17-1 strains shifted to
30°C showed increased single strandedness at the telomeres
(Fig. 6A, lanes 2 to 4) as well as telomere elongation (Fig. 6B,
compare the telomeric DNA smear in lanes 1 and 4). Inter-
estingly, cdc17-1 tlc1D strains shifted to 30°C for either 2, 6, or
24 h also exhibited single strandedness (Fig. 6A, lanes 6 to 8),
although their telomeres did not elongate (Fig. 6B, compare
lane 5 with lanes 6 to 8). The presence of ssDNA in cdc17-1
tlc1D strains suggests that the terminal ssDNA is caused by a
specific loss of telomeric DNA on the G-rich strand in a te-
lomerase-independent manner. These observations are consis-
tent with the hypothesis that cdc17/pol1 mutants are defective
in telomeric lagging-strand synthesis, which would predict that

FIG. 3. pol1-17 mutants quickly exhibit single-stranded character at the telo-
meres upon the shift to 30°C. Strains CH2377 (pol1-17) and CH2378 (POL1)
were grown to early log phase at 23°C, and aliquots were shifted to 30°C for
various times. DNA isolated at each time point was digested with XhoI, which
releases terminal telomeric fragments on Y9-containing telomeres, and analyzed
by nondenaturing in-gel hybridization (A) and denaturing hybridization (B) with
a CA oligonucleotide probe. Hybridization to high-molecular-weight DNA rep-
resents non-Y9-containing telomeres. ssDNA on the native gel is observed by 1 h
after the shift to 30°C (lane 2), and its level increases by 2 h after the shift to 30°C
(lane 3). Stripping and reprobing the gel under denaturing conditions demon-
strates that the lanes were approximately evenly loaded. Lanes 15 and 16 contain
control double-stranded and single-stranded TG1–3 DNA, respectively. The
smear of Y9-containing telomeric DNA from pol1-17 cells is indicated by an
arrow in panel B. Molecular weight markers (in thousands) are indicated on the
left.

790 MARTIN ET AL. MOL. CELL. BIOL.



the ssDNA is generated as a result of an S-phase defect caused
by the mutant polymerase.

To determine whether the excess telomeric ssDNA in
pol1-17 mutants is generated during S phase, we examined the

appearance of G tails in synchronized cultures of pol1-17 cells
as they moved through S phase. pol1-17 cells grown at 23°C
were arrested with a-factor to synchronize the cells in G1. The
culture was split into four aliquots, which were incubated at 23
or 30°C, with or without a-factor (see Materials and Methods
for details). Examination of isolated DNA by nondenaturing
in-gel hybridization (Fig. 7A) revealed that G1-arrested
pol1-17 cells at 23 or 30°C failed to exhibit ssDNA (Fig. 7A). In
contrast, pol1-17 cells released from a-factor arrest at 23°C
(Fig. 7A, left panels) exhibited a peak of ssDNA 1 h after
release from arrest (Fig. 7A, lane 5), when the cells were in S
phase (Fig. 7B). Furthermore, the level of telomeric ssDNA
decreased when the cells exited S phase (Fig. 7A, lane 6, and
Fig. 7B) and increased again slightly as the culture became
asynchronous (Fig. 7A, lanes 7 and 8, and Fig. 7B). The timing
of the appearance of the telomeric ssDNA corresponded to
earlier evidence that telomeric G tails are generated only dur-
ing S phase (58, 59). pol1-17 cells released from a-factor arrest
at 30°C displayed a striking excess of ssDNA (Fig. 7A, right
panels), which initially appeared when the cells entered S
phase (Fig. 7A, lane 5, and Fig. 7B). Notably, more signal for
ssDNA was observed in pol1-17 cells at 30 than at 23°C, even
as the cultures became asynchronous (Fig. 7A and B, compare
1 and 5 h), and a similarly elevated signal for ssDNA was
present 24 h later (data not shown). Taken together, these
results suggest that the telomeric ssDNA generated in pol1-17
mutants at 30°C occurred as a result of an S-phase-specific
defect, such as defective telomeric lagging-strand synthesis.

To determine if the telomeric ssDNA structures disappear
following the termination of S phase, the persistence of ssDNA
was examined in cells that were arrested in the G1 phase. Strain
RWY121 (pol1-17) was grown exponentially at 30°C to allow
the formation of ssDNA at the telomeres. The cultures then
were treated with a-factor to arrest the cells in G1; the DNA
isolated from these cells was examined for the presence of
ssDNA by nondenaturing in-gel hybridization. As shown in

FIG. 4. The increase in the level of telomeric ssDNA in pol1-17 cells is reversible. Strain CH2377 [pol1-17(short)], grown to early log phase at 23°C, was shifted
to 30°C, and aliquots of cells were collected after 1 and 5 h of growth. Subsequently, the culture of pol1-17 cells was shifted back down to 23°C and aliquots again were
collected after 1 and 5 h of growth. DNA isolated at each time point was digested with XhoI and analyzed as described in the legend to Fig. 3. (A) Nondenaturing in-gel
hybridization with a CA-oligonucleotide probe reveals that the ssDNA that appears at 30°C (lanes 2 and 3) is lost immediately after the cells are shifted back to 23°C
(lanes 4 and 5). (B) Stripping, denaturing, and reprobing of the native gel in panel A with a Y9 probe indicates that the lanes are approximately evenly loaded. Lanes
6, 7, and 8 contain control double-stranded TG1–3 DNA, single-stranded TG1–3 DNA, and Y9 DNA, respectively. Because a Y9 probe was used for this hybridization,
the pattern of bands after denaturation differs in appearance from those in other figures. The smear of Y9-containing telomeric DNA is indicated by an arrow in panel
B. Molecular weight (MW) markers (in thousands) are indicated in the middle.

FIG. 5. Telomeric ssDNA in pol1-17 cells is removed by ExoI. CH2377 [pol1-
17(short)] was grown to early log phase at 23°C and shifted to 30°C for 5 h. DNA
was isolated before and after the temperature shift and incubated in the presence
(lanes 2 and 4) or absence (lanes 1 and 3) of ExoI. The DNA was digested with
XhoI and examined by nondenaturing in-gel hybridization (A) and denaturing
hybridization (B) with a CA-oligonucleotide probe, as described in the legend to
Fig. 3. Telomeric ssDNA in pol1-17 cells is lost following treatment with ExoI
(compare lanes 3 and 4 in panel A). Lanes 5 and 6 contain control single-
stranded and double-stranded TG1–3 DNA, respectively. Molecular weight
(MW) markers (in thousands) are indicated in the middle.
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Fig. 8, the ssDNA disappeared when the cells were arrested in
G1 for 2 or 6 h (Fig. 8A, compare lanes 2 and 3 with lane 1).
This result suggests that although excessive G tails form during
S phase in pol1-17 mutants grown at 30°C, the tails are still
processed to normal chromosomal end structures, with no de-
tectable G tails, by the time the cells reach the G1 phase. Thus,
telomeric ssDNA is abundant in pol1-17 mutants only during a
restricted part of the cell cycle.

DISCUSSION

These studies demonstrate that cdc17/pol1 mutants exhibit
alterations in telomeric chromatin structure at temperatures at
which their telomeres also elongate. pol1-17 mutants with elon-
gated telomeres display a dramatic loss of telomeric silencing,
or TPE (Table 2). Interestingly, Northern hybridization anal-
ysis suggests that derepression of a telomeric URA3 gene in
pol1-17 mutants may occur before detectable telomere length-
ening (Fig. 2 to 4). Furthermore, cdc17/pol1 strains exhibit a
striking and reversible increase in ssDNA character at the
telomeres prior to telomere elongation (Fig. 5). This ssDNA is
generated during S phase and occurs specifically at telomeres
due to a loss of DNA on the C-rich strand (Fig. 5 and 7). Thus,
cdc17/pol1 mutants appear to be defective in telomeric lagging-
strand synthesis. Taken together, these results suggest that
telomere elongation in cdc17/pol1 mutants is caused by alter-
ations in telomere structure.

The loss of TPE in cdc17/pol1 mutants suggests that the
protein complexes required for TPE are not properly assem-
bled. One possible explanation for the improper assembly is
that the elongated telomeres in pol1 mutants titrate a limiting
silencing component, such as Sir3p (38, 50), to the ends of the
extended telomeres and away from the telomeric URA3 gene.
However, an examination of silencing at HML, which requires

several proteins that are also required for TPE (3, 13), reveals
that the HML locus is silenced to the same extent in POL1
strains and pol1-17 strains with fully elongated telomeres (Fig.
1 and data not shown). Furthermore, this interpretation is
inconsistent with the kinetics of TPE loss in these cells: TPE is
lost before detectable telomere lengthening occurs (Fig. 2 to
4). Thus, it appears unlikely that the loss of TPE in cdc17/pol1
cells is due to the titration of a limiting silencing component to
the telomere ends. This interpretation is also consistent with
the finding that wild-type cells with artificially elongated telo-
meres can exhibit even greater levels of telomeric silencing
than wild-type cells with normal-length telomeres (31).

A more reasonable explanation for the loss of TPE is that
cdc17/pol1 mutants suffer an alteration in the composition of
telomeric proteins that are required for telomeric silencing and
telomere length regulation. This hypothesis is consistent with
observations of a number of other mutants. For example, some
mutations affecting telomeric chromatin components, such as
Rap1p, Sir2p, Sir3p, and Sir4p, cause dramatic reductions in
the levels of telomeric silencing (2, 30). rap1t alleles cause
telomere lengthening while also causing a derepression of te-
lomere-proximal genes (30). Additionally, mutations in the
genes encoding the yeast Ku proteins, which are believed to
function in the regulation of the telomeric DNA end structure,
also cause a loss of telomeric silencing and a loss of telomere
length regulation (9, 24, 42). Thus, the absence of one or more
important structural or regulatory components on the telo-
meres of cdc17/pol1 mutants could account for the loss of
telomeric silencing.

The rapidity with which G tails appear in cdc17/pol1 mutants
at 30°C makes it likely that the formation of telomeric ssDNA
is the primary structural defect that causes telomere elongation
and the loss of telomeric silencing. This defect appears to be
telomere specific, rather than being a general DNA replication

FIG. 6. ssDNA tails occur in the absence of telomerase, but the telomeres do not elongate. DNA was isolated from strain RWY120 (cdc17-1 tlc1D) cells or from
strain RWY120 cells carrying a plasmid-borne copy of TLC1 after growth at 23°C (lanes 1 and 5) and after the 23°C culture had been shifted to 30°C for 2 h (lanes
2 and 6), 6 h (lanes 3 and 7), or 24 h (lanes 4 and 8) of growth. (A) Nondenaturing in-gel hybridization with a CA-oligonucleotide probe indicates that the telomeric
ssDNA that is present in cdc17-1 cells at 30°C (lanes 2 to 4) is produced even in the absence of telomerase (lanes 6 to 8). (B) Denaturing hybridization with a
CA-oligonucleotide probe of the gel in panel A demonstrates that the lanes are approximately evenly loaded. Note that the telomeres are substantially shorter in the
cdc17-1 tlc1D strain than in the cdc17-1 strain; telomere shortening occurs during the 30 generations of growth at 23°C that is necessary to produce the cdc17-1 tlc1D
strain (compare telomeric DNA smears [arrow]).
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defect, because increased single strandedness occurs specifi-
cally at the telomeres and not at rDNA or Y9 DNA. The
mutant polymerase may be defective in its ability to synthesize
repetitive, simple DNA sequences like those found at telo-
meres. Because ssDNA appears before detectable telomere
lengthening, telomere elongation may occur as a result of this
alteration in telomeric DNA structure, possibly by affecting
telomeric protein binding. This hypothesis is consistent with

previous studies reporting that alterations in telomeric DNA
can affect telomere length control. For example, in the yeast
Kluyveromyces lactis, explosive telomere elongation results
from mutations in the telomerase RNA template that perturb
the sequence of newly synthesized telomeric DNA, thereby
altering the binding sites for the telomere-binding proteins
(29). According to this hypothesis, incomplete telomeric DNA
synthesis in cdc17/pol1 mutants may trigger an altered regula-

FIG. 7. The appearance of telomeric ssDNA occurs during S phase in pol1-17 cells at 30°C. (A) In-gel hybridization of DNA derived from pol1-17 cells arrested
in G1 (lanes 1 to 3) and released into a synchronous cell cycle (lanes 4 to 8) at 23°C (left panels) and 30°C (right panels). Exponentially growing cells of strain RWY121
(pol1-17 bar1D) were treated with a-factor for 11 h at 23°C to arrest the cells in the G1 phase. The culture was then split into two portions, which were incubated at
23 or 30°C for the remainder of the experiment. The portions were split into two aliquots after 1 h (t 5 0, lanes 1), and the cells of one aliquot were kept in G1 with
a-factor (lanes 2 and 3) while the other aliquot was released into the cell cycle by a-factor removal (lanes 4 to 8). Samples of cells were collected from all four aliquots
at 0.5 h (lanes 2 and 4), 1 h (lanes 5), 2 h (lanes 6), 3 h (lanes 7), and 5 h (lanes 3 and 8) after t 5 0. These aliquots were used for DNA isolation and analysis of the
DNA end structures by nondenaturing in-gel hybridization (as described in the legend to Fig. 3) (A); they also were used for FACS analysis of DNA content (B).
Hybridization under denaturing conditions demonstrates that all lanes were approximately evenly loaded (lower panels in panel A). Lanes 9 and 10 contain control
single-stranded and double-stranded TG1–3 DNA, respectively. Note that for the cultures remaining in G1, only the DNA isolated after 0.5 and 5 h is shown. The DNA
isolated from cells harvested at the time points in between those two times yielded indistinguishable very weak hybridization in the nondenaturing gels (data not shown).
Similarly, only the FACS profiles of cells at t 5 0 and cells collected after the release into the cell cycle are shown; the profiles of the cells remaining at G1 were
indistinguishable from those at t 5 0 (data not shown). pol1-17 cells released into the cell cycle at 30°C display an excess of ssDNA that initially appears only when
the cells enter S phase. Molecular weight (M) markers (in thousands) are indicated on the left of each panel.
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tion of telomerase and, as a consequence, the telomere length
“set point” of the cells.

The excess telomeric ssDNA generated in cdc17/pol1 mu-
tants appears to be caused by a specific loss of DNA sequence
on the C-rich strand that can occur independently of telomer-
ase. An economical explanation for these results is that the
telomeric ssDNA observed in cdc17/pol1 mutants at 30°C is
caused by a failure of the mutant polymerase to adequately
synthesize the C-rich, lagging strand at the telomeres. In sup-
port of this hypothesis, the generation of excess telomeric
ssDNA appears to occur specifically during S phase in cdc17/
pol1 mutants. This observation is consistent with the recent
demonstration that the generation of telomeric G tails requires
not only that the cells pass through the S phase but also that
the replication machinery reach the telomere (19). Of course,
at least for cdc17/pol1 mutants, a lagging-strand defect is prob-
ably not the only explanation for the appearance of the ssDNA
tails. While both cdc17-1 tlc1D and cdc17-1 strains exhibit
ssDNA tails immediately upon the shift to 30°C, the telomeres

in cdc17-1 strains become longer rather than shorter. Thus, we
hypothesize that the G tails in the cdc17-1 cells may be gen-
erated by a combination of defective lagging-strand synthesis
and excessive elongation by telomerase. Given that the hybrid-
ization signals to the ssDNA in the cdc17 and cdc17/tlc1D
strains are not significantly different, the contribution of te-
lomerase to the single-stranded tails as a whole may be minor.
This hypothesis is consistent with the finding that the transient
G-rich tails observed on DNA derived from tlc1D cells yield
hybridization signals that are indistinguishable from those ob-
tained with DNA derived from wild-type cells (18).

As mentioned above, the telomeric ssDNA structures in
cdc17/pol1 cells may perturb telomere length control by affect-
ing the regulation of telomerase activity. The presence of the
ssDNA tails may cause excessive elongation by acting as good
substrates for telomerase. However, the prolonged presence of
telomerase substrates alone is probably not sufficient to cause
telomere lengthening. Mutations in the Ku proteins, which are
suggested to be important for telomere function and telomere
length control (9, 24, 42), cause increased telomeric ssDNA
character, loss of telomeric silencing, and loss of telomere
length control (9, 24, 42). Interestingly, the telomeres in yeast
Ku mutants shorten, rather than lengthen, despite the persis-
tent presence of G tails throughout the cell cycle in these
mutants (10, 24, 47, 48).

In addition to the effect of the presence of ssDNA, telomere
elongation in cdc17/pol1 mutants may be caused by a loss of the
coordination between the defective polymerase and telomer-
ase. A similar phenomenon also has been observed in other
systems. In Euplotes, for example, partial inhibition of C-rich
strand synthesis by DNA polymerase a causes heterogeneous
changes in the length of the G-rich strand that is synthesized by
telomerase, suggesting that the functions of polymerase a and
telomerase are coordinately regulated (21). We hypothesize
that the activities causing C-strand degradation, and ultimately
telomere shortening, may be regulated normally in cdc17/pol1
mutants, while the elongating activities (C-strand fill-in synthe-
sis and telomerase) occur in an uncoordinated fashion. In this
scenario, the generation of duplex telomeric DNA may func-
tion to directly or indirectly inhibit excessive telomere length-
ening by telomerase. For example, the partial loss of duplex
DNA at the telomeres in cdc17/pol1 mutants may create an
unfavorable environment for the binding of the telomere-bind-
ing Rap1 protein; Rap1p requires duplex DNA for binding (6,
12, 36) and is central in the mechanism of telomere length
control (39). Similarly, alterations in telomeric DNA structure
in cdc17/pol1 mutants could affect the binding of Est1p or
Cdc13p/Est4p, which are associated with the regulation of te-
lomerase (34, 43, 54). Strikingly, cdc13-1ts and cdc17/pol1 mu-
tants each exhibit telomere elongation at the semipermissive
temperature (43) and display increases in telomeric ssDNA
character (22). Thus, the telomeric DNA defects in cdc17/pol1
mutants grown at the semipermissive temperature may inter-
fere with the binding or interactions of critical regulatory com-
ponents. Consequently, cdc17/pol1 mutants could be incapable
of establishing the proper telomeric context necessary for te-
lomeric silencing and telomere length control.

Taken together, a failure of a mutant polymerase a to com-
plete telomeric C-strand synthesis in yeast may directly prevent
the formation of proper telomeric chromatin structure, which
is important for telomere function and telomere length con-
trol. Future work is needed to more closely examine the com-
position of proteins present at telomeres in cdc17/pol1 cells
grown at the permissive and semipermissive temperatures.
Identification of the factors responsible for the differences
observed on the telomeres in cdc17/pol1 cells exposed to these

FIG. 8. The telomeric ssDNA structures generated in S phase can be pro-
cessed to normal end structures in pol1-17-cells even at 30°C. Strain RWY121
(pol1-17 bar1D) was grown exponentially at 23°C and then shifted to 30°C
overnight to allow production of telomeric ssDNA (0h, lane 1). The 30°C culture
was then arrested in G1 with 600 mM a-factor for 2 h (lane 2) or 6 h (lane 3). (A)
Nondenaturing in-gel hybridization to DNA derived from the cells at the indi-
vidual time points (top panel) and the same gel hybridized after denaturing the
DNA (bottom panel) as in Fig. 3. (B) FACS profiles of the same cells used in
panel A. Note that pol1-17 cells growing at the semipermissive temperature
always show a predominance of cells with a 2C DNA content (1). Cell- cycle
arrest in the G1 phase of this culture was also monitored by measuring cell
morphology (shmooed and single cells versus budded cells) at each time point to
confirm that .85% of the cells were arrested in G1 after 6 h of a-factor treat-
ment (data not shown). The ssDNA tails generated in pol1-17 cells at 30°C are
processed to normal end structures by the time the cells reach the G1 phase.
Molecular weight (M) markers (in thousands) are indicated on the left of each
panel.
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different conditions will contribute to a greater understanding
of the elements required for telomere length regulation.
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