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The Saccharomyces cerevisiae RAD27 gene encodes the yeast homologue of the mammalian FEN-1 nuclease,
a protein that is thought to be involved in the processing of Okazaki fragments during DNA lagging-strand
synthesis. One of the predicted DNA lesions occurring in rad27 strains is the presence of single-stranded DNA
of the template strand for lagging-strand synthesis. We examined this prediction by analyzing the terminal
DNA structures generated during telomere replication in rad27 strains. The lengths of the telomeric repeat
tracts were found to be destabilized in rad27 strains, indicating that naturally occurring direct repeats are
subject to tract expansions and contractions in such strains. Furthermore, abnormally high levels of single-
stranded DNA of the templating strand for lagging-strand synthesis were observed in rad27 cells. Overexpres-
sion of Dna2p in wild-type cells also yielded single-stranded DNA regions on telomeric DNA and caused a cell
growth arrest phenotype virtually identical to that seen for rad27 cells grown at the restrictive temperature.
Furthermore, overexpression of the yeast exonuclease Exo1p alleviated the growth arrest induced by both
conditions, overexpression of Dna2p and incubation of rad27 cells at 37°C. However, the telomere heterogeneity
and the appearance of single-stranded DNA are not prevented by the overexpression of Exo1p in these strains,
suggesting that this nuclease is not simply redundant with Rad27p. Our data thus provide in vivo evidence for
the types of DNA lesions predicted to occur when lagging-strand synthesis is deficient and suggest that Dna2p
and Rad27p collaborate in the processing of Okazaki fragments.

Due to the conserved 59-to-39 polarity of all DNA polymer-
ases known to date, newly synthesized DNA at the replication
fork is assembled in a discontinuous (lagging) and a continuous
(leading) strand. All replicative polymerases also require a
primer to efficiently start synthesizing DNA. This priming of
DNA synthesis by a short RNA molecule presumably only
occurs once, at the origin of replication, for leading-strand
synthesis, but priming is required throughout the synthesis of
the lagging strand. Thus, the generation of a continuous DNA
strand for lagging-strand synthesis is dependent on the activi-
ties of a primase, DNA polymerases a, d, and/or ε with acces-
sory proteins such as PCNA and RF-C, as well as activities
involved in removal of the RNA primer and resealing of the
resulting gap (for reviews, see references 3 and 4).

In the yeast Saccharomyces cerevisiae, as in mammalian cells,
removal of the RNA primer is thought to be mediated by an
endo/exonucleolytic activity called FEN-1 (flap endonuclease
or 59-exonuclease 1 [20, 21]), presumably aided by RNase H1
(18, 24, 36, 48, 50; for reviews, see references 17, 29, and 32).
Recent biochemical analyses of the FEN-1 nuclease indicate
that the FEN-1 protein interacts with, and its activity is stim-
ulated by, PCNA (31, 56). The yeast homologue of the mam-
malian FEN-1 enzyme is encoded by the RAD27/RTH1 gene
and belongs in the RAD6 epistasis group (37). Yeast cells
lacking Rad27p are sensitive to alkylating agents like methyl
methanesulfonate but not to ionizing radiation (37). Mutant
strains also display high levels of instability of simple repetitive

DNA (14, 26, 28, 41) and a temperature-sensitive growth de-
fect (37, 45). Finally, rad27D strains incubated at the restrictive
temperature exhibit a checkpoint-dependent cell cycle arrest in
late S/G2 (49). These phenotypes, as well as the molecular
analysis of the mutation spectra occurring in rad27D strains,
suggest a crucial deficiency in DNA replication and repair (28,
47). Since mutations in RAD27, when combined with muta-
tions in genes belonging to the RAD52 epistasis group, yield
inviable cells, it has been proposed that the lesions occurring in
rad27D cells are predominantly repaired by a double-strand
break repair mechanism (47). Recent studies have also shown
that an essential yeast replicative helicase, Dna2p, interacts
genetically and biochemically with Rad27p (6, 7). Cells har-
boring temperature sensitivity alleles of DNA2 arrest in G2/M
with a 2C DNA content at the restrictive temperature and
contain DNA of low molecular weight (13). Taken together,
these results have been interpreted to suggest that Rad27p and
Dna2p act together in lagging-strand processing (3, 4). Specif-
ically, based also on the fact that the Rad27p nuclease loads
onto, and acts much more efficiently on, a displaced-59-end
single strand, it has been proposed that Dna2p displaces the 59
ends at the RNA-DNA junction of Okazaki fragments, result-
ing in a 59 flap structure that could be removed by the endo-
nucleolytic activity of Rad27p (36). However, direct in vivo
evidence for such a mode of action is still lacking.

Telomeres, the ends of eukaryotic chromosomes, are essen-
tial for chromosome integrity: they protect chromosome ends
from degradation and random fusion events (34, 40), and they
ensure the complete replication of the chromosome (19, 51,
57). Chromosomes in S. cerevisiae end in 300 bp of short,
heterogeneous sequence repeats, commonly abbreviated as
C1–3A or TG1–3 (42). These yeast telomeric sequence repeats
are similar to those of most other eukaryotes in having clusters
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of G residues in the strand running 59 to 39 from the center
toward the end of the DNA molecule (the G-rich strand) (53).
Due to the base disparity between the two strands and the
polarity of DNA synthesis, the G-rich strand will always be
synthesized by leading-strand synthesis and the C-rich strand
will always be synthesized by lagging-strand synthesis (Fig. 1).
Analyzing the DNA replication intermediates occurring during
telomere replication, we have previously shown that chromo-
some ends in yeast acquire transient $30-base single-stranded
extensions of the G-rich strand (G tails) (52, 54). Furthermore,
these G tails could be detected in cells that were devoid of
telomerase, suggesting that the bulk of the G tails are gener-
ated in a telomerase-independent fashion (11).

In order to understand all the activities required for telo-
mere processing, we are interested in determining how the
single-stranded G tails occurring during telomere replication
are generated and processed. Since the Rad27p/Dna2p pro-
teins have been proposed to process the 59 ends of newly
generated Okazaki fragments, we investigated the involvement
of these proteins in the generation of telomere replication
intermediates. If these proteins were involved in lagging-strand
synthesis in vivo, we expected aberrant telomere processing
and/or a deficiency in synthesizing the new C-rich strands on
telomeres in rad27D strains. Indeed, terminal single-stranded
G-rich strands do occur at abnormally high levels on terminal
restriction fragments (TRFs) derived from rad27D cells in-
cubated at the restrictive temperature. Conversely, single-
stranded DNA of the C-rich strand, which would be indicative
of failing leading-strand synthesis, remained undetectable as in
wild-type cells. In the same DNA samples, there were no de-
tectable single-stranded Y9 sequences for either strand. The
appearance of the single-stranded G tails correlated with an
expansion of the heterogeneity of the lengths of the terminal
repeat tracts, indicative of abnormal repeat lengthening and
shortening in rad27D cells. Overexpression of a full-length
Dna2p resulted in cell cycle arrest. This arrest in cell growth
can be suppressed by cooverexpressing Rad27p in the same
cells, supporting the notion of a functional interaction between
Rad27p and Dna2p. Most significantly, by analysis of the chro-
mosomal termini derived from cells in which Dna2p was over-
expressed, a transient increase in single-stranded G strands
was detected. We also show that while overexpression of the
yeast exonuclease Exo1p can suppress the temperature sensi-
tivity and mutator phenotypes of rad27D cells (47), it does not
suppress the appearance of single-stranded DNA in these cells.

Our results thus provide in vivo physical evidence for the types
of lesions generated by an absence of Rad27p and suggest that
Rad27p and Dna2p collaborate in proper Okazaki fragment
processing.

MATERIALS AND METHODS

Strains and plasmids. Yeast strains used were SX46A (MATa RAD27 ade2
his3-532 trp1-289 ura3-52), SX46A rad27D::URA3 (MATa rad27D::URA3 ade2
his3-532 trp1-289 ura3-52) (37), 7399-3-1 (MATa trp1 leu2 ura3 his3) (obtained by
J. Aron and T. Formosa), and MW35a (MATa ade2 ade5 canr 1 cyhr 2 lys5 ura3
trp1 leu2-3,112 his3-D200 Gal11).

The 2mm DNA2 plasmid, pTN3, was made by inserting a 5,709-bp EcoRI-PstI
fragment containing the DNA2 gene into YEplac195 (16). The pGal-DNA2
plasmid was constructed by using a ScaI-PstI fragment containing the complete
DNA2 open reading frame. The ScaI site upstream of DNA2 was converted to a
BamHI site, and this fragment was inserted into the Gal-inducible pJS227 vector.
pJS227 is YEplac195 (16) containing the Gal1-10 promoter (27). Plasmids pTN3
and pGAL-DNA2 were kindly provided by J. Aron and T. Formosa. pGAL-
vector is pGAL-DNA2 from which a 5.9-kb BamHI-PstI fragment was removed
and the vector was religated. The 2mm RAD27 plasmid, pR2, was constructed by
inserting the 2,500-bp SphI-EcoRI fragment of pMR92393 (37) into EcoRI-
SmaI-digested pRS424 (10). The 2mm EXO1 plasmid, pE1, was made by insert-
ing a 2,470-bp NotI-XhoI fragment of pRW200 into NotI-XhoI-digested pRS423
DNA (10). In order to amplify the yeast EXO1 gene from wild-type genomic
DNA, we used the following primers for PCR: DF 59-CTCCTCGAGTCTTTA
TAGGGCATTATTTGTAC-39 (the underlined bases are complementary to po-
sitions 2288 to 2265 relative to the EXO1 translational start site, and the 59
extension contains an XhoI site) and DR 59-CTCTCTAGATCTTGTCTTGAG
GCATTTCG-39 (the underlined bases are complementary to positions 12585 to
12566 relative to the EXO1 translational start site, and the 59 extension contains
an XbaI site). We used 30 cycles of PCR at 94°C for 1 min, 56°C for 1 min, and
72°C for 3 min, followed by a 15-min 72°C soaking period. The PCR product was
digested with XhoI and XbaI and cloned into pRS316 (43) to generate plasmid
pRW200.

All plasmids were propagated in bacteria by using standard Escherichia coli
strains and growth conditions (39). Yeast cells were transformed by a modifica-
tion (15) of the lithium acetate method (25) and grown in standard yeast media
(38, 58).

DNA isolation and analysis. For Fig. 2 to 5 and 8, yeast strains were grown in
synthetic complete (SC) medium at the permissive temperature for SX46A
rad27D::URA3 (23°C) to mid-logarithmic phase (optical density at 660 nm
[OD660] 5 0.6), then shifted to a semipermissive temperature (30°C) or to the
restrictive temperature (37°C) for the indicated times. For Fig. 7, the MW35a
cells containing pGAL-DNA2 were grown in SC-Ura medium containing glyc-
erol (2%) and lactate (2%) at 30°C to mid-logarithmic phase. Galactose (final
concentration, 2%) was then added to induce expression of DNA2, and the cells
were incubated for the indicated times. Total genomic DNA from cells was
isolated by a modified glass bead procedure (23, 54). Treatment of genomic
DNA with E. coli exonuclease I and mung bean nuclease was carried out as
described elsewhere (54).

Agarose gel techniques, Southern blot transfer to a nylon membrane, and
hybridization conditions were as described previously (54). The nondenaturing
in-gel hybridizations were carried out as described in reference 11. DNAs used
as probes were a 300-bp fragment containing 280 bp of telomeric repeats derived

FIG. 1. Nucleotide composition of templating and newly synthesized strands on telomeric repeats. Due to the conserved polarity of the telomeric repeats on all
telomeres, the templating strand for lagging-strand synthesis is always the G-rich strand and the templating strand for leading-strand synthesis is the C-rich strand. Thick
lines with nucleotides in boldface, templating strands; thin lines, newly synthesized strands. Note that the identity of the last nucleotide at the end of each strand is
unknown; the designation drawn out here is given for simplicity.
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from pYLPV (54), a 1.4-kb XhoI-XhoI fragment derived from yeast chromo-
somal CEN4 sequences (55), a 22-mer of the sequence 59-CCCACCACACAC
ACCCACACCC-39 (referred to as the CA oligonucleotide [11]), a 22-mer of the
sequence 59-GGGTGTGGGTGTGTGTGGTGGG-39 (referred to as the GT
oligonucleotide), and a 30-mer of the sequence 59-CCCTCGTGTTATCTGCA
GCGAGAACTTCAA-39 (referred to as the Y9 oligonucleotide). A heat-dena-
tured 0.6-kb KpnI-KpnI fragment of Y9 sequences (33) cloned in the KpnI site of
pVZ1 (22) was used as a Y9 control. Single-stranded DNA from pCA75 and
pGT75 (54) were obtained by standard procedures using a helper phage (39) to
produce CA and GT controls, respectively. The double-stranded control was
obtained by the linearization of pMW55 with BamHI. The pMW55 plasmid was
made by inserting 55 bp of duplex telomeric repeat DNA into the EcoRV site of
pRS303 (43).

RESULTS

Increased heterogeneity of telomeric repeats in rad27D cells
at the restrictive temperature. Previous work showed an ele-
vated instability of di- and trinucleotide repeats in yeast strains
deficient for Rad27p (14, 26, 28, 41). Telomeres, the ends of
the chromosomes, represent one genomic locus that naturally
consists of short direct repeats in many eukaryotes. We were
therefore interested to know whether telomeric repeat main-
tenance was affected by an absence of Rad27p. Telomeric
repeat length in yeast can be assessed by digesting genomic
DNA with XhoI, which generates diagnostic TRFs of approx-
imately 1.3 kb due to the conservation of such a site in the
subtelomeric Y9 element that is present on most telomeres (Y9
TRFs) (9). However, about one-third of the telomeres do not
harbor a Y9 element, and the TRFs derived from these telo-
meres (non-Y9 TRFs) will be larger. When the TRFs of
RAD27 strains grown at 23°C and shifted to 37°C were ana-
lyzed, no apparent change in the TRF lengths could be dis-
cerned, as expected (Fig. 2A). However, after rad27D strains
were shifted to the nonpermissive temperature, the TRFs dis-
played very heterogeneous sizes: Y9 TRFs ranged from 0.9 to

1.6 kb, and the bands for non-Y9 TRFs were similarly broad-
ened (Fig. 2A). This increase in size heterogeneity did not
require extensive outgrowth, as these cells, when incubated at
37°C, arrested as large-budded cells after 2 to 3 generations
and did not grow further (data not shown). As a control, the
Southern blot shown in Fig. 2A was stripped of the probe and
rehybridized to a probe specific for the CEN4 region (see
Materials and Methods). This rehybridization yielded the ex-
pected distinct band at approximately 1.4 kb for all DNAs,
including the DNA derived from rad27D cells incubated at the
restrictive temperature (Fig. 2B). At 30°C, cells with a deletion
of RAD27 grow slowly and display a TRF heterogeneity that is
intermediate between those of wild-type and rad27D cells in-
cubated at 37°C. However, this intermediate heterogeneity did
not change significantly upon further outgrowth of the cells at
30°C for at least 100 generations (Fig. 2C). Thus, in rad27D
cells incubated at the semipermissive and restrictive tempera-
tures, telomeric repeat length is destabilized, resulting in very
heterogeneous TRFs. These results suggest that in rad27D
cells, the natural yeast telomeric repeats are subject to tract
expansions and contractions similar to those reported for ar-
tificially inserted short repeated elements in the yeast genome
(14, 26, 28, 41).

Accumulation of single-stranded DNA of the G-rich telo-
meric repeats is detected in rad27D cells incubated at 37°C.
The specific types of mutations observed in rad27D cells are
most easily rationalized if the Rad27p is involved in processing
the 59 ends of Okazaki fragments (28, 47). The homologous
enzyme from mammalian cells will cleave a displaced 59 strand
(flap) in vitro, which is thought to be necessary to allow the
ligation of two adjoining Okazaki fragments. The displaced 59
end of the downstream Okazaki fragment could be generated
by strand displacement synthesis from the upstream Okazaki

FIG. 2. Telomeric repeat instability in rad27D strains. (A) Genomic DNA isolated from RAD27 (WT) or rad27D cells that were incubated at 23 or 37°C for the
indicated times was digested with the restriction endonuclease XhoI and analyzed by Southern blotting. The probe used was randomly labeled telomeric repeat DNA.
Y9 TRFs migrate at about 1.3 kb, and some of the other bands correspond to non-Y9 TRFs. M, end-labeled 1-kb ladder DNA serving as a size standard. (B) The same
blot as in panel A, rehybridized to a probe specific for CEN4 sequences. (C) The same experiment as in panel A, except that the strains were grown at 30°C. Note that
rad27D cells do grow at this temperature. Every day, an aliquot of the cultures was diluted into fresh medium and the cells were regrown to stationary phase (days of
culturing are indicated on top of the gel). From cell density measurements, it was calculated that the cultures had grown for approximately 100 generations on day 8
(data not shown).
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fragment or could be the product of a helicase-mediated strand
separation (3, 4). However, the 59 end of the most distal Oka-
zaki fragment initiated on telomeric repeat DNA cannot be
displaced by strand displacement synthesis, as by definition
there is no upstream Okazaki fragment that could initiate
this process (see Fig. 1). If a helicase displaces the 59 ends of
Okazaki fragments for Rad27p cleavage, the most distal Oka-
zaki fragment could be processed in the same way as the
internal ones. In order to establish whether cells lacking
Rad27p had a deficiency in telomeric repeat replication, TRFs
derived from rad27D cells were analyzed for the appearance of
single-stranded DNA. In wild-type cells, telomeres acquire sin-
gle-stranded DNA of the G-rich strand (G tails) late in S phase
but have no detectable single-stranded DNA during the rest of
the cell cycle (52, 54). Moreover, single-stranded DNA of the
C-rich strand always remained undetectable. Thus, when the
TRFs derived from asynchronous wild-type cells were analyzed
for G tails, only a very faint signal was detected (Fig. 3A).
Similarly, rad27D cells grown at 23°C and shifted to 37°C for a
short time (#6 h) displayed only minor G tails (Fig. 3A).
However, TRFs derived from rad27D cells incubated at 37°C
for more than 6 h had single-stranded G-rich DNA that was
easily detectable in our assay (Fig. 3A). The appearance of this
single-stranded DNA correlated in time with the appearance
of the repeat heterogeneity (Fig. 2 and 3B) and with the arrest
of cell growth (data not shown). The single-stranded DNA
detected in Fig. 3A could reflect gaps or could be a terminal G
tail, as occurs on telomeres derived from wild-type cells. To
distinguish between these possibilities, genomic DNA derived
from rad27D cells that were incubated at the restrictive tem-
perature was digested with E. coli exonuclease I, a 39-end-
specific single-stranded exonuclease (30), prior to TRF analy-
sis. This treatment abolished the signal for the single-stranded

DNA, as did a pretreatment with mung bean nuclease, a single-
stranded-specific endonuclease (Fig. 4B). Neither of these
treatments caused a general DNA degradation, and approxi-
mately the same amount of DNA was loaded in all lanes (Fig.
4C). Moreover, on this same DNA, no single-stranded DNA of
the C-rich strand was detectable (Fig. 4A). Finally, a probe
specific for Y9 sequences and located about 500 bp proximal to
the Y9-to-telomeric repeat transition did not reveal any single-
stranded DNA in this region (Fig. 5A). The probe used in Fig.
5A would detect the strand making the 39 ends of the chro-
mosomes (the G-rich strand on the telomeric repeats), but an
analogous probing with a probe from the opposing strand did
not detect any single-stranded DNA either (data not shown).
Once again, however, the accumulation of single-stranded
DNA of the G-rich strand was detected on the DNA derived
from rad27D cells incubated at 37°C, when this gel was rehy-
bridized to a telomeric C-strand probe (Fig. 5B), and all lanes
contained approximately the same amount of DNA (Fig. 5C).
Thus, the single-stranded DNA detected on the TRFs derived
from rad27D cells incubated at the restrictive temperature is
specific for the G-rich telomeric repeats and consists of termi-
nal extensions. These results indicate that in rad27D cells in-
cubated at the restrictive temperature, excessive telomeric G
tails are generated and cannot be processed to normal chro-
mosomal ends.

Overexpression of Dna2p leads to formation of G tails. One
possible interpretation of the above results could be that in the
absence of the Rad27p nuclease, a DNA helicase responsible
for the dissociation of the 59 ends of newly generated Okazaki
fragments inappropriately dissociates Okazaki fragments. Giv-
en the genetic and biochemical interactions of the Dna2p he-
licase with Rad27p, it was previously proposed that Dna2p
could be the helicase performing this function (3, 4). However,

FIG. 3. Appearance of single-stranded DNA on telomeres derived from rad27D cells. (A) Genomic DNA isolated from RAD27 (WT) or rad27D cells incubated at
37°C for the indicated times was digested with XhoI and analyzed by a nondenaturing in-gel hybridization procedure (11) with an end-labeled CA oligonucleotide as
a probe. Double-stranded and linearized pMW55 served as a negative control (labeled ds), and single-stranded phagemid DNA containing yeast telomeric repeats of
the G-rich strands served as a positive control (labeled GT) (see Materials and Methods). Molecular size standards are as in Fig. 2. (B) The DNA in the gel shown
in panel A was denatured, and the same gel was rehybridized to the probe to show all the telomeric repeat-containing fragments.
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DNA2 has been shown to be an essential gene, and a temper-
ature sensitivity allele of DNA2, dna2-1, is synthetically lethal
with a rad27D mutation (6). Thus, we were unable to test
whether the defects caused by a rad27D mutation could be
alleviated by mutations in DNA2. Alternatively, one might
predict that overexpression of Dna2p in otherwise wild-type
cells should yield the same phenotypes as an absence of
Rad27p at high temperatures. To test this prediction, the en-
tire coding sequence for Dna2p was inserted downstream of a
galactose-inducible promoter and transformed into yeast
grown on glucose media. While transformed cells form colo-
nies on plates containing glucose, no growth is discernible on
plates containing galactose (Fig. 6), indicating that overexpres-
sion of Dna2p yields inviable cells. In addition, a high-copy-
number vector harboring the DNA2 gene did not yield any
transformants, while control transformations with the empty
vector did (Table 1). More significantly, however, cotransfor-
mation of the high-copy-number plasmid containing the DNA2
gene with one that contained the RAD27 gene resulted in
viable transformants (Table 1). We conclude that overexpres-
sion of the Dna2p helicase induces growth arrest and that this
arrest can be suppressed by a concomitant overexpression of
Rad27p. It was therefore possible that the actual lesions to the
chromosomes in cells overexpressing Dna2p were similar to
those observed in rad27D cells grown at elevated temperatures.
To test this hypothesis, DNA was isolated from cells in which
DNA2 expression was induced from the pGAL-DNA2 plasmid.
This DNA was then analyzed for telomeric end structure (Fig.
7). After 1 h of galactose-induced Dna2p expression, only a
slight signal for single-stranded G strands was detectable (Fig.
7). However, after 5 h of induction, signals for single-stranded
G strands were readily detectable. In cultures in which Dna2p
was induced for longer than 5 h, cells stopped growing, with a
concomitant decrease in the signal for single-stranded DNA
(Fig. 7). After 24 h of induction, single-stranded DNA was
barely detectable, even though somewhat more DNA was
loaded in this lane than in the other lanes (Fig. 7). Although we
do not know the reasons why the signals decrease upon pro-
longed Dna2p expression, single-stranded telomeric G-strand

DNA is generated at elevated levels when Dna2p is overex-
pressed for a brief period, and the cells are still able to return
to growth on glucose-containing plates. We conclude that in-
duction of Dna2p overexpression results in increased amounts
of telomeric G-strand single-stranded DNA, a feature that is
also displayed in rad27D cells at elevated temperatures. We
also examined the chromosomal end structure on DNA de-
rived from cells that contained a temperature sensitivity allele
of the DNA2 gene, dna2-1 (5), at the permissive and restrictive
temperatures. Contrary to results obtained with DNA derived
from the rad27D cells, no aberrant single-stranded DNA was
detectable at any temperature, but the overall telomeric repeat
length appeared slightly increased in these strains (data not
shown).

Overexpression of Exo1p does not suppress all the pheno-
types observed for rad27D cells. The characterization of the
EXO1 gene, encoding a 59-39 exonuclease, has shown that
Exo1p, when overexpressed, can suppress the temperature sen-
sitivity and mutator phenotypes of cells carrying mutations in
RAD27 (46). In addition, mutations in EXO1 are lethal when
combined with RAD27 mutations (46). Thus, it has been spec-
ulated that either EXO1 and RAD27 may encode redundant
functions or that the actual lesions occurring in rad27D cells
need Exo1p for repair (46). Since our physical analysis of the
DNA derived from rad27D cells uncovered the existence of
single-stranded G tails at the telomeres, we investigated wheth-
er overexpression of Exo1p would also reverse this effect in
rad27D cells (Fig. 8). Overexpression of Exo1p from a high-
copy-number vector in wild-type cells or deletion of the EXO1
gene had no effect on telomeric end structure or telomere
length (Fig. 8 and data not shown). However, while introducing
the same plasmid into rad27D cells suppressed their tempera-
ture sensitivity (46) (data not shown), it did not alleviate the
appearance of the terminal single-stranded DNA after rad27D
cells were shifted to 37°C (Fig. 8A). Furthermore, the length
heterogeneity of the TRFs in this strain is very similar to that
observed in rad27D cells without overexpression of Exo1p
(compare the last two lanes in Fig. 8B with those in Fig. 2A).
Thus, overexpression of Exo1p does not suppress all the phe-

FIG. 4. The single-stranded telomeric repeats observed on TRFs derived from rad27D cells are specific for the G-rich strand and are terminal extensions. RAD27
(WT) or rad27D cells were pregrown at 23°C, then incubated overnight at 37°C, and DNA was isolated from both cultures. This DNA was then digested with mung
bean nuclease (lanes labeled 1 for MB) or E. coli exonuclease I (lanes labeled 1 for Exo) or was mock treated (no enzyme; indicated with a minus sign). All the DNAs
were then digested with XhoI and analyzed by nondenaturing in-gel hybridization as in Fig. 3. For the designation of the control DNAs, see Fig. 3 and Materials and
Methods. (A) The gel was hybridized to the end-labeled GT oligonucleotide. (B) The gel shown in panel A was then rehybridized to the end-labeled CA oligonucleotide.
Note that due to the fact that the gel was not denatured between the two probings, both the CA and GT single-stranded controls show positive signals after the second
probing. (C) A photograph of the ethidium bromide-stained gel prior to the first hybridization is shown to demonstrate approximately equal loading of DNA in all lanes.
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notypes observed for rad27D cells, suggesting that the EXO1
gene product is not redundant with RAD27 but rather is re-
quired for an efficient repair of the lesions induced by the
absence of Rad27p.

DISCUSSION

Instability of telomeric repeats in rad27D cells. Previous
genetic analyses of yeast cells carrying a deletion of the RAD27
gene and biochemical analyses of the homologous mammalian
FEN-1 protein in vitro suggested that Rad27p was involved in
the processing of Okazaki fragments during lagging-strand syn-
thesis (see references 3 and 4 for reviews). A particular char-
acteristic of yeast strains harboring a rad27 deletion is the
destabilization of micro- and minisatellite sequences (14, 26,
28, 41). This repeat tract destabilization appeared to worsen
with increased tract lengths (14, 41). Since the chromosome
ends constitute one natural locus in which relatively long tracts
of simple, direct repeats occur in many organisms, including
yeast, we investigated whether the repeat instability observed
in rad27D strains also occurred on telomeric repeats. As shown
in Fig. 2 and 8, this is indeed the case: telomeric repeat tract
lengths display a severe increase in their heterogeneity when
rad27D cells are grown at elevated temperatures. This in-
creased heterogeneity, indicating tract contractions and expan-

sions, appears to be in contrast to some results that suggested
a strong bias for repeat expansions in rad27D cells (26, 28).
However, this bias was found only for relatively short tracts
(#50 bp) of mono- and dinucleotide repeats, and in larger
tracts ($100 bp) of trinucleotide repeats, such a bias was not
observed. In such long tracts, which more closely resemble the
telomeric repeat tracts (average length of about 300 bp), there
was an approximately equal distribution of repeat contractions
and expansions in rad27D cells (14, 41). Thus, an absence of
Rad27p not only affects the stability of artificially introduced
short repeats in the yeast genome or on plasmids but also has
a severe effect on the stability of the natural telomeric repeats
at chromosome ends. Given that the telomeric repeats are
essential for chromosomal stability, it is possible that this tract
instability may contribute significantly to the growth arrest
observed in rad27D strains grown at elevated temperatures.

Single-stranded template DNA of the lagging strand occurs
in rad27D cells and in cells in which Dna2p is overexpressed.
Several mechanisms have been proposed to explain the gener-
ation of repeat tract heterogeneity in rad27D cells (17, 26, 28,
47). Most of them rely on the assumption that Rad27p indeed
plays an important role in Okazaki fragment processing in vivo,
a role that was suggested from the relatively well characterized
activities that the mammalian homologue of this enzyme dis-
plays in vitro (see reference 32 for a review). Some particular-
ities occurring during the replication of telomeric repeats al-
lowed an examination of this prediction, at least at a qualitative
level. First, due to the conserved polarity of the repeats at all
telomeres, the G-rich strands will always be synthesized by
leading-strand synthesis and the C-rich strands by lagging-
strand synthesis (see Fig. 1). Thus, by analyzing and comparing

FIG. 5. The single strandedness of the telomeric G-rich strand does not ex-
tend into neighboring Y9 sequences. DNAs derived from RAD27 (WT) or rad27D
cells incubated overnight at the indicated temperatures were digested with XhoI
and analyzed as in Fig. 3 and 4. (A) The probe consisted of an end-labeled Y9
oligonucleotide, detecting the same strand as the G-rich telomeric repeat strand,
and the sequences are about 500 bp from the Y9-telomeric repeat sequences
boundary. (B) The same gel as in panel A, rehybridized to the telomeric CA
probe. Since the gel was not denatured between probings, both single-stranded
controls are visible. (C) The gel shown in panels A and B was then denatured and
rehybridized to the telomeric CA oligonucleotide. During the repeated hybrid-
izations and washings, some of the smaller DNA fragments (below 1.2 kb) had
diffused out of the gel (note the losses of the DNA size standard bands of 1 kb
and less). Thus, the signal for the 1.3-kb Y9 TRFs is somewhat weaker than
expected for this gel. Controls and DNA size standards are as in Fig. 3 and 4.
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C-rich strand versus G-rich strand synthesis on telomeric re-
peats, one can gain insights into strand-specific effects of the
gene product investigated. Second, after the last primer is
synthesized on the most distal location on telomeric repeats,
there is no upstream primer that may mask the processing oc-
curring on the 59 end of the downstream primer. Thus, inap-
propriate Okazaki fragment processing events that are pre-
dicted to yield single-stranded regions on the template strand
are detectable on telomeric repeats due to an absence of fill-in
synthesis from an upstream Okazaki fragment. We used a
nondenaturing in-gel hybridization technique (11) to examine
the occurrence of such predicted DNA intermediates on telo-
meric repeat DNA in strains lacking Rad27p (Fig. 3 through
5). While single-stranded regions on the C-rich strands, which
serve as templates for the leading-strand synthesis, were not
detectable in any cells (Fig. 4A), a strong increase in single-
stranded DNA of the G-rich strand is observed in rad27D cells
compared to wild-type cells. Control experiments using a
strand-specific, single-strand exonuclease demonstrated that
this single-stranded DNA consisted of terminal overhangs as
opposed to gaps (Fig. 4B). Consistent with this finding, single-
stranded DNA of either strand remains undetectable at an
internal location that is just about 500 bp proximal to the
Y9-to-terminal-repeat junction (Fig. 5A). We interpret these
results to suggest that there is no detectable delay between
parental-strand separation and new-strand synthesis on lead-
ing-strand synthesis either in wild-type or in rad27D cells. On
the other hand, there appears to be a deficiency in lagging-
strand synthesis in rad27D cells grown at elevated tempera-
tures, since we observe an accumulation of terminal single-
stranded DNA of the G-rich strands in such cells.

At least two possibilities could contribute to the generation
of these single-stranded DNA overhangs: either priming itself
is inefficient during fork movement, creating at the very ends of
the chromosomes single-stranded tails of the templating
strand, or primer processing is aberrant in these cells. For
instance, priming may actually occur to the very ends of the
chromosome, but these newly synthesized Okazaki fragments
may be dissociated or degraded in an inappropriate way. Since
Dna2p, an essential helicase and/or nuclease (2, 5, 7), interacts
genetically and biochemically with Rad27p (6), we examined
whether this protein was involved in such a process. Indeed, an
increase of single-stranded G-strand DNA can be observed in
cells in which Dna2p was overexpressed (Fig. 7). The results

also show that overexpression of a full-length Dna2p caused
arrest of cell growth (Table 1; Fig. 6), an effect that is not
observed when a truncated Dna2 protein lacking the N-termi-
nal 105 amino acids was overexpressed (6). On the other hand,
overexpression of an N-terminal portion of Dna2p causes a
significant derepression of genes located near a telomere in
yeast (44), supporting the notion that the N-terminal part of
Dna2p may play a significant regulatory role (2).

Our results are thus consistent with a model in which
Rad27p and Dna2p work together to remove the 59 ribonucle-
otides from newly generated Okazaki fragments. In the ab-
sence of Rad27p, or when Dna2p is overexpressed, there may
be excessive primer dissociation or degradation leading to sin-
gle-stranded DNA of the templating strand. If this model was
correct, one might expect that the actual lesions on the DNA
in these two experimental settings were similar in nature, trig-
gering growth arrest via similar pathways. Consistent with this
idea, rad27D cells incubated at 37°C, or cells in which Dna2p
was overexpressed, displayed an identical arrest phenotype
with predominantly large, dumbbell-shaped cells (data not
shown) (37, 45).

The exonuclease Exo1p is not redundant to Rad27p. Over-
expression of Exo1p, a yeast 59-39 exonuclease, has been re-
ported to be able to suppress the temperature sensitivity and
mutator phenotypes of rad27D cells (46). However, overex-
pression of Exo1p from a high-copy-number vector had no

FIG. 6. Overexpression of DNA2 leads to nongrowing cells. WT, nontransformed MW35a cells grown on SC media; WT1pGAL-vector, MW35a cells containing
the empty vector and grown on SC-Ura plates; WT1pGAL-DNA2, MW35a cells transformed with a plasmid that contained the DNA2 gene under the control of a
galactose-inducible promoter (see Materials and Methods for construction of the plasmids). The plates contained glucose (left) or galactose (right) as a carbon source.

TABLE 1. Rescue of Dna2p-induced mortality by Rad27p
and Exo1pa

Plasmid(s) Formation of
coloniesb

pRS424 (TRP1) 1 pRS426 (URA3)........................................... Yes
pR2 (RAD27 TRP1) ..................................................................... Yes
pR2 (RAD27 TRP1) 1 pRS426 (URA3) ................................... Yes
pTN3 (DNA2 URA3).................................................................... No
pTN3 (DNA2 URA3) 1 pRS424 (TRP1) .................................. No
pTN3 (DNA2 URA3) 1 pR2 (RAD27 TRP1)........................... Yes
pE1 (EXO1 HIS3) ........................................................................ Yes
pTN3 (DNA2 URA3) 1 pE1 (EXO1 HIS3).............................. Yes

a See Materials and Methods for a detailed description of the construction of
the plasmids. Yeast strain 7399-3-1 was used for all these transformations.

b Yes, .100 colonies/mg of DNA; No, no colonies obtained. Plates always
selected for all nutritional markers on plasmids.
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diminishing effect on the appearance of the single-stranded G
tails or on the length heterogeneity of the TRFs in rad27D cells
(Fig. 8). Moreover, there was no detectable increase in such G
tails when EXO1 was deleted or overexpressed in wild-type
cells (Fig. 8) (12). These results suggest that Exo1p and
Rad27p are not simply redundant proteins for Okazaki frag-
ment maturation but rather that the kinds of DNA lesions
occurring in the absence of Rad27p require Exo1p for repair
(46). Overexpression of Exo1p also suppresses the growth de-
fect of cells in which Dna2p is overexpressed (Table 1). This is
consistent with our model that overexpression of Dna2p in-

duces similar lesions as an absence of Rad27p: Exo1p may be
required for the repair of the lesions in both situations.

These data thus provide direct in vivo evidence of single-
stranded regions that occur on the templating strand when
lagging-strand synthesis is impaired. While in our experiments
such single-stranded DNA was detectable only on the terminal
repeats of the chromosome, we suppose that such single-
stranded areas of the template strand also occur in internal
locations, as previously proposed (17, 29, 47). Due to contin-
ued fill-in synthesis from an upstream primer, these internal
lesions may be very transient and therefore not detectable with

FIG. 7. Induction of DNA2 expression leads to a transient increase of single-stranded telomeric G-rich DNA. MW35a cells containing pGAL-DNA2 were pregrown
in SC-Ura media containing glycerol and lactate. Expression of DNA2 was then induced by the addition of galactose, and DNA was prepared from the culture at the
indicated times after galactose addition. These DNAs were then digested with XhoI and analyzed by nondenaturing in-gel hybridization (left) using an end-labeled CA
oligonucleotide as a probe. After denaturation of the DNA, the gel was rehybridized to the same probe as a control (right). Controls and molecular size standards are
as in Fig. 2 through 5.

FIG. 8. Overexpression of Exo1p does not prevent the formation of single-stranded DNA in rad27D cells. RAD27 (WT) or rad27D cells were transformed with either
pRS423 (empty vector) or pE1 (labeled pExo1-2mm), grown in selective media, and incubated overnight at the indicated temperatures. DNA was isolated, digested with
XhoI, and analyzed as in Fig. 3 through 5. (A) Nondenatured gel probed with the CA oligonucleotide. (B) The DNA in the gel shown in panel A was denatured and
rehybridized to the same probe. Controls and molecular size standards are as in Fig. 7.
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the techniques used here. Consistent with this idea, newly
synthesized DNA isolated from rad27D cells contains a large
proportion of relatively small DNA molecules, corroborating
the evidence that Okazaki fragment maturation is impaired in
these cells (35). Chromosome ends in wild-type yeast cells
acquire very transient single-stranded G-strand extensions only
late in S phase (54). We have previously shown that the gen-
eration of at least some of these G tails is independent of an
active telomerase activity but that it does require the passage
of a replication fork (11, 12). It is thus possible that in normal
cells, there is a short delay between the separation of the two
parental strands and the time when lagging-strand synthesis
reaches the very ends of the template strands. This would
create single-stranded G tails which could serve as templates
for telomerase-mediated strand elongation. If lagging-strand
synthesis is compromised, those G tails could persist and/or
become even more extensive due to primer dissociation (see
above), leading to the effects reported here.

Thus, our results also emphasize the importance of lagging-
strand synthesis in telomeric repeat maintenance. Recently, we
reported that chromosome end processing events require the
passage of a replication fork (12). Furthermore, deficiencies in
the regulation of telomeric repeat lengths in yeast mutants af-
fected in DNA replication have been documented previously
(1, 8), but the mechanisms involved remained unclear. Analyz-
ing the specific types of DNA lesions found in those mutants
may lead to insights as to how telomeric tract length is regulat-
ed and more-detailed insights into the coordination of the con-
ventional replication machinery with telomere maintenance.
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