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In wild-type Saccharomyces cerevisiae, replication forks slowed during their passage through telomeric
C,_3A/TG,_; tracts. This slowing was greatly exacerbated in the absence of RRM3, shown here to encode a 5’
to 3’ DNA helicase. Rrm3p-dependent fork progression was seen at a modified Chromosome VII-L telomere,
at the natural X-bearing Chromosome III-L telomere, and at Y’'-bearing telomeres. Loss of Rrm3p also resulted
in replication fork pausing at specific sites in subtelomeric DNA, such as at inactive replication origins, and at
internal tracts of C, ;A/TG,_; DNA. The ATPase/helicase activity of Rrm3p was required for its role in
telomeric and subtelomeric DNA replication. Because Rrm3p was telomere-associated in vivo, it likely has a

direct role in telomere replication.
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Telomeres are the natural ends of eukaryotic chromo-
somes. In most organisms, the very ends of chromo-
somes consist of simple repeated sequences. For ex-
ample, Saccharomyces cerevisiae chromosomes end in
350+ 75 bp of C, 3A/TG, ; DNA. Middle repetitive
DNA elements are often found immediately internal to
the simple repeats. Saccharomyces has two types of sub-
telomeric repeats, the Y’ element, which is found in up
to four tandem copies on about two-thirds of yeast telo-
meres, and the X element, which is found on virtually all
telomeres (Chan and Tye 1983). The telomeric repeats
are assembled into a non-nucleosomal DNA protein
complex, the telosome (Wright et al. 1992), which con-
tains multiple copies of the C;_;A/TG, ;-binding Rapl
protein (Conrad et al. 1990; Wright et al. 1992), as well as
Sir proteins, Rif proteins, the single-strand TG, ;-DNA-
binding Cdcl3p (Bourns et al. 1998; Tsukamoto et al.
2001), and the heterodimeric Ku complex (Gravel et al.
1998). In contrast, X and Y' DNA are assembled into
nucleosomes (Wright et al. 1992). However, subtelo-
meric nucleosomes differ from nucleosomes in most
other regions of the genome as they are also bound by the
Sir (Hecht et al. 1996; Strahl-Bolsinger et al. 1997) and Ku
(Martin et al. 1999) complexes.
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Because conventional DNA polymerases cannot repli-
cate the very ends of linear DNA molecules, special
mechanisms are required to prevent the loss of terminal
DNA. In most eukaryotes, including Saccharomyces,
this end-replication problem is solved by telomerase, a
reverse transcriptase that uses its RNA component as a
template to lengthen the G-rich strand of telomeric
DNA. However, in the absence of telomerase, only a few
base pairs of telomeric DNA are lost per telomere per S
phase (Lundblad and Szostak 1989). Thus, most of the
C, 3A/TG,_; telomeric tract and the entire subtelomeric
DNA are duplicated by conventional, semiconservative
DNA replication. In Saccharomyces, semiconservative
replication of both the subtelomeric repeats (McCarroll
and Fangman 1988; Ferguson et al. 1991) and the telo-
meric C,_3A/TG,_; tracts (Wellinger et al. 1993a) as well
as telomerase elongation of telomeres (Marcand et al.
2000) occur late in the S phase.

The Saccharomyces Piflp, a 5’ to 3' DNA helicase
(Lahaye et al. 1993), is a negative regulator of the telom-
erase pathway (Schulz and Zakian 1994; Zhou et al.
2000). Telomere length is inversely proportional to the
amount of Piflp: Overexpression of Piflp causes telo-
mere shortening, and reduced expression results in
lengthening. Both effects on telomere length require the
helicase activity of Piflp (Zhou et al. 2000). In the ab-
sence of Piflp, telomerase-mediated de novo telomere
addition at spontaneous and induced chromosome
breaks is elevated 200- to 1000-fold (Schulz and Zakian
1994; Mangahas et al. 2001; Myung et al. 2001).
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The PIF1 gene is the prototype member of a helicase
subfamily that is conserved from yeast to humans (for
review, see Bessler et al. 2001). Although Saccharomyces
has 134 ORFs that encode helicase-like proteins (Shira-
tori et al. 1999), only one of these, Rrm3p, has significant
similarity to Piflp by the criterion of a BLAST search
(Zhou et al. 2000). RRM3 encodes a 723-amino-acid pro-
tein that is 60% similar to Piflp over a 485-amino-acid
region that encompasses the seven helicase motifs
(Bessler et al. 2001). RRM3 was first identified because
its mutation increases recombination in ribosomal DNA
(rDNA; Keil and McWilliams 1993), which results in the
accumulation of rDNA circles (Ivessa et al. 2000). How-
ever, this recombination is probably a secondary conse-
quence of defects in rDNA replication as, in the absence
of Rrm3p, replication forks pause at multiple sites
throughout the rDNA. Separation of converged replica-
tion forks within the rDNA is especially impaired in
rrm3A cells. Piflp also influences rDNA replication, al-
though its effects are relatively modest.

In this paper, we describe the role of Rrm3p at telo-
meres. Although Rrm3p, like Piflp, is a 5’ to 3’ DNA
helicase, we found that Rrm3p was important for con-
ventional replication of telomeric DNA, rather than for
the telomerase pathway. In the absence of Rrm3p, a
natural pausing of replication forks within telomeric
C, 3A/TG, ; repeats was greatly increased, and replica-
tion forks paused at specific sites within subtelomeric
DNA. The ATPase/helicase function of Rrm3p was
needed for its role at telomeres. Because Rrm3p was telo-
mere-associated, its effects on telomere replication are
likely direct.

Results

Rrm3p is an ATPase and 5' to 3 DNA helicase

We were unable to purify full-length Rrm3p from bacu-
lovirus-infected Sf9 cells, bacteria, or yeast, encounter-
ing problems similar to those reported for the full-length
Saccharomyces Sgslp helicase (Bennett et al. 1998).
Therefore, we expressed a truncated version of Rrm3p as
a GST fusion protein in S. cerevisiae. This polypeptide,
hereafter called Rrm3pAN, contained amino acids 194 to
723 of the 723-amino-acid protein, including all seven
helicase motifs as well as 56 amino acids amino-termi-
nal of the first helicase motif (Bessler et al. 2001).
Rrm3pAN was expressed under the control of a galac-
tose-inducible promoter. Only galactose-grown cells
contained a polypeptide of the appropriate molecular
weight that cross-reacted with anti-Rrm3p antibodies
(Fig. 1B, cf. lanes 2 and 3). Rrm3pAN was purified to near
homogeneity (Fig. 1A and B show, respectively, Coo-
massie blue-stained or immunoblotting of Rrm3pAN
throughout its purification).

The purified Rrm3pAN had Mg>**-dependent, single-
stranded DNA stimulated ATPase activity (Fig. 1C). To
determine if Rrm3pAN had helicase activity, we used a
partially duplex DNA substrate in which a 36-mer oli-
gonucleotide and a 25-mer oligonucleotide were an-
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nealed at, respectively, the 5’ and 3’ ends of linear,
single-stranded M13 DNA (Fig. 1D). DNA helicases will
load onto the single-stranded region between the two
oligonucleotides. A 5’ to 3’ DNA helicase will move 5’
to 3’ on the single-stranded segment and displace the
36-mer oligonucleotide, whereas a 3’ to 5 DNA helicase
will move 3’ to 5’ and displace the 25-mer oligonucleo-
tide. Because Rrm3pAN (Fig. 1D, lane 5), like Piflp (Fig.
1D, lane 6), displaced only the 36-mer oligonucleotide,
we conclude that Rrm3pAN is a 5’ to 3’ DNA helicase.
This helicase activity was ATP-dependent (Fig. 1D, lane
3) and Mg>*-dependent (Fig. 1D, lane 4).

Rrm3p affects telomere length and the ability of Piflp
to inhibit de novo telomere addition

Previous work showed that loss of Piflp increases telo-
mere length and de novo telomere addition (Schulz and
Zakian 1994). Therefore, we examined telomere length
and de novo telomere addition in rrm3A cells. DNA from
wild-type and mutant cells was digested with Xhol and
examined by Southern hybridization using a C,_;A/
TG, , telomeric probe. Loss of Piflp resulted in an ~160-
bp increase in telomere length (Fig. 2A). Deletion of
RRM3 resulted in a more modest (~75-bp) lengthening. If
Rrm3p, like Piflp, inhibits telomerase, telomeres would
be even longer in a pifiA rrm3A strain than in either
singly mutant strain. Alternatively, if Piflp is a more
effective telomerase inhibitor than Rrm3p, telomeres
might be the same length in the doubly mutant strain as
they are in a pif1A strain. In contrast to both expecta-
tions, telomeres in pif1A rrm3A cells were similar in
length to rrm3A telomeres (Fig. 2A).

To determine rates of telomere addition, we used a
yeast artificial chromosome (YAC) that had LEU2 on one
arm, URA3 near the telomere of the other arm, and a
tract of Oxytricha C,A,/T,G, telomeric DNA internal
to the URAS gene (Fig. 2B; Schulz and Zakian 1994). The
Oxytricha sequence is used as a substrate for telomere
addition in yeast (Pluta et al. 1984). Cells that express
Ura3p die on medium containing 5-fluoroorotic acid
(FOA). If de novo telomere addition occurs within the
right arm of the YAC, the distal portion of its right arm,
including the URAS3 gene, will be lost, generating a Leu”
FOA-resistant (FOAR) colony. Consistent with previous
results (Schulz and Zakian 1994), wild-type cells had a
low rate of de novo telomere addition (107¢), and most
addition events (16/18) occurred within the C,A,/T,G,
tract (Fig. 2B), whereas telomere addition was increased
240-fold in the pifIA strain, and most (17/18) of these
events did not occur at the C,A,/T,G, tract (Fig. 2B).
The rrm3A strain had the same rate of de novo telomere
addition as wild type (107°), and most of these events
(15/16) occurred at the C,A,/T,G, tract. The rate of de
novo telomere addition in the pifIA rrm3A strain was
28-fold higher than in wild type. Thus, deletion of RRM3
alone did not affect de novo telomere addition, and its
deletion in a pifIA strain partially suppressed the el-
evated telomere addition phenotype of pif1A cells (Fig.
2B). Taken together, the telomere length and telomere
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Figure 1. Recombinant Rrm3 protein has ATPase and 5’ to 3’ DNA helicase activity. A truncated form of Rrm3p (Rrm3pAN) was
fused to GST and expressed in Saccharomyces cerevisiae under control of the galactose-inducible GAL1 promoter. Yeast proteins were
resolved by 8% SDS-PAGE and detected by (A) Coomassie blue staining or (B) immunoblotting. In A and B, lane 1 is size markers in
kilodaltons. (Because covalent coupling of marker proteins to the blue dye used for visualization affects their mobility in SDS-PAGE,
the 83-kD marker protein has a slower mobility than the 87-kD Rrm3pAN.) Lanes 2 and 3 contain a crude extract of proteins from
glucose grown (lane 2) or galactose grown (lane 3) cells. Lanes 4-6 contain proteins from galactose-grown cells after sequential
purification by 50% ammonium sulfate precipitation (lane 4), fractionation on Glutathione sepharose 4B (lane 5), and fractionation on
Q-sepharose (lane 6). (C) The ATPase reaction products were developed in a polyethylimine (PEI) cellulose plate and visualized on a
Molecular Dynamics Phosphorlmager. Lane 5 contains [y-P32]JATP, M13 single-stranded DNA, Mg?*, and Rrm3pAN. The other lanes
were the same except lane 1 had Pif1p in place of Rrm3pAN; lane 2 had BSA in place of Rrm3pAN; lane 3 had no Mg>*; and lane 4 had
no single-stranded DNA. (D) For the helicase assay, the DNA substrate was linear M13 single-stranded DNA to which kinase labeled
36-mer and 25-mer oligonucleotides had been annealed. Lane 1 contains the heat-denatured DNA substrate; lane 5 contains Rrm3pAN,
the DNA substrate, ATP and Mg?*. The other lanes are the same as lane 5 except lane 2 contains BSA in place of Rrm3pAN; lane 3
has no ATP; lane 4 has no Mg>*; and lane 6 contains Piflp in place of Rrm3pAN.

addition data indicate that although Rrm3p affects telo- serted URA3 within the ADH4 gene, the most distal
meres, it acts otherwise than Piflp. gene on Chromosome VII-L, in such a way that it deleted
the subtelomeric repeats (Fig. 3A). Replication of the end
of Chromosome VII-L occurs from an origin of replica-
tion (ARS) that lies internal to the terminal Clal frag-
ment (Fig. 3A), such that the VII-L terminal restriction
fragment is replicated by leftward-moving forks. In 2D

Replication forks slow as they move through the
Chromosome VII-L telomere, and this slowing is
exacerbated in the absence of Rrm3p

To determine if Rrm3p affects conventional replication gels, forked replication intermediates emanate from the
of telomeres, we used two-dimensional (2D) gel electro- position of nonreplicating restriction fragments (Fig. 3A,
phoresis (Brewer and Fangman 1987). To examine repli- labeled 1N), become increasingly nonlinear until the rep-
cation of the left telomere of Chromosome VII, we in- lication fork reaches the middle of the fragment, and
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Figure 2. Rrm3p affects telomere length and de novo telomere addition but not in the same ways as Pif1p. (A) DNA was prepared from
four individual colonies from each strain: PIF1 RRMS3, PIF1 rrm3A, pif1A RRM3, and pif1A rrm3A cells. The DNA was digested with
Xhol, separated by electrophoresis in a 0.7% agarose gel, prepared for Southern analysis, and probed with a C, ;A/TG,_; telomeric
probe. The large curly brace indicates the terminal Xhol fragments from Y’-bearing telomeres. Molecular weight markers are in
kilobase pairs. (B) The rate of de novo telomere formation on a YAC was determined using 10 plate fluctuation tests (Lea and Coulson
1949), conducted 2-4 times per strain, as described in Schulz and Zakian (1994). Because Leu* FOAR cells can also be generated by point
mutations in URAS, the sites of telomere addition in multiple independent Leu* FOAR® clones were mapped to determine the fraction
of these events that were due to de novo telomere addition. Each filled circle marks the physical end of a YAC in one such colony. Leu*
FOAR colonies that contained a YAC of unaltered length were presumed to arise from point mutations in URA3. Numbers in
parentheses indicate the range of values seen in independent experiments. Numbers in brackets are the fold difference relative to the

wild-type strain.

then become increasingly more linear until they reenter
the arc of simple linear molecules with a mass of 2N
(Brewer and Fangman 1987).

When DNA from asynchronous wild-type cells was
digested with Clal and examined by 2D gels, an arc of
forked replication intermediates was detected (Fig. 3B).
The pattern for rrm3A cells was similar except that there
was intense hybridization at the 2N position on the arc
of linear DNA molecules (hereafter called the 2N spot;
Fig. 3B, arrow). Although the 2N spot was also evident in
wild-type DNA, it was more intense in rrm3A DNA. To
estimate the amount of telomeric DNA in the 2N spot,
we measured the signal in both the 2N spot and in un-
replicated DNA (1IN spot) and determined the 2N/IN
ratio. This ratio was 10.1 + 2.7-fold higher in rrm3A
DNA than in wild-type DNA (average + standard error;
based on five independent experiments).

Because 2N spot DNA has a mass of nearly 2N and a
nearly linear structure, it behaves as if the Chromosome
VII sister chromatids are almost fully replicated (see car-
toon in Fig. 3A). Given that the telomere comprises
<10% of the Clal restriction fragment (Fig. 3A), this be-
havior suggests that the sister chromatids were held to-
gether within the telomere itself. The modified VII-L
telomere has a BamHI site 6 bp away from the start of
the C, ;A/TG,_; telomeric tract. To determine if 2N-
spot DNA is held together within the telomere, the same
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DNA preparations that had been examined after Clal
digestion were instead digested with BamHI (Fig. 3B).
Because the 2N spot was nearly gone after BamHI diges-
tion (Fig. 3B, right panels), it was caused largely by sister
chromatids held together within the C; ;A/TG, ; tract.

The catalytic activity of Rrm3p is needed
for telomere replication

DNA helicases can be multifunctional, having activities
in addition to the unwinding of duplex DNA (see, e.g.,
Sung et al. 1988; Formosa and Nittis 1999). To determine
if the ATPase/helicase activity of Rrm3p is needed for
replication of telomeric DNA, we used an RRM3 allele
in which the invariant lysine in the ATP-binding pocket
was mutated to alanine (K260A; Ivessa et al. 2000). Con-
verting this invariant lysine to an alanine eliminates the
helicase activity of all helicases that have been thus
modified, including Piflp (Zhou et al. 2000). A centro-
mere plasmid bearing either the K260A rrm3 or wild-
type RRM3 genes was introduced into rrm3A and wild-
type strains. Western analysis showed that the K260A
mutant allele produces close to wild-type levels of
Rrm3p (Ivessa et al. 2000). DNA from each strain was
digested with Clal, and analyzed by 2D gels (Fig. 3C).
The plasmid-borne RRM3 suppressed the telomere rep-
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lication defects of the rrm3A strain (Fig. 3C, second
panel), showing that these defects were owing to the ab-
sence of Rrm3p. Telomere replication was equally im-
paired in the strain expressing the K260A Rrm3p (Fig.
3C, fourth panel) as in the strain lacking Rrm3p (Fig. 3C,
third panel). Thus, the ATPase/helicase activity of
Rrm3p is needed for telomere replication.

In addition to the 2N spot, DNA from rrm3A cells
showed increased hybridization near the proximal end of
the 3.8-kb Clal fragment (Fig. 3C, asterisk). This pause,
which was not detected in DNA from wild-type cells,
mapped to a position downstream of ADH4.

The appearance of the 2N spot is cell cycle regulated

If the 2N spot is an intermediate in telomere replication,
it should be absent in DNA from G, cells and enriched
during replication of telomeric DNA, which occurs in
the second half of the S phase (McCarroll and Fangman
1988; Wellinger et al. 1993a). To test these predictions,
cultures were arrested in late G, phase by incubation
with o factor. After arrest, cells were removed from «
factor (zero time point) and allowed to progress through
the cell cycle. Samples were harvested at 15-min inter-
vals for analysis by fluorescent activated cell sorting
(FACs; Fig. 4A) and by conventional (Fig. 4B) and 2D (Fig.
4D) gel electrophoresis. The a-factor arrest and subse-
quent release were done at 22°C because a slower growth
rate makes it easier to detect replication intermediates.
At 22°C, the rrm3A strain grew somewhat slower (120-
min doubling time) than otherwise isogenic wild-type
cells (105-min doubling time).

rrm3A

Yeast Rrm3p DNA helicase affects telomeres

Figure 3. Replication of telomere VII-L is impaired
in the absence of Rrm3p. (A) Structure of the left telo-
mere of Chromosome VII after insertion of URAS3 in a
strain in which URA3 was deleted from its normal
location. The URAS3 probe indicated in A was used in
B and C as well as in Figure 4. Digestion with Clal
generates a 3.8-kb fragment containing the VII-L telo-
mere. A has a cartoon of the expected pattern of rep-
lication intermediates for simple forks moving left-
ward toward the telomere after their separation in 2D
gels. The arc of linear molecules is denoted by the
dotted line, 1N marks the position of an unreplicated
restriction fragment, and 2N is the same molecule
immediately before its replication is complete. The
2N intermediate is drawn in thick lines to emphasize
that it was more abundant than other forked replica-
tion intermediates. (B) DNA from wild-type (WT) or
rrm3A cultures was digested with either Clal (left two
panels) or BamHI (right two panels). The arrows in
this and subsequent gels denote the position of the
2N spot. (C) DNA was prepared from cultures of
wild-type or rrm3A strains carrying the plasmid
YCplaclll, YCplaclll containing RRMS3, or
YCplaclll containing the rrm3 K260A allele. DNA
was digested with Clal and analyzed by 2D gels. As-
terisks mark the region downstream of ADH4 where
replication forks slow in the absence of Rrm3p.

By the criterion of FACs analysis, the wild-type
and rrm3A strains proceeded similarly through S
phase (Fig. 4A). At 30 min after a-factor release, the ma-
jority of the cells in both strains were in S phase. In
both strains, ~80% and ~90% of the cells had a 2C
DNA content at, respectively, 60 and 75 min after a-
factor release. The major difference in the FACs pro-
files of the two strains was that at 105 min, 24% of
the wild-type cells had a 1C DNA content, indicating
movement into the G, phase of the next cell cycle,
whereas at 105 min, there were very few 1C cells in
the rrm3A culture, suggesting that rrm3A cells took
longer to traverse from late S phase into the next cell
cycle.

DNA from each time point was digested with Clal and
examined by conventional agarose gel electrophoresis
(Fig. 4B). The 2N spot generates a 7.6-kb Clal fragment.
The fraction of telomeric DNA in the 2N spot as a func-
tion of position within the cell cycle is quantitated in
Figure 4C. In both strains, the 2N spot was transitory
(Fig. 4B-D). In three independent synchrony experi-
ments, the 2N spot was only detected in the 45-min
sample in wild-type DNA. In rrm3A cells, the 2N spot
peaked in the 60-min sample but was also detected in the
45- and 75-min samples. Although FACs analysis indi-
cated that the progress of chromosomal DNA replication
was similar in the two strains (Fig. 4A), the 2N spot
peaked later and persisted for a longer period of time in
rrm3A cells (Fig. 4C). DNA from each time point was
also examined by 2D gels (Fig. 4D; data not shown). The
2N spot and forked replication intermediates were only
present in time points that contained the 7.6-kb Clal
fragment.
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Figure 4. The 2N spot is cell cycle regulated, appearing at the time of telomere replication. Wild-type or rrm3A cells were G, arrested
with « factor and then removed from the « factor and allowed to progress through the cell cycle. Samples were prepared at the time
of removal from « factor (0 min) and then at 15-min intervals. (A) Cells from each time point were analyzed by fluorescent activated
cell sorting (FACs). (B) DNA samples from each time point were digested with Clal, separated by conventional agarose gel electro-
phoresis, and hybridized with the URA3 probe (Fig. 3A). In a conventional gel, 2N-spot DN A migrates as a 7.6-kb linear fragment. The
top panel shows a longer exposure of the 2N spot region of the gel. (C) The data in panel B were quantitated; the 2N to 1N ratio is
shown for each time point. (D) Each Clal-digested DNA sample was also analyzed by 2D gel analysis; representative time points from

both strains are shown.

Rrm3p is needed for timely replication of the telomere
and subtelomeric DNA on Chromosome III-L

To determine if Rrm3p plays a role at natural telomeres,
we used 2D gels to examine replication of the left telo-
mere of Chromosome III in Sphl-digested DNA from
asynchronous cells (Fig. 5A). The left telomere of Chro-
mosome III has X but no Y’ DNA (Button and Astell
1986). Although the X has an ARS, the ARS is inactive in
wild-type cells (Newlon et al. 1993), such that replica-
tion of the terminal Sphl fragment occurs by leftward-
moving forks (ARS is marked with an asterisk in Fig.
5A). The 2D gels revealed the expected arc of forked rep-
lication intermediates in both wild-type (Fig. 5A, left
panel) and rrm3A DNA (Fig. 5A, center and right panels).
Although the 2N spot was visible in DNA from both
strains (Fig. 5A, filled arrows), the 2N/IN ratio was
9.4 + 3.7-fold higher in rrm3A than in wild-type DNA
(average + standard error; four independent experi-
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ments). There was also intense hybridization on the arc
of forked intermediates at the position of the inactive
ARS (Fig. 5A, asterisk). Again, replication pausing at this
ARS was seen in both wild-type and mutant cells but
was 9.9 = 5.5-fold more intense in rrm3A cells (value is
ratio of signal in pause divided by 1N spot for rrm3A
divided by wild type ratio; average + standard error; four
independent experiments). Intense hybridization was
also detected at the position of ~6-kb linear fragments
(Fig. 5A, marked by diamond). This structure was pres-
ent in both mutant and wild-type DNA but was more
abundant in rrm3A DNA. Because this spot was not pres-
ent in DNA from G,-arrested cells (data not shown), it
was not caused by cross-hybridization to a restriction
fragment from another locus. If replication forks that are
paused at the ARS break immediately ahead of the fork,
they would generate an almost linear fragment of 6 kb
(Fig. 5A, open arrowhead indicates the point of breakage).
Because the replication intermediates for telomere III-L
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Figure 5. Rrm3p affects replication of
natural, X-, and Y’'-bearing telomeres. (A)
Structure of the left telomere of Chromo-
some III. An inactive ARS in the subtelo-
meric X element, 1 kb from the chromo-
some end, is indicated by an asterisk. Ge-
H”_} nomic DNA was digested with Sphl,

* which generates a 4-kb terminal fragment
rrm3A from Chromosome III-L, and analyzed by
2D gels using the probe shown in A. Paus-
ing at the inactive ARS is denoted by an
-~ asterisk. A diamond marks a molecule on
the arc of simple linears that has a mass of
~6 kb. A 6-kb, almost linear fragment is
generated by breakage in front of the fork
stalled at the ARS (see cartoon). The third
panel is a longer exposure of the second
panel that makes it easier to see replica-
tion bubbles (BU). The fourth panel is the
pattern in an rrm3A strain that carries the
11m3-K260A allele on plasmid YCplacl11
(as in Fig. 3C). (B) Structure of Y’ elements.
Up to four tandem Y’ elements are found
at a given telomere: the bracket indicates

Clal the position of the most terminal Y’ ele-

ment on a hypothetical telomere contain-
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were the same in cells expressing the mutant K260A
Rrm3p as in cells lacking Rrm3p, the ATPase/helicase
activity of Rrm3p was needed for its role in replication of
the III-L telomere (Fig. 5A).

If the X ARS on Chromosome III-L were used as an
origin of DNA replication, replication of the Sphl frag-
ment would generate bubble-shaped replication interme-
diates. In wild-type cells, even longer exposure of the gel
in Figure 5A (left panel) did not reveal bubble-shaped
intermediates, consistent with the finding that this ARS
is not active in wild-type cells (Newlon et al. 1993).
However, bubble-shaped intermediates were visible in

asynchronous cells was digested with Clal
and analyzed by 2D gels using the combi-
nation of probes shown in the cartoon.
The pattern of replication intermediates
for three strains is shown: RRM3 (WT),
rrm34A, and rrm3A carrying the rrm3-
K260A allele on plasmid YCplacl11. The
arc labeled with an asterisk is the 5.3-kb
Clal fragment from terminal Y’ long ele-
ments; the arc labeled with a diamond is
the 6.2-kb Clal fragment from internal Y’
long elements (two size variants of this
fragment are visible in wild-type DNA).
The rightmost arrow in the rrm3A gel is at
the position for the 2N spot for Y’ short
telomeres. In the schematic of the 2D gel
for rrm3A Y’ DNA, arrows point to the 2N
spot for Y’ long (leftmost arrow) and Y’
short (rightmost arrow) telomeres. Pauses
in rrm3A DNA are labeled 1-6 (see text).
(HJ) Holliday junctions between internal
Y’ long elements; (BU) bubble-containing
replication intermediates for internal Y’
long elements.

rrm3A DNA (Fig. 5A, second panel; longer exposure of
same gel is shown in Fig. 5A, third panel; BU, bubble-
shaped intermediates). Although the absence of Rrm3p
enabled this normally inactive ARS to fire, even in
rrm3A cells, the X ARS was not active at most of the
Chromosome III-L telomeres as most of the III-L replica-
tion intermediates were simple forked molecules.

Replication and recombination of Y' DNA is affected
by Rrm3p

About two-thirds of yeast telomeres bear one to four tan-
dem copies of Y’ (Fig. 5B; Chan and Tye 1983). Some Y’
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elements are right next to a telomere (terminal Y'; Fig.
5B, asterisk) and some are not (internal Y’; Fig. 5B, dia-
mond). Short tracts of C, ;A/TG,_; DNA are often found
between tandem Y’ elements (Walmsley et al. 1984). Y’
has an ARS that is active in at least some strains (Fergu-
son et al. 1991). When Y' ARSs are inactive, Clal frag-
ments from internal (and terminal) Y’ elements are rep-
licated by forks moving toward the telomere. If the Y’
ARS on an internal Y' element is active, its replication
will begin in the center of the Clal fragment and expand
bidirectionally, producing bubble-shaped replication in-
termediates. The pattern of Y’ replication intermediates
is complicated by the fact that Y’ comes in two sizes, Y’
long (6.7 kb) and Y’ short (5.2 kb; Louis and Haber 1990),
and the size of both varies by the number of 36-bp re-
peats they contain (Horowitz and Haber 1984). In the
strain used here for 2D gel analysis, most Y’ elements
were Y’ longs (Fig. 5B).

To examine replication of Y’ telomeres, DNA was pre-
pared from an asynchronous culture, digested with Clal,
and analyzed by 2D gels using Y’ probes (Fig. 5B). Diges-
tion with Clal releases a 5.3-kb fragment from terminal
Y’ long elements (Fig. 5B, asterisk) and a 6.2-kb fragment
from internal Y’ long elements (Fig. 5B, diamond). In Y’
long telomeres, the 2N spot was visible in both rrm3A
and wild-type DNA, but the 2N/1N ratio was 2.9 + 0.32-
fold higher in rrm3A DNA (average + standard error; four
independent experiments; Fig. 5B, 2N spot denoted by
arrows). In rrm3A DNA, the 2N spot was also visible at
Y’ short telomeres (Fig. 5B, right panel, arrows). The
threefold increase in the fraction of DNA in the 2N spot
for Y’'-bearing telomeres in rrm3A cells was smaller than
the ~10-fold increase at the left telomeres of Chromo-
some VII or III. However, as detailed below, there were
many sites of replication pausing within Y’ DNA in ad-
dition to the pause within the telomere itself.

The pattern of Y' intermediates in rrm3A DNA was
complicated. There were several structures that were de-
tected only in rrm3A DNA, such as Holliday junctions
between internal Y’ elements (HJ; Fig. 5B, cartoon). The
presence of Holliday junctions indicates that Y'-Y' re-
combination was elevated in rrm3A cells. An intermedi-
ate that behaved like an internal Y’ with an active origin
was also detected only in rrm3A DNA (BU, bubble; Fig.
5E, cartoon). Although the absence of Rrm3p increased
the frequency of firing of the internal Y’ ARS, the Y’ ARS
was active in only a fraction of internal Y’ elements, as
most internal Y' elements were in simple forked inter-
mediates, even in the rrm3A strain (Fig. 5B, cartoon, dia-
mond). There were additional sites of replication fork
pausing in rrm3A DNA (Fig. 5B, cartoon, 1-6). Sites 1 and
2 mapped near the 2N spot on Y’ long and Y’ short telo-
meres. Site 3 mapped to the position of the Y’ ARS and
the internal C;_3A/TG,_; tract for internal Y’ long ele-
ments replicated by forks moving toward the telomere,
as would be expected if all of the Y’ ARSs on the telo-
mere were inactive. Site 4 mapped to the same region in
internal Y’ long elements replicated by forks moving
away from the telomere, as would be expected if the ARS
in a distal Y’ on the same telomere were active. Pausing
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was detected near the end of the Clal fragments from
internal Y’ long (site 5) and internal Y’ short (site 6)
elements. The replication intermediates for cells ex-
pressing the mutant K260A Rrm3p were the same as in
cells lacking Rrm3p, indicating that Rrm3p acts catalyti-
ca