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Expansion of trinucleotide repeats (TNRs) is the causative mutation in several human genetic diseases.
Expanded TNR tracts are both unstable (changing in length) and fragile (displaying an increased propensity
to break). We have investigated the relationship between fidelity of lagging-strand replication and both sta-
bility and fragility of TNRs. We devised a new yeast artificial chromomosme (YAC)-based assay for chromo-
some breakage to analyze fragility of CAG/CTG tracts in mutants deficient for proteins involved in lagging-
strand replication: Fen1/Rad27, an endo/exonuclease involved in Okazaki fragment maturation, the nuclease/
helicase Dna2, RNase HI, DNA ligase, polymerase �, and primase. We found that deletion of RAD27 caused a
large increase in breakage of short and long CAG/CTG tracts, and defects in DNA ligase and primase increased
breakage of long tracts. We also found a correlation between mutations that increase CAG/CTG tract breakage
and those that increase repeat expansion. These results suggest that processes that generate strand breaks,
such as faulty Okazaki fragment processing or DNA repair, are an important source of TNR expansions.

Expansion of a CAG/CTG trinucleotide repeat (TNR)
causes a number of genetically inherited diseases, including
Huntington’s disease, myotonic dystrophy, and multiple sub-
types of spinocerebellar ataxia (19, 73). By inserting long trip-
let repeats into the genomes of model organisms, such as
bacteria, yeast, and mice, multiple factors have been identified
that affect repeat stability. cis-acting factors include the length
and purity of a tract, the direction of replication through the
tract, its distance from a replication origin, and chromosomal
context (16, 17, 48, 51). In addition, several trans-acting factors
have been identified whose mutation affects triplet repeat in-
stability, such as the SbcC and Mre11 nucleases in Escherichia
coli and yeast, respectively (71, 76); the mismatch repair pro-
tein Msh2 in mice (47, 56, 90); and the Rad27 nuclease in yeast
(25, 79, 84).

Thus far, all of the triplet repeats whose expansion has been
found to cause human disease have an inherent ability to form
secondary structures, such as hairpins (CAG, CTG, CGG, and
CCG repeats), G quartets (CGG repeats), and triplexes (GAA
and CTT) (reviewed in references 61, 65, and 82). These abil-
ities suggest that the primary reason for tract instability is that
these secondary structures can interfere with normal cellular
processes, such as replication or transcription. Thus, the sec-
ondary structures can be viewed as a special category of DNA
damage that must be repaired by the cell. CTG repeats form
more stable hairpins than CAG repeats in vitro (27, 61). These
data are consistent with in vivo observations that show an
orientation effect to stability in model organisms: when the

CTG strand is on the Okazaki fragment, repeats are more
prone to expansions, and CTG repeats on the lagging-strand
template are more prone to contractions (26, 42, 57, 60)

In yeast, loss of Rad27, the homolog of human flap endo-
nuclease 1 (Fen1), causes a dramatic increase in expansions of
CAG/CTG repeats (25, 79, 84). Fen1/Rad27 has both 5�-3�
exonuclease activity and an endonuclease activity specific for 5�
flap structures (reviewed in references 9 and 43). The in vitro
activities and in vivo phenotypes of Fen1/Rad27 indicate that it
has an important role in Okazaki fragment processing. Fen1/
Rad27 interacts with PCNA (proliferating cell nuclear anti-
gen), the “sliding clamp” that acts as a polymerase processivity
factor, and is required for in vitro maturation of Okazaki
fragments both in simian virus 40 and yeast replication systems
(3, 28, 35). Deletion of RAD27 in yeast causes a replication
defect, an increase in mutation frequency, and accumulation of
single-stranded DNA at telomeres (64, 69, 83). In addition to
triplet repeat changes, other types of mutations accumulate in
yeast rad27� strains, including duplications flanked by direct
repeats and instability of dinucleotide repeats and minisatellite
sequences (41, 46, 53, 55, 87). One mechanism that can ac-
count for the types of mutations observed in rad27� strains is
that unprocessed Okazaki 5� flaps accumulate in the absence of
the Fen1/Rad27 protein. When this happens within a TNR
tract, fold-back of the flap into a hairpin could further prevent
processing and lead to expansions. The phenotype of frequent
expansions of CAG/CTG repeats in the absence of Fen1/
Rad27 also suggests that defective flap processing is a plausible
mechanism for the occasional triplet expansions in the wild-
type situation (25, 29, 79). This model is supported by the
observation that substrates with secondary structures in the
flap are poor substrates for cleavage by Fen1 in vitro (32, 84).
In addition, Fen1/Rad27 is essential for long-patch base exci-
sion repair (BER) in vitro (44, 45, 81), and rad27� strains are
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very sensitive to methyl methanesulfonate, which creates DNA
lesions that are normally repaired by BER (40, 69, 87).

During lagging-strand processing, Fen1/Rad27 works in con-
junction with other replication/repair proteins. Fen1 binds to
the face of PCNA through a conserved C-terminal PCNA-
interacting domain (35). Other replication proteins that bind
to PCNA include polymerase � (Pol �), the polymerase
thought to take over from Pol � after lagging-strand initiation,
and DNA ligase. Certain alleles of both PCNA and DNA
ligase increase the instability of CAG tracts, although PCNA
has the more dramatic effect (36, 78). The Dna2 protein may
work in conjunction with Rad27 in maturation of Okazaki
fragment 5� ends. Dna2 is an endonuclease that prefers 5�
single-stranded tails and a 5�-3� helicase (5, 7, 13). It interacts
with Rad27 both genetically and biochemically and is essential
for cell viability in yeast (13, 14, 50). Recent characterization of
Dna2 activity on model flap substrates led to a two-step model
for Okazaki fragment processing (3, 4, 7). In this model, Pol �
displaces a 5� flap. If the flap becomes longer than �27 nucle-
otides, it is bound by the single-strand binding protein RPA
and then cleaved by Dna2, whose endonuclease is stimulated
by RPA (4). This cleavage creates a shorter 5- to 7-nucleotide
flap that is too short to be bound by RPA but that is a substrate
for Fen1/Rad27. In addition, RNase HI may be involved in
Okazaki fragment processing, since in vitro it preferentially
cleaves 5� to the last ribonucleotide of an RNA-DNA junction
to remove an RNA primer (9, 62). Rnh35, the catalytic subunit
of the yeast homolog of mammalian RNase HI, may work
cooperatively with Rad27 to remove RNA primers, since
Rad27 preferentially cleaves a single-stranded flap of RNA or
DNA, whereas yeast RNase H (35) can cleave RNA hybridized
to DNA (24, 68). Unlike a rad27� strain, rhn35� cells have a
normal growth rate. However, an rhn35� rad27� strain has an
even slower growth rate and higher mutation rate than a
rad27� strain, suggesting that the two enzymes may cooperate
in Okazaki fragment RNA primer removal (68).

In addition to instability, expanded TNR sequences can in-
duce chromosome fragility. Expanded CCG/CGG tracts at the
FRAXA locus and several other loci on human chromosomes
show up as gaps or breaks on metaphase chromosomes when
cells are grown under conditions that reduce nucleotide pools
(63, 85). Both long CCG/CGG and CAG/CTG tracts increase
chromosomal breakage at or very near the expanded repeat on
yeast chromosomes as well (8, 25). There are several possibil-
ities to explain triplet repeat fragility. First, CCG/CGG and
CAG/CTG tracts cause replication fork pausing in E. coli and
yeast (66, 75), perhaps because they form secondary structures
in vivo, and these stalled forks are likely prone to breakage (58,
59, 74). Second, if damage occurs within a repeat tract, either
during replication or unrelated to replication, breakage could
occur during repair. For example, a normal intermediate in the
repair pathway could get “stuck” because of secondary struc-
ture formation by the repeat sequence, leading to an un-
repaired break. Fragility of triplet repeats could also play a role
in length instability, since several experiments have docu-
mented expansions and contractions associated with recombi-
national repair (25, 37, 70, 71). CAG/CTG repeats also show
increased fragility during yeast meiosis that correlates with an
increase in meiotic instability (18, 38, 39, 80). Proteins that
affect TNR fragility could either increase the initial damage

that leads to breakage or be involved in sensing and/or repair
of damage. Therefore, identification of such proteins should
give insight into what type of repeat-dependent structures are
produced in cells and what pathways are used to repair triplet
repeat-induced damage.

We developed a novel and sensitive genetic assay that can
detect breakage of a CAG/CTG triplet repeat. The assay uti-
lizes a yeast artifical chromosome (YAC) that contains a CAG/
CTG repeat tract, several marker genes, and a way to rescue
YACs that break at the repeat tract by telomere addition. We
used this assay, along with physical analysis of repeat stability,
to investigate the effects of mutation of genes coding for pro-
teins involved in lagging-strand replication, including Rad27
(rad27�), Dna2 (dna2-1), RNase HI (rnh35�), Cdc9 ligase
(cdc9-2), Pol � (pol3-t), and primase (pri2-1), on both the
stability and fragility of a CAG/CTG triplet repeat and the
relationship between the two phenomena. We show for the
first time that loss of RAD27 dramatically increases CAG/CTG
fragility. Long CAG/CTG tracts are also more fragile in strains
defective in DNA ligase and primase. Strains that show
increased fragility also show an increased frequency of TNR
expansions. We propose that TNR sequences cause DNA
strand breaks by inhibition of correct Okazaki fragment mat-
uration, and repair of breaks within the repeat tract accounts,
at least in part, for their propensity to expand.

MATERIALS AND METHODS

Yeast strains and YACs. All yeast strains were the VPS105 background
(MAT� ade2 can1 leu2-3,112 �trp1 ade3 �ura3 lys2-801 amber) except for cdc9-2
[ATCC 208559; MAT� ade2-1 leu2-3 leu2-112 trp1-289 ura3-52 gal2 CUP(r)
cdc9-2]. RAD27 was deleted with pMRrad27�trp (69). RNH35 was replaced with
the TRP1 gene by PCR-based deletion (10). Mutant alleles were introduced via
two-step gene replacement with plamids pRS306-dna2-1 (12), YipA16 (pri2-1)
(23), and p171 (pol3-t) (88). YACs with various CAG tract lengths were made by
modification of YAC VS5 (77) by integration of the CAG tract between the C4A4

and URA3 sequences. This was accomplished by cloning the PvuII fragment from
pGEM(CTG)130 containing a CAG tract and 524-bp flanking plasmid DNA
(358 bp plus 166 bp) into the blunted NsiI site of pVS20 to create plasmid
pCFN-2. pCFN-2 (which contains a URA3 gene) was linearized with AatII and
transformed into a wild-type yeast strain containing a Ura3� derivative of YAC
VS5, and Ura3� transformants were selected. The structure of the YAC was
confirmed by Southern blot analysis. CAG tract lengths on each YAC were
determined by sizing of PCR products on denaturing polyacrylamide gels, on
nondenaturing Metaphor gels (FMC Bioproducts; also described below) and by
sequencing. YACs were kar crossed into the various mutant backgrounds.

CAG stability and fragility assays. Cells of each strain were plated for single
colonies on YC-Ura-Leu low-adenine plates at the permissive temperature (30°C
for the wild-type and rnh35� mutant, 23 to 25°C for the other mutants). Pink
colonies, indicating one copy of the YAC, were chosen as the starting colonies
for the stability and fragility assays. CAG tract length was checked at the start of
the experiment by amplification of the CAG tract from colonies by using a small
amount of cells as the template (“colony PCR”), primers CTG rev2 (CCCAG
GCCTCCAGTTTGC) and T7 (TAATACGACTCACTATAGGG), and Clon-
tech Advantage-GC-Genomic kits in 12.5-�l reactions. Reactions were run on
2% Metaphor gels for 1.5 h at �80 V, and the CAG tract size was estimated by
comparison with DNA Marker VI (Roche).

For stability assays, three starting colonies with the correct tract lengths were
used to inoculate cultures that were grown to approximately three doublings at
the semipermissive temperature (30°C). Cells were plated for individual colonies
on YC-Ura-Leu plates and incubated at the permissive temperature, and CAG
tract length of 48 to 100 individual colonies was analyzed by colony PCR (de-
scribed above). CAG repeat sizes are accurate to within �10 bp or �3 repeats
for CAG-45 and -70 tracts and within �15 bp or �5 repeats for CAG-155. The
assay was repeated at least three times for each strain and each tract length.
Significance was determined by both the Fisher’s exact test and a test of equality
of binomial proportions for two groups, using Stat Xact 5 software. Ideally, tract
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length changes should be minimal during growth of these daughter colonies at
the permissive temperature, so that any change in tract length reflects an event
that happened during growth at the semipermissive temperature. In general, we
found this to be true. In the few cases in which only a small proportion of the
PCR product ran at a new size (less than �50% for contractions and less than
�20% for expansions, because expanded tracts amplify with less efficiency than
smaller tracts), we attributed this to a tract-length change during colony growth
(thus, only some cells in the colony would have the new tract length) and did not
count this event in the totals.

For fragility assays, 10 starting colonies with correct tract lengths were used to
inoculate cultures that were grown to approximately three doublings at the
semipermissive temperature (30°C) in YC-Leu (to maintain selection for the
YAC but allow loss of the right arm). One hundred microliters of each culture
was plated on 5-fluoroorotic acid (FOA)-Leu to select for breakage events, a
portion of each culture was combined, and the mixture was plated for single
colonies on YC-Leu for a total cell count. Colonies were grown at the permissive
temperature and counted, and rates of FOA resistance (FOAR) were calculated
by the method of the median (49). Significance was determined by analysis of
variance with a post hoc Bonferroni adjustment and by a pooled variance t test,
using Systat software.

Analysis of FOAR YAC structure. FOAR colonies were grown 16 to 24 h in
YC-Leu or yeast extract-peptone-dextrose (YEPD) medium, and genomic DNA
was isolated by the glass bead method. Genomic DNA was digested with BstEII
(New England Biolabs), separated on a 1% agarose gel, probed with a digoxi-
genin-labeled probe of lambda DNA digested with HindIII, and detected by a
chemiluminescent or colorimetric system (Roche). In some cases, a PvuII digest
and pYIP5 probe were used to detect only the right terminal fragment of the
YAC. Yeast telomere addition to the C4A4 sequence was confirmed by ampli-
fication of the junction sequence by using primers CAX29 (CGGCYCGAGCA
CCCACACCACACCCACAC) and C4A4YIP5 (ATCATTACGACCGAGATT
CC), cloning the resulting PCR products, and sequence analysis of clones.
Sequencing of one of the lambda healings (wild-type CAG-45, see Fig. 2, lane 10)
with primers CAX29 and lambda TG-1690 (TCTGATTAGCCAGGTAACAC)
confirmed addition of a yeast telomeric sequence onto a 9-bp telomere-like
region of lambda DNA (TGTGGGGTG) present in the last BstEII fragment
(see also reference 77).

RESULTS

A novel YAC-based assay to monitor stability and fragility of
TNRs. CAG/CTG tracts have been shown to cause an increase
in chromosome breakage in yeast in a tract-specific manner by
both genetic and physical assays (25). The genetic assay used to
monitor CAG/CTG-tract breakage as described by Freuden-
reich et al. (25) was based on placing a CAG/CTG repeat tract
on a natural yeast chromosome next to a URA3 marker gene
and between two direct repeats. A breakage event at the CAG/

CTG tract could be healed by degradation of both the tract and
the URA3 gene to expose the direct repeats, followed by single-
strand annealing. These recombination events can be identi-
fied because cells that express Ura3p die in the presence of the
drug FOA, whereas cells that lose the URA3 gene are FOAR.
Therefore, only recombination-proficient cells are able to re-
cover the broken chromosome.

Because many proteins involved in DNA replication are also
necessary for efficient recombination, we devised an alternative
assay based on a YAC (YAC-CF1; Fig. 1) that does not require
recombination (77). In this assay, CAG/CTG tracts of various
lengths (referred to as CAG) were placed on the right arm of
a YAC, proximal to a URA3 gene. The tract is oriented such
that the CAG strand will be on the lagging-strand template and
the CTG strand will be on the Okazaki fragment. This orien-
tation is less prone to contractions (26, 57). The URA3 gene on
YAC-CF1 is far enough away from the telomere that it is not
subject to telomeric silencing, thus cells containing the original
YAC are Ura� and FOA sensitive (FOAS) (Fig. 1) (77). Just
proximal to the CAG tract there is a “backup telomere”, a
108-bp stretch of C4A4/T4G4 telomeric sequence from Oxy-
tricha, a sequence that is used efficiently for telomere addition
by yeast telomerase (67). If breakage occurs at the CAG tract,
the end of the broken YAC is degraded, exposing the C4A4

sequence and allowing it to act as a seed for addition of a yeast
telomere. Telomere addition allows the efficient recovery of
YACs that break at the CAG tract. Breakage followed by
telomere addition leads to loss of the right arm of the YAC,
including the URA3 gene, and generates a Ura3� and FOAR

cell (Fig. 1). Thus, measurement of the rate of generation of
FOAR cells can be used as a monitor of the rate of breakage.
Since breakage does not occur in a region with homology to
yeast chromosomes, the primary mode of healing is by telo-
mere addition rather than recombination (77). This is sup-
ported by the fact that a deletion of the RAD52 gene, required
for homologous recombination, does not affect the rate of
generation of FOAR cells (R. Sundararajan and C. H.
Freudenreich, unpublished data). The left arm of the YAC has
LEU2, which is used to maintain selection for the YAC, a yeast
origin of replication (ARS1), a centromere (CEN4), and a

FIG. 1. The YAC breakage assay. Cells containing YAC CF1 (top; not to scale), which contains a CAG tract and URA3 gene, are FOAS. If
breakage occurs distal to the backup telomere (C4A4 tract)—for example, in the CAG tract (shown by a heavy line)—the YAC can be rescued by
addition of a yeast telomere onto the C4A4 seed sequence. The resulting YAC has lost the URA3 gene and is thus FOAR. The YAC is �62 kb
long and contains 41 kb of lambda DNA between the LEU2 gene and C4A4 sequence.
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promoter-defective allele of ADE3 (ade3-2p) that allows de-
termination of YAC copy number by color of the colony (0
YACs 	 white, 1 YAC 	 pink, 2 YACs 	 red).

Along with the genetic assay for fragility, stability of the
CAG repeat on the YAC can be monitored by a physical PCR
assay, using primers on either side of the repeat to amplify the
tract and monitor changes in size (described below for details).
The YAC is especially well suited to study how various muta-
tions affect TNRs, since it is a dispensable chromosome and
can be moved easily to any strain of interest by cytoduction
(22). Thus, both fragility and stability of various repeats cloned
on the YAC can be analyzed by simply moving the YAC to
different mutant strain backgrounds.

Validation of the YAC assay as a monitor of TNR fragility.
Southern analysis of the structure of a YAC without a CAG
tract in FOAR cells generated in a wild-type strain showed that
the majority of YACs healed by telomere addition at the C4A4

tract (77). FOAR events were also generated by point muta-
tions in URA3 at a rate of 2 
 10�7 and a small proportion of
YACs healed behind the C4A4 tract in the lambda sequence
that composes the majority of the YAC (77). The latter two

events can be distinguished from de novo telomere addition at
the C4A4 tract by determining the structure of the YAC in
FOAR cells.

To determine what proportion of FOAR cells was generated
by breakage and telomere addition on YAC-CF1 with CAG
tracts of different lengths, we carried out restriction digestion
and Southern analysis to determine the structure of the YAC
in independent FOAR colonies (Fig. 2, left panel, and Table 1).
After restriction digestion, the lambda probe hybridizes to a
series of fragments derived from the right arm of the YAC. In
the starting YAC, the terminal fragment containing the C4A4

sequence, the CAG repeat, and the URA3 gene is �9 to 10 kb
depending on the CAG repeat size (Fig. 2, arrow, lanes 1 to 4).
FOAR due to breakage at the CAG tract would most likely
yield a YAC that healed at the backup telomere, since the
C4A4 tract, an efficient seed for telomere addition, is located
immediately proximal to the CAG tract. If a new telomere was
added to the C4A4 tract, the terminal fragment will decrease in
size to �6.6 kb (Fig. 2, T arrow). Southern analysis showed that
the majority of YACs from FOAR cells had healed at the C4A4

sequence, consistent with a breakage event distal to the backup

FIG. 2. Southern blot analysis of YACs from FOAR colonies. Genomic DNA from FOAS starting colonies (lanes 1 to 4) or FOAR colonies from
either wild-type (lanes 5 to 14) or rad27� (lanes 15 to 26) strains was purified, digested with BstEII, and separated on a 1% agarose gel. The YAC
was visualized by hybridization to a probe to lambda DNA, which makes up the majority of the right arm of the YAC. BstEII restriction fragment
sizes (in kilobases) predicted to hybridize to the probe are shown in a diagram at the bottom (not to scale) and to the left of the blot. The last BstEII
fragment contains the backup telomere (C4A4), CAG tract, and URA3 gene, represented by boxes, and is predicted to be between 9 and 10 kb,
depending on the size of the CAG tract (indicated by an arrow to the left of the gel). Breakage at the tip of the right arm—for example, at the
CAG tract—and healing of the YAC by telomere addition at the backup telomere will reduce the size of the teminal band to approximately 6.6 kb
(T). Healing at the CAG tract is expected to give a 7- to 7.5-kb terminal band (*). Healing behind the backup telomere sequence in the lambda
sequence will result in loss of one or more of the bands, sometimes with appearance of new bands.
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telomere, and the percentage increased with increasing tract
length (56% for CAG-45; 75% for CAG-70; 100% for CAG-
155; Table 1; see Fig. 2, lanes 5, 6, 9, 12, 13, and 14 for
examples). Sequence analysis of two healings (of a CAG-45
and CAG-70 YAC) confirmed that yeast telomeric DNA was
added to the C4A4 sequence. In the cases in which the YAC
remained full length, FOAR is attributed to a point mutation in
the URA3 gene (Fig. 2, lanes 7 and 11; average of 19% for the
wild-type strain) (Table 1). In a few cases, the YAC healed
internal to C4A4, probably indicative of a random breakage

event, since these types of events were more frequent in the
CAG-0 and -45 YACs than in YACs with longer CAG tracts
(Table 1; i.e., see Fig. 2, lane 8, in which the 9-kb band is gone
and a new �1.6-kb band appears; this site of healing corre-
sponds to an 11-bp telomere-like sequence in the lambda
DNA) (77). Because we observed that the majority of FOAR

colonies had a structure consistent with breakage at or near the
CAG tract, with the proportion increasing as CAG tract length
increased, the YAC assay can be used to measure TNR fragil-
ity and to study factors that influence TNR tract breakage.

In human cells, CAG tracts of �37 repeats are stable and
not subject to frequent expansions or contractions, while tracts
�37 repeats are unstable, with the extent of instability increas-
ing with increasing tract length. To test whether CAG tracts
showed length-dependent breakage on YAC-CF1 as they had
on yeast chromosome II (25), we determined the rate at which
FOAR colonies were generated in wild-type cells carrying
YACs with 0, 45, 70, or 155 CAG repeats (CAG-0, -45, -70, or
-155, respectively). The results show that the rate of FOAR

increases �11-fold as the tract length increases from 0 to 155
repeats (Fig. 3A). This increase is similar to the increased
breakage rate on chromosome II for CAG tracts of similar
length (25), indicating that expanded CAG tracts integrated in
YAC-CF1 also act as preferred sites of breakage in a length-
dependent manner.

Mutation of a subset of proteins involved in lagging-strand
replication, including a deletion in RAD27, increases CAG/
CTG tract breakage. Since a defect in processing the 5� end of
Okazaki fragments in a rad27� strain leads to a large increase
in CAG/CTG repeat expansions, we were interested in testing
whether there was increased fragility of the tract in a rad27�
strain background. rad27� strains show a conditional lethality
at 37°C and grow more slowly than the wild type at 30°C (69,
83). rad27� strains containing YACs with 0, �45, �70, or
�155 repeats were plated on YC-Ura-Leu plates to maintain
selection for both arms of the YAC and incubated at the
permissive temperature (23°C) to form individual colonies.
Colony PCR was done to find 10 colonies of each tract length
that had the correct starting CAG repeat size. For each tract
length, the 10 colonies were used to inoculate individual YC-
Leu cultures; this medium selects for the left arm of the YAC,
but allows loss of the right arm containing the URA3 gene.
Cultures were grown at 30°C (a semipermissive temperature)
for approximately three doublings to allow for breakage and
healing of the YAC. A portion of each culture was plated on
FOA-Leu plates to select FOAR colonies, and another portion
was plated for a total cell count. The rate of breakage was
determined by the method of the median (49).

The YAC breakage assay revealed that for YACs containing
a CAG repeat, the rad27� strain gave a dramatic increase in
the rates of generating FOAR cells (13-fold increase compared
to the wild type for CAG-45, 18-fold for CAG-70, and 17.4-fold
for CAG-155; Fig. 3B). The background rate of FOAR in the
CAG-0 strain was also elevated compared to that of the wild
type, indicating that overall chromosome breakage is increased
in the absence of the Rad27 protein. However, there was also
a marked tract-specific effect with higher rates of FOAR as the
repeat tract increased in length, and the rates of FOAR at the
higher tract lengths were much greater than expected for a
simple additive effect of the background increase in FOAR due

TABLE 1. Healing of YACs purified from FOAR colonies
as determined by Southern blot analysis

Strain and
tracta

No. of YACs healed atb: %
Tel�CAGc

Telomere Point mutation Lambda CAG

Wild type
CTG-0 4 3 2 0 45
CTG-45 5 1 3 0 56
CTG-70 3 1 0 0 75
CTG-155 4 0 0 0 100
Total (26) 16 5 5 0 62

rad27
CTG-0 6 2 3 0 55
CTG-45 2 1 4 1 38
CTG-70 4 1 2 1 63
CTG-155 5 1 3 5 71
Total (41) 17 5 12 7 59

dna2-1
CTG-0 2 1 2 0 40
CTG-45 2 1 2 0 40
CTG-70 3 0 1 0 75
CTG-155 5 0 0 0 100
Total (19) 12 2 5 0 64

rnh35
CTG-0 2 0 2 0 50
CTG-45 2 1 2 0 40
CTG-70 3 1 1 0 60
CTG-155 3 1 0 0 75
Total (18) 10 3 5 0 56

cdc9-2
CTG-0 3 1 1 0 60
CTG-45 5 0 0 0 100
CTG-70 5 0 0 0 100
CTG-155 4 1 0 0 80
Total (20) 18 1 1 0 85

pol3-t
CTG-0 3 2 0 0 60
CTG-45 3 1 1 0 60
CTG-70 4 0 1 0 80
CTG-155 3 1 0 0 60
Total (19) 13 4 2 0 68

pri2-1
CTG-0 3 0 1 0 75
CTG-45 3 0 2 0 60
CTG-70 4 0 1 0 80
CTG-155 3 0 2 4 78
Total (23) 13 0 6 4 74

a The total number of colonies analyzed for each strain is listed in parentheses.
b Telomere, healed at backup telomere (C4A4 sequence); Point mutation,

starting-size YAC, putative point mutation in the URA3 gene; Lambda, healed
proximal to C4A4 in lambda sequence as assessed by loss of bands; CAG,
probable healing in CAG tract.

c % Tel�CAG, percent healed at either backup telomere or CAG repeat.
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to the mutation plus the increase in FOAR due to tract length
seen in the wild-type background. For example, if the rad27�
CAG-0 value and the wild-type CAG-70 value are both sub-
tracted from the rad27� CAG-70 rate, the rate of FOAR is still
54.93 
 10�6, compared to 3.82 
 10�6 for the wild type.
These data suggest that the propensity for long CAG tracts to
break is specifically exacerbated in the rad27� background.

Because Rad27 is involved in Okazaki fragment maturation,
we analyzed other proteins involved in lagging-strand replica-
tion and processing to monitor their effects on CAG fragility.
Mutations in three proteins that are thought to work together
with Rad27 in processing the 5� ends of Okazaki fragments
were tested: the Dna2 helicase/nuclease, RNase H, and DNA
ligase. The dna2-1 mutant is partially defective in both the
helicase and nuclease activities (14) and grows more poorly at
increasing temperatures (12, 13). We maintained the strain at
23°C, a permissive temperature with almost wild-type DNA
synthesis, and allowed breakage at the semipermissive temper-
ature of 30°C. RNase HI activity, thought to be involved in
RNA primer removal, is reduced by 75% by a deletion in the
yeast RNH35 gene, but the growth rate of the deletion mutant
is essentially wild type at 30°C (24, 68). DNA ligase is required
for the last step of Okazaki fragment processing and ligation of
the processed fragment to the upstream fragment. A strain
carrying the cdc9-2 ligase mutation arrests as large budded
cells at 37°C and shows reduced viability at the semipermissive

temperature of 30°C, indicating a defect in DNA replication
(31). In vitro assays using cdc9-2 extracts showed a complete
defect in ligation during base and nucleotide excision repair
(NER) pathways at 30°C (91).

None of the three processing mutants, dna2-1, rnh35�, or
cdc9-2 significantly increased FOAR for the CAG-0, -45 or -70
YACs, although the rnh35� and cdc9-2 strains showed a slight
increase for CAG-70 (Fig. 3C). However, all three mutants did
show an increase in FOAR for strains with the CAG-155 YAC,
with the rnh35� and cdc9-2 rates statistically significant com-
pared to the wild-type rate. All three CAG-155 rates were still
elevated if the respective no-tract control and wild-type CAG-
155 rates were subtracted out. Thus, elimination or decrease of
either RNase HI or ligase activity, and perhaps also Dna2-1
activity, appears to have an effect on the breakage of long CAG
tracts.

Mutations in two proteins involved in generation of Okazaki
fragments, Pol � and DNA primase, were also tested for effects
on CAG fragility. The pol3-t allele is a D641N substitution in
the vicinity of the conserved polymerase motif VI of Pol � (88).
This allele increases the mutation rate by a number of different
assays, but has the most dramatic effect on deletions between
distant short repeats (88, 89). The pol3-t allele significantly
increased FOAR of the CAG-0 and CAG-45 YACs, but not
CAG-70 or CAG-155 (Fig. 3C), suggesting that this allele may

FIG. 3. Breakage assay of YAC-CF1, containing CAG-0, -45, -70, or -155 tracts in different strain backgrounds. For each strain, 10 colonies of
each tract length were grown separately for approximately three doublings at 30°C (which is semipermissive for the temperature-sensitive strains
used) in Ura� Leu� medium to allow for breakage and healing at the backup telomere and then plated on FOA-Leu plates to select for breakage
events and YC-Leu medium for a total cell count, and grown at the permissive temperature for each strain (23 or 25°C for temperature-sensitive
mutants, 30°C for rnh35� and wild-type strains). Rates of FOAR (10�6) were calculated by the method of the median (49). Rates that are
significantly different from those of the wild type by a pooled variance t test are shown by asterisks (P � 0.05); standard errors are shown. (A)
Wild-type strain. (B) Comparison of wild-type and rad27� strains. (C) Comparison of the wild-type strain and strains with mutations of other
proteins involved in lagging-strand synthesis. Note differences in the scales for each graph.
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increase overall chromosome breakage slightly, but does not
have a tract-specific effect.

The pri2-1 allele is an E152Q mutation in the catalytic sub-
unit of DNA primase that causes cells to cease DNA synthesis
and arrest at 37°C (23). Interestingly, the pri2-1 allele had no
effect on breakage of the shorter CAG-45 and -70 tract lengths,
but showed a threefold increase in FOAR compared to the wild
type for the CAG-155 tract (Fig. 3C, P 	 0.003 by t test). The
increase was still significant if the respective no-tract control
and wild-type CAG-155 rates were subtracted out. This allele
also increased expansions of the CAG-155 tract by �11-fold
(but not of CAG-45 or -70, described below).

Southern analysis of DNA from FOAR colonies shows that
rates of FOAR also reflect CAG/CTG tract breakage in mutant
backgrounds. To verify that the rate of FOAR reflected break-
age at the CAG tract in the mutant strains, DNA was purified
from at least four FOAR colonies for each tract length (CAG-
0, -45, -70, and -155) for each mutant background and the
structure of the YAC was examined by Southern blot analysis
(Fig. 2 and Table 1). Except for the rad27� and pri2-1 strains
(described below), each of the mutants showed a similar fre-
quency of healing at the backup telomere (average of 67% for
all YACs analyzed) with the frequency generally increasing as
CAG tract length increased (Table 1). If the rates of FOAR

shown in Fig. 3B are corrected so that only telomere healings
at the C4A4 tract are considered, the rad27� strain still shows
dramatic and highly significant increases over the wild type at
all CAG tract lengths (range, 9- to 13-fold). We infer from
these data that the rate of FOAR is a good approximation of
the rate of CAG tract breakage.

In two cases, less-than-average healing at the backup telo-
mere was observed. For the rad27� strain, only 41.5% of YACs
healed at the backup telomere (17 out of 41 rad27� FOAR

colonies analyzed by Southern blotting) (Table 1). This lower
frequency was almost entirely due to a new site of telomere
addition, because the size of the most-distal YAC fragment
predicted that telomere addition had occurred at the CAG
repeat tract rather than at the C4A4 tract (see Fig. 2, lanes 22
and 25; and Table 1, CAG). This type of healing did not occur
in the rad27� CAG-0 strain (0 of 11 FOAR colonies), infre-
quently in CAG-45 and -70 (1 of 8 FOAR colonies each), but
was observed frequently for the CAG-155 repeat (5 of 14
FOAR colonies). The only other strain that showed frequent
telomere addition within the CAG tract was the pri2-1 CAG-
155 strain, in which four of nine FOAR colonies analyzed had
healed in the CAG tract (Table 1). If these potential CAG
healing events are added to the backup telomere healings on
the premise that they most likely arise from breakage at the
CAG tract, then the frequencies of FOAR colonies that can be
attributed to CAG tract breakage are 71% for rad27� CAG-
155 and 78% for pri2-1 CAG-155, which is close to the average
of 83% seen for the CAG-155 tract in the other strain back-
grounds. Although a deletion in RAD27 has been shown to
increase gross chromosomal rearrangements, including trans-
locations, we did not see any direct evidence for these struc-
tures (15). However, the rad27� strain did have a fairly high
frequency of loss of bands in the lambda sequence (Table 1;
Fig. 2, lanes 18 and 20), and some of these might represent
translocation events.

Because telomere structure is affected in a rad27� strain and

we observed an altered spectrum of telomere healings in this
strain, we were concerned that rescue of broken YACs by
telomere addition might be less efficient than in the wild-type
strain, masking a real rate of CAG breakage even higher than
the observed 13- to 18-fold increase. To address this possibility,
we determined the rate of CAG tract breakage by using our
previously described direct repeat recombination assay, which
depends on single-strand annealing but not telomere addition
(25). With this assay, there was a 15- to 18-fold increase in
FOAR for a CAG-80 strain, and there was a 10- to 11-fold
increase for a CAG-100 strain compared to the wild-type con-
trols (data not shown). Since these increases were similar to
those seen in the YAC assay, it is unlikely that inefficient telo-
mere healing had a major effect on the rates observed. In ad-
dition, telomere structure was checked by Southern blotting
for the two mutants that did not show significant increases in
CAG-155 breakage rates (dna2-1 and pol3-t), and in both
cases, telomeres appeared intact at the 30°C semipermissive
temperature (although slightly longer than wild type for dna2-1)
(data not shown), suggesting that telomere structure and, by
inference, telomere healing were not grossly altered in these
strains.

Mutations that increase fragility of CAG/CTG tracts also
increase tract expansions. In order to determine if fragility
correlates with stability of the CAG tracts, we also tested the
frequency of contractions and expansions that occurred under
the same growth conditions used for the YAC breakage assay.
Individual yeast colonies of either a wild-type or mutant strain
background containing the indicated YAC were grown at the
permissive temperature (30°C for wild type and rnh35�, 23 to
25°C for temperature-sensitive mutant strains rad27� dna2-1
cdc9-2 pol3-t pri2-1 strains), and the CAG tract length was
analyzed by colony PCR to find colonies that contained full-
length tracts. These parent colonies were then used to inocu-
late a culture that was grown for approximately three doublings
at the semipermissive temperature (30°C). During this period
of growth, the CAG tract should be replicated under condi-
tions of reduced or absent protein product, so that any effects
on tract stability would be manifest. A dilution was then plated
for single cells that were allowed to grow into colonies at the
permissive temperature, and the CAG tract size of individual
colonies was determined by colony PCR (Table 2). Because
PCR preferentially amplifies short tracts and we were able to
amplify a maximum of 180 to 200 repeats by PCR, the CAG-
155 expansion sizes and frequencies were probably underesti-
mated.

In the wild-type strain background, the frequency of CAG
tract expansions was very low (0.4 to 0.8%, Table 2). The
frequency of contractions was also low for the short CAG-45
tract (0.8%), but as in human transmissions, tract instability
increased significantly for longer repeat tracts (3.7% contrac-
tions for CAG-70, 16.8% for CAG-155) (Table 2) As has been
noted before (26, 57, 60), contractions were more frequent
than expansions in wild-type yeast.

Consistent with earlier studies, repeat instability was dra-
matically higher in a rad27� strain, with a strong bias toward
expansions (2- to 5-fold increase in contractions and 20- to
34-fold increase in expansions compared to that in the wild
type) (Table 2). The dna2-1 defect slightly increased contrac-
tions for all tract lengths with a 3.4-fold increase for the shorter
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CAG-45 tract and also increased expansions for the CAG-45
(3.4-fold) and CAG-70 tracts (2.5-fold) (Table 2). The in-
creases were modest and not statistically significant by a Fish-
er’s exact test, suggesting that mutation of the Dna2 protein
alone did not have a dramatic effect on CAG stability, but
might have a modest effect for shorter repeat tracts. The
rnh35� did not affect CAG contractions, but led to a slight
increase in expansions for the longer CAG-70 and -155 tracts
(2.4- to 2.7-fold [not statistically significant]) (Table 2). The
cdc9-2 mutation had a mild effect on CAG expansion of
shorter tracts and showed a significant ninefold increase in
expansions of the longest CAG-155 tract, the same tract length
that showed increased fragility.

Consistent with its previously characterized phenotype on
direct repeats and dinucleotide repeats (46, 89), the pol3-t
mutation significantly increased contractions of both CAG-70
and -155 tracts. The mutation also increased expansions for the
CAG-45 and -155 tracts, although the values were not statis-
tically significant, suggesting a minor effect on repeat expan-
sions, but, similar to pol3-t-induced fragility, the effect may not
be dependent on repeat tract length. Like the pol3-t mutation,
the pri2-1 allele increased contractions of CAG repeats. In
addition, there was a large 11-fold increase in frequency of
expansions for the longest CAG-155 tract in a pri2-1 strain,
again the same length that showed increased fragility.

We also analyzed the mean and the range of the tract length
changes seen in wild-type cells and all of the mutant back-

grounds (Table 3). Most of the contractions detected in wild-
type cells were fairly large, so that the average contracted tract
was only about half the size of the original tract or less. None
of the mutations tested had a noteworthy effect on the size of
tract contractions. The mean size of expansions in the wild-
type background was slightly less than the contractions, but still
fairly large (25 repeats for CAG-45, 30 repeats for CAG-70, 15
repeats for CAG-155). Again, most mutations did not affect
the size of expansions, with one exception. For the rad27�
strain, we saw several large expansions of the CAG-70 repeat
that doubled or almost doubled the size of the tract (60 to 70
repeats added), whereas the largest documented expansions
for all other strains were additions of 30 to 45 repeats. The
largest was an expansion of �100 repeats (165 repeats total).
Such large expansions were not observed for the CAG-45 and
-155 tracts in the rad27� strain; however, for the CAG-155
tract, we had a high proportion of failed reactions (26% of
reactions versus 0% for wild-type CAG-155), indicating that
technical limitations of the PCR likely led to an underestima-
tion of expansion sizes. These results suggest a possible mech-
anistic difference between expansion of shorter CAG-45 and
longer CAG-70 tracts.

DISCUSSION

It is intriguing that TNR tracts are unstable in two different
ways, that is they change in size and also cause chromosome

TABLE 2. Frequency of CAG/CTG expansions and contractions in wild-type and mutant strain backgrounds

Strain
backgrounda

% Contraction (fold)b % Expansion (fold)b

CAG-45 CAG-70 CAG-155 CAG-45 CAG-70 CAG-155

Wild type 0.8 (1) 3.7 (1) 16.8 (1) 0.4 (1) 0.8 (1) 0.5 (1)
rad27� 4.0 (4.9)* 13.3 (3.6)** 40.3 (2.4)** 11.0 (26.8)** 27.7 (33.8)** 10.4 (20)**
dna2-1 2.8 (3.4) 6.9 (1.9) 25.0 (1.5) 1.4 (3.4) 2.1 (2.5) 0 (0)
rnh35� 0.7 (0.8) 4.0 (1.1) 23.6 (1.4) 0.7 (1.6) 2.0 (2.4) 1.39 (2.7)
cdc9-2 0 (0) 4.2 (1.1) 25.0 (1.5) 0.7 (1.7) 2.1 (2.5) 4.9 (9.3)*
pol3-t 2.1 (2.5) 11.8 (3.2)** 62.6 (3.7)** 2.1 (5.0) 0 (0) 2.0 (3.9)
pri2-1 4.2 (5.0)† 10.4 (2.8)* 29.9 (1.8)** 0 (0) 1.4 (1.7) 5.6 (10.7)**

a A minimum of 144 to 150 samples were evaluated for each tract length of each strain. For wild-type and rad27� strains, the following numbers of samples were
tested: wild-type CAG-45, 241; CAG-70, 245; CAG-155, 191; rad27� CAG-45, 200; CAG-70, 195; and CAG-155, 144.

b Frequencies are expressed as percentages; fold increases over wild-type are indicated in parentheses. **, P �0.01; *, P �0.05; †, P �0.057 (Fisher’s exact test and
a test of equality of binomial proportions).

TABLE 3. Size of CAG/CTG tract-length changes observed in stability assays

Strain

No. of repeatsa

CAG-45 CAG-70 CAG-155

Contractions Expansions Contractions Expansions Contractions Expansions

Range Mean Range Mean Range Mean Range Mean Range Mean Range Mean

Wild type 20–40 30 25 25 10–60 35 25–35 30 25–130 70 15 15
rad27� 10–40 20 5–30 25 5–70 25 10–100 35 25–140 70 5–10 10
dna2-1 10–15 10 10–15 10 10–60 30 15–40 30 25–130 70 — —
rnh35� 15 15 30 30 20–50 30 10–45 30 30–130 80 30 30
cdc9-2 — — 25 25 5–50 15 15–30 25 20–140 75 5–10 10
pol3-t 10–20 15 15–25 20 5–60 30 — — 25–140 75 5–10 10
pri2-1 10–30 15 — — 5–45 20 20–40 30 30–150 70 10–25 15

a Shown are numbers of CAG/CTG repeats added to (for expansions) or subtracted from (for contractions) the original tract length and rounded to the nearest 5
to reflect the accuracy of the sizing data (i.e., 25 in the CAG-45 expansion column means that �25 repeats were added for a total of �70 repeats). —, no expansions
or contractions observed.
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fragility, and both types of instability are exacerbated as the
tract increases in length. It has been tempting to speculate that
the two types of instability are interrelated, but until now, there
has been no direct connection between increased CAG break-
age and instability outside of meiosis. We have developed a
quick YAC-based genetic assay that does not rely on recom-
bination to monitor the effects of genes and conditions on
TNR-induced chromosome fragility. Using this assay, we show
that mutation of Fen1/Rad27, DNA ligase, and primase causes
increased CAG fragility and that there is a correlation between
the level of fragility and the likelihood of repeat expansions.
On the other hand, there was no obvious relationship between
increased fragility and TNR contractions.

One striking aspect of the fragility data was the large in-
crease in breakage observed in a rad27� strain, suggesting that
a defect in flap processing leads to chromosomal breakage
more often than other types of replication defects. The in-
crease in breakage with increasing tract length indicates that
TNRs either exacerbate the initial lesion (i.e., unprocessed
flaps), inhibit effective repair of unprocessed flaps, or both. For
example, a proportion of CTG-containing flaps could be re-
fractory to ligation, leading eventually to a double-strand break
(DSB) that would be a substrate for telomere addition (Fig. 4,
pathway 2). Alternatively, repair (Fig. 4, pathways 3 and 4)
could be aborted because of unresolved secondary structures,
leading to telomere addition instead. Aborted repair could be
more common in mutant strains: Rad27 plays a role in long-
patch BER and end joining, and DSB repair that involves
coordinated leading- and lagging-strand synthesis requires
most proteins involved in lagging-strand replication, including
Rad27, ligase, and primase (34, 44, 45, 92, 93).

A deletion in RAD27 also had a dramatic effect on TNR
stability, especially increasing the number of expansions, con-
sistent with earlier results obtained with different assays (25,
79, 84). There are two general mechanisms that could account
for the increase in expansions seen in the absence of Rad27 or
mutation of ligase or primase (Fig. 4). First, a proportion of

unprocessed flaps could eventually be ligated to the preceding
Okazaki fragment (Fig. 4, pathway 1). In vitro studies have
shown that DNA ligase I can compete with Fen1 during CTG
flap processing to create expanded products, and production of
expanded products is increased when Fen1 is mutated (33, 52).
Additional displacement synthesis by Pol � could possibly in-
crease the size of the flap even further, perhaps even to the size
of the majority of the Okazaki fragment (100 to 150 nucleo-
tides 	 33 to 50 repeats) (2, 11). The extra sequence contrib-
uted by the unprocessed flap would lead to an expansion, but
the maximal size of the repeat tract added would be limited by
the size of an Okazaki fragment, or �45 repeats, which is the
maximum seen in all strains except rad27�.

Alternatively, a repeat-containing flap that is unable to be
correctly processed could initiate repair, and expansions could
occur during repair (Fig. 4, pathways 3 and 4). Loss of the end
of the YAC and healing at the backup telomere are fairly
low-frequency events and probably only account for a small
fraction of breakage events, probably around 1% (77; data not
shown). Therefore, most breakage events probably heal either
intrachromosomally (pathways 3 and 4.2) or by a homologous
recombination pathway using the sister chromatid as a tem-
plate (pathway 4.1). A gap repair model (pathway 3) has been
proposed to explain the CAG expansions that occur at the
Huntington’s locus in transgenic mouse haploid germ cells
(47), and abasic sites have been shown to induce TNR expan-
sions in vitro (54). Recently, polymerase �, which functions in
short-patch BER, has been shown to expand CAG/CTG re-
peats at strand breaks in vitro (30). For example, fill-in syn-
thesis during gap repair combined with the absence of flap
cleavage, followed by eventual ligation, could produce TNR
expansions.

Different from other mutations, some very large expansions
were observed in the rad27� background that approximately
doubled the size of the CTG/CAG-70 repeat tract. Spiro et al.
observed a similar frequency of large expansions in a rad27�
strain when a CTG-25 tract was on the Okazaki fragment (as in
this study) and an even larger fraction in the opposite orien-
tation (CAG-25) (84). Multiple rounds of unprocessed flap
religation or replication slippage during gap repair could pos-
sibly lead to these large expansions. Alternatively, recombina-
tional repair (Fig. 4, pathway 4) using the sister chromatid as a
template could account for generation of the occasional large
expansions observed in the rad27� strain. One version of re-
combinational repair that can account for the nonreciprocal
nature of TNR expansions is synthesis-dependent strand an-
nealing (see reference 72 for review). The idea that DSB repair
can generate expansions is supported by the high rate of CAG
tract breakage in the backgrounds that showed expansions,
indicating that there are more DSBs arising within or near the
repeat compared to that of the wild type. There is good evi-
dence that the lesions generated in a rad27� strain are subject
to recombinational repair, since a RAD27 deletion is lethal in
combination with almost all proteins needed for homologous
recombination (20, 86). Recombinational repair can also pro-
ceed by single-strand annealing, a pathway that should readily
occur in a repeated sequence, or nonhomologous end joining,
both of which would lead to contractions. In addition to the
large increase in TNR expansions, the rad27� strain showed a
higher frequency of contractions compared to that of the wild

FIG. 4. Model for TNR expansions and breakage due to hairpin
formation at flap structures. Displaced 5� flaps, formed either on the
lagging strand during replication or during nick or gap repair, that
contain CTG repeats are predicted to fold into a hairpin structure at
some frequency. The likelihood of hairpin formation is increased in
strains defective for flap processing, such as strains lacking Fen1/
Rad27. Four possible pathways for resolution of the hairpin/nick struc-
ture and their consequences for repeat instability are shown. NHEJ,
nonhomologous end joining.
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type, consistent with the idea that recombinational repair path-
ways are increased in the rad27� background. The model that
DNA strand breaks in a CAG/CTG tract can be an initiator of
repeat instability is also supported by earlier experiments that
indicated that DSB repair in the vicinity of a repeat tract can
initiate repeat instability that is biased toward expansions.
First, a recombination event near a CAG tract on a yeast
chromosome led to the recovery of large expansions (25). Sec-
ond, repair of an induced DSB by using a CAG/CTG repeat
template increases both expansions and contractions over the
normal mitotic rate in yeast (70, 71). In addition, RecA-de-
pendent recombination between CAG/CTG repeats in E. coli
also produces a bias toward expansions, whereas there is usu-
ally a bias toward contractions during replication of CAG-
containing plasmids in bacteria (37). Finally, CAG repeats also
act as sites of chromosome breakage in yeast meiosis, and
meiotic instability of CAG repeats has recently been shown to
depend on creation of the DSB by the SPO11 endonuclease
(38, 39).

In contrast to the Rad27 deletion, mutation of three other
proteins thought to cooperate with Rad27 in flap processing,
Dna2, RNase HI, and ligase had much more subtle effects on
CAG fragility and stability. Although the Dna2 and ligase
alleles must retain some function at the semipermissive tem-
perature used, since a deletion of each of these proteins is
lethal, both show reduced or no activity in vitro and signifi-
cantly reduced viability at 30°C; thus, any strong effects on
TNRs should have been revealed. The cdc9-2 ligase-defective
strain showed a significant increase in both fragility and expan-
sions of the longest CAG-155 tract. This result supports the
idea that the persistence or repair of unligated nicks on the
lagging strand is one pathway to expansions. Expansions of the
CAG-70 tract were slightly less frequent than that observed
previously for a CAG-78 tract in either a cdc9-1 or cdc9-2
mutant background (36). The basis for this difference is not
known, but could be due to a difference in strain background
or chromosomal location.

The lack of any significant effects of the dna2-1 mutation on
fragility and stability of CAG tracts indicates that Dna2 is
probably not required in vivo for maturation of CTG-contain-
ing flaps in the presence of wild-type Rad27 protein and sug-
gests that most flaps are shorter than 28 nucleotides (a size that
no longer supports efficient loading and cleavage by Fen1/
Rad27 due to competition by RPA) (4, 7). This conclusion is in
agreement with the data of Ayyagari et al. that show an aver-
age nick translation patch of 8 to 12 nucleotides in vitro (3).
However, a slight increase in fragility of the longest CAG-155
tract was noted in the presence of the dna2-1 mutation, sug-
gesting that this longer tract may occasionally form a structure
that requires Dna2 for correct processing. One possibility is
that the helicase activity of Dna2 could serve to unwind sec-
ondary structure in the flap, such as that caused by a CTG
repeat, which would inhibit cleavage by Rad27 (6).

Since Rad27 activity appears to bypass the need for RNase
HI, it has been proposed that the role of RNase HI may be to
process 5� ends that are either annealed to the template or
have secondary structure that would inhibit efficient Rad27
cleavage (62). Flaps containing CTG or CAG repeats would be
expected to fall into the latter category. A deletion in RNH35
led to a very slight increase in CAG expansions for the longer

CAG-70 and -155 tracts and also slightly (but significantly)
increased fragility of CAG-155, suggesting that RNase HI may
have a role in processing structure-containing flaps in yeast,
but another protein (most likely Rad27) can usually substitute
for lack of RNase HI activity.

The Pol � and primase mutations are expected to affect
lagging-strand replication, but not processing of the 5� end of
the Okazaki fragment per se. Both mutations showed signifi-
cant increases in contractions. Since the pol3-t mutation is
within a polymerization domain, this enzyme is hypothesized to
dissociate from the DNA template more often or exibit slower
replication (88). This behavior could leave large portions of the
template strand single stranded, which would favor secondary
structure formation on the template strand that could lead to
contractions. Similarly, inefficient priming in the pri2-1 strain
could also lead to longer regions of single-stranded template
that would favor contractions. In addition, the pri2-1 allele
showed a significant increase in expansions, but only for the
CAG-155 tract, which is the same tract length that showed a
significant increase in breakage. Perhaps a subtle difference at
the 5� end of the Okazaki fragment (for example, a shorter-
than-normal RNA primer) alters the processing of the 5� flap
enough to create a problem in the context of a long CAG tract:
for example, by increasing the chance of hairpin formation.
Alternatively, the primase defect could inhibit efficient repair
of CAG breaks, since primase has been shown to be required
for normal levels of DSB repair (34).

The use of a CAG TNR as a potential site of telomere
addition is a new observation. It is perhaps relevant that both
a rad27� and the pri2-1 allele affect telomeres in other assays
(21, 64). In a rad27� strain grown at 37°C, the template strand
for lagging-strand synthesis (G-rich strand) at telomeres has an
increased level of single-stranded character, suggesting that
the terminal Okazaki fragments may dissociate from the chro-
mosome ends (64). Consistent with this result, we find that
CAG tracts (but not unique sequences) show a length-depen-
dent increase in single-stranded character in a rad27� strain
grown at 37°C and, to a lesser extent, at 30°C (C. H. Freuden-
reich, unpublished data). On the YAC used, the CAG strand is
predicted to be the template for lagging-strand synthesis. Thus,
in a rad27� strain, breakage in a long CAG/CTG tract might
lead to a terminal single-strand CAG tail that could be similar
enough to the natural telomerase substrate to act as a site of
telomere addition. One can imagine a similar phenomenon in
the primase-deficient strain, since deficient primer synthesis on
the lagging strand would also be expected to lead to more
single-stranded regions on the lagging-strand template (1, 21).
These results show that in some cases, breakage of a CAG/
CTG TNR in vivo leads to telomere healing and chromosome
truncation and suggest another way TNRs could contribute to
genomic instability in human cells.

In summary, our data show that mutations that increase
CAG expansions also increase CAG fragility and suggest a
relationship between the two. One possibility is that each of
the mutants that affect triplet repeats increases the probability
of secondary structure, such as hairpin formation, but the exact
location of that structure (i.e., on the template or nascent
strand or within or at the 5� end of an Okazaki fragment)
determines the pathway of repair and thus the outcome. TNR
expansions appear more likely to occur because of inefficient

7858 CALLAHAN ET AL. MOL. CELL. BIOL.



Okazaki fragment processing and contractions by inefficient
replication of the lagging strand, presumably leading to in-
creased single-stranded regions of the template that could
form hairpin structures that would be bypassed by the replica-
tion complex. We show that replication mutants can exacer-
bate triplet repeat fragility and suggest that nicks or breaks that
occur within triplet repeats are subject to repair, with the
choice of pathway leading to a propensity for either large
expansions, small expansions, contractions, or abortive or no
repair, resulting in a persistent break detectable in the YAC
breakage assay. The pathway of repair could also be influenced
by the effect of the mutation itself on various repair pathways.
These results have provided insight into how cells usually pre-
vent expansion or fragility and how mutation of some proteins
could increase genome instability by exacerbating the problem
of unrepaired structures involving long triplet repeats or other
at-risk motifs.
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