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Abstract

Several molecular mechanisms have been proposed to explain trinucleotide repeat expansions. 

Here we show that in yeast srs2Δ cells, CTG repeats undergo both expansions and contractions, 

and they show increased chromosomal fragility. Deletion of RAD52 or RAD51 suppresses these 

phenotypes, suggesting that recombination triggers trinucleotide repeat instability in srs2Δ cells. In 

sgs1Δ cells, CTG repeats undergo contractions and increased fragility by a mechanism partially 

dependent on RAD52 and RAD51. Analysis of replication intermediates revealed abundant joint 

molecules at the CTG repeats during S phase. These molecules migrate similarly to reversed 

replication forks, and their presence is dependent on SRS2 and SGS1 but not RAD51. Our results 

suggest that Srs2 promotes fork reversal in repetitive sequences, preventing repeat instability and 

fragility. In the absence of Srs2 or Sgs1, DNA damage accumulates and is processed by 

homologous recombination, triggering repeat rearrangements.

Trinucleotide repeats are a particular class of microsatellites involved in many human 

neurological and muscular disorders, including fragile X syndrome, Huntington’s disease 

and Friedreich’s ataxia (reviewed in refs. 1,2). These disorders are all associated with the 

expansion of a trinucleotide repeat array near or within a gene. These expansions can be 

large, in some instances reaching several thousands of repeats in one single generation. 

Several mechanisms have been proposed to explain trinucleotide repeat expansions, 

including replication slippage and DNA repair of single-strand nicks (reviewed in refs. 3,4). 

Several years ago, an alternative model was proposed, involving slippage during double-

strand break repair5. It was shown that in yeast contractions and expansions occur during 
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gene conversion associated with double-strand break repair. Rearrangements, which were 

observed in 20–40% of gene-conversion events, were dependent on the Mre11–Rad50–Xrs2 

protein complex, were more frequent during ectopic double-strand break repair and did not 

involve crossover formation6–8.

RAD27, the yeast homolog of the human FEN1 gene involved in Okazaki fragment 

processing, was the first gene identified whose deletion led to an increased frequency of 

large expansions and contractions of trinucleotide repeats in yeast5,9–11. During the course 

of a whole-genome screen looking for genes whose deletion gave a synthetic slow-growth or 

lethal phenotype with the RAD27 deletion, we found 41 mutants showing such a 

phenotype12. Among them, we identified two S-phase helicase genes, SRS2 and SGS1.

SGS1 was originally identified as a suppressor of a type I topoisomerase (TOP3) mutation13 

and was also shown to interact with TOP2 (ref. 14). The Sgs1 protein is a DEAH-box 

helicase, having orthologs in Escherichia coli (RecQ), in all sequenced yeasts15 and in 

mammals. Five orthologs are found in humans: WRN, BLM and RTS, respectively involved 

in Werner’s, Bloom’s and Rothmund-Thomson’s syndromes, and two shorter forms, RecQL 

and RecQ5. The precise biochemical activity of SGS1 is unknown, but the BLM protein and 

human topoisomerase IIIα can unwind double-Holliday junctions in vitro16. In addition, 

sgs1 mutants in Saccharomyces cerevisiae show increased levels of crossovers17,18, and 

Drosophila melanogaster mus309 mutants (mutated in the BLM ortholog) are defective in a 

late stage of double-strand break repair19. Altogether, these data point to a role for SGS1 in 

unwinding Holliday junction–like molecules.

SRS2 is involved in the post-replication repair pathway of DNA damage20. The purified Srs2 

protein possesses a 3′-to-5′, ATP-dependent helicase activity21 and was shown to disrupt 

Rad51 nucleoprotein filaments in vitro22,23. It was recently proposed that the Srs2 helicase 

could act as an antirecombinogenic protein that unwinds toxic recombination 

intermediates24. One study25 showed that short CAG•CTG trinucleotide repeats (13–25 

repeats) were more prone to expansions in a srs2 mutant, and that these expansions were 

largely independent of RAD51. However, long trinucleotide repeat sequences in both yeast 

and E. coli undergo breakage in a length-dependent manner9,26–29. Therefore, we were 

interested in testing the effect of deleting the SRS2 and SGS1 genes on the stability of long 

CAG•CTG repeats and determining whether expansions of such long repeats occurred 

independently of RAD51.

SRS2 and SGS1 mutants show a strong genetic interaction—the srs2Δ sgs1Δ double mutant 

is lethal30. Cell death is suppressed by mutations in RAD51, RAD55 or RAD57, showing that 

homologous recombination is responsible for cell death. The authors suggested that the Srs2 

and Sgs1 helicases are needed either to help restart stalled replication forks or at the 

replication termination step, or alternatively to process recombination intermediates that 

form during replication. Their simultaneous absence would lead to accumulation of DNA 

damage transformed into potentially toxic recombination intermediates, whose resolution 

would be lethal for the cells31.
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To study the role of SRS2 and SGS1 on the stability of long trinucleotide repeats during 

replication, we integrated CAG•CTG repeats in the two opposite orientations in two 

different chromosomal locations: on yeast chromosome X and on a yeast artificial 

chromosome (YAC). We found that these repeats are unstable in both mutant backgrounds. 

Instability is dependent on RAD52 and RAD51, but to different degrees. Chromosomal 

fragility is also increased in both mutants; however, further analyses showed that only in 

srs2Δ cells is this fragility dependent on homologous recombination, suggesting that 

chromosomal breakage occurs by a different pathway in sgs1Δ cells. Analysis of replication 

and recombination intermediates by two-dimensional gel electrophoresis showed that 

molecules that migrate in a similar manner to reversed forks form during replication of the 

trinucleotide repeat tract, and formation of these intermediates depends on the presence of 

both SRS2 and SGS1. We propose that trinucleotide repeat replication is less efficient in 

srs2Δ and sgs1Δ cells, leading to accumulation of DNA damage. Processing of this damage 

by the homologous recombination machinery triggers rearrangements of the repeat tract by 

sister-chromatid recombination and single-strand annealing.

RESULTS

CAG•CTG repeats are more fragile in the absence of Srs2 or Sgs1

To study whether Srs2 and Sgs1 proteins protect against fragility caused by trinucleotide 

repeats, we used a YAC-based assay that allowed determination of the rate of CAG•CTG 

fragility in either wild-type or helicase-deficient yeast (Fig. 1a). Comparison of the 5-

fluorotic acid resistance (FOAR) rates in strains carrying a (CAG)70 tract showed that 

breakage increased 2.8-fold and 5.8-fold in the absence of Sgs1 and Srs2, respectively, as 

compared to the rate in the wild-type strain (Fig. 1b and Supplementary Table 1 online; P 

<0.01 for both). The increase in breakage rate in the absence of either helicase suggests that 

they both have an important role in preventing or repairing lesions that occur at long 

trinucleotide repeats. Srs2 seems to have a particularly important function at a CAG repeat 

tract, as fragility in the srs2Δ background was increased only 1.4-fold for the (CAG)0 

control YAC but 5.8-fold for the (CAG)70 YAC. Notably, deletion of RAD51 in an srs2Δ 

background brought the breakage rate down almost to the wild-type level (wild type versus 

srs2Δ rad51Δ, P = 0.163; srs2Δ versus srs2Δ rad51Δ, P = 0.02), indicating that the 

increased fragility observed in a srs2Δ strain is dependent on RAD51. In contrast, deletion of 

RAD51 in an sgs1Δ background did not suppress fragility and in fact resulted in increased 

CAG fragility compared to the sgs1Δ single mutant (P = 0.07). Because there are some 

pathways of recombination that are dependent on Rad52 but not Rad51, we also made the 

sgs1Δ rad52Δ double mutant. This mutant showed a rate of FOAR similar to that of the 

sgs1Δ rad51Δ mutant. The increase observed in the double mutant is consistent with an 

additive effect of the sgs1Δ and rad52Δ single mutants (Fig. 1b). Thus, the fragility that 

occurs in the absence of Sgs1 is independent of recombination.

To determine whether there is an orientation effect on CAG•CTG fragility, we flipped the 

repeat tract so that the (CTG)70 repeat would be on the lagging-strand template (CTG 

orientation). This orientation has been previously shown to be more contraction prone in 

both yeast and E. coli cells32–36. In this orientation, the repeat was even more prone to 
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breakage, with the rate of FOAR being 3.3-fold more than in the CAG orientation (nine-fold 

more than in the control; Fig. 1c and Supplementary Table 1). Both Sgs1 and Srs2 were still 

important in preventing repeat tract breakage in this orientation, although notably the 

importance of each helicase was reversed. In the sgs1Δ mutant, fragility was about three-

fold higher than the wild-type rate, whereas, in the srs2Δ strain, fragility was increased only 

1.5-fold. As in the CAG orientation, fragility rates returned to wild-type levels in the srs2Δ 

rad51Δ double mutant, whereas fragility in the sgs1Δ strain was only partially dependent on 

RAD51. In summary, both Srs2 and Sgs1 helicases are important in preventing fragility of a 

CAG•CTG tract, regardless of orientation, and fragility of an srs2Δ mutant, but not an sgs1Δ 

mutant, is rescued by preventing Rad51-dependent recombination.

CAG•CTG repeats are frequently rearranged in srs2Δ and sgs1Δ cells

To determine the role of Srs2 and Sgs1 on trinucleotide repeat stability, we integrated 

CAG•CTG repeats in the two opposite orientations at either the ARG2 locus on yeast 

chromosome X or on the YAC. For both locations, Figures 1a and 2a show the replication 

fork coming from the left, so that when the CTG strand is the top strand it is used as the 

template for lagging-strand synthesis; this strand will be hereafter referred to as the CTG 

orientation, or CTG repeats (orientation II32). When the CTG strand is the bottom strand, it 

is used as the template for leading-strand synthesis and will be hereafter referred to as the 

CAG orientation, or CAG repeats (orientation I32).

First, we analyzed repeat-size changes in srs2Δ and sgs1Δ strains in the CTG orientation and 

compared them to the wild-type strain. At the ARG2 locus, we observed no expansion of the 

(CTG)55 repeat in the wild-type and sgs1Δ strains. In contrast, in the srs2Δ strain, we 

detected expansions in 8.1% of the colonies analyzed, a substantially higher frequency than 

observed in the wild-type strain (Table 1). Thus, deletion of SRS2 substantially increases 

expansions of a long CTG tract, whereas deletion of SGS1 does not increase expansions. For 

contractions, we observed a 25-fold increase in the srs2Δ strain (58.1%) and a 20-fold 

increase in the sgs1Δ strain (47.1%) as compared to in the wild type (Table 1). Expansion 

sizes ranged from 17 to 33 repeats (mean: 22 ± 4 repeats), and contraction sizes ranged from 

10 to 55 repeats (mean: 29 ± 3 repeats) (size changes smaller than 10 repeats were not 

detectable at this locus). On the YAC, the (CTG)70 repeat seemed to be more contraction 

prone than the shorter repeat at the ARG2 locus, with 24.5% of cells showing contractions 

and none showing expansions in the wild-type background (Table 2). Nonetheless, similarly 

to the ARG2 locus, an srs2Δ mutation substantially increased the frequency of expansions to 

3.1%. The expansion sizes ranged from 26 to 39 repeats (mean: 29 ± 6 repeats) and the 

contraction sizes ranged from 4 to 70 repeats (mean: 49 ± 2 repeats) (size changes ≥3 

repeats were detectable at the YAC locus).

We subsequently looked for instability in both mutant backgrounds in the opposite 

orientation, where the CAG repeats lie on the lagging-strand template, expecting that the 

contractions would be less frequent. Indeed, at the ARG2 locus, the (CAG)55 repeats were 

stable (around 2% of cells showed contractions and none showed expansion in both mutants; 

Table 1). On the YAC, however, where the repeats seem to be more unstable owing to either 

the slightly longer repeat tested or the location, or a combination of both, we observed that 
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repeats were destabilized in both mutant backgrounds (Table 2). In the srs2Δ mutant both 

expansions and contractions were more frequent, whereas in the sgs1Δ strain only 

contractions showed substantially increased frequencies (Table 2). Expansion sizes ranged 

from 3 to 30 repeats in the srs2Δ strain (mean: 17 ± 4 repeats) and 3 to 16 repeats in the 

sgs1Δ strain (mean: 9 ± 7 repeats); contraction sizes ranged from 3 to 69 repeats (srs2Δ 

mean: 17 ± 5 repeats; sgs1Δ mean: 38 ± 5 repeats). We conclude that trinucleotide repeats 

are prone to frequent rearrangements in srs2Δ and sgs1Δ cells. However, the two helicases 

do not act equivalently, as Srs2 protects against both repeat expansions and contractions, 

whereas only contractions showed increased frequency in the absence of Sgs1.

To detect a possible effect of the orientation on cell growth in both mutant backgrounds, we 

made serial dilutions on plates containing 200 mM hydroxyurea. Hydroxyurea slows down 

replication fork progression37 by inhibiting ribonucleotide reductase38. Reduced growth on 

hydroxyurea plates was visible in srs2Δ cells containing CTG repeats at ARG2, as compared 

to an isogenic strain containing no repeat (Fig. 2b). Similarly, although sgs1Δ cells were 

sensitive to hydroxyurea, this phenotype was more severe in sgs1Δ cells containing repeats 

in the CTG orientation. In the CAG orientation, no growth defect due to the presence of the 

repeats was detected. This suggests that both helicases are needed to help replicating CTG 

repeats, perhaps by unwinding structures formed by these repeats39 that could lead to lesions 

such as double- or single-strand breaks, or yet other kinds of lesions. The high level of 

instability detected in srs2Δ and sgs1Δ mutants in the CTG orientation, as compared to the 

lower level for the CAG orientation (Table 1), would reflect this difference.

Repeat instability in both mutants depends on recombination

To determine whether trinucleotide repeat instability in the CTG orientation was dependent 

on homologous recombination, we deleted RAD51 or RAD52 in srs2Δ and sgs1Δ mutants 

and in the wild-type strain. At the ARG2 locus, trinucleotide repeats were stable in the 

rad52Δ and rad51Δ single mutants (Table 1). In sgs1Δ rad52Δ, srs2Δ rad52Δ and srs2Δ 

rad51Δ double mutants, trinucleotide repeats were as stable as in the wild-type strain. Thus, 

the high level of instability observed in both mutants is mediated by homologous 

recombination (Table 1). The (CTG)70 repeats on the YACs showed a similar profile, where 

the increased frequency of expansions observed in srs2Δ cells dropped down to a frequency 

indistinguishable from that of the wild-type level in srs2Δ rad51Δ cells (Table 2, P = 

0.4512), indicating that the expansion events that occurred in srs2Δ cells were dependent on 

Rad51-mediated recombination.

The results were more complex for the sgs1Δ mutant. The increased contractions observed, 

at the ARG2 locus, in sgs1Δ cells were suppressed by a deletion of RAD52 or RAD51, 

indicating that these contractions were triggered by homologous recombination (Table 1). 

However, in the sgs1Δ rad51Δ double mutant, the frequency of expansions was substantially 

higher than in the wild-type strain or either of the single mutants. Although it is possible to 

generate expansions by single-strand annealing (SSA) when both SGS1 and RAD51 are 

inactivated, previous studies showed that mostly contractions were generated by such a 

mechanism5. Further investigations will be needed to clarify the precise mechanism by 

which expansions occur in this strain background. We also deleted RAD51 or RAD52 in the 
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sgs1Δ mutant, on the YAC. The CAG contractions observed in the sgs1Δ strain were not 

markedly reduced by the elimination of Rad51 or Rad52 (Table 2). We conclude that repeat 

instability induced by deletion of SGS1 seems to be only partially dependent on homologous 

recombination, an observation reminiscent of the CTG repeat fragility we observed in sgs1Δ 

cells, which was also only partially dependent on homologous recombination (Fig. 1c).

Altogether, we found that all phenotypes (repeat expansions and contractions and 

chromosomal fragility) that showed increased frequency in srs2Δ strains were dependent on 

the presence of a functional homologous recombination machinery. However, the repeat 

instability and fragility occurring in the sgs1Δ strain were only partially dependent on 

recombination, with the results dependent on the type of instability and on the orientation of 

the repeat.

Analysis of replication and recombination intermediates by two-dimensional gels

To investigate replication and recombination intermediates during trinucleotide repeat 

replication, we used two-dimensional gel electrophoresis. In the wild-type strain containing 

no repeat tract, we observed a Y arc corresponding to replication forks progressing through 

the ARG2 locus (Fig. 3a). In addition, we detected X-shaped molecules that migrate in a 

similar manner to Holliday junctions or hemicatenanes and appear and disappear with the Y 

arc. To determine whether these structures were recombination intermediates, we performed 

the same experiment in a rad51Δ strain. In this strain, the X spike was still detectable, 

showing that these molecules are not RAD51-dependent recombination intermediates and 

suggesting that they are hemicatenanes40 (although we cannot formally exclude that they are 

some kind of RAD51-independent recombination intermediate).

Hemicatenanes were not visible in the wild-type strain containing the trinucleotide repeat 

tract; instead, they were replaced by two other kinds of structured molecules: a spike-like 

shape migrating above the Y arc and a conical shape emanating from where the trinucleotide 

repeat tract is located, on the descending Y arc (Fig. 3b). These structured molecules also 

appear and disappear with the Y arc, indicating that they are formed during replication of the 

ARG2 locus and are removed afterwards. These structures migrate in a similar manner to 

joint molecules, which would be slightly retarded in the second dimension.

In the sgs1Δ and srs2Δ strains, progression of the replication fork is similar to the wild type, 

with the Y arc peaking in intensity at around 40 min (Fig. 4). Joint molecules were visible in 

both the srs2Δ and sgs1Δ mutants, but their amount was reduced as compared to wild type. 

In the srs2Δ strain, the amount of joint molecules was significantly reduced two- to four-fold 

as compared to wild type at all time points (P = 0.0087). In the sgs1Δ strain, the amount of 

joint molecules as compared to Y arc is significantly reduced two-fold at 40 min and 60 min 

(P = 0.0465). Formation of these joint molecules is therefore partially dependent on both 

SRS2 and SGS1.

To determine whether joint molecule formation was dependent on homologous 

recombination, we analyzed their amounts in a rad51Δ strain and in the sgs1Δ rad51Δ and 

srs2Δ rad51Δ double mutants, focusing on the 40-min and 60-min time points (Fig. 4). In 

the rad51Δ strain and in sgs1Δ rad51Δ cells, joint molecule formation was not statistically 
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different from what was observed in the wild type (P > 0.05). However, in the srs2Δ rad51Δ 

strain, the amount of joint molecules was significantly decreased three- to five-fold 

compared to the rad51Δ mutant (P = 0.0418) and three- to four-fold compared to the wild 

type (P = 0.0475), but was not statistically different from the amount in the srs2Δ single 

mutant (P > 0.05). This shows that SRS2 is epistatic to RAD51 for joint molecule formation, 

and that RAD51 is epistatic to SGS1 for the same process. Joint molecules could be reversed 

replication forks; therefore, SRS2 would act first at the replication fork, perhaps to promote 

replication fork reversal when damage is present. The bacterial Srs2 homolog, UvrD, has 

been shown to facilitate the reversal of stalled forks by clearing inappropriate binding of 

recombination proteins such as the Rad51 homolog, RecA41. If fork reversal does not occur 

properly, the damaged fork will be taken care of by Rad51-mediated homologous 

recombination, to be eventually resolved by Sgs1. We therefore propose that joint molecules 

are a mixture of reversed replication forks and Holliday junctions (Fig. 5, and see 

Discussion).

DISCUSSION

SRS2 and SGS1 both stabilize long CAG•CTG repeats

Previous studies25 using (CAG•CTG)13 or (CAG•CTG)25 repeats showed that repeat 

expansions in srs2Δ cells were mostly independent of RAD51. Therefore, the authors 

proposed that a nonrecombinational pathway, for example, slippage of the 3′ end of a 

nascent strand combined with hairpin formation, generates expansions in srs2Δ cells42. In 

the present work, we show that size changes in srs2Δ cells occur mainly by homologous 

recombination. We therefore propose that when repeat size reaches a given threshold 

(between 25 and 55 triplets), expansions in srs2Δ cells occur mainly by homologous 

recombination between sister chromatids (because strains are haploid).

In the same work25, SGS1 was shown to have no effect on (CAG•CTG)25 trinucleotide 

repeats, whereas, in the present study, the frequency of contractions was substantially 

increased in sgs1Δ strains. Therefore, there seems to be a size threshold above which SGS1 

is important to maintain trinucleotide repeat stability. This idea is strengthened by an 

experiment using (CTG)40 repeats, for which no contractions were observed out of 92 

colonies analyzed in the sgs1Δ mutant (data not shown), suggesting that 40 repeats is under 

the threshold requiring a functional SGS1 gene. Some contractions in the sgs1Δ mutant may 

be generated by SSA, as this is an efficient pathway to generate contractions between two 

(CAG•CTG) repeats5. Sgs1 is also involved in rejection of mismatched SSA, suggesting a 

role for Sgs1 in unwinding SSA intermediates43,44 and preventing SSA events that would 

lead to contractions (Fig. 5, above right).

We note that, although the results from both experimental systems (YAC and chromosome) 

are in good agreement, the level of instability is higher on the YAC than on the 

chromosome. However, it is well known that cis-acting effects such as chromosomal 

location and repeat length have major roles in regulating trinucleotide repeat stability 

(reviewed in refs. 3,45). Our results suggest that either YAC repeats are more unstable 

because they are slightly longer (70 triplets against 55 on the chromosome) or because they 

are located in a chromosomal environment that favors instability.
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Notably, Srs2 had a stronger, more specific role in preventing fragility in the CAG 

orientation. In this orientation, CTG hairpins will occur on the nascent lagging strand, 

suggesting that Srs2 has an important role in preventing inappropriate recombination on this 

strand, which could lead to expansions and fork breakdown. In contrast, Sgs1 was more 

important in preventing fragility in the CTG orientation, suggesting that it may have a role 

in unwinding hairpins that form on the lagging-strand template. WRN, the human homolog 

of Sgs1, is known to interact with Polymerase δ and facilitate replication through CGG 

hairpin structures46,47, and Sgs1 helicase has the correct polarity to track along the lagging-

strand template in the 3′-to-5′ direction during lagging-strand replication to unwind CTG 

hairpins. Persistence of the template hairpin could lead to fork stalling and breakdown, 

explaining the fragility observed in sgs1Δ mutants, or the template hairpin could be 

bypassed, leading to contractions.

Possible stabilization of trinucleotide repeats by reversed forks

We initially postulated that hairpins formed by trinucleotide repeats could impede 

replication, therefore creating more opportunities to stall the fork or to promote the 

formation of single-stranded gaps on repeat-containing DNA. This hypothesis is supported 

by the slower growth rate of cells carrying CTG repeats in the presence of hydroxyurea (Fig. 

2). Previous studies showed a weak, diffuse pausing signal on two-dimensional gels for 

plasmid-borne (CTG)80 repeats in yeast, as compared to the strong pausing signal observed 

for (CGG)40 or (CCG)40 repeats48. In bacteria, the pausing signal at (CTG)70 repeats can be 

clearly detected only when protein synthesis is blocked by chloramphenicol49. In our 

experiments, we did not observe any strong pause of the replication fork near or within a 

chromosome-borne (CTG)55 trinucleotide repeat tract in the wild type or any of the mutant 

strains studied, although we cannot exclude that a weak and/or transient pause exists. If this 

transient pause is rapidly converted into joint molecules, this would preclude its detection as 

a spot on the Y arc.

The joint molecules detected migrated in a similar manner to reversed forks seen in rad53 

yeast mutants50 or hemicatenanes detected during replication near ARS305 in yeast40. Joint 

molecules were barely detectable in the srs2Δ mutant and in the srs2Δ rad51Δ double 

mutant (Fig. 4), indicating that Srs2 is involved in their formation or processing. In addition, 

joint molecules were still visible in the rad51Δ mutant. Therefore, it is unlikely that they 

represent classical recombination intermediates. We propose that the joint molecules 

observed are mostly molecules resulting from replication fork reversal (Fig. 5). In support of 

this hypothesis, it was very recently shown that reversed replication forks appear during 

replication from a bacteriophage T4 chromosomal origin: in the presence of the gp46 

nuclease, there is a transient accumulation of intermediates, forming a conical shape rather 

than a discrete spike, similarly to what we have observed in the presence of trinucleotide 

repeats (Fig. 3b). This conical shape contains reversed replication forks whose double-

stranded ends have been partially resected by the gp46 nuclease51.

A recent study52 supports the hypothesis that replication fork reversal occurs frequently 

during replication of trinucleotide repeats in a synthetic replication fork model. We must 

point out that replication fork reversal can occur in linear DNA but is restrained in 
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topologically closed DNA53,54. Therefore, in vivo, one must speculate that single- or double-

strand breaks occur to release topological constraints and allow fork reversal.

In the sgs1Δ mutant, we observed a significant decrease in the amount of joint molecules, 

with this decrease being partially dependent on the presence of RAD51 (Fig. 4). This is 

different from what was observed in a previous study in budding yeast, in which X-shaped 

intermediates accumulated in sgs1Δ cells55. Therefore, it is unlikely that the two kinds of 

molecules are similar. Sgs1 is therefore likely to be involved in stabilizing CTG repeat–

containing replication forks, allowing possible subsequent formation of reversed forks. 

Consistent with the observation that Sgs1 contributes to replisome stability56, in its absence 

CTG repeat–containing forks would break, leading to a reduction in the formation of 

reversed forks, and hence of joint molecules, and to a corresponding increase in repeat 

fragility.

Various mechanisms have been proposed to lead to trinucleotide repeat expansions, all of 

which are based on the basic idea that trinucleotide repeats form stable hairpins during 

different DNA metabolic processes2–4,45. We propose that unrestricted recombination that 

occurs subsequent to replication through these structure-forming sequences is another factor 

contributing to the expansion of long CAG•CTG repeats.

METHODS

Strains

Strains used in this study are haploid and isogenic to the S288c strain except for the 

mutations indicated (Supplementary Table 2 online). Strains containing trinucleotide repeats 

in the CTG orientation were derivatives of the GFY117 strain6. Strains containing 

trinucleotide repeats in the CAG orientation were built by transforming linearized plasmid 

pTRI131 into wild-type, srs2Δ or sgs1Δ cells. We built the plasmid pTRI131 by flipping the 

trinucleotide repeat tract in pTRI110 (ref. 6). Deletions were done by PCR-mediated gene 

replacement. SRS2 and SGS1deletions were made in the GFY117 strain by transformation of 

PCR fragments containing the HIS3 selection marker and short flanking homologies, to give 

rise to GFY120 and GFY121 strains. We generated RAD51 and RAD52 deletions by 

transformation of the KANMX marker flanked by short homologies, in strains GFY117, 

GFY120 or GFY121. For the fragility experiments on the YAC, SRS2, SGS1 and RAD51 

single mutants in the BY4742 strain were obtained from the yeast MATα deletion set. The 

double mutants derived from BY4742 were generated by transformation of HISMX6 marker 

flanked by short (40-bp) homologies. To create YAC-containing strains, we introduced 

YACs with or without CAG•CTG repeats into the various strains via mating with a kar1-1 

strain. Subsequently to the introduction of the YAC, repeat length and the genotype of the 

strain containing the YAC were confirmed by both genetics and PCR analysis. 

Transformants were screened and CAG•CTG tract length was verified by PCR and by 

Southern blot. We created the strains with a YAC carrying the repeats in the CTG 

orientation by the following method. Wild-type yeast strains that carried the YAC with no 

repeats were plated on a 5-fluoroorotic acid (FOA)-containing plate to select for cells that 

had undergone a YAC breakage event. Colonies that grew on the FOA plate were analyzed 

by Southern blot to confirm the breakage and subsequent healing at the G4T4/C4A4 
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sequence. Cells with the correct YAC structure were then transformed with a linearized 

pVS20 plasmid that had the repeats in the CTG orientation and selected for the ability to 

grow on plates lacking uracil. Transformants were checked by Southern and PCR analysis 

for the presence of the repeats in the correct orientation.

Molecular analysis of CTG and CAG trinucleotide repeat size at ARG2

For each experiment, a single colony was diluted in water, plated on a YPD plate and 

incubated at 30 °C for 2 d. From this plate, 12 single colonies were picked and inoculated in 

1.8-ml cultures in sterile microplates (ABGene AB-0932) and incubated at 30 °C for 24 h. 

DNA was extracted directly in microplates, following the standard Zymolyase procedure for 

yeast cells. All DNA transfers during the preparation process were made by a Hydra-96 

syringes automatic microdispenser (Robbins Scientific). After DNA extractions, PCRs were 

performed in microplates (Sorenson) in an Eppendorf Mastercycler to amplify the repeat 

tract and its flanking regions. PCR products were migrated on 1.2% agarose gels without 

ethidium bromide and stained after the migration. Alternatively to PCR, total genomic DNA 

was digested and trinucleotide repeat sizes were analyzed by Southern blot. Whenever the 

12 colonies coming from the same plate showed the same contraction or expansion, we 

assumed that the rearrangement occurred in the mother colony, before plating, and these 

clones were not taken into account in our analysis.

Molecular analysis of CTG and CAG repeat size and fragility on the YAC

Cells were plated for single colonies on supplemented minimal medium lacking uracil and 

leucine (YC –Leu –Ura) to maintain selection for the YAC and grown at 30 °C. At least two 

separate cytoductants (from kar1-1 matings) were tested for each strain. The rate of FOA 

resistance was calculated by the maximum-likelihood method using SALVADOR software. 

The healing of the YAC at the G4T4/C4A4 tract was confirmed for a subset of FOAR 

colonies by Southern blotting (data not shown). For determining the stability of CTG or 

CAG repeats on the YAC, the repeat tract was PCR amplified from colonies that grew on 

the YC –Leu plates used in the fragility assay to determine total cell count using CTGrev2 

(5′-CCCAGGCCTCCAGTTTGC-3′) and T7 (5′-TAA TACGACTCACTATAGGG-3′) 

primers and an IDPOL polymerase (ID labs). Products were separated on 2% Metaphor gels 

and the CAG tract size was estimated by using the TotalLab software (Nonlinear 

Dynamics).

Orientation effect of CAG•CTG repeats on growth on hydroxyurea

Ten-fold serial dilutions of yeast strains were spotted on plates containing 0.2 M 

hydroxyurea or on standard glucose plates and allowed to grow for 3 d or 2 d, respectively, 

at 30 °C.

Two-dimensional gel analyses

The closest replication origin to the ARG2 locus is ARS1010, a well-characterized late 

replication origin, that fires approximately 30 min after the beginning of S phase57,58 and is 

located 7.2 kb 5′ to the ARG2 gene (Fig. 3). Cells were grown overnight at 30 °C, in 200-ml 

YPD cultures. When concentration reached 107 cells per ml, cells were centrifuged, washed, 
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resuspended in fresh YPD medium at a concentration of 0.75 × 107 cells per ml and grown 

for another 45 min at 23 °C to slow replication. Afterwards, 2 × 109 cells were synchronized 

using 3μg ml–1 α-factor for 2 h at 23 °C (or 2.5 h for rad51Δ cells). G1 arrest was checked 

by microscope observation. When more than 90% of the cells were arrested, they were 

centrifuged, washed and resuspended in 200 ml fresh YPD medium at 23 °C. Progression of 

replication was followed by microscope observation and confirmed by fluorescence-

activated cells sorting (FACS) analysis. Cells were harvested after 30 min, 40 min, 60 min 

and 90 min and killed by addition of sodium azide (0.1% final concentration). Total 

genomic DNA was extracted by the CTAB procedure59, from cells entering S phase to G2-

M phase, and analyzed on two-dimensional gels. DNA was transfered overnight in 10× SSC 

on a charged nylon membrane (Sigma) and UV cross-linked on a Stratagene Stratalinker. 

Hybridization was performed with a 750-bp probe to the 5′ end of the ARG2 gene, labeled 

by random priming. Quantifications were performed on a Phosphorimager, using the 

ImageQuant software. For quantification of joint molecules, we took into account both the 

cone signal and the spike signal (as pictured in Fig. 1b).
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Figure 1. 
CAG•CTG repeats show increased fragility in the absence of Srs2 or Sgs1 helicases. 

Molecular analysis of YACs purified from FOAR colonies, in both wild-type and mutant 

strains, showed that the rate of FOAR is correlated with YAC breakage (data not shown; see 

also ref. 26). (a) Experimental system. If the YAC undergoes breakage at or near the 

trinucleotide repeat tract, the distal DNA fragment containing the URA3 gene is lost and 

cells become resistant to 5-fluoroorotic acid (FOAR). Broken YACs can be recovered by 

addition of a new telomere onto the 108-bp T4G4/C4A4 telomere seed sequence (TEL). (b,c) 

Rate of FOAR for cells with YACs containing no repeat (CAG•CTG)0, a (CAG)70 repeat (b) 

or a (CTG)70 repeat (c). The average of at least three experiments is shown. Error bars 

indicate s.e.m., and asterisks indicate a significant difference between the wild type and the 

mutants (pooled t-test: **, P ≤ 0.01; *, P ≤ 0.05). Numbers above each bar represent the fold 

increase over the wild-type value for the corresponding repeat tract.
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Figure 2. 
Effect of the trinucleotide repeat tract orientation on stability. (a) Experimental design. The 

ARG2 locus on chromosome X, at which repeats are cloned, is depicted, along with the 

replication origin (ARS1010) and centromere location (CEN X). Strains used in this study 

contain the same repeat tract cloned either in the CTG orientation (the CTG sequence is the 

lagging-strand template) or in the CAG orientation (the CAG sequence is the lagging-strand 

template). (b) Orientation effect on growth rate on hydroxyurea (HU) plates compared to 

standard glucose plates (YPD). WT, wild type.
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Figure 3. 
Analysis of replication intermediates at the ARG2 locus by two-dimensional gel 

electrophoresis. (a) The ARG2 locus in strains without repeats is depicted, showing the 

positions of the two ClaI sites used to digest total DNA. The X spike signal values are 

shown as the ratio of the signal at each time point over the signal at 40 min. An enlargment 

of the 40-min time point is shown to the left, along with a cartoon depicting the types of 

molecules visualized on the gel. (b) The ARG2 locus in the wild-type strain GFY117 

containing the (CTG)55 repeat tract is depicted. The same enzymatic restriction, probe and 

quantification as above were used. The Y arc (white bars) and the joint molecule (gray bars) 

signal values are shown as the percentage of Y arc signal over total signal, and as the ratio of 

joint molecule (JM) signal over Y arc signal, respectively. An enlargment of the 40-min 

time point is shown to the left, along with a cartoon depicting the different types of 

molecules visualized on the gel, the spike and the cone being the joint molecules. The 

position at which the CTG repeats are inserted is shown by a white arrowhead.
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Figure 4. 
Analysis of replication intermediates at ARG2 by two-dimensional gel electrophoresis in 

wild-type (WT) and mutant strains. The ARG2 locus in the wild-type strain GFY117 

containing the (CTG)55 repeat tract is depicted as in Figure 3. Representative two-

dimensional gels for each time point are shown to the left. Y arc and joint molecules 

quantifications were performed as in Figure 3. Asterisks above graph bars indicate a 

significant difference between the wild type and the mutants (Mann-Whitney test: **, P < 

0.01; *, P < 0.05).
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Figure 5. 
A model showing different pathways to repair replication fork damage due to structure-

forming sequences. Srs2 and Sgs1 helicases act at the fork to facilitate replication across 

structure-forming sequences on the CTG strand (above). Srs2 can facilitate fork reversal, 

perhaps by removing Rad51 from damaged forks, to allow the damage to be bypassed and 

the fork to restart in a manner that prevents breakage and repeat-length changes (left arrow). 

Sgs1 may also help to stabilize a replisome stalled at the CAG•CTG repeats. In the absence 

of either of these helicases, single-strand gaps or double-strand breaks result (above). 

Single- or double-strand breaks can be processed by a Rad51-dependent sister chromatid 

recombination pathway, leading to recombination intermediates that are dissolved by Sgs1–

Top3 (middle). Slippage associated with DNA synthesis of CAG•CTG repeats can lead to 

repeat contractions or expansions7. Double-strand breaks may be repaired by homologous 

recombination, leading to trinucleotide repeat instability (right downward arrow), by Rad51-

independent single-strand annealing (right, above), or, if unrepaired, will result in loss of a 

chromosome arm as observed in our fragility assay. Joint molecules observed by two-

dimensional gels (shown inside the gray box) correspond mainly to reversed forks but may 

also represent some Rad51-dependent sister chromatid recombination intermediates (see text 

for details). Alternatively, damage may be processed by a template-switching mechanism, as 

proposed previously60, leading to similar recombination intermediates. In the absence of 

both Sgs1 and Rad51 proteins, instability occurs by another pathway, in which replication 

slippage following formation of unresolved secondary structures on the lagging strand or on 

its template leads to contractions or expansions (dotted arrow, above left).
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Table 1

Instability of CTG and CAG triplets on chromosome X in srs2Δ and sgs1Δ mutants

Strain No. of clones Contractions (%)a Expansions (%)a Total (%)a

CTG orientation

WT 141 2.1 (3) 0 (0) 2.1 (3)

srs2Δ 62 58.1 (36)** 8.1 (5)** 66.2 (41)

sgs1Δ 104 47.1 (49)** 0 (0) 47.1 (49)

rad52Δ 115 0.9 (1) 0 (0) 0.9 (1)

rad51Δ 92 0 (0) 0 (0) 0 (0)

srs2Δ rad52Δ 117 3.4 (4) 0 (0) 3.4 (4)

srs2Δ rad51Δ 114 0 (0) 0 (0) 0 (0)

sgs1Δ rad52Δ 93 0 (0) 0 (0) 0 (0)

sgs1Δ rad51Δ 122 0.8 (1) 5.7 (7)** 6.6 (8)

CAG orientation

srs2Δ 182 2.2 (4) 0 (0) 2.2 (4)

sgs1Δ 192 2.1 (4) 0 (0) 2.1 (4)

a
Numbers in parentheses indicate the number of clones in each class.

*
P-value ≤ 0.05;

**
P-value ≤ 0.01 (Fisher’s exact test).
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Table 2

Instability of CTG and CAG triplets on the YAC in srs2Δ and sgs1Δ mutants

Strain No. of clones % Contractionsa % Expansionsa % Totala

CTG orientation

WT 163 24.5 (40) 0 (0) 24.5 (40)

srs2Δ 130 30.0 (39) 3.1 (4)* 33.1 (43)

sgs1Δ 157 23.6 (37) 0 (0) 23.6 (37)

srs2Δ rad51Δ 134 34.3 (46) 0.8 (1) 35.1 (47)

sgs1Δ rad51Δ 164 32.9 (54) 0.6 (1) 33.5 (55)

sgs1Δ rad52Δ 80 35 (28) 0 (0) 35 (28)

CAG orientation

WT 217 2.8 (6) 1.4 (3) 4.1 (9)

srs2Δ 231 6.5 (15)* 5.6 (13)** 12.1 (28)

sgs1Δ 236 8.9 (21)** 1.7 (4) 10.6 (25)

srs2Δ rad51Δ 144 3.5 (5) 0.7 (1) 4.2 (6)

sgs1Δ rad51Δ 144 6.9 (10) 0 (0) 6.9 (10)

sgs1Δ rad52Δ 164 11.6 (19)** 0.6 (1) 12.2 (20)

a
Numbers in parentheses indicate the number of clones in each class.

*
P-value ≤ 0.05;

**
P-value ≤ 0.01 (Fisher’s exact test).
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