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ABSTRACT

Trinucleotide repeats are a source of genome in-
stability, causing replication fork stalling, chromo-
some fragility, and impaired repair. Specialized heli-
cases play an important role in unwinding DNA struc-
tures to maintain genome stability. The Srs2 heli-
case unwinds DNA hairpins, facilitates replication,
and prevents repeat instability and fragility. How-
ever, since Srs2 is a multifunctional protein with he-
licase activity and the ability to displace Rad51 re-
combinase, it was unclear which functions were re-
quired for its various protective roles. Here, using
SRS2 separation-of-function alleles, we show that
in the absence of Srs2 recruitment to PCNA or in
helicase-deficient mutants, breakage at a CAG/CTG
repeat increases. We conclude that Srs2 interac-
tion with PCNA allows the helicase activity to un-
wind fork-blocking CAG/CTG hairpin structures to
prevent breaks. Independently of PCNA binding,
Srs2 also displaces Rad51 from nascent strands
to prevent recombination-dependent repeat expan-
sions and contractions. By 2D gel electrophoresis,
we detect two different kinds of structured interme-
diates or joint molecules (JMs). Some JMs are Rad51-
independent and exhibit properties of reversed forks,
including being processed by the Exo1 nuclease.
In addition, in a helicase-deficient mutant, Rad51-
dependent JMs are detected, probably correspond-
ing to recombination between sisters. These results
clarify the many roles of Srs2 in facilitating replica-
tion through fork-blocking hairpin lesions.

INTRODUCTION

Aside from the various known exogenous factors such as ul-
traviolet light, base modifying chemicals and ionizing radi-

ation that can negatively impact genome stability (1,2), it is
recognized that genome instability and disease can often re-
sult from endogenous replication-blocking sources such as
DNA secondary structures (3—5). Recent evidence supports
a role for specialized helicases to faithfully copy through
replication-blocking structures and maintain genome sta-
bility; known examples include Rrm3 helicase for pro-
grammed protein blocks (6), Pifl for G-quadruplex se-
quences (7-9) and Srs2 for hairpin sequences (10-14).

Triplet repeat expansions are known replication-blocking
lesions and have been implicated in many hereditary
neurodegenerative diseases (15-17). A common prop-
erty shared among disease-causing repeat sequences is
their ability to form non-B DNA conformations in sin-
gle stranded DNA. CAG/CTG repeats, whose expansion
causes Huntington’s disease, myotonic dystrophy, and mul-
tiple spinocerebellar ataxias, are capable of forming hair-
pin structures (18-20). These structure-forming sequences
can interfere with cellular processes such as replication,
transcription, recombination and repair, causing stalled
forks, nicks, gaps or double-strand breaks in the DNA
(3,16,21,22). Paradoxically, the processes of replication fork
restart or DNA repair must then occur within the repeat
DNA, providing opportunity for expansions or contrac-
tions during DNA synthesis or end processing.

In Saccharomyces cerevisiae, it has been shown that
the Srs2 helicase is a key protein involved in unwinding
CAG/CTG hairpin structures (10,13,14). The Srs2 helicase
is a member of superfamily 1 helicases with 3’ to 5’ polar-
ity and homology to the helicase domains of Escherichia
coli RepA and UvrD (23-25). Unlike RepA and UvrD,
Srs2 has an extended C-terminal region that contains do-
mains that facilitate protein-protein interactions, including
with the Rad51 recombinase (26,27) and the DNA replica-
tion clamp PCNA (28,29). Srs2 is required to prevent ex-
pansions of short (CAG/CTG),3 »5 repeats (14) and longer
(CAG/CTG)ss 79 repeats (11). The role of Srs2 in prevent-
ing repeat expansions is specific for hairpin-forming triplet
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repeats, because srs2 mutants did not exhibit increased in-
stability of unstructured repeat DNA (14). Furthermore,
Srs2 was able to facilitate replication through a fork stall
caused by a (CGG/CCQG)y repeat in vivo, but it did not
act on other types of replication barriers such as a G-
quadruplex-forming sequence or a protein-mediated stall
(10). This ability relies on both its ATP-dependent helicase
activity and its interaction with PCNA, but not on ability
to interact with and displace Rad51 (10). Thus, Srs2 seems
to be uniquely positioned to unwind hairpin structures at
an advancing fork and thereby facilitate replication through
triplet repeats. Recently, it was shown that the RTEL1 he-
licase in human cells can perform some of the same func-
tions as Srs2 in both human and yeast cells, including CAG
and CTG hairpin unwinding and prevention of CAG ex-
pansions and repeat fragility (30).

Another important Srs2 function is the ability to dis-
mantle Rad51-mediated filament formation (26,27,31). Pre-
vious work has shown that recombinational repair can
be a source of triplet repeat expansions (22,32-34). For
longer (CAG/CTGQG)ss.79 repeats, expansions and contrac-
tions in cells deleted for SRS2 were suppressed by dele-
tion of RADS1 (11), suggesting that repeat instability in the
srs2A background was due to excess sister chromatid re-
combination.

In a previous study, we identified two other roles for Srs2
at expanded CAG/CTG repeat tracts (11). First, we showed
that Srs2 prevented fragility of a (CAG)7y or (CTG)y tract
integrated on a yeast chromosome (i.e. in both orienta-
tions with respect to replication). Secondly, by analysis
of replication intermediates, we identified structured DNA
molecules, which we termed joint molecules (JMs), that ap-
peared when a (CTG)ss tract was replicated in wild-type
cells. JMs were dependent on the repeat tract and also on
Srs2, since they were severely reduced in a srs2A back-
ground, but were not significantly reduced in the absence
of Rad51. We previously proposed that these JMs repre-
sented reversed forks (11) based on the appearance of the
JMs as a cone structure emanating from the location of
the repeat tract on the Y arc of replication intermediates,
dependence on replication, independence from Rad51, and
known predisposition of CTG repeats to undergo fork re-
versal in a plasmid assay (35). The formation of such struc-
tures in wild-type cells suggested that fork reversal may be
a way to replicate through a repeat structure without fork
breakage, recombination, or changes in the number of re-
peat units. JMs could also represent a mixture of reversed
forks and other kinds of structured recombination interme-
diates that would show aberrant migration due to hairpin
structures formed by CAG/CTG trinucleotide repeats (11).
The reduction of the joint molecules in srs2 A cells suggested
a role for Srs2 in formation or stabilization of reversed forks
in vivo.

Because Srs2 is a multi-functional protein, it was not clear
which activity was involved in each of its roles. In order to
gain a better understanding of the role of Srs2 at CAG re-
peats and in genome maintenance in general, here we take
advantage of multiple well characterized Srs2 domain mu-
tants missing one or more of the protein’s functions (26,36—
39). We were able to determine that there is a differential
requirement for Srs2 helicase activity, PCNA binding, and

Rad51 displacement functions in repeat instability, fragility,
and formation of JMs. The Srs2-PCNA interaction is re-
quired to prevent repeat fragility but dispensable for pre-
venting repeat instability, whereas Rad51 displacement is vi-
tal for prevention of instability, but not fragility. JMs appear
to be mostly reversed forks that occur independently of Srs2
and are processed by Exol, but can also include recombina-
tion intermediates in the absence of Srs2 helicase activity.
We also investigated the role of Mphl and Rad5 in main-
taining CAG repeats and found that they play a modest role
in (CAG); repeat maintenance and do not appear to play
an active role in JM formation in vivo. Our results reveal im-
portant roles for the Srs2 protein in preventing fork break-
down and recombination, and in facilitating fork restart at
structure-forming barriers in the genome.

MATERIALS AND METHODS
Strains

All strains used for instability and fragility experiments were
the isogenic BY4705 or BY4742 backgrounds (Supplemen-
tary Table S1) and contained a yeast artificial chromosome
containing either no repeat, a (CAG)7o or a (CTG)7 tract
as previously described (33,40). Gene knockouts were gen-
erated by directed gene replacement and confirmed by PCR
for absence of the target gene and presence of the marker
gene at the target locus. Key mutants were also checked
via Southern using DIG-high prime labeling and detection
(Roche) using probes hybridizing to marker genes to con-
firm proper integration location. Srs2 domain mutants were
created by PCR-mediated gene replacement using yeast ge-
nomic DNA or plasmids as templates: srs2-(1-860), srs2-
(875-902A ) and srs2-(1-998) were obtained from Patrick
Sung (36), and srs2-K41 R and srs2-3 KR were obtained from
Hannah Klein (36,39,41,42). All inserted mutations were
confirmed by PCR and sequencing; primer sequences avail-
able upon request. The presence of the YAC and the length
of the CAG or CTG tract was confirmed by PCR amplifi-
cation followed by size analysis of the product as described
below. CAG or CTG orientations are named after the se-
quence on the lagging-strand template.

Analysis of CAG/CTG repeat stability and fragility

Fragility and instability assays were done as previously de-
scribed (11). Briefly, single colonies were grown on yeast
complete (YC) media lacking uracil and leucine to main-
tain YAC selection. Tract lengths were confirmed by PCR
amplification from cells from these starting colonies using
primers flanking the repeat. Cells were resuspended in YC-
Leu liquid media, grown at 30°C for 6-8 divisions, and
plated on 5-FOA selective media. The rate of 5-FOAR was
calculated by the method of the maximum likelihood us-
ing FALCOR software; a minimum of three replicates were
performed. YAC end loss was confirmed in a subset of
FOAR colonies to be 94-100% for (CAG/CTG)79 YACs in
both wild-type and srs2 strain backgrounds (30-50 inde-
pendent clones checked for each). The stability of the re-
peat tract was analyzed via PCR amplification of the repeat
using newCAGfor and newCAGrev primers from at least
150 daughter colonies that grew on YC-Leu total cell count



plates. Amplicons were visualized using high resolution 2%
Metaphor gels (Lonza), which can accurately resolve £9 bp
(three repeats) in the relevant size range; repeat size esti-
mates were made by subtracting the unique sequence length
of 159 bp and dividing by three. Sample sizes were chosen to
be large enough to obtain statistical significance for a 3-fold
difference for instability and a 2-fold difference for fragility.
Fragility assay values that were outliers by the Grubbs out-
lier test were excluded.

Analysis of replication intermediates by 2D gels

(CTG)gg repeats were integrated at the A RG2 locus on chro-
mosome X, as previously described (11). All mutant strains
were built in the S288C genetic background. The repeat
tract is replicated by ARS1010, an early efficient origin lo-
cated 7 kb telomere-proximal to the repeat tract. The clos-
est centromere-proximal origin ARS1111 is located 29 kb
away from the repeat tract. Therefore, (CTG)yg are repli-
cated such that the CTG sequence is on the lagging-strand
template. Cells were grown overnight at 23°C, in 200 ml
YPD cultures, centrifuged, washed, resuspended in 800 ml
fresh YPD medium at a concentration of 0.8-0.9 x 107 cells
per ml, and grown for another hour at 23°C. Subsequently,
10 mg alpha factor were added to the culture for 2.5 h at
23°C. When 90% of the cells were arrested in G1 by micro-
scope observation, the culture was washed and resuspended
in 200 ml fresh YPD medium preheated at 23°C. Progres-
sion of S phase was followed by microscope observation
and confirmed by FACS analysis on a MACSQuant Anal-
yser. Cells were harvested after 30 (wild-type only), 40, 60
and 90 min, and killed by addition of sodium azide (0.1%
final concentration). Total genomic DNA was extracted by
the CTAB procedure (43) with the following modifications:
Cells were frozen overnight at —80°C, thawed on ice, resus-
pended in 2 ml water, and 2.5 ml solution I (2% CTAB, 1.4
M NacCl, 100 mM Tris—HCIl pH 7.6, 25 mM EDTA pH 8.0)
was added. Then, 167 wl Zymolyase 100T (Seikagaku, 30
mg/ml) and 5wl DTT (2M) were added and incubated | h at
30°C. DNA extraction and gel set up were performed as de-
scribed in (43). DNA was transferred overnight in 10x SSC
on a charged nylon membrane (Sigma) and UV crosslinked
in a Stratagene Stratalinker. Hybridization was performed
with a 750 bp randomly primed probe, corresponding to the
5’ end of the ARG?2 gene. Detection of radioactive signals
were performed on a Fujifilm FLA-9000, after 4-7 days ex-
posure. Quantifications were made using the ImageQuant
software. Individual shapes were drawn around each struc-
ture (Y arc, cone, pause, linear DNA). Shapes with iden-
tical areas were used in a uniformly unlabeled part of the
gel for background calculation. After signal correction by
background subtraction, intensity of JMs was determined
by: (Cone signal/Y arc signal)/(Cone area/Y arc area). In
the wild-type strain, this ratio is 0.5 on average, meaning
that the cone contains half as much signal per square mil-
limeter as compared to the Y arc. Only gels with a good Y
arc signal to background ratio (>1.2) were used in quantifi-
cations. Statistical analysis was performed with the R pack-
age (G. Millot, 2011, Comprendre et réaliser les tests statis-
tiques a I’aide de R. Manuel de biostatistique. de boek ed.
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2° edition). Statistical tests were performed on pooled data
collected at all time points, for each strain.

RESULTS

Srs2 ATPase and Rad51 displacement activities are required
to prevent CAG/CTG repeat instability

Srs2 is a multifunctional protein with three major func-
tional domains: a helicase domain, a Rad51 interacting do-
main, and a PCNA interacting domain (Figure 1A). Two
motifs that mediate interaction with PCNA have been de-
fined within residues 11471163, and C-terminal residues
1169-1174 comprise a SUMO interacting motif (SIM) that
cooperates with the adjacent PCNA interacting site in bind-
ing to sumoylated PCNA (44,42) (Figure 1). Thus, Srs2
can interact with both SUMOylated and non-SUMOylated
PCNA. In addition, Srs2 lysines 1081, 1089 and 1142 have
been shown to be SUMOylated which can negatively affect
synthesis-dependent strand annealing (SDSA) and protein
interactions with the Srs2 SIM domain (41,45). Other pro-
teins that interact with defined Srs2 regions include Mrell
(residues 848-1175) and Mus81 (residues 783-860) (46,47).
Previously characterized domain mutants that have at least
one of the functions of Srs2 attenuated (26,36-38) (Figure
1A) were used to investigate whether there was a differential
requirement for these domains in preventing repeat insta-
bility. The endogenous SRS2 gene was replaced with each
of these untagged domain mutants at the SRS2 chromoso-
mal locus. Western blot analysis confirmed that all mutants
were expressed at levels comparable to the wild-type pro-
tein, with the notable exception of the srs2-(/-860 ) mutant,
which showed ~2-fold overexpression (Supplementary Fig-
ure SIA and S1B). Additionally, cellular localization was
tested for the srs2-(1-998) and srs2-(1-860) mutants, as a
nuclear localization signal (NLS) was previously mapped to
the Srs2 C-terminus (24). Results showed that the srs2-(1—
998 ) protein correctly localizes to the nucleus, however the
srs2-(1-860) protein is mis-localized, with punctate stain-
ing in the cytoplasm (Supplementary Figure S1C). Yeast
strains contained a yeast artificial chromsome (YAC) with
(CAG)7 repeats. PCR amplification of the repeat tract was
used to determine expansion and contraction frequencies
(Table 1).

First, we tested the srs2-K41 R mutant, which is ATPase
dead and therefore lacking both helicase and Rad51 dis-
placement activities. The CAG orientation exhibits both el-
evated expansions and contractions in srs2A strains (11).
A significant increase in both expansion and contraction
frequencies was observed in srs2-K41R strains (4.5- and
3.7-fold over wild-type, respectively), similar to the fre-
quencies in srs2A strains (Table 1, Supplementary Table
S2). To distinguish between the helicase and Rad51 dis-
placement activities, we tested the srs2-(875-902A) mu-
tant, which retains the helicase domain but lacks most of
the Rad51 binding domain and is defective for Rad51 dis-
placement in vitro, exhibiting reduced anti-recombinase ac-
tivity in vivo (36) (Figure 1A). The srs2-(875-902A) mu-
tant also had a significant increase in both repeat expan-
sions and contractions, 3.6 and 3.8 over wild-type respec-
tively, similar to srs2-K41 R (Table 1). These results suggest
that inability to bind and displace Rad51 is the main cause
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Figure 1. Effect of SRS2 domain mutants on CAG/CTG repeat fragility. (A) Schematic of Srs2 domain mutants used in this study. The red box represents
the helicase domain, the green box indicates the Rad51 interacting domain, and the yellow boxes indicate PCNA interacting domains (SIM, SUMO
Interacting Domain). Dotted red lines represent deletions, numbered according to amino acid position of Srs2. The K41R mutation renders Srs2 ATPase
dead, no helicase or translocase activity is possible. Srs2-(1-860) retains helicase function but cannot interact with Rad51 or PCNA. Srs2-(1-998) lacks
PCNA interaction but has intact helicase and translocase activities. Srs2-(875-902A ) retains helicase activity and PCNA interaction but has impaired
Rad51 interaction. Srs2-3KR has the three indicated lysine residues mutated to arginine. (B) Schematic of the YAC system. A breakage event occurring
within or near the repeat can result in the loss of the URA3 marker gene and healing at the G4 T4 telomere seed, leading to strains becoming resistant to
5-fluoroorotic acid (5-FOA). (C) Rate of FOAR x 10~ is shown. Data represents the average of at least three experiments (numbers in Supplementary
Table S3). Error bars represent SEM. No tract: no repeat tract on YAC, CAG-70: (CAG)7¢ repeats on the lagging strand template, CTG-70: (CTG)7
repeats on the lagging strand template (unpaired Student’s z-test comparing averages to wild-type (WT) *P < 0.05; **P < 0.01; srs2-(1-860) (CTG)7oP

value is 0.06).



Table 1. (CAG)70 Instability on YAC in Srs2 domain mutants
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Strain name No. colonies analyzed

% Expansions

Fold over wild-type

% Contractions

Fold over wild-type

Wild-type 269 1.1
srs2 A 231 5.6%
rad51 A 184 4.9%
srs2-(1-860) 152 5.3*%
srs2-(875-902A) 162 4.3%
srs2-K41R 201 5.0%
srs2-(1-998) 122 1.6
srs2-3KR 157 1.9
srs2-K41R rad51 A 174 1.2

1.0 2.6 1.0
5.1% 6.5% 2.5%
4.5% 13.6* 5.2%
4.8* 12.5* 4.8*
3.6% 9.9% 3.8%
4.5% 9.5% 3.7%
1.5 33 1.3
1.7 5.1 2.0
1.1 1.7 0.7

*P < 0.05 compared to wild-type using Fisher’s Exact Test.

of the increased level of CAG instability in srs2A strains.
The fact that the srs2-(875-902A) expansion phenotype
is slightly less than either the srs2A or srs2-K41R strains
could be because this mutant appears to retain some level
of anti-recombinase function in vivo, as it cannot suppress
the MMSS of a radl8 A mutant (36). We previously showed
that CAG instability was Rad51 dependent in an srs2 null
background (11). To confirm that this suppression also oc-
curred in a background defective in Rad51 displacement, re-
peat instability was tested in the srs2-K41 R rad51 A double
mutant. As predicted, CAG expansions and contractions
were both suppressed to wild-type levels (Table 1). Together,
these data support the conclusion that (CAG)7y repeat in-
stability arises through homologous recombination (HR)
and that Srs2 prevents this instability by antagonizing HR
via its Rad51 displacement activity. As described previously
(48), deletion of the RADS51 gene causes its own instability
phenotype, thus other non-HR pathways can also cause re-
peat instability. The suppression of instability to wild-type
levels in the double mutant suggests that the presence of the
ATPase dead Srs2 protein may prevent this alternative path-
way, perhaps by preventing access to the replication fork
(49).

In contrast to the Rad51 displacement deficient mutants,
instability in the srs2-(7-998) mutant, which retains both
helicase and Rad51 displacement activity but is missing the
PCNA interaction domain, is similar to wild type (Table 1).
Therefore PCNA interaction is apparently not required to
prevent repeat instability. This result suggests that expan-
sions and contractions occur during a process where Srs2 is
acting independently from its interaction with PCNA, for
example at a post-replication stage.

The srs2-(1-860) mutant, which retains the helicase do-
main but lacks the entire C terminus of the protein, includ-
ing the Rad51, Mrell and PCNA interaction domains, ex-
hibited a significant increase in both expansions and con-
tractions. In the srs2-(1-860) mutant the contraction fre-
quency was even higher than in the srs2A strain (12.5%
compared to 6.5%), suggesting this mutant may have a
dominant-negative effect. The presence of a wild-type SRS2
gene in a heterozygous diploid suppressed the MMS sensi-
tivity and partially suppressed repeat instability of the srs2-
(1-860) mutation, though a 3-fold increase in expansions
remained (Supplementary Figure S2). Given the overex-

pression and mislocalization of the mutant protein (Supple-
mentary Figure S1), and the known toxicity of Srs2 overex-
pression (26,49), it seems likely that the mutant protein is
triggering an abnormal cellular condition that results in re-
peat instability.

Srs2 helicase activity and PCNA interaction are required to
prevent CAG/CTG repeat fragility

To determine the requirements for preventing chromosomal
fragility, we tested the rate of 5-FOA-resistance (5-FOAR)
in both CAG and CTG orientations utilizing a previously
described breakage assay that measures YAC end loss (11)
(Figure 1B).

We hypothesized that the srs2-K41 R strain would exhibit
an increase in repeat fragility because the mutant protein
lacks both helicase and Rad51 displacement activity. In-
deed, a significant 2.3-fold increase in (CAG);y and 2.1-
fold increase in (CTG)yg fragility compared to wild-type
were observed, statistically equivalent to the rates for the
srs2 A strain (Figure 1C, Supplementary Table S3). As we
observed previously (11), deleting SRS2 had a greater ef-
fect on fragility of tracts in the CAG orientation. To distin-
guish which activity was important, we tested the srs2-(875—
902 A ) mutant lacking Rad51 binding. We saw no increase
in fragility in either orientation, indicating that, in contrast
to the result observed for instability, the Rad51 displace-
ment activity is dispensable for preventing fragility. Further,
this result implicates the helicase activity of Srs2 in prevent-
ing both CAG and CTG fragility.

To determine the contribution of PCNA interaction, we
tested the srs2-(1-998) mutant. A significant increase in
(CAG)7 and (CTG)y, fragility were observed, compara-
ble to a complete deletion of SRS2, especially for the CAG
orientation (Figure 1C). This increase is not due to loss of
the Srs2 SUMOylation sites in the C-terminus, as mutation
of those sites to non-modifiable residues did not have the
same effect (Figure 1C, srs2-3KR). Therefore, Srs2 interac-
tion with PCNA is most likely the crucial factor needed to
prevent repeat fragility. The srs2-(1-860) mutant also ex-
hibited a significant increase of (CAG); fragility. We con-
clude that Srs2 PCNA interaction and helicase activity are
both needed to prevent fragility of expanded CAG/CTG re-
peats, probably via helicase unwinding of hairpin structures
at the replication fork. Thus prevention of repeat fragility
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Table 2. (CAG)70 Instability on YAC in srs2 A, mphl A, rad5 A mutants

Strain name No. colonies analyzed % Expansions

Fold over wild-type

% Contractions Fold over wild-type

wild-type 269 1.1
srs2 A 231 5.6
mphl A 290 2.8
rad5A 190 2.1

1.0 2.6 1.0
5.1% 6.5% 2.5%
2.5 5.2 2.0
1.9 4.7 1.8

*P < 0.05 compared to wild-type using Fisher’s Exact Test.
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Figure 2. Impact of MPHI or RADS deletion on (CAG)7g repeat fragility.
Rate of FOAR x 107¢ is shown. Data represents the average of at least
three experiments (Supplementary Table S3). Error bars represent SEM.
No tract: no repeat tract, CAG-70: (CAG)7g repeats on YAC. (Unpaired
student t-test comparing averages to wild-type (WT) *P < 0.05; **P <
0.01).

and instability are mediated by different functions of the
Srs2 protein.

Mphl and Rad5 play a lesser role in preventing (CAG)7 in-
stability and fragility

In addition to Srs2, other helicases could be involved in reg-
ulation of recombination or fork restart including Rad5,
Mphl and Sgsl. The Sgs1 helicase was shown to have a role
in preventing (CAG/CTG)y repeat instability and fragility
(11), however the effect of Mphl and Rad5 on (CAG)y re-
peats had not been examined.

Mphl is a 3’ to 5 helicase homologous to FANCM
that regulates recombination by unwinding Rad51 D-loops
(50) and processes Holliday junction intermediates through
branch migration (51). Cells deleted for Mphl exhibited
an increase in both repeat contractions and expansions, al-
though not statistically different from wild-type (Table 2).
Deletion of Mphl resulted in a rate of (CAG);, breakage
that is also slightly elevated compared to wild-type (1.5 fold,
P = 0.024, Figure 2). Altogether, Mphl appears to have
a role, albeit minor, in preventing chromosomal instability
and fragility at CAG repeats.

Rad5 is a DNA-dependent ATPase and E3 ubiquitin lig-
ase involved in the error-free branch of DNA damage by-
pass. The Rad5/Mms2/Ubcl3 complex polyubiquitylates
PCNA to facilitate template switching (52). Previous studies

have shown that in the absence of Rad3, there is a reduction
in instability of several types of non-hairpin forming repeats
including poly(GT)ag (53), (ATTCT)gp (54). and (GAA) 100
(55). Deletion of RADS led to a 4-6-fold increase in expan-
sion rate in short (CAG/CTG)3.55 repeat tracts (12) and
a 3-fold increase in longer (CAG)gs tracts (56). Deletion
of RADS in our experiments led to a slight increase in re-
peat expansions and contractions, but not statistically dif-
ferent from wild type (Table 2). It did not lead to signifi-
cant changes in CAG repeat fragility (Figure 2). We con-
clude that Rad5 does not play a major role in maintenance
of (CAG)y repeats, at least in a wild-type background.

Analysis of replication and recombination intermediates by
2D gel electrophoresis in Srs2 domain mutants

In our previous study, we identified SRS2-dependent joint
molecules (JMs) whose formation occurred during replica-
tion of a (CTG)ss trinucleotide repeat tract (11). Here, repli-
cation of a (CTQG)eg repeat tract was analyzed by 2D gel
electrophoresis in the srs2 domain mutants.

In wild-type cells, a signal corresponding to replication
fork stalling is detected on the descending Y arc, at the place
where the triplet repeats are integrated (Figure 3). Such a
pausing signal was not detected as clearly with shorter re-
peats (11). We conclude that (CTG)og repeats stall forks
more efficiently than (CTG)ss repeats, likely because this
longer repeat tract has a higher probability of hairpin struc-
ture formation. Interestingly, the JMs are somewhat less
prominent for the CTGyg tract compared to (CTG)ss, sug-
gesting there could be an inverse relationship between a sta-
ble fork stall and JMs, a conclusion also reached in a recent
study (57).

In order to identify which part of the Srs2 protein was
responsible for JM formation, the JM signal intensity was
quantified in comparison to the Y arc in the wild-type strain
and the different srs2 mutants (Supplementary Table S4). In
the srs2-(1-998 ) mutant, the amount of JMs is not different
from wild-type (Figure 3). We conclude that the C-terminal
part of the protein, interacting with PCNA, is not required
for JM formation or maintenance.

If the decrease in JMs in the srs2 A strain was due to the
helicase activity of Srs2 actively reversing hairpin-stalled
forks, they should also decrease in a srs2 helicase deficient
strain. Surprisingly, JMs were significantly increased in the
srs2-K41 R mutant (Figure 3). We note that the signal is es-
pecially high at the tip of the cone in this background, where
X-shaped recombination intermediates are known to mi-
grate. Since the ATPase is needed for both the helicase and
the Rad51 displacement activity, the increase in JMs in the
srs2-K41R mutant could be due to increased Rad51 bind-
ing and a resultant increase in recombination structures.
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Figure 3. Representative 2D gels for wild-type and srs2 mutant strains. Times at which cells were collected after alpha-factor release are indicated in the top
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on the accompanying graph. P values compared to wild-type (Mann—Whitney Wilcoxon rank test) are listed above the quantifications. Arrows point to
the site where replication pauses are clearly visible. Quantified pause signals and cone values for individual gels are given in Supplementary Table S4.

To test this idea, replication intermediates were visualized
in a srs2-K41R rad51 A double mutant. Notably, the JMs
decreased to wild-type level in the double mutant (Figure
3). Thus, in the srs2-K41 R mutant, JMs include recombina-
tion intermediates that run in the same area as structured
DNA that is not Rad51-dependent. This data is consistent
with the result that repeat instability in the srs2-K41 R back-
ground is recombination dependent (Table 1). Since the JMs
that remain in the srs2-K41 R rad51 A double mutant are not
Rad51-dependent recombination intermediates, they likely
represent reversed forks. If so, since the K41R mutation is
helicase dead, reversed forks are not created by active Srs2
helicase activity.

Replication intermediates were also visualized in the
srs2-(875-902 A ) mutant, lacking efficient Rad51 displace-
ment activity but retaining helicase activity. The srs2-(875—
902 A ) mutant showed no difference in the level of JM struc-
tures compared to wild-type, despite the expectation that
recombination intermediates might increase in this back-
ground (Figure 3). In the double mutant srs2-(875-902A)
rad51 A, the JM amount is indistinguishable from both the

wild type and the srs2-(875-902 A ) single mutant, showing
that they are generally not Rad51-dependent recombination
intermediates. We conclude that the presence of the heli-
case activity combined with PCNA binding is sufficient to
unwind hairpin structures encountered at the fork to pre-
vent undue accumulation of recombination intermediates,
though apparently not to prevent all excess recombination,
as repeat instability was increased in this background.
Because none of the Srs2 domain mutants showed a re-
duction in JMs as was observed at a much shorter (CTG)ss
tract (11), we created a srs2A in the (CTG)yg strain used
for the current experiments. Surprisingly, with this longer
repeat, JM structures were still present in the srs2A back-
ground at a level similar to the wild-type strain (Figure 4).
These results confirm that the Srs2 protein is not required
for JM formation when forks stall at a (CTG)gg repeat tract,
and shed light on why none of the domain mutants elim-
inated JM formation. A pause was also visible at the 90’
time point in the srs2 A mutant, indicating that the presence
of the Srs2 protein is not essential to transiently stall forks
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at long chromosome-borne CTG repeats (Wilcoxon test P-
value of 0.14 compared to wild-type).

Altogether, our results suggest that structured intermedi-
ates (JMs) formed during replication of a long CAG/CTG
repeat in a wild-type strain do not require Srs2 for their for-
mation, but are influenced by Srs2 activity. In particular,
loss of the anti-recombinase activity does not modify the
overall amount of JMs, suggesting that Rad51 is not directly
involved in JM formation at a CAG tract, consistent with
the finding that JMs were not measurably reduced in the
rad51 A background (11). Fork-coupled helicase activity ap-
pears to be important both for preventing fork breakdown
and for preventing excess recombination intermediates, but
not for causing fork reversal.

Effect of RadS, Mphl and Exol on CAG repeat replication

In vitro studies have shown that both Mphl and Rad5 can
convert model fork substrates to a four stranded reversed
fork-like structure (51,58-61). Thus, it has been speculated
that these proteins may catalyze fork reversal in vivo. To test
the effect of these proteins at the (CTG)yg tract, replication
intermediates were analyzed in mphl A and rad5A strains.
Interestingly, JMs are significantly increased in both mphl A
and rad5 A strains (Figure 4), showing that neither protein is
required to generate JMs. Since Mphl is expected to reduce

recombination intermediates by unwinding Rad51-formed
D-loops, the observed increase in JMs in mphl A may cor-
respond to recombination intermediates that are running
in the area of the cone, similarly to what was observed in
the srs2-K41 R mutant. However the increase of JMs in the
rad5A strain, which should decrease template switching,
was unexpected. The increase is mostly due to the spot at
the tip of the spike, where Holliday junctions are expected
to run, suggesting a shift to recombination structures could
be occurring in this mutant.

To further investigate the nature of the JMs, replication
intermediates were visualized in an exo/ A mutant. In an in
vivo fork reversal model in bacteriophage T4, it was shown
that unprocessed reversed forks run as a spike off the Y
arc in exonuclease deficient strains, which is converted to a
cone structure in wild-type strains (62). Exol has also been
shown to process forks stalled by nucleotide depletion or a
protein barrier (63,64). At the (CTG)yg repeat, deletion of
EXOI resulted in a reduction of the cone signal and an in-
crease in structured molecules migrating as a spike eliminat-
ing from the top of the Y arc (Figure 4). This data supports
the idea that in wild-type cells, when recombination is con-
trolled, the cone mostly represents resected reversed forks.



DISCUSSION

Srs2 prevents (CAG/CTG); instability and fragility using
different activities

By using Srs2 domain mutants, we investigated how the
different Srs2 functions contribute to the maintenance of
triplet repeats. We show that the (CAG/CTG); expan-
sion and contraction phenotypes can be genetically un-
coupled from the fragility phenotype. From our experi-
ments, Rad51 displacement activity appears to be critical
and PCNA interaction dispensable for preventing repeat ex-
pansions and contractions, whereas the C-terminal PCNA
interaction domain and helicase activity are critical for pre-
venting (CAG/CTG), breakage.

Since no significant increase in expansions or contrac-
tions were observed in the srs2-(1-998) mutant, it is likely
that repeat instability is primarily arising from aberrant re-
combination. This conclusion is reinforced by the observa-
tion of increased instability in all the mutants with defec-
tive Rad51 displacement, as well as a reduction of instabil-
ity levels in the srs2-K41R rad51A double mutant. These
data strengthen our previous conclusion (11) that recombi-
nation is a major source of triplet repeat instability if not
properly controlled. We note that Srs2 unwinding of hair-
pins on the nascent lagging strand has also been proposed
as a pathway to prevent repeat expansions (3,65), and our
data do not rule out this mechanism. Indeed, CAG expan-
sions are slightly higher in srs2A strains compared to srs2
(875-902A ), which could be accounted for by this second
pathway.

Intriguingly, the srs2-(1-998) allele had no effect on in-
stability, suggesting that Srs2 prevents instability indepen-
dently from replication fork progression. Evidence supports
that recruitment of Srs2 to repair centers occurs indepen-
dently from replication, as Srs2 can localize to Rad54 foci
in the absence of PCNA interaction (66). Perhaps the in-
teraction between Srs2 and RadS1 or other repair proteins
can recruit Srs2 to presynaptic filaments (31), as other work
has also shown Srs2 can prevent recombination indepen-
dently from its PCNA interaction (37). Our data suggest
that Srs2 antirecombinase function may not operate directly
at a stalled fork.

Roles of Srs2 in the formation of reversed forks and other
joint molecules

Our previous study using a shorter (CTG)ss repeat showed
the appearance of a cone structure emanating from the lo-
cation of the repeat tract on the Y arc of replication inter-
mediates that was dependent on both the repeat tract and
replication, but independent of Rad51 (11). In the current
study using a longer (CTG)yg repeat, we were able to see a
more distinct pause signal in wild-type cells, showing that
expanded CAG/CTG repeats on a eukaryotic chromosome
pause replication, consistent with other recent results (57).
Even though the pausing signal was reduced overall in the
srs2 mutants compared to wild-type (Supplementary Table
S4) it is still visible in some cases, indicating that the pause is
not dependent on the presence of the full-length Srs2 pro-
tein. This specific question could not be addressed previ-
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ously, since no clear pausing signal could be detected with
shorter repeats.

In addition to paused replication, we observed a cone
structure that appeared in replication intermediates from
both wild-type and mutant strains, confirming that it is
an inherent characteristic of CAG repeat replication. The
precise molecular nature of these JMs is unclear, but their
migration pattern is strongly reminiscent of structures de-
tected in other systems that were concluded to be re-
versed replication forks (62,67-69). Other authors have sug-
gested that the cone-signal could be a mixture of replication
molecules in which initiation occurs randomly outside the
locus being analyzed, leading to double Y structures with
various points of fork convergence (70). In the present case,
we find this hypothesis unlikely, since the replication ori-
gin normally used to replicate this locus is clearly identified
(71,72). In addition, to create the double Y's in this scenario,
the JMs should increase with more stalling, which is not the
case; if anything there may be an inverse correlation. That
the cone shifts to a spike in exolA cells further supports
the interpretation of reversed forks, as stalled and reversed
forks are known to be processed by exonucleases in multi-
ple systems, resulting in a reduced level of diversity and a
tighter migration pattern of structured molecules (62-64).

Our former study showed a clear reduction in JMs in the
srs2 A strain (11). Hence, we hypothesized that JMs were
formed by Srs2 helicase activity. Here, we found that ad-
ditional, not fewer JMs were formed in the srs2-K41 R AT-
Pase mutant that is lacking both helicase and Rad51 dis-
placement activity. Further analysis indicated that the addi-
tional JMs that occur in this mutant are Rad51-dependent,
distinctly from those formed in wild-type cells. Therefore
the cone likely contains a mixture of structures, which are
mostly reversed forks in wild-type cells but can also include
recombination intermediates in mutants with disregulated
recombination. Consistent with the persistence of JMs in
all the srs2 domain mutants tested, the srs2A strain also
exhibited JMs that formed at the long (CTG)yg tract. The
finding of a differential role of the Srs2 protein on short and
long repeat tracts was unexpected. We previously found that
expanded CTG tracts are mildly toxic to cells lacking Srs2
(11) and in the present work that the cell cycle is delayed
in srs2 A cells with longer repeats. It is known that longer
CAG/CTG repeats lead to more cell cycle arrests and relo-
cation to the nuclear pore in yeast (33,73). Differently from
the shorter tract, JMs in the (CTG)gg containing srs2 A cells
usually persisted to the 90 min time point. Thus, they may
be accumulating in arrested cells that are unable to recover
(74), whereas the intermediates at a shorter repeat are usu-
ally able to be resolved. The diverse nature of the JM struc-
tures indicates that these intermediates may be at various
stages of D-loop extension and could also include hairpin
structures that affect mobility in the second dimension of
gel electrophoresis. The increase in JM formation between
the srs2-K41 R mutant and the complete deletion of SRS2
points to a dominant negative effect of a catalytically inac-
tive Srs2 protein that can nonetheless bind to PCNA and
DNA.

Interestingly, the complete deletion of SRS2 also led to
a reduction in structured molecules formed by template
switch at a protein-mediated stall (75). However at a CGG
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Top row: in the wild-type situation Srs2 is brought to the fork by PCNA interaction and unwinds hairpins formed by triplet repeats. For simplicity, only a
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may facilitate unwinding, or reversal may occur when unwinding fails, forming some JMs in wild-type cells (reversed fork JMs, Rad51 independent).
Homologous recombination is discouraged by Srs2-dependent Rad51 displacement, but may occasionally happen. Right: in the absence of interaction
with PCNA, Srs2 is not recruited to the fork to unwind template hairpin structures, leading to fork breakage. Srs2 may still displace Rad51, preventing
recombination-dependent instability. Center: when Srs2 ATPase activity is absent (*) hairpins will not be unwound, leading to more fork breakdown,
and Rad51 is not displaced, leading to increased recombination intermediates. In this case, JMs are increased, consisting of both reversed forks and
recombination intermediates. Left: Srs2 missing the Rad51 interaction domain is brought to the fork by PCNA interaction and can unwind secondary
structures to prevent fork breakdown, but cannot displace Rad51p. Increased homologous recombination occurs, leading to repeat instability.

repeat that causes a stable fork stall, the srs2-K41 R mutation
caused a significant increase in fork stalling (10), supporting
the idea that fork restart is inhibited in this background. In
addition, srs2-(1-998), srs2-(875-902 A ) and srs2-(1-860)
mutants, that retain helicase activity but are defective in ei-
ther PCNA binding or Rad51p-interaction or both, did not
exhibit a decrease or increase in JMs compared to wild-
type, even though each of these mutants variously affected
repeat fragility and instability. These results further sug-
gest that DNA binding in the absence of catalytic activity

blocks fork restart and traps the DNA in a reversed fork
or recombination structure. This interpretation fits with a
recent role identified for Srs2 in inhibiting polymerase  ac-
cess to PCNA (76). The Srs2-K41R protein that can still
bind PCNA could block Pold access but also be unable to
unwind hairpins, resulting in a persistant reversed fork, in-
crease in recombination intermediates, and the continued
presence of the cone on 2D gels.

Altogether, our data support the model that wild-type
Srs2 facilitates fork restart by hairpin unwinding to mini-



mize formation of joint molecules, rather than causing fork
reversal or stabilizing reversed forks.

Role of Mphl and Rad5 at long CAG/CTG repeats

Several helicases have been shown to reverse model
branched substrates in vitro (see (77) for review). From anal-
ysis of replication intermediates at the (CTG)yg repeat in
mphl A and rad5A cells, it appears that neither Mphl nor
Rad5 are needed to form JMs, suggesting that either fork
reversal in vivo happens spontaneously when the fork en-
counters a hairpin barrier, or that we have not yet iden-
tified the helicase that is involved in fork reversal in vivo.
CAG/CTG and telomere repeats both undergo extensive re-
versal in a plasmid assay system (35), and may be inherently
‘slippery’ because of the extensive region of homology avail-
able in multiple possible alignments. Non-helicase mediated
fork reversal can also occur, as RecA can promote fork re-
versal on branched DNA molecules in the absence of the
replisome (78,79), and Rad51 is required for fork reversal
at forks stalled by low doses of replication inhibitors in eu-
karyotic cells (80). We note, however, that at the CAG re-
peat, neither Rad51 (11) nor Rad52 (data not shown) were
required for generation of the observed JMs in otherwise
wild-type cells.

In contrast, deletion of either Mphl or Rad5 increased
the level of JMs, suggesting that reversed forks were sta-
bilized and/or converted to recombination intermediates
more often than in wild-type cells. Mphl could prevent in-
stability from occurring at a stalled fork by dismantling D-
loops and preventing formation of recombination interme-
diates, explaining the increase in JMs in its absence. This
is consistent with the mild increase in CAG instability in
mphl A cells (Table 2). Rad5-dependent post-replication re-
pair has been shown to prevent expansion of short CAG
repeats in a manner epistatic to Srs2 (12), though unreg-
ulated Rad5-dependent template switching can also cause
repeat expansions (56). In our case, the absence of Rad5 led
to an apparent increase in recombination intermediates and
a corresponding mild increase in (CAG)7 instability.

A model for replication
CAG/CTG repeats

Our current results clarify the dynamic nature of events
that can occur in response to replication fork stalling at
a structure-forming DNA sequence. In wild-type cells, an
expanded CTG repeat on the template strand causes tran-
sient fork stalling, which was evident as an accumulation of
Y-shaped structures. In addition, Rad51-independent JMs
are detected and shift to a spike of X-shaped molecules in
an exol A mutant, supporting the conclusion that they are
mostly reversed forks (Figure 5, top). Our data suggest that
the Srs2 protein locates to the stalled fork via its interaction
with PCNA and utilizes its helicase activity to unwind the
fork-blocking hairpin structure and facilitate fork restart
(Figure 5, top row).

In the absence of Srs2-PCNA association or in an
ATPase-deficient mutant, fork breakage results. Both heli-
case and RadS1 displacement are ATPase dependent, but
comparison of srs2-(875-902A) and srs2-K41R mutants

through structure-forming
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suggests that it is the helicase activity that is required to
prevent chromosomal breakage, probably by unwinding
hairpin structures (Figure 5, middle replication fork and
right pathway). In agreement with this conclusion, both the
Srs2 helicase activity and PCNA interaction are required
for replication through (CGG/CCQ)y repeats, which form
strong replication blocking hairpins (10). We note that in
the CAG orientation, CTG template hairpins would be
more likely to form on the leading strand template, which
appears to be particularly deleterious in the absence of Srs2
unwinding, leading to higher levels of fragility. The human
RTELI helicase, which can unwind CAG and CTG hair-
pins, can complement Srs2 in yeast to prevent CAG re-
peat fragility (30). Since it also associates with SUMOylated
PCNA at the replisome to prevent replication fork stalling
and telomere fragility (81), RTEL1 may be acting equiva-
lently in human cells.

Independently of PCNA binding, Srs2 also displaces
Rad51 from nascent strands to prevent recombination. In
the absence of Rad51 displacement, such as in the srs2
mutants lacking ATPase activity or the Rad51 interaction
domain, increased recombination occurs, providing an in-
creased probability of repeat expansions and contractions.
Instability can result when the nascent strand invades or an-
neals out of register, or due to hairpin-facilitated slippage
during D-loop extension (Figure 5, left pathway). The srs2-
K41R mutant led to a visible increase in recombination in-
termediates by 2D gels. This was not observed in the srs2-
(875-902 A ) mutant, most likely because the presence of he-
licase activity is still allowing hairpin unwinding to limit the
amount of recombination intermediates, which is supported
by the lack of repeat-induced fragility observed in this mu-
tant.

In summary, our results show that the Srs2 protein
plays an important role in facilitating replication at fork-
blocking hairpin lesions, both by unwinding structures to
prevent fork stalling and breakage, and by blocking sister-
chromatid recombination to prevent undue microsatellite
instability.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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