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ABSTRACT

Fork stabilization at DNA impediments is key to main-
taining replication fork integrity and preventing chro-
mosome breaks. Mrc1 and Tof1 are two known stabi-
lizers that travel with the replication fork. In addition
to a structural role, Mrc1 has a DNA damage check-
point function. Using a yeast model system, we ana-
lyzed the role of Mrc1 and Tof1 at expanded CAG re-
peats of medium and long lengths, which are known
to stall replication forks and cause trinucleotide ex-
pansion diseases such as Huntington’s disease and
myotonic dystrophy. We demonstrate that the fork
stabilizer but not the checkpoint activation function
of Mrc1 is key for preventing DNA breakage and death
of cells containing expanded CAG tracts. In contrast,
both Mrc1 functions are important in preventing re-
peat length instability. Mrc1 has a general fork pro-
tector role that is evident at forks traversing both
repetitive and non-repetitive DNA, though it becomes
crucial at long CAG repeat lengths. In contrast, the
role of Tof1 in preventing fork breakage is specific to
long CAG tracts of 85 or more repeats. Our results
indicate that long CAG repeats have a particular need
for Tof1 and highlight the importance of fork stabiliz-
ers in maintaining fork integrity during replication of
structure-forming repeats.

INTRODUCTION

DNA replication is a robust process that allows the trans-
mission of the genetic information to a daughter cell with
a high level of fidelity. However, replication faces numer-
ous impediments that perturb its progression and can lead
to a replication fork stall. These impediments can be a
tightly bound protein, damaged or cross-linked nucleotides,
or DNA structures (1-3). In order to achieve fork restart
and completion of replication, the stalled fork needs to be
stabilized. Failure to do so will lead to extensive generation

of ssDNA due to the uncoupling of the polymerase and the
helicase, increasing the likelihood of fork collapse and chro-
mosome breakage. Replicative stress is the hallmark of cells
with activated oncogenes, and is one cause of the genome
instability that occurs in early stages of tumorigenesis (4—
7).

Inverted repeats, hairpin-forming repeats, and triplex
structures have all been shown to stall replication forks
in bacterial, yeast, and mammalian cells (§-15). Contrary
to natural protein impediments that have emerged to pro-
tect the genome and fork blocking DNA damage that has
evolved associated DNA repair mechanisms, DNA struc-
tures cannot easily be bypassed and represent a particular
threat for genome integrity.

Expanded CAG repeats are responsible for several in-
herited neurodegenerative diseases including Huntington’s
disease, myotonic dystrophy type 1 and several types of
spinocerebellar ataxia (16,17). CAG/CTG (CAG) repeats
form hairpins in vitro (18-21) and in vivo (22). Hairpin for-
mation during replication or repair can lead to repeat length
changes referred to as repeat instability, including expan-
sions and contractions (reviewed in (16)). Compared to ex-
panded CGG or GAA repeats, long CAG repeats are a
weaker barrier for fork progression as observed by 2D gel
analysis in Saccharomyces cerevisiae (23-26) or by a quan-
titative PCR-based nascent DNA abundance assay in hu-
man cells (27). However, expanded CAG repeats appear to
be especially prone to fork reversal, as visualized by two di-
mensional (2D) gel electrophoresis and electron microscopy
(EM) (24,26,28). For a CAG tract of about 100 repeats,
up to 30% of replication intermediates traversing expanded
CAG tracts are converted into joint molecules (26). Thus,
studying how the replication fork traverses expanded CAG
tracts is of great interest for understanding their genetic in-
stability.

It has been shown that CAG tracts of 45 units or longer
can induce length-dependent breakage of a yeast chromo-
some, referred to as fragility, as measured by a sensitive
genetic assay (29,30). For longer (CAG)»s0, (CGG);60 and
(GAA);3 repeats, DNA breakage was directly visualized by
Southern blot (29,31-33). Thus, fragility represents a hall-
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mark of expanded TNRs and can be used to reveal factors
that participate in fork stability, since unprotected replica-
tion forks are prone to collapse and breakage.

Mrcl (hClaspin), Tofl (hTimeless) and Csm3 (hTipin)
are three proteins that associate with the replication fork
via physical interaction with components of the MCM heli-
case, Cdc45 and the replicative DNA polymerases. Associa-
tions between Mrcl/Claspin, Pole and MCM subunits have
been revealed by co-immunoprecipitation and yeast two hy-
brid experiments (34-37). A fluorescence co-localization as-
say along with pull-down experiments were used to reveal
direct interactions between Tofl/Timeless, and Mcm?2-7 as
well as Pola/d/¢€ (34,38,39). Similarly, interactions between
Csm3/Tipin and Mcm7, Pola, Ctf4, and RPA have been de-
scribed (34,40-42). These interactions allow Mrcl, Tofl and
Csm3 to travel with the fork and facilitate a normal speed of
DNA synthesis (43-46). In S. cerevisiae, Tofl forms a sta-
ble complex with Csm3 that binds to the chromatin and to
Mrcl (47,48).

In addition to the DNA synthesis rate function, Mrcl-
Tof1-Csm3 have an important role in fork protection. The
absence of Mrcl or Tofl-Csm3 causes the uncoupling of
Pole from the MCM helicase, leading to extensive DNA
unwinding and ssDNA formation at forks stalled by HU
(35,43,49). It was suggested that by tethering the MCM
helicase to the polymerase, Mrcl and Tofl-Csm3 can re-
strain the progression of the helicase when DNA synthe-
sis is inhibited and prevent the fork from becoming uncou-
pled. The complex may also prevent accumulation of ss-
DNA by restraining Exol-mediated degradation of nascent
strands at stalled forks (50). Experiments testing replica-
tion through inverted repeats or a (CGG)y tract revealed
increased fork stalling in tof1 A and mrcl A yeast cells, sug-
gesting that they are both required for fork progression
through some DNA structure barriers (9,10). Consistently,
absence of Mrcl or Tofl results in a significant increase in
gross chromosomal rearrangements at an expanded GAA
repeat tract (33). In contrast, deletion of TOFI reduced re-
peat fragility at an expanded ATTCT repeat that is a DNA
unwinding element but does not form a stable DNA struc-
ture (51), and fork stalling is reduced at protein-mediated
barriers in tof1 A cells (52). Therefore, the role of Tof1 is de-
pendent on the type of fork perturbation. The role of Mrcl
and Tof1 on replication through a long CAG tract has not
been previously studied.

The Mrcl-Tofl-Csm3 complex also has a role in the
checkpoint response to DNA damage, a function that
requires phosphorylation of multiple SQ motifs in the
Mrcl protein (10,53,54). Notably, Mrcl is required for
Rad53 activation and cell cycle arrest in response to
replication stress (53,55-58). In a previous study, we
demonstrated the involvement of several key checkpoint
proteins (Rad9/53BP1, Mecl/ATR, Radl7-Rad24 (9-1-
I clamp/clamp loader) and Rad53/Chk2) in preventing
CAG fragility and instability (mainly contractions) of
medium (85) and long (135-155) CAG repeats (59). Ex-
pansions, contractions and fragility of a medium and long
CAG/CTG tract were also elevated in strains with the mrcl-
1 checkpoint-deficient allele (60), however it was not de-
termined if there were additional Mrcl defects in addition
to a defective replication checkpoint responsible for these
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phenotypes, and the role of Tofl was not tested. Rad53,
Tofl and Mrcl were identified as important for preventing
CAG repeat instability of short (CAG);3 5 repeats, which
are below the length known to stall replication (61). In hu-
man cells, knockdown of Claspin, Timeless, or Tipin all
significantly increased expansions and contractions of ex-
panded CAG tracts of 100 or more repeats, confirming
the importance of this complex in preventing instability
of longer CAG repeat tracts in mammals (27). These ex-
periments illustrate the important role of the Mrcl-Tofl-
Csm3/Claspin-Timeless—Tipin complex in preventing CAG
instability, but the role of its fork stabilizing versus its check-
point function on stability of long expanded repeat tracts
was not determined. In addition, its function in fork stalling
and recovery at CAG/CTG DNA structures was not clear.

Given the importance of the Mrcl/Tof1/Csm3 complex
in fork stabilization, repeat stability, and its potentially spe-
cial role at forks stalled by DNA structures, it was impor-
tant to investigate its function at expanded CAG repeats of
lengths that detectably stall forks and cause chromosome
fragility. Therefore, we investigated the role of the Mrcl
and Tofl proteins on the fragility, instability, and replica-
tion of medium (70-85) and long (135-155) expanded CAG
repeats integrated into an artificial chromosome in S. cere-
visiae. Our results show that both proteins are required to
prevent chromosome fragility, to maintain the length in-
tegrity of the repeats, and to facilitate replication through
long repeats that constitute a visible fork barrier. However,
significant differences between the proteins were identified:
Mrecl is required to prevent breaks at all repeat lengths as
well as at non-repetitive DNA, whereas Tofl has a specific
role in preventing fragility of long CAG repeats that stall
replication forks. We further demonstrate that the role of
Mrcl in protecting against CAG fragility mainly involves
its fork protection function. In contrast, the prevention of
repeat instability requires both functions of Mrcl.

MATERIALS AND METHODS
Yeast strains

Yeast strains used in this study are listed in Supplemen-
tary Table S4. The triplet repeat sequences reported here
all have the CAG repeat on the lagging strand template of
YAC CF1, and CTG repeats on the Okazaki fragment. This
CAG nomenclature is used throughout. The medium tract
size is CAG-70 for BY4705 background strains and CAG-
85 for W303 background strains. Long tract size varies from
CAG-135 to CAG-155 (see Supplementary Table S4 for
strain details). Deletion mutants were created using one-
step gene replacement (62,63) in WT, BY4705 or W303
backgrounds containing either medium, long or no CAG
tracts. Gene disruptions were confirmed by PCR for ab-
sence of the open reading frame and presence of both junc-
tions. For the mrcl4€ strains, obtained from the Pasero lab,
YAC:s carrying the CAG-85, or CAG-155 tract and a con-
trol YAC without a CAG tract (CAG-0) were introduced
by cytoduction (64). CAG repeat length from a portion of
the colony was determined by colony PCR (30). Starting
colonies with intact tract lengths were chosen for experi-
ments. All experiments were performed at 30°C with at least
two independent transformants or cytoductants.
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CAG fragility and instability assays

Fragility assays were performed as in (30) and described in
(65). A single starting colony with correct tract length was
suspended in 1 ml sterile H20 and used to inoculate 10 sep-
arate YC-Leu cultures that were grown for 67 doublings at
30°C to maintain selection for the YAC, but allow loss of the
right arm. 100 pl of each culture was plated on FOA-Leu
to select for breakage events and a portion of each culture
was combined and plated for single colonies on YC-Leu for
a total cell count. Mutation rate was determined using the
method of maximum likelihood (66) and data presented are
an average of 3-8 experiments (Supplementary Table S1).
Error bars indicate the standard error of the mean. Signifi-
cance compared to the WT value for the same tract length
was determined using a pooled variance #-test. Contraction
and expansion frequencies for medium CAG-70 to CAG-85
and long CAG-135 to CAG-155 tracts were determined as
described previously (30). For each strain, 155-335 colonies
were analyzed for CAG repeat length by colony PCR in
at least three separate experiments, using primers flanking
the CAG repeat. PCR products were separated on a 2%
Metaphor gel (Cambrex Bio Science Rockland, Inc.) and
sized. The frequency of repeat expansions and contractions
in each strain background was calculated and statistical sig-
nificance determined by the Fisher’s Exact test (Supplemen-
tary Table S2).

Analysis of replication intermediates by 2D gels

Seventy or 130 CAG repeats were cloned between HindlIl
and EcoRI of a pYES2 plasmid. Plasmids were transformed
into WT, toflIA or mrcl A, yeast (gift from H. Klein lab)
by the lithium acetate method (67) and selection on media
lacking uracil. Cells were grown at 30°C in YC-Ura (syn-
thetic medium without uracil) until ODgg of 1.5. The length
of repeats tracts were confirmed before and after the cell cul-
ture by yeast colony PCR as described in (65) with primers
flanking the inserts, and amplicons were resolved on a 2%
Metaphor gel.

Replication intermediates were isolated according to the
‘QIAGEN genomic DNA Handbook, using genomic-tip
100/G columns. DNA was digested by Ndel, BciV1and Psil
(New England Biolabs) for 7 h at 37°C. First-dimension
gels (0.4% agarose in 1x TBE) were run at 1 V/cm for
22 h at room temperature, while second-dimension gels
(1% agarose in 1x TBE) were run at 5 V/cm for 9 h at
4°C in the presence of 0.3 wg/ml ethidium bromide. Gels
were washed 15 min in 0.25 N HCI before an overnight
transfer to a charged nylon membrane (Hybond-XL, GE
Healthcare) in 0.4 N NaOH. Hybridization was performed
overnight with a 413 bp randomly primed probe, corre-
sponding to the Gall promoter of pYES2 plasmid. Mem-
branes were washed twice with washing solution I (SSC 2x,
1% SDS) pre-heated at 65°C and twice with washing solu-
tion IT (SSC 0.1x, 0.1% SDS) pre-heated at 42°C. Mem-
branes were exposed on IR-sensitive screens for 1-5 days
and detection was performed on a Pharos FX PhosphorIm-
ager (Bio-Rad). Densitograms were done with NIH ImageJ
and quantification analysis was done as described in (8).
Statistical analysis was performed with GraphPad Prism
software. Mean percentage of replication slowing values

was compared by two-way ANOVA followed by the Fisher’s
LSD test.

Microcolony analysis

Actively dividing cells from a colony with the correct CAG
tract length verified by PCR were transferred onto yeast
complete solid media lacking Leucine (YC-Leu). Single un-
budded normal-sized G; cells were micromanipulated to
designated locations on the plate using a Nikon Eclipse
E400 or a Singer MSM400 tetrad dissection scope and al-
lowed to divide for 30 h at 30°C. Pictures were taken at
10x magnification using an Olympus microscope, and mi-
crocolony area for 30 h was measured using NIH ImageJ
software. Based on pilot survival experiments to discrimi-
nate dividing versus non-dividing microcolonies, survivors
were defined as area >0.016 mm? and non-survivors were
defined as area <0.016 mm? for 30 h. Differences between
repeat lengths for a particular genotype were determined by
ANOVA and Fisher’s LSD statistical analysis. To generate a
graphical illustration of the different size distributions, the
survivor areas were binned into sections of 0.033 mm? incre-
ments (starting at 0.016 mm?) and graphed using the Prism
curve-fitting software (GraphPad Software, San Diego, CA,
USA). For the percentage of non-survivors, statistical sig-
nificance between tract lengths was determined by a Fisher’s
exact test. The microcolony data and statistical analysis are
presented in Supplementary Table S3.

RESULTS

Mrcl and Tofl are required for prevention of CAG repeat
fragility with a specific function for Tof1 at long CAG tracts

To explore the role of the Mrcl/Tofl/Csm3 fork stabiliza-
tion complex in the maintenance of CAG repeats, we per-
formed assays for CAG fragility and instability in yeast cells
deleted for the MRCI or TOFI genes. CAG fragility was
measured by a genetic assay that detects chromosome end-
loss resulting from chromosome breakage at or near the
repeat tract; a telomere seed sequence proximal to the re-
peat facilitates recovery of broken chromosomes, which re-
sults in loss of the distal URA3 gene and thus 5-FOA re-
sistant colonies (Supplementary Figure S1). The assay cap-
tures only a fraction of breakage events, those that are not
able to heal normally but rather result in chromosome end
loss, however it is useful for making comparisons between
repeat sizes or between WT and mutant strains. The fragility
assay was performed for WT and mutant strains in the ab-
sence of a CAG repeat (no tract), or in the presence of a
medium (70-85) or long (135-155) CAG tract, lengths in the
range known to cause replication perturbation and fragility
in wild-type cells.

In the absence of the full Mrcl protein, we observed a
significant increase in the rate of FOA resistance at all tract
lengths tested (Figure 1A and B). The fragility rate mea-
sured in two yeast backgrounds (BY4705 and W303) shows
a consistent result: breaks were increased in mrclA cells
compared to WT cells 5-fold without a repeat, 11- to 17-
fold for the medium CAG tracts, and 4- to 15-fold for the
long tract (Supplementary Table S1). Although a significant
increase in chromosome fragility is evident in the absence of
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Figure 1. Tofl and Mrcl are required to prevent chromosomal breakage
of DNA sequences containing expanded CAG repeats. (A) Fragility assays
(Figure S1) were performed on WT, tof1 A and mrcl A strains (W303 back-
ground) harboring a YAC with CAG-70 repeats, CAG-155 repeats or no
tract; data presented are an average of 3-7 experiments (see Supplemen-
tary Table S1). Mutation rate was determined using the method of maxi-
mum likelihood. Error bars indicate the standard error of the mean (SEM).
Significance compared to the WT value for the same tract length was de-
termined using a pooled variance -test, *P < 0.05; **P < 0.01. (B) As in
(A) except the strains background is BY4705 and CAG-85 was used as a
medium tract, and CAG-135 (tof1A) or CAG-155 (WT, mrclA) as a long
tract. (C) The rate of FOAR for each tract length tested in the indicated
strains. When values for a particular tract length were available from both
BY and W303 strain backgrounds, they were averaged. Significance to WT
with the same tract length and genotype determined as in (A). Exact values
and numbers analyzed are in Supplementary Table S1.

CAG repeats, the presence of expanded CAG repeats dra-
matically increases the number of breakage events recovered
in the mrcl A background.

The absence of the TOFI gene revealed a different out-
come. Whereas no fragility phenotype was observed for the
no tract or CAG-70 tract in tofI A cells compared to the
WT BY4705 strain, the presence of 155 CAG repeats in the
tof1 A cells significantly raised the fragility rate. To validate
this phenotype, we repeated the assay in a different strain
background (W303) with CAG-85 and CAG-135 repeats.
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Fragility of the CAG-135 tract was significantly increased
over WT by 12-fold (Figure 1B). The CAG-85 medium
tract showed a lesser but still significant 2.5-fold increase in
fragility in zof1A cells compared to WT. This data suggests
that Tof1 has a role in preventing CAG tract breakage that
is highly specific to the number of CAG repeats, and in the
presence of long repeats Tof1 is as important as Mrcl. To
further investigate the tof1 A fragility profile, we performed
the assay with a CAG-110 tract. At this length, the strain
shows a fragility rate significantly above the rate obtained
for CAG-70 or CAG-85, albeit less pronounced than the
CAG-135 or -155 tract rates (Figure 1C). This data defines
a threshold of around 85 CAG repeats where Tof1 becomes
important for preventing fragility.

Both Mrcl and Tof1 are required for prevention of CAG re-
peat contractions, but Mrc1 has a more vital role in preventing
expansions

To determine the contribution of the Mrcl-Tofl-Csm3
complex in prevention of repeat instability, contractions
and expansions were determined in the various mutant con-
ditions by a sensitive PCR assay (65). Both expansions and
contractions were dramatically increased in the mrcl A mu-
tant for both the medium and the long CAG tracts (Table 1,
Supplementary Table S2). Notably, 67% of the mrcl A cells
acquired a contraction at the long tract length during the
6-8 cell divisions of growth utilized for the instability assay,
compared to 18% for WT. Despite the high contraction fre-
quency, a 7-fold increase in expansion frequency over the
WT was also observed. In total, % of the mrcl A cells un-
derwent an instability event at the long CAG tract during
the course of the experiment. Thus, the Mrcl protein is ex-
tremely important for preserving integrity of medium and
long CAG repeat tracts.

Interestingly no significant increase in the number of ex-
pansions were detected for the z0f7 A mutant, however con-
tractions were as high as the frequency observed for the
mrcl A mutant for both the medium and long CAG tracts
with 26% or 69% of repeats contracted for CAG-85 or 135,
respectively (Table 1, Supplementary Table S2). Thus, Tof1
also has an important role in maintaining CAG stability,
specifically in preventing contractions.

Tof1 and Mrcl facilitate replication through expanded CAG-
130 tracts

Considering the unique requirement for Tofl to prevent
breakage of long CAG tracts of greater than 85 repeats,
we wanted to determine the replication profile through the
CAG tract in cells lacking Tof1 or Mrcl in comparison to
wild-type. CAG-70 or CAG-130 tracts were cloned into a
yeast replicating plasmid and replication intermediates were
isolated and separated by size and shape on a 2D gel (Fig-
ure 2). Since expanded CAG tracts were previously shown
to give a distinct yet weak stall when placed on a yeast chro-
mosome (25,26), digests were chosen to place the potential
stall site on either the descending (Figure 2) or ascending
(Supplementary Figure S2) arm of the arc of replication in-
termediates. At CAG-70, no replication fork stall or pausing
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Table 1. CAG instability data
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Contractions Expansions
Genotype CAG repeat length % (fold over WT) % (fold over WT) Total # reactions
WT 85 6.0 1.1 184
tof1 A 85 26%* (4.4) 1.4(1.3) 207
mrel A 85 24%* (4.0) 6.0%* (5.5) 335
mrcl AQ 85 11(1.8) 2.8(2.5) 319
mrel-1 85 10 (1.7) 5.8%(5.3) 156
rad53-21 85 21%* (3.4) 4.4 (4.0) 156
WT 135 18 1.3 155
tof1 A 135 69** (3.8) 1.5(1.2) 197
mrel A 155 67** (3.7) 7.0%* (5.4) 319
mrcl AQ 145 43%% (2.4) 3.0(2.3) 299
mrel-1 155 30 (1.7) 1.3(1.0) 156
rad53-21 135 37*% (2.1) 1.9(1.5) 155

*P <0.05, ** P <0.01 compared to wild-type of the same tract length, using Fisher’s exact test; see also Supplementary Table S2.

was visible at the expected location in any of the strain back-
grounds (Figure 2B). However, for CAG-130 a weak but dis-
tinct pausing site was visible at the site of the repeat in WT
cells, which was further increased in both tof/ A and mrcl A
mutants. Quantification of the difference from three inde-
pendent experiments showed a significant 3.7-fold increase
in both mutants compared to WT. A similar trend was ob-
served when the digest was performed so that the CAG tract
was on the ascending arm, where pausing can lead to double
Y structures from converging forks (joint molecules, Sup-
plementary Figure S2). Note that in this plasmid system,
unlike on a yeast chromosome, repeat-dependent reversed
fork structures were not observed, which could be due to
the different topology, differences in chromatin structure,
or the quick convergence of the incoming fork. Therefore,
Mrcl and Tof1 proteins play an important role in facilitat-
ing replication through long CAG tracts which correlates
with the increased fragility of these tracts in cells lacking
Mrcl or Tofl. We conclude that Tofl in particular has a
unique role in stabilizing forks stalled at hairpin structures
to prevent their breakage.

The checkpoint function of Mrcl does not play a significant
role in preventing CAG repeat fragility but is important to
prevent CAG contractions

Since Mrcl has both a checkpoint and a stabilizer func-
tion at stalled forks, we sought to determine which func-
tion was needed for preventing fragility and instability of
medium and long CAG repeats. To address this point, we
used the mrel49 mutant in which Mrcl is lacking its Mecl
kinase target phosphorylation sites, so that it cannot medi-
ate checkpoint signaling but is still capable of performing
its fork stabilization role of coupling the GINS complex to
Pole (35). The mrcl14€ mutant showed only a very slight in-
crease in fragility over WT for both medium and long CAG
tracts that only reached significance for the medium tract
but was still 11 times less elevated than the rate for mrcl A
cells (Figure 3 and Supplementary Table S1). In fact, the
fragility rate for the no tract is as high as for the medium
tract, reflecting a global role rather than a role specific to
CAG repeats for the checkpoint function of Mrcl. There-
fore, the fork stabilization role of Mrcl, and not the check-
point role, is responsible for preventing CAG fragility.

A0 e R
S | WT T 1
% a0l B mretA ]
o 3 mrc1-1
S O rad53-21
L 204 e TR
“6 *%k
Q *k i
B0 LL RO o I §
) .-Jiﬂ_i.ﬂ
0_

No Tract CAG-85 CAG-135-155

Figure 3. Fragility of CAG repeat tracts in checkpoint deficient mutants.
mrcl4Q and mrel-1 strains containing a YAC with either no tract, CAG-
85 medium tract, or CAG-145 (for mrc149) or CAG-155 (for mrel-1) long
tract were assayed for their rate of FOAR as in Figure 1. Data presented
are an average of 3-5 experiments (Supplementary Table S1). Error bars
indicate SEM. Significance compared to the WT value for the same tract
length was determined using a pooled variance z-test, *P < 0.05; **P <
0.01.

In our previous paper, the use of a checkpoint-deficient
allele of Mrcl, mrcl-1, revealed a fragility phenotype for
the no tract, medium, and long CAG tracts of a magnitude
similar to the checkpoint-deficient rad53-21 mutant (60).
The mrcl-1 mutant was obtained from a genetic screen to
identify mutants that fail to grow in the presence of 100
mM HU and was shown to effect the checkpoint function
of Mrclp (53), however it was not clear whether the fork
stabilizer function was also affected. Based on the lack of
CAG-specific fragility phenotype for mrcl49, we suspect
that the mrcl-1 mutant has some other defect in addition
to its checkpoint deficiency. Indeed, a re-test of fragility
in parallel for mrcI49, mrcl-1 and rad53-21 mutants with
both medium and long tracts confirmed that the absence of
fragility phenotype is specific to the mrc/4¢ mutant (Fig-
ure 3 and Supplementary Table S1). Through this anal-
ysis, we also found that the rates previously reported for
mrcl-1 and rad53-21 (59,60) were 10-fold lower than our
new data. Though we could not identify the source of the
difference, we believe that the rates reported here are the
correct values and that there was a calculation error in
our previously reported values. Our new data confirms that
fragility is increased in a rad53-21 mutant to a level similar
to or greater than that of other checkpoint mutants iden-
tified that increase CAG fragility, which include deletions
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of mecl, rad9 and radl7rad24 (9-1-1 defect) (59). Thus,
though Mrcl checkpoint function is dispensable, one of the
other checkpoint pathways that signals through Rad53 is
important for preventing CAG fragility.

In contrast to fragility, the checkpoint function of Mrcl
is important for preventing CAG instability, but only at the
long tract. Contractions of the CAG-145 repeat were sig-
nificantly increased to 43% in the mrcl49 mutant, 2.4-fold
over WT, but the 1.8-fold increase at the medium tract was
not significant (Table 1, Supplementary Table S2). Expan-
sion levels were slightly elevated, though not significantly
so, and neither expansions nor contractions were as high in
the mrcl49 mutant as they were in mrcl A cells. Neverthe-
less, the checkpoint function of Mrcl accounts for about
half of the overall contraction and expansion frequency in-
crease in the mrcl A mutant. In summary, our results in-
dicate that Mrcl prevents fragility by preventing uncou-
pling of the helicase and DNA polymerase at the replica-
tion fork, whereas prevention of instability (in particular,
contractions) is likely mediated by both its fork stabiliza-
tion and checkpoint functions.

Mrecl and Tofl are needed for survival and growth of strains
with expanded CAG tracts, but the Mrcl checkpoint role is
dispensable

We previously demonstrated that the presence of expanded
CAG-70 or CAG-155 repeats in WT yeast (BY4705 strain)
causes a significant fraction of cells to undergo transient S
and G, phase arrests, and elicits Rad53 phosphorylation
in repair-defective cells (68). The growth disadvantage of
cells with expanded CAG tracts results in fewer cell divi-
sions compared to the no tract strain. This checkpoint ef-
fect can be quantified using a microcolony assay, where sin-
gle cells in log phase growth are micromanipulated onto a
plate, and growth of cells into microcolonies is monitored
for 30 h (68). A smaller microcolony size indicates that the
checkpoint response to damage caused by the CAG tract is
intact, increasing the number and the length of the cell cy-
cle arrests (68). This is illustrated by the significantly lower
colony size measured by area (Figure 4A, all microcolonies
plotted) or smaller peak microcolony area (Figure 4B, only
survivors plotted) of cells containing CAG-85 or CAG-155
tracts compared to the no tract control in the WT W303
strain (Figure 4A), which exhibits a profile similar to that
previously found for the BY4705 strain (68). In contrast, a
defective checkpoint response would relieve the arrests and
allow a more normal rate of cell divisions, similar to the no
tract control, which is observed in the checkpoint-deficient
rad53-21 strain background (Figure 4A and B, P values in
Supplementary Table S3). The effect of the CAG repeat dif-
fered among genotypes (P < 0.001); this effect is primarily
due to the loss of the CAG repeat-specific growth inhibition
in the rad53-21 mutant compared to the WT. In contrast,
the mrcl4€ mutant showed a reduction in the size of the
medium and long tract-containing microcolonies in a pat-
tern similar to the corresponding WT strain (Figure 4A and
4B). This result confirms that the presence of a medium or
a long CAG tract triggers a checkpoint response that does
not involve the checkpoint function of Mrcl.

In addition to microcolony size, we also monitored how
many of the cells failed to grow into microcolonies greater
than 0.016 mm? after 30 h, the non-survivors. 5-6% of
W303 WT cells showed a terminal arrest after 30 hours,
and the presence of medium or long CAG repeats did not
affect this percentage as already observed for the BY4705
WT background (68). Cells with the mrcI4¢ mutation and
CAG-155 repeats had a 2-fold increase in non-survivors
compared to the corresponding WT strain, consistent with
the role in repair at this long repeat length that was revealed
by the contraction phenotype (Table 1). This result may, at
least partially, explain the decrease in average area of the
mrel“€ microcolonies compared to the WT microcolonies,
and indicate an important role for the Mrcl checkpoint
function in cell growth or recovery after DNA damage, in-
cluding damage at the CAG tract. The checkpoint-deficient
rad53-21 strain non-survivor percentage ranged from 22%
to 61% (Figure 4C). This result reveals that cell death is a
major event in the absence of the Rad53-mediated check-
point, emphasizing the importance of the checkpoint for
rescuing cells that experience DNA damage, consistent with
the very small microcolony size in this background (Figure
4A). Interestingly, the presence of CAG repeats did not ex-
acerbate the non-survivor frequency of rad53-21 cells. On
the contrary, the presence of a medium tract significantly
reduced the amount of cell death (Figure 4C). We previ-
ously found that the 9-1-1 complex is important for sens-
ing a type of damage that occurs more often at the medium
CAG tract, hypothesized to be gaps due to hairpin bypass,
whereas the Mecl-Ddc2-Rad53 axis is more important at
long CAG tracts that efficiently stall replication (59,60).
Thus, the fewer non-survivors at CAG-85 could be due to
activation of a 9—1-1-dependent response that facilitates re-
pair and prevents cell death.

Eliminating all Mrcl function resulted in one third to one
half of the microcolony population undergoing a terminal
arrest. For mrcIA there were a large percentage of non-
survivors: 31%, 50% and 54% for no tract, CAG-85, and
CAG-155 respectively (Supplementary Figure S3A) show-
ing the importance of Mrcl for cell growth, a problem fur-
ther exacerbated by the presence of an expanded CAG tract
in the genome. The massive cell death in the mrcl A strain
compared to the mrcl4€ strain demonstrates the essential
role of the replicative function of Mrcl for survival of cells
with expanded CAG tracts and implies that the fragility
rate and instability phenotype are likely underestimated in
the mrcl A strains. The growth delay was such that even the
mrel A microcolony population that did pass the 0.016 mm?
area cut-off after 30 hours showed severe growth impair-
ment with only a few that went on to form microcolonies
in the 0.03-0.05 mm? size range, so few that an accurate
30 h survivor size distribution could not be obtained. We
extended the growth time of the mrcl A microcolony ‘non-
survivors’ (e.g. that did not pass the 0.016 mm? survival area
cut-off after 30 h) in an attempt to obtain enough material
for PCR analysis of repeat tract length. This analysis re-
vealed a contraction event in all of the microcolonies tested.
This shows that CAG instability is an event that takes place
early and often at the population level in the absence of
Mrcl. Similar results were observed for the zof7A strain,
with 57%, 50% and 52% non-survivors for no tract, CAG-
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Figure 4. Absence of cell growth escape for the mre/4€ mutant in the presence of expanded CAG repeats. The diameter of microcolonies after 30 h of
growth on solid media was measured and converted to an area (in mm?). (A) The size distribution of all colonies is represented for WT, mrc4€ and rad53-
21 containing either no CAG repeat, a medium tract (CAG-85) or a long tract (CAG-135, CAG-155). Note that the Y axis scales are different, as mrcl49
and rad53-21 strains have a smaller microcolony area on average. For each strain and each tract length, the mean and the 99% confidence intervals are
represented by the horizontal bars. Comparison of the sizes of microcolonies in CAG-85 and CAG-135-155 to the no tract control of the same genotype
was determined by a Fisher’s LSD test, * P <0.05; ** P < 0.01; a red arrow indicates a significant decrease in the mean area compared to the no tract
control; a blue arrow indicates a significant increase in the mean area compared to the no tract control. A two-way ANOVA interaction test, corrected
for unequal variances, also showed a highly significant difference (df = 4, F = 26.1, P < 0.001). (B) Frequency size distribution of survivor cells (area
>0.016 mm? at 30 h) is depicted for the same strains as in (A). (C) Percentage of non-survivors (area <0.016 mm? for 30 h) that arrested within the first few
divisions in strains containing zero (black), 85 (gray) or 135155 (white) CAG repeats. Significance compared to the WT value for the same tract length
(*) or to the no tract value of the same strain (A) was determined by a Fisher’s exact test, * or A P < 0.05; ** or AA P < 0.01. Exact P values and numbers
of colonies analyzed are in Supplementary Table S3.

85 and CAG-155 respectively, and survivors all in the 0.03 ity of the expanded CAG repeats, especially contractions.
mm? size range (Supplementary Figure S3B and data not Thus, forks encountering stable DNA structures are espe-

shown). cially reliant on stabilization by the Mrcl-Tof1-Csm3 com-

Overall, our microcolony results show that the replica- plex to prevent fork breakage, and without this function
tive functions of Mrcl and Tof1 as well as effective Rad53 genome instability or cell death occurs. However, discrep-
checkpoint activation play an essential role in the success- ancies exist in the role of these two proteins at structure-
ful formation of a yeast colony. Moreover, when Mrcl is forming repeats. Whereas Mrc1 exerts a protective role at all
absent, the presence of an extended CAG tract becomes a expanded CAG repeat lengths tested as well as at a control
significant factor that further increases the mortality rate sequence that does not stall replication, Tofl prevents chro-
of the cells. The absence of growth escape along with the mosome fragility and replication fork progression specifi-
observation of few non-survivors among the mrcl4¢ micro- cally at longer CAG repeats (85 repeats and above). The spe-

colonies confirms that it is the Mrcl fork stabilizer function cific CAG length-dependent phenotypes observed for the
rather than its checkpoint function that is most important tof1 A strain (for fragility) and the mrcl4€¢ checkpoint de-
for preventing DNA damage both in general and specifi- ficient strain (for contractions) point towards a difference
cally at expanded CAG tracts. in the type or severity of barrier generated upon formation

of the hairpin at long expanded CAG repeats compared to

DISCUSSION shorter repeat tracts.

In this study, we investigated the role of Mrcl and Tofl at The replicative function of Mrc1 and Tof1 are crucial for pre-
expanded CAG repeats. We revealed that both Mrcl and .
venting fork breakage at expanded CAG repeats

Tof1 are required to stabilize the replication fork to pre-
vent DNA breakage at the CAG repeat. In addition, their Analysis of the mrcl-1 mutant in our previous study in-
fork stabilizer function is crucial for preventing instabil- dicated that Mrcl prevents fragility and instability of ex-
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panded CAG repeats (60). However, it was unclear how
much of the effect was due to the Mrcl checkpoint role
and how much was due to its physical interactions that cou-
ple the replisome with the MCM helicase. The new data
with the full MRCI deletion reveal that Mrcl has a crucial
protective role at expanded CAG repeats, as the absence of
Mrcl generates a dramatic increase in CAG tract fragility.
Additionally, more than half of cells containing a long CAG
tract and lacking Mrcl fail to divide more than a few times.
By comparison to the fragility rate of the mrc/4¢ mutant,
we conclude that the checkpoint function of Mrcl plays a
minimal role in fork protection at a structure-induced stall
compared to its function in coupling Pole to the GINS com-
plex and MCM helicase. A fragility phenotype was also
demonstrated for expanded triplex-forming GAA repeats
in mrel A strains (33) and fork stalling was also increased
in mrcl A or tof1 A strains at hairpin-forming CGG repeats
and inverted repeats (9,10). Thus, Mrcl exerts an impor-
tant protective role at forks stalled by various DNA struc-
ture impediments. By maintaining a tight replisome, Mrcl
could block access of the DNA to Exol, thus minimizing
ssDNA and resultant breaks (69). An additional factor is
that the extra ssDNA generated in mrcl A cells could affect
the size or stability of the hairpin, thus reinforcing the fork
stall and increasing fragility. The increase in replication fork
slowing % at the CAG-130 tract is supportive of this idea,
though stalling at the CAG-70 tract did not become evi-
dent. At CAG/CTG repeats, Msh2 stabilization of hairpins
increases fork stalling (25). Thus, by coupling the helicase
to the replicase, Mrcl could reduce the likelihood of hair-
pin formation or the access of Msh2 to stabilize those hair-
pins, indirectly reducing fork stalling. Alternatively, a recent
study shows that Mrc1 can directly stimulate Pole synthesis
(70), and Pol2 levels at the replication fork are substantially
decreased in mrcl A cells (35), which could lead to a failure
to restart replication after a fork stall.

Surprisingly, the absence of Tofl generates a dramatic
fragility phenotype only for the expanded CAG repeats of
longlength (110-155 repeat units), which implies that differ-
ent mechanisms, reflecting different substrates, are at play
to stabilize a fork encountering a medium versus a long
CAG tract. Several lines of evidence point to a change in
DNA damage upon lengthening of structure-forming re-
peat tracts that could influence the fragility outcome of the
fork. First, forks encountering ~55 CTG repeats generally
do not form a clearly visible stall on a 2D gel, but there
is substantial formation of joint molecules migrating in a
cone shape off the Y arc that likely include resected reversed
forks (24,26). When the CAG/CTG tract size increased to
80 on a plasmid or 98-120 repeats on a yeast chromosome,
a shift occurred with fewer joint molecules and a more dis-
crete pausing signal visible (23,25,26). These 2D data sug-
gest that the stall is more difficult to recover from as CAG
tracts reach around 80-100 repeat units. The 2D gel data in
Figure 2 reinforce this conclusion, as a visible stall was only
detected at 130, not 70 repeats, and the absence of Tof1 fur-
ther increased replication fork stalling at CAG-130. Second,
CAG tracts of 130 repeats relocate more frequently to the
nuclear pore than CAG tracts of 70 repeats (71). The move-
ment to the nuclear periphery occurs for collapsed forks or
hard-to-repair double-strand breaks (72). Altogether, these

data suggest that larger or more frequently formed hair-
pins at long expanded CAG repeats impose a stronger bar-
rier to replication, leading to a fork-stalling event that re-
quires Tofl. For example, through its physical interaction
with the Pola, Tof1 could provide coupling between the lag-
ging strand replisome and MCM (35,40,73). This idea is
supported by data that a primase mutant (pri2-1) also ex-
hibits a greater fragility phenotype for long expanded CAG
repeats (30,74). The stable stall could be generated either
due to a CAG hairpin on the lagging strand template or
a CTG hairpin formed on the leading strand template (or
both) reaching a threshold size that can no longer be by-
passed.

The role of Mrcl and Tof1 in maintaining the stability of ex-
panded CAG repeats

Our results highlight the importance of the Mrcl fork pro-
tection function in preventing repeat expansions of medium
to long CAG tracts that stall replication (85-155 repeats), as
we observed a highly significant increase in expansions in
mrcl A cells even though contractions were extremely fre-
quent. Since the checkpoint-deficient mrcl4€ allele had a
lesser effect, we conclude that the Pole replicase—helicase
coupling is vital for preventing expansion of long repeti-
tive tracts. In the absence of Mrcl, the DNA could more
easily transition to a hairpin on the nascent strand or to
a reversed fork to allow hairpin formation on the nascent
reversed strand, leading to an expansion event if the hair-
pin is incorporated, as initially proposed by (75). Alterna-
tively, the addition of extra CAG tracts could occur during
a template switch event after bypass of a hairpin, or during
the DSB repair process after fork collapse (16,76,77). Mrcl
coupling could also facilitate the unwinding of the hair-
pin by Srs2 or Sgsl helicases (11,24,26,78). In human cell
lines, siRNA knockdown of Claspin, Timeless or Tipin in-
creases the occurrence of expansion at CAG or CTG tracts
of 100 repeats (79). Thus, the importance of fork coupling
to prevent repeat expansions is a conserved feature between
yeast and human cells. The additional requirement of the
Timeless/Tipin complex to prevent expansions in human
cells suggests that Timeless may have acquired a greater
function through evolution. We note that, using a sensitive
genetic assay, a role for Tof1 in preventing the expansion of
GAA repeats, which form a triplex structure, or ATTCT re-
peats, which do not form a structure, was reported (51,80).
Therefore Tofl may aid in preventing expansions at some
repeats, but at CAG tracts Mrcl has the greater role. In
contrast to expansions, Mrcl and Tofl are equally impor-
tant for preventing CAG-85 and CAG-155 contractions.
In human cells, both Claspin and Timeless/Tipin are also
required to prevent the contraction of expanded CAG or
CTG repeats (79). Since mrcl A and tof1 A strains had a sig-
nificant fragility phenotype for these lengths, contractions
could occur due to misalignments during repair of the bro-
ken forks. A break within such a long repetitive tract favors
a single strand annealing (SSA) repair pathway, which will
produce a contraction event (76,81).

A previous study on CAG/CTG repeats at a sub-
threshold size of 13 repeats attributed a role for Tof1 and the
checkpoint function of Mrcl in inhibiting expansions (61),



which we did not detect. This could reflect a difference in as-
say sensitivity, as the genetic assay used for detecting expan-
sions from (CTQG);3 can detect very low frequency events.
Although not significant, the mrcl4€ and rad53-21 mutants
induced a 2.5- to 4-fold increase in CAG expansions over
the WT at the CAG-85 repeat. Alternatively, the different
CAG orientations used in the two assays could play a role
(CTG (61) versus CAG (here) on the lagging strand tem-
plate). Analysis of a CAG-120 repeat by 2D gel showed that
stalling is more pronounced when the stronger CTG hairpin
is on the leading strand template (as in our case), compared
to when CTG is on the lagging strand template (25). Thus
the nature of fork progression could be different in the two
orientations and invoke a different response. For example,
a CTG lagging strand hairpin could be bypassed, leading
to a ssDNA gap that induces an Mrcl-dependent check-
point response, while a CTG hairpin on the leading strand
template could more effectively stall the replisome, requir-
ing fork coupling and restart mechanisms. Consistent with
this idea, the replication checkpoint played a significant role
in preventing contractions (rad53-21 at both tract lengths
and mrcl4€ at (CAG)4s), even though effects on fragility
were much more modest. A possible mechanism of gener-
ating contractions is slippage at single-strand DNA, which
accumulates at stalled forks in checkpoint-deficient mutants
due to the resection action of Exol (82-86).

CONCLUSIONS

In conclusion, the fragility and instability phenotype dif-
ferences obtained for tof1 A and mrcl A in our assays sug-
gest that the Tof1 replicative function exerts its protective
role when fork stalling is severe enough to require extra
stabilization, such as at long expanded CAG repeats. In
contrast, Mrcl exerts its fork stability at all forks via its
helicase-replicase coupling function but is especially cru-
cial at DNA structure-induced fork barriers. Mrcl and Tof1
are both critical for cell survival, as more than half of cells
lacking one of these proteins examined were not able to
complete more than a few cell divisions. Comparison of
the mrcl A, mrcl2 and rad53-21 mutants revealed that the
DNA damage checkpoint regulated by Rad53 (hChk2) is
important for promoting cell division and preventing chro-
mosome fragility. However, the replication checkpoint me-
diated by Mrc1 has a minimal role in preventing fork break-
age, though it is important for preventing CAG instabil-
ity, especially contractions. Altogether, our results reveal
a complex interplay of events at stalled replication forks,
with each component of the Mrcl-Tof1-Csm3 (Claspin—
Timeless—Tipin) complex playing a unique role in protect-
ing against repeat instability and fork collapse. The con-
served role of Tof1 and Mrcl through evolution underlines
the importance of maintaining replication fork architecture
to avoid breaks at DNA structures and resulting genome
instability.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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