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ABSTRACT
Our genome is riddled with repetitive sequences. While the functions of these
repetitive sequences largely remain elusive, expansions of a subset of structureforming microsatellites have been found to be associated with the onset of
several neurodegenerative diseases. These repeat sequences pose a natural
threat to the cell during replication and repair, forming barriers that can interfere
with these processes that need to occur with high fidelity to faithfully transmit and
maintain genetic information. The structure-forming nature of these repetitive
sequences can lead to genomic instability: expansions, contractions,
chromosomal breakage and fork stalling, and therefore they need to be properly
maintained to prevent damage. This work has characterized the roles of the Srs2
helicase and the Ctf18 clamp loader in maintaining repeat integrity. Srs2 and
Ctf18 have previously been shown to have a general role in genome
maintenance, but also a specialized role in repeat protection. We have found that
the Rad51 displacement activity of Srs2 is needed to prevent repeat instability
but is dispensable in preventing repeat fragility. Srs2 helicase activity and PCNA
interaction are needed to prevent repeat fragility. RTEL1, a human antirecombinase helicase, is capable of complementing some srs2Δ repeat-specific
mutant phenotypes in S. cerevisiae, providing support that it is a potential human
ortholog of Srs2. The alternative clamp loader Ctf18 is needed to prevent repeat
fragility and in its absence, Srs2 recruitment through PCNA interaction is vital.
We hypothesize that Ctf18 is preventing repeat fragility by unloading/loading
PCNA when a hairpin structure is encountered. Alternatively, Srs2 hairpin
unwinding can prevent repeat fragility. The absence of both of these pathways
leads to a synergistic increase in fragility. This work has contributed to the
ii

understanding of how cells cope with replication and repair through repetitive
sequences, which our genome is mostly composed of.
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Chapter 1
Introduction
Our genome is constantly exposed to both exogenous and endogenous sources
of damage. Cells must replicate with high fidelity to prevent the passage of
mutations to subsequent generations. Exogenous damage can be induced by
chemical compounds like the platinum based compound cisplatin, which can
intercalate DNA and create DNA crosslinks, or non-ionizing ultraviolet radiation,
which can create bulky thymine dimers (Cheung-ong et al., 2013). Endogenous
damage can result from errors in replication, repair, or metabolic processes that
can generate free radicals (Helleday et al., 2014). If not properly repaired,
damage occurring on DNA can be detrimental to the cell. In order to combat the
onslaught of damage, cells have evolved several mechanisms to repair their
DNA. Mechanisms of repair include: excision of damage, templated repair using
homologous recombination, or damage bypass during replication for later repair
(Freidburg et al., 2004). Although these mechanisms of repair can be redundant
and intertwined, this thesis will focus on teasing apart the repair mechanisms
needed when replication forks encounter a source of endogenous damage: a
non-canonical structure-forming sequence.

Repetitive DNA and non-canonical structure formation
After the completion of the Human Genome project, it was discovered that over
half of our genome is composed of repetitive sequences (Consortium, 2001).
While initially it was thought that most of this was ‘junk’ DNA, these sequences
are garnered more interest due to their connection to several neurodegenerative
1

diseases. Some of these repetitive sequences are a source of endogenous
damage due to their unstable nature and it is the expansion of certain repeat
sequences that have been linked to neurodegenerative diseases.
A key trait for repeat instability is the propensity for the repetitive sequence to
form non-B form secondary structures (alternative DNA structures are depicted in
Figure 1). Of all the identified structure-forming repeats, trinucleotide repeats are
associated with the most diseases. One of the most common structures among
trinucleotide repeats is a hairpin structure. CAG, CTG, CCG, and GGC are all
sequences capable of folding back on themselves and base pairing within the
same strand to form a hairpin structure (Darlow and Leach, 1998; Mitas, 1997;
Pearson and Sinden, 1998; Rajeswari, 2012) (Figure 1). Guanine-rich
sequences, such as the CCG and GGC repeats, can also form tetraplexes (Gquadruplex) (Fry and Loeb, 1994; Weisman-shomer et al., 2000). GAA/CTT
repeats can form a triplex, or triple-stranded DNA, due to the homopurinehomopyrimidine stretches of nucleotides that can form Hoogsteen base pairing
(Gacy and McMurray, 1998; Mariappan et al., 1999; Rajeswari, 2012). Slippedstranded structures can form if a polymerase disassociates and reanneals to the
template out of register creating loops (Pearson and Sinden, 1996, 1998). Other
non-triplet repeat sequences are capable of forming alternative DNA structures
as well, such AT or inverted repeats that can form cruciform structures, or the
ATTCT repeat which is a DNA unwinding element (Cherng et al., 2011; Pearson
et al., 1996; Zhang and Freudenreich, 2007).

2

Figure 1. Alternative DNA Structures (Modified from (Usdin et al., 2015)).

While these structures are non-canonical, there is evidence that some of these
structures have in vivo roles that aren’t necessarily disease-linked. For example,
small hairpins can extrude from bacteriophage N4 virion RNA polymerase
promoters under specific superhelical densities to regulate transcription (Dai and
Greizerstein, 1997). Hairpins can form at sites of replication within ssDNA viruses
like ΦΧ174 (Bikard et al., 2010).Computational analysis of potential Gquadruplex forming sequences found they were non-randomly distributed
throughout the genome and were concentrated in telomeric regions of
chromosomes (Rhodes and Lipps, 2015). Further work with antibodies directed
at G-quadruplex forming structures and deep sequencing revealed that these
sequences were found throughout the genome in promoter regions as well as
untranslated regions surrounding genes, suggesting these structures are
3

involved in gene expression (Yi et al., 2013). Cruciform formation could regulate
replication by affecting the superhelical state near origins, relaxing the DNA
(Pearson et al., 1996).

Repeat associated diseases
All individuals have repetitive sequences scattered throughout their genome in
both coding and non-coding regions (Figure 2); however the disease phenotype
is not manifested until a specific threshold of the repeat tract is surpassed
(Budworth and Mcmurray, 2014). Some repeat associated diseases are listed in
Table 1, including: CAG/CTG repeats that are associated with Huntington’s
disease and several spinocerebellar ataxias, CGG/CCG repeats that are
associated with Fragile X syndrome, and G4C2 repeats that are associated with
familial amyotrophic lateral sclerosis (ALS) and frontotemporal dementia
(DeJesus-Hernandez et al., 2011; López Castel et al., 2010; Renton et al., 2011;
Usdin et al., 2015). All of these diseases are associated with expansions of the
repeat tract; the repeat number change can vary between affected individuals as
well as within an individual as there are cell to cell variations of heterogeneous
repeat lengths.
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Figure 2. Repeat expansion associated diseases. Indicated repeat sequences
are associated with genetic diseases listed above and are drawn at the relative
location in the affected gene. (FRAXA: Fragile X syndrome. FRAXE: fragile X
mental retardation. FXTAS: fragile X tremor and ataxia syndrome. SCA:
spinocerebellar ataxia. DRPLA: dentatorubral–pallidoluysian atrophy. HD:
Huntington’s disease. SMBA: spinal and bulbar muscular dystrophy. FRDA:
Freidreich’s ataxias. BPES: blepharophimosis ptosis and epicanthus inversus.
CCD: cleidocranial dysplasia. CCHS: congenital central hypoventilation
syndrome. HFG: hand–foot–genital syndrome. HPE5: holoprosencephaly 5.
ISSX: X-linked infantile spasm syndrome. MRGH: mental retardation with
isolated growth hormone deficiency. OPMD: oculopharyngeal muscular
dystrophy. SPD: synpolydactyly. DM1: myotonic dystrophy (Modified from
(Mirkin, 2007))

5

Table 1. Subset of triplet and hexanucleotide repeat associated diseases
(reviewed in (Usdin et al., 2015))
Disease

Gene

Repeat

Disease length

Huntington’s (HD)

Huntingtin

CAG

40+

Myotonic Dystrophy (DM1)

DMPK

CTG

50+

Spinocerebellar ataxia 1

ATXN1

CAG
40+

(SCA1)
Fragile X (FRAXA)

FMR1

CGG

200+

ALS

C9ORF72

G4C2

250+

It was discovered over two decades ago that Huntington’s disease is caused by
the expansion of CAG repeats within the huntingtin gene (HTT) (MacDonald et
al., 1993). Affected individuals have 36 or more repeats and a disease phenotype
of cognitive decline and loss of motor function (Walker, 2007). Most studies
believe that expanded CAG repeats create a stretch of polyglutamate within HTT
that causes a toxic gain of function due to the conformation change of the protein
(Shao and Diamond, 2007; Tobin and Signer, 2000), affecting protein
aggregation and localization (Ross and Tabrizi, 2011). Fragile X is caused by an
expansion of the CGG repeat within the 5’ UTR of the FMR1 gene on the X
chromosome (Oberlé et al., 1991; Verkerk et al., 1991). Affected individuals have
more than 55 repeats and show cognitive dysfunction (Bagni et al., 2012).
Expansion of these repeats change the methylation state of the surrounding area
causing no transcription of the FMR1 gene (Sutcliffe et al., 1992). It was only
recently discovered that G4C2 repeats cause familial ALS, which results in
6

muscle weakening and cognitive impairment (DeJesus-Hernandez et al., 2011).
The repeats are found in a noncoding region within the C9ORF72 gene and
expansion of this repeat affects splicing and transcript level of the gene, although
the protein levels were unchanged (DeJesus-Hernandez et al., 2011). Due to the
unstable nature of these repeat sequences that could lead to disease phenotype,
it is important to study the molecular mechanisms involved in preventing repeat
instability.
Some repetitive sequences have also been found to cause DNA double strand
breaks (which we refer to as fragility) in a length-dependent manner. Using the
model organism Saccharomyces cerevisiae, several researchers have found
CTG/CAG, CGG/CCG, GAA/TCC, AT, and inverted repeats are capable of
causing double strand breaks (Balakumaran et al., 2000; Freudenreich et al.,
1997; Saini et al., 2013; Zhang and Freudenreich, 2007). Double strand breaks
need to be expertly repaired to prevent loss of genetic information that could lead
to cell death. Due to the repetitive nature of these sequences, repair could lead
to non-allelic homologous recombination. GAA/TCC and inverted repeats have
been shown to induce chromosomal rearrangement and DNA damage at distal
chromosomal loci (Saini et al., 2013). Therefore, it is important to understand the
mechanisms of repair cells utilize to prevent both repeat instability and fragility in
order to get a full understanding of repeat maintenance within the cell. This thesis
will focus specifically on the CAG/CTG repeats.
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Replication model for repeat instability and fragility
The ability for the non-canonical hairpin structures to form is dependent on a
single-stranded state of DNA. Not surprisingly, structure formation more readily
occurs during cellular processes such as replication, repair, and recombination,
all of which involve a period of single-strandedness. Generally these structures
are transient intermediates and the stability of these structures is dependent on
both the length of the repeat tract and the purity of the repeats. Repeats with
longer tracts form structures more readily and are more stable than shorter tracts
(Gacy and McMurray, 1998). Additionally, if there are interruptions within the
repeat, the stability of hairpin formation dramatically decreases (Gacy et al.,
1995; Sakamoto et al., 2001). If these structures form and persist, they can lead
to the addition or deletion of repeat units (expansions, contractions; repeat
instability) (Kim and Mirkin, 2013; Mirkin, 2007) or can block cellular processes
that could lead to chromosomal breakage (fragility).
One model to describe how repeat instability is arising is during replication.
Structure-forming sequences have been shown to stall DNA polymerases and
this is dependent on the length of the repeat and the orientation relative to the
replication origin (Gacy et al., 1998; Kang et al., 1995; Mirkin and Mirkin, 2007;
Samadashwily et al., 1997; Usdin and KJ, 1995). When CTG70 was on the
lagging strand template, it conferred a weak replication stall but when CAG70 was
on the lagging strand template, it did not seem to affect replication progression
(Samadashwily et al., 1997). Shorter CGG14-31 repeats resulted in a weak
replication stall compared to CGG50, indicating an increase in repeats leads to an
increase in fork stalling. Since lagging strand synthesis intrinsically has portions
of ssDNA, it is more likely hairpin formation can occur on the lagging strand,
8

although they can also form on the leading strand (Figure 3). Since the
polymerases are linked, if one polymerase stalls once it encounters the repetitive
sequence, the other will as well. If the hairpin is on the lagging strand, the
polymerase could skip over the hairpin and resume synthesis on the next
Okazaki fragment to prevent replication fork stalling, which could lead to deletion
of sequence (Mirkin, 2006). If the forks stalls, repair and/or recombination can
occur to restart replication and if this occurs within a repetitive sequence, the
polymerase could misalign before start of synthesis and that could result in either
a loss or addition of repeat units.
Metaphase spreads of chromosomes have more instances of gaps and breaks
when exposed to various replication inhibitors (Freudenreich, 2007), providing
evidence that perturbations at the replication fork, such as a hairpin causing stall,
could also lead to chromosomal breakage. The rate of breakage has been shown
to be tract length dependent, with longer tracts causing a higher rate of breakage
(Freudenreich et al., 1998). Longer repeat tracts can persist and stall replication,
consequently leading to more single stranded regions that are susceptible to
nucleases or damage from mechanical force, which can result in double strand
break formation (Mirkin and Mirkin, 2007).
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Figure 3. Possible hairpin formation during replication. A) Lagging template
strand, B) Lagging nascent strand, C) Leading template strand, D) Leading
nascent strand (Modeled after (Frizzell et al., 2014; Mirkin, 2007)

Overview of eukaryotic replication
Replication initiation is a highly coordinated process with many players involved.
In eukaryotic cells, the initiation of replication involves the assembly of the preRC complex (composed of ORC, Cdc6, Cdt1, and MCM2-7) onto DNA at origins
of replication (Aparicio et al., 1997). In S. cerevisiae the origins are well-defined
(termed autonomous replication sequences, ARSs) but in other model
eukaryotes and metazoans, the origins are less defined (Leman and Noguchi,
2013). Origin firing occurs when cyclin dependent kinases phosphorylate Cdc6,
Cdt1, and MCM2-7, which will cause the MCM2-7 helicase to unwind DNA to
allow assembly of the replisome and DNA synthesis (Leman and Noguchi, 2013).
DNA synthesis is performed by three replicative polymerases: pol α synthesizes
the RNA primer template for pol ε and pol δ to extend and synthesize on the
leading and lagging strands, respectively (Leman and Noguchi, 2013). In order to
improve DNA polymerase processivity, DNA clamps are utilized to stabilize the
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interaction between the polymerase and DNA (Figure 4) (Burgers, 1991;
Langston and O’Donnell, 2008; Mace and Alberts, 1984; Stukenberg et al.,
1991). In bacteria, the γ clamp loader loads the β clamp onto DNA to interact with
Pol III for replication. The polymerase of the E. coli replicase can only synthesize
10 bases per second without a clamp (Maki and Kornberg, 1985) but with a
clamp, the polymerase can synthesize up to 1000 bases per second (McInerney
et al., 2007; O’Donnell and Kornberg, 1985). In eukaryotes, the DNA clamp is a
homotrimer named proliferating cell nuclear antigen (PCNA). PCNA interaction
with the polymerases increases processivity during replication by 1000-fold
(Bravo et al., 1987; Prelich et al., 1987).

Figure 4. Simplified eukaryotic replication fork showing major proteins involved in
DNA synthesis. As the MCM2-7 helicase unwinds the duplex (from left to right),
pol α synthesizes an RNA primer for both pol ε and δ to synthesize from on the
leading and lagging strands, respectively. Replication factor C (RFC) clamp
loaders load PCNA clamps to increase polymerase processivity. Since lagging
strand synthesis occurs discontinuously, multiple RNA primers need to be
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synthesized and the intervening single stranded DNA is coated with RPA to
protect against damage.

PCNA and clamp loaders
PCNA is part of a family of clamps that includes the aforementioned E. coli β
clamp as well as the bacteriophage T4 gp45, and P. furiosus PfuPCNA. These
DNA clamps have structural and functional conservation through various species
despite not having much sequence similarity (Krishna et al., 1994). DNA clamps
form a ring encircling DNA in a sequence independent manner (Stukenberg et
al., 1991) (Figure 5). PCNA is a homotrimer and each monomer contains two
domains that are connected by a long linker called the interdomain connecting
loop (Hedglin et al., 2013; Moldovan et al., 2007). Monomers are oriented in a
head-to-tail orientation with an inner ring of positive alpha helices to associate
with negatively charged DNA and an outer surface composed of β-sheets
(Hedglin et al., 2013). This orientation creates two ‘faces’ of PCNA, one of which
is the carboxyl terminal face where proteins such as the polymerases and
replication factor C (RFC) interact with PCNA (Moldovan et al., 2007). PCNA is
normally in a closed conformation (Schurtenberger et al., 1998; Zhuang et al.,
2006), consequently there must be mechanism that can open/close the clamp to
load/unload it onto DNA.
Clamp loaders, just like DNA clamps, are conserved through the three domains
of life (Hedglin et al., 2013). In bacteria the γ clamp loader loads the β clamp and
in eukaryotes and archaea the clamp loader RFC loads PCNA (Johnson and
O’Donnell, 2005). The γ clamp loader is composed of five different subunits: γ, δ,
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δ’, χ, and ψ, (Kelman and O’Donnell, 1995) although clamp loading activity
doesn’t require χ or ψ (Onrust and O’Donnell, 1993). RFC is highly conserved
from yeast to humans and is composed of five subunits: RFC1-5, which all share
sequence similarity to each other and to the γ and δ’ subunits of the bacterial
clamp loader (Figure 6) (Cullmann et al., 1995; Hedglin et al., 2013). Each of the
RFC subunits is part of the AAA+ family of ATPases that have ATP binding and
hydrolyzing activity (Cullmann et al., 1995). RFC is normally in a closed state and
undergoes a conformation change to an open state upon ATP binding (Zhuang et
al., 2006). In eukaryotes, RFC binds ATP in a sequential manner: first it binds
two ATP molecules leading to RFC opening, then it binds a third ATP upon
PCNA binding to open the clamp, then a fourth ATP when at the primer/template
junction which will trigger ATP hydrolysis and subsequent release of RFC,
leaving closed PCNA on DNA (Gomes and Burgers, 2001) (Figure 5). RFC can
bind primer-template junctions more strongly than single stranded DNA (Gomes
and Burgers, 2001) and therefore has been predicted to readily load PCNA at
these sites for replication and repair.
In addition to RFC, eukaryotes have three other alternative clamp loaders that
have specialized functions within the cell. These alternative clamp loaders are
also composed of the RFC2-5 subunits but rather than RFC1, they have other
proteins that are specific to the cellular processes with which they are involved
(Figure 6). The Rad24-RFC interacts with the 9-1-1 heterotrimer during the DNA
damage checkpoint (Bermudez et al., 2003a). The 9-1-1 heterotrimer is
composed of Rad17, Mec3, and Ddc1 in yeast (Rad9, Rad1, Hus1 in humans),
has sequence similarity to PCNA and is structurally predicted to form a ring as
well (Venclovas and Thelen, 2000). Rad24-RFC loads the 9-1-1 complex at
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double-stranded/single stranded DNA junctions and gapped DNA (Majka and
Burgers, 2004). Another alternative clamp loader is the Elg1-RFC. Elg1 was
found to be important for DNA replication and genome stability (Bellaoui et al.,
2003). Recent work has shown that Elg1-RFC is capable of unloading
unmodified and SUMOylated PCNA from DNA during replication (Kubota et al.,
2013a, 2015).The last alternative clamp loader, the one of interest in this thesis,
is the Ctf18-RFC.

Figure 5. Mechanism of clamp loading in S. cerevisiae using RFC loading of
PCNA at a primer-template junction as the example (Modeled after (Majka and
Burgers, 2004))

Figure 6. Clamp loaders and their associated activity with their specific clamp.
Modified from (Kubota et al., 2013b)
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Ctf18-RFC
Ctf18-RFC is unique amongst the clamp loaders because in addition to Ctf18 and
RFC2-5, Ctf8 and Dcc1 make up the heptamer clamp loader. In the absence of
Ctf18, cells are still viable but there are various problems with genome stability
as discussed below. Ctf18 is important for establishing cohesion, where loss of
Ctf18 leads to precocious sister chromatid separation and loss of chromosome
condensation (Hanna et al., 2001; Mayer et al., 2001). Cohesion establishment is
important during S phase to ensure newly synthesized sister chromatids aren’t
prematurely separated prior to cell division. Some proteins involved with
cohesion establishment are also involved in replication (Branzei and Szakal,
2016).
Both yeast and human Ctf18 interact with pol ε through a trimeric Ctf18-Ctf8Dcc1 complex (Murakami et al., 2010; Okimoto et al., 2016). This interaction
requires the C-terminal end of Ctf18 and the N-terminal end of pol ε, the catalytic
domain, suggesting Ctf18 could have an effect on DNA synthesis progression
(Murakami et al., 2010). It was shown that Ctf18 localizes to the replication fork
when cells are treated with HU, a replication inhibitor (Lengronne et al., 2006)
and that fork progression was slowed in its absence (Crabbé et al., 2010).
Additionally, the absence of the Ctf18-RFC leads to slowed cell cycle progression
with a G2/M delay and this is dependent on the spindle checkpoint (Gellon et al.,
2011; Hanna et al., 2001; Mayer et al., 2001). Loss of Ctf18 also leads to an
increase in asymmetrical fork formation, supporting a role for Ctf18 in fork
stabilization to promote replication fork progression and prevent fork collapse
when forks stall (Crabbé et al., 2010). When the pol ε interacting domain of Ctf18
is removed, Rad53 activation is perturbed in HU treated cells, indicating that
15

activation of the S phase checkpoint in the presence of DNA damage becomes
defective (García-Rodríguez et al., 2015). The cf18Δ proteomic profile of HU
treated cells (discussed below) was similar to HU treated mrc1Δ cells, mirroring
similar de-repression of late origin activation profiles, putting them in the same
DNA replication checkpoint pathway (Crabbé et al., 2010; Kubota et al., 2011).
In vitro work has shown that Ctf18 is able to both unload and load PCNA at
primer-template junctions (Bermudez et al., 2003b; Bylund and Burgers, 2005),
although the in vivo function of Ctf18 is still controversial. The absence of Ctf18
in HU treated cells resulted in a decrease in PCNA signal at an early firing origin
(Lengronne et al., 2006), suggesting Ctf18 is needed to load PCNA to facilitate
replication progression or fork restart. Conversely, another study performed a
proteomic analysis of HU treated ctf18Δ cells and observed an increase in
replication machinery on chromatin including PCNA, RPA, GINS and Mec1
(Kubota et al., 2011), providing support for Ctf18 as a PCNA unloader. Yet
another study showed Ctf18 had no effect on PCNA levels on chromatin but
instead Elg1 was the major PCNA clamp unloader (Kubota et al., 2013a).
However, this study did not expose cells to HU so perhaps Ctf18 has a role when
replication is perturbed. Taken together, these phenotypes provide support for
Ctf18 having an important role in replication and genome stability.

Post translational modification of PCNA: Post replication repair
Although PCNA is essential for replication, serving as a processivity factor for the
replicative polymerases as well as recruiting DNA ligase I and FEN1, which are
involved in Okazaki fragment maturation, it also serves as a platform for binding
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of many other proteins involved in recombination and repair (Majka and Burgers,
2004). DNA damage occurring during S phase causes post-translational
modification of PCNA to coordinate the DNA damage tolerance (DDT) pathway
(Figure 7). In response to blocked replication forks, PCNA is ubiquitinated at the
conserved Lysine 164 (K164) residue by the Rad6/Rad18 complex (Hoege et al.,
2002). Blocked replication forks can lead to an accumulation of ssDNA due to an
uncoupling of the MCM helicase and/or out of sync leading and lagging strand
synthesis when the replisome stalls (Berti and Vindigni, 2016; Byun et al., 2005;
Sogo et al., 2002). Additionally, RPA is required for ubiquitination of PCNA
because RPA coating of ssDNA at stalled forks is needed to recruit Rad18 to
ubiquitinate PCNA (Davies et al., 2008).

Figure 7. The eukaryotic DNA clamp, PCNA. PCNA can be modified on K164 to
signal the DNA damage tolerance pathway. Modifications include mono
ubiquitination, poly ubiquitination, and SUMOylation and will be discussed in text.

Rad18 is a multidomain E3 ligase that can bind Rad6, DNA, PCNA, and RPA
(Davies et al., 2008). The Rad18 DNA binding domain has a high preference for
forked and ssDNA (Tsuji et al., 2008), therefore it is thought that the DNA and
RPA binding domains of Rad18 work together to localize it to RPA coated
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regions near stalled replication forks. The absence of Rad18 leads to increased
sensitivity to UV, ionizing radiation, and other DNA damaging agents (Andersen
et al., 2008; Bailly et al., 1994). Rad18 has also been shown to have a role in
double strand break repair in human and DT40 cells (Huang et al., 2009; Szüts et
al., 2006). Rad6 is an E2 conjugating enzyme that has no affinity to DNA and
needs to interact with Rad18 to be recruited to stalled forks for PCNA
ubiquitination (Bailly et al., 1994). Similar to rad18Δ, rad6Δ mutants show
increased sensitivity to UV and other DNA damaging agents (Andersen et al.,
2008; Bailly et al., 1994). Rad6 also has a role in protein degradation when it
complexes with another E3 ligase, Ubr1 (Bailly et al., 1997). Additionally rad6Δ
mutants have a slow growth phenotype and diploids have sporulation defects
(Andersen et al., 2008). While both Rad6 and Rad18 are both predominantly
known for their role in DDT, it is necessary to keep in mind their other cellular
functions.

Figure 8. DNA damage tolerance pathways. This is coordinated by PCNA posttranslational modification by Rad6-Rad18 and also subsequently by
Rad5/Mms2/Ubc13 (Modified from (Andersen et al., 2008)).
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DDT is composed of two parallel pathways, an error-prone and an error-free
pathway (Figure 8). The error-prone pathway requires monoubiquitination of
PCNA at K164 to recruit translesion polymerases. All translesion polymerases
are part of the Y family of polymerases, except pol ζ which is part of the B family
of polymerases alongside replicative polymerases δ, ε, and α (Waters et al.,
2009). Unlike the replicative polymerases, all translesion polymerases lack 3’ to
5’ exonuclease activity and have less constrained active sites leading to lower
fidelity during synthesis (Yang and Woodgate, 2007). This allows for these
polymerases to be able to incorporate bases across damaged DNA templates.
Yeast have three translesion polymerases: Rev1, Rad30 (pol η), and Rev3/7 (pol
ζ) and each of these polymerases have different incorporation profiles. Rev1 can
only incorporate dCMP at abasic sites, Rad30 is efficient at bypassing thymine
dimers, and Rev3/Rev7 can extend off of misincorporated bases leading to
increased mutagenesis (Waters et al., 2009; Yang and Woodgate, 2007).
Translesion polymerases can interact with PCNA through a conserved PIP box
motif and can more strongly bind to ubiquitinated PCNA through ubiquitin binding
motifs (Bienko, 2005; Guo et al., 2006).
The error-free pathway of DDT is coordinated by further addition of ubiquitin
moieties to monoubiquitinated PCNA. This is performed by the E2 conjugating
heterodimer Mms2-Ubc13 and the E3 ligase Rad5, which creates a noncanonical Lysine 63 linked ubiquitin chain at K164 on PCNA (Hoege et al., 2002;
Hofmann and Pickart, 1999; Torres-Ramos et al., 2002). Polyubiquitination via
Mms2/Ubc13/Rad5 occurs sequentially and requires initial Rad6/Rad18
monoubiquitination prior to the addition of the chain (Parker and Ulrich, 2009).
Mutations arising in mms2Δ mutants are dependent on Rev3 and mms2Δrev3Δ
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are synergistic to UV and MMS sensitivity, supporting two branches of DDT that
work in parallel to each other (Broomfield et al., 1998).
Error-free bypass utilizes the sister chromatid as a template strand for synthesis
past a lesion. There are two working models of error-free bypass: replication fork
regression and template switch. Replication fork regression can occur when a
replication block is encountered, leading to the unwinding of the newly
synthesized strands that can anneal to one another and the rebinding of the
parental strands as the fork backtracks, forming a four way junction (Figure 8,
right pathway) (Neelsen and Lopes, 2015). Until recently, fork regression was
viewed as a consequence of fork collapse since it was only seen in checkpoint
defective cells (Lopes et al., 2001). Recent work has shown that fork regression
occurs as a response to replication stress such as DNA lesions, topological
strain, or secondary structures (Kerrest et al., 2009; Ray Chaudhuri et al., 2012;
Zellweger et al., 2015). Fork regression can facilitate synthesis past a lesion by
using the nascent sister strand to template and reanneal downstream of the
lesion or regressing the nascent strands can provide more time for
repair/removal of the lesion. The template switch model of bypass utilizes
recombination proteins to promote strand invasion of the blocked nascent strand
to synthesize off the non-damaged sister chromatid (Figure 8, middle pathway)
(Xu et al., 2015). Once past the lesion, the strand can reanneal to its original
template and proceed with replication. It is important to note that these two errorfree pathways aren’t mutually exclusive and could act sequentially to bypass a
lesion.
In the absence of DNA damage during S phase, PCNA can be posttranslationally modified with SUMO (small ubiquitin-like modifier) (Figure 5).
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PCNA SUMOylation occurs at primarily at K164 and to a lesser extent at Lysine
127 (K127) (Hoege et al., 2002; Stelter and Ulrich, 2003). SUMOylation on both
K164 and K127 is mainly performed by the E2 conjugating enzyme, Ubc9, and
the E3 ligase Siz1, while K127 has been shown to be SUMOylated either by
Ubc9 alone (Papouli et al., 2005; Stelter and Ulrich, 2003) or Ubc9 and another
E3 ligase, Siz2 (Parker et al., 2008). SUMOylation of PCNA serves to recruit the
Srs2 helicase to the replication fork (Papouli et al., 2005; Pfander et al., 2005).

Figure 9. Srs2 functions. Srs2 interacts with SUMOylated PCNA for replication
fork recruitment. Srs2 inhibits recombination by displacing Rad51 off the
presynatiptic filament. Srs2 helicase activity is efficient at unwinding triplet repeat
hairpin structures.
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Srs2 Helicase
Srs2 was first discovered as a suppressor of DNA damage sensitivity in rad6Δ
and rad18Δ mutants (Aboussekhra et al., 1989) and this suppression requires
functional homologous recombination (Aguilera and Klein, 1988; Gangloff et al.,
2000; Schiestl et al., 1990). Srs2 is a member of the superfamily I helicases with
3’ to 5’ polarity and shares homology with the E. coli RepA and UvrD helicases
(Aboussekhra et al., 1989; Hall and Matson, 1999; Rong and Klein, 1993), except
Srs2 has a long C-terminal tail that facilitates protein-protein interaction with
Rad51 and PCNA (Figure 9) (Krejci et al., 2004; Papouli et al., 2005; Veaute et
al., 2003). Srs2 can inhibit recombination by disassembling the Rad51 coated
presynaptic filament (Krejci et al., 2004; Veaute et al., 2003). Absence of Srs2
leads to a hyperrecombination phenotype (Aboussekhra et al., 1992; Rong and
Klein, 1993) and when knocked out in combination with Sgs1, a DEAH-box
helicase needed to dissolve double Holliday junctions to prevent crossovers
(Hickson, 2014; Ira et al., 2003), it will result in synthetic lethality due to
unrestricted recombination (Gangloff et al., 2000). Srs2 prevents recombination
through its ATPase activity, which allows it to translocate on the presynaptic
filament and trigger ATP hydrolysis within Rad51 to cause Rad51 disassociation
from DNA (Antony et al., 2009; Krejci et al., 2004). Srs2 ATPase and helicase
activity requires an intact Walker A motif for functionality (Krejci et al., 2004).
Srs2 preferentially unwinds 3’ overhangs but is also capable of unwinding
dsDNA, 5’ overhangs, and D loops bound with Rad51 (Dupaigne et al., 2008;
Van Komen et al., 2003). Srs2 is directly implicated in DNA checkpoint activation
and recovery. Loss of Srs2 leads to lack of Rad53 phosphorylation, which is
needed to slow replication in response to DNA damage (Liberi et al., 2000a).
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Moreover, Srs2 is needed for checkpoint recovery after repair has completed and
without Srs2 cells with DNA damage arrest in G2/M and adaption to resume
mitosis is greatly reduced (Liberi et al., 2000b; Vaze et al., 2002). Altogether,
Srs2 plays an important role in genome stability.

Srs2 human orthologs
Despite the various functions Srs2 has in maintaining genome integrity, there
hasn’t been a human homolog identified based on sequence homology. A
combination of multiple helicases could be needed in higher eukaryotes to
perform the equivalent functions. Several studies have identified a few key
helicases that could be Srs2 human orthologs, playing the same functional role
as Srs2. RTEL1 is a 5’ to 3’ helicase and belongs to the DEAH subgroup of the
superfamily 2 helicases (Uringa et al., 2011). Spar1 (RTEL1) was identified in C.
elegans to have similar functions as Srs2: it had synthetic lethality with the Sgs1
homolog (Him-6) due to uncontrolled recombination and loss of the Spar1
helicase led to an increase in meiotic recombination (Barber et al., 2008). RTEL1
is an essential conserved helicase that has been found to be important for
telomere length maintenance and DNA repair in mice (Uringa et al., 2011).
RTEL1 can antagonize homologous recombination by disrupting D loops and
promoting synthesis dependent strand annealing (Barber et al., 2008; Youds et
al., 2010). RTEL1 also has the conserved amino acid PIP box sequence present
at its C-terminal end, which would aid in PCNA interaction (Uringa et al., 2011).
Another potential Srs2 human ortholog is Fbh1, which has been found to have
several overlapping functions with Srs2. Fbh1 is a 3’ to 5’ F-box helicase found in
fission yeast with orthologs found in humans, mice, and chicken (Kim et al.,
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2002). Fbh1 can substitute for Srs2 in post replication repair in S. cerevisiae and
can also prevent hyperrecombination seen in srs2Δ (Chiolo et al., 2005). Recent
work has shown that Fbh1 antagonizes homologous recombination by
ubiquitinating Rad51 and this requires an F-box domain (Chu et al., 2015), which
is not present in Srs2. Additionally, Fbh1 is needed to catalyze replication fork
regression in HU treated cells (Fugger et al., 2015). Yet another potential Srs2
human ortholog is the helicase PARI, which has UvrD related helicase domain,
similar to Srs2. Unlike these other helicases, PARI does not have a Walker A or
B motif and only very weak ATP hydrolysis activity, indicating it isn’t an active
helicase (Moldovan et al., 2012). PARI prevents recombination by competing
with pol δ to regulate D loop extension and this is dependent on its PCNA
interaction and not on the UvrD helicase domain (Burkovics et al., 2016).

Thesis Focus
This thesis will focus on two proteins mentioned above that are known to be
important for replication, repair, and genome integrity: Srs2 and Ctf18.
Importantly, previous work has shown that both of these proteins are specifically
needed to protect CAG/CTG repeat integrity.
The Srs2 helicase has been shown to have many roles in protecting repeat
integrity. Srs2 is needed to prevent repeat expansion of both short and longer
CAG/CTG repeat tracts (ranging from 13-70 repeats) (Bhattacharyya and Lahue,
2004; Kerrest et al., 2009). This mutator phenotype is specific to structureforming triplet repeats since the absence of Srs2 did not affect the mutation rate
at non-structure-forming (CTA)25 repeats, dinucleotide repeats, or unique
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sequences (Bhattacharyya and Lahue, 2004). Compared to Sgs1, a related
helicase, Srs2 can more efficiently unwind hairpin structures of short (CTG)5-15
and (CGG)11 repeats in vitro, highlighting its specificity for structure-forming triplet
repeats (Anand et al., 2012; Bhattacharyya and Lahue, 2005). Repeat instability
of the longer repeat tracts in the absence of both Srs2 and Sgs1 was dependent
on recombination (although to a greater extent with Srs2), indicating instability
was caused by unrestricted recombination (Kerrest et al., 2009). Chromosome
fragility, at (CAG)70 repeats was also increased in the absence of both of these
helicases and fragility was dependent on recombination proteins Rad51 and
Rad52 in srs2Δ (Kerrest et al., 2009). Furthermore, Srs2 is needed for the
formation of joint molecules (potentially regressed forks or recombination
intermediates) that occur at CTG55 repeats (Kerrest et al., 2009). While both
Sgs1 and Srs2 have been shown to have a role in repeat maintenance, Srs2
seems to have a more prominent role.
Knowing that Srs2 has both helicase and anti-recombinase function, this thesis
work focused on determining how each of these functions contributed to repeat
maintenance with respect to instability, fragility, and fork reversal. Srs2 also
interacts with SUMOylated PCNA for recruitment to the replication fork; therefore
another question to be addressed is whether repeat protection requires Srs2
localization to the progressing fork. Previous evidence has shown Srs2 functions
can be separated; Srs2 does not require PCNA interaction to prevent the
formation of recombination intermediates (Le Breton et al., 2008), recruitment of
Srs2 to replication foci and recombination foci occur independently from one
another (Burgess et al., 2009), and Srs2 requires helicase activity and PCNA
interaction but not Rad51 displacement to prevent fork stalling at (CGG)40
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repeats (Anand et al., 2012). Based on this, we hypothesized a separation of
function of the Srs2 activities in protecting CAG repeat integrity. We addressed
this by utilizing previously characterized Srs2 mutants (Le Breton et al., 2008;
Colavito et al., 2009; Krejci et al., 2003, 2004; Pfander et al., 2005) that
attenuated one or two of its functions to determine if helicase activity, Rad51
displacement activity, and/or PCNA interaction was needed to prevent repeat
instability, fragility, and formation of regressed forks.
We were also interested in investigating how two other helicases, Mph1 and
Rad5, contribute to repeat maintenance since both helicases have similar
functions to Srs2. Mph1 (FANCM in humans) is a 3’ to 5’ helicase that has
sequence homology to the superfamily 2 DEAH helicases (Prakash et al., 2005).
Mph1 prevents crossover events by inhibiting recombination by disassociating D
loops and it does this in a pathway separate from Srs2 and Sgs1 (Prakash et al.,
2009). Mph1 has been shown to biochemically act on a variety of structures
including 5’ and 3’ flaps, promoting branch migration of Holliday junctions, and
unwinding three way and four way junctions as well as replication fork structures
(Kang et al., 2012; Zheng et al., 2011). This latter function suggests Mph1 could
facilitate fork regression. Rad5 is a helicase and E3 ligase that is prominently
known to be involved in error-free bypass in post replication repair. Rad5
helicase activity is needed to unwind replication fork structures in vitro although
its fork reversal functions in vivo are less defined (Blastyák et al., 2007; Johnson
et al., 1994). HLTF, the Rad5 human homolog, also has demonstrated fork
reversal activity in vitro (Blastyák et al., 2010). Unlike Srs2, Rad5 has been
shown to promote expansions of various repeats (CAG, ATTCT, GAA) (Cherng
et al., 2011; House et al., 2014; Shishkin et al., 2009). We were interested in
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determining how Mph1 and Rad5 might function to protect repeat fragility,
instability and whether either could promote fork regression in vivo.
Several potential functional Srs2 human orthologs have been identified that
either have similar mutant phenotypes as Srs2 (hyperrecombination, synthetic
lethality with Sgs1) or can substitute for Srs2 to rescue mutant phenotypes as
described above. We were interested in extending this work to determine if these
helicases had specificity in preventing repeat fragility and instability like Srs2. We
focused on two potential candidates: RTEL1 and Fbh1, both of which have
helicase and anti-recombinase function. We expressed the open reading frames
of these genes in S. cerevisiae in the absence of Srs2 to determine if either could
complement Srs2 phenotypes and rescue the increased CAG repeat fragility and
instability. We also tested if either of these genes could substitute for Srs2 in post
replication repair in rad5Δ mutants. rad5Δ mutants are sensitive to MMS mostly
due to Srs2 restricting homologous recombination (Pfander et al., 2005). It was
previously shown that expression of hFbh1 in rad5Δ mutants could suppress
DDT repair defects (Chiolo et al., 2007) and we were interested in testing hFbh1
and hRTEL1 in our system.
A second goal of my research was investigation of the function of alternative
clamp loader, Ctf18 at CAG repeats. Ctf18 is important for overall genome
stability having a prominent role in promoting proper sister chromatid cohesion
and replication. Previous work has shown Ctf18 was specifically important in
preventing (CAG)70 and (CAG)155 repeat fragility and instability while the other
alternative clamp loaders, Egl1 and Rad24, did not have as great of an effect on
either (Gellon et al., 2011). The mechanism of repeat protection is occurring
independently from Ctf18’s role in cohesion (Gellon et al., 2011), leading us to
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question how Ctf18 might function to prevent repeat fragility. Some key pieces of
evidence led us to further investigate the relationship between Ctf18 and DDT. In
the absence of Ctf18, there is an increase in Rad52 foci during S phase,
indicative of damage occurring during replication (Gellon et al., 2011; Lisby et al.,
2001). DDT is coordinated by modification of PCNA when replication forks
encounter DNA damage during S phase. Since Ctf18 has been shown to interact
with PCNA and has been biochemically shown to be capable of
unloading/loading PCNA onto DNA substrates, could Ctf18 and DDT be working
together to prevent repeat fragility? If so, are both the error-prone and error-free
pathways needed? Could Srs2, which is recruited to SUMOylated PCNA, also
protect against fragility through the same pathway as Ctf18 or are the pathways
complimentary?
My research focuses on how cells utilize various repair mechanisms to protect
genome integrity. Using CAG repeats as a source of endogenous DNA damage,
we’ve been able to highlight the need for hairpin structure removal, controlled
recombination, and proper hairpin bypass to allow cells to properly replicate.
Failure to do so leads to an increase in genome instability.
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ABSTRACT
Endogenous replication-blocking DNA secondary structures are a source of
genome instability. Trinucleotide repeats cause replication fork stalling,
chromosome fragility, and impaired repair, all of which can lead to repeat
expansions and contractions. Specialized helicases play an important role in
unwinding DNA structures to maintain genome stability. The Srs2 helicase
unwinds DNA hairpins, facilitates replication, and prevents repeat instability and
fragility. However, since Srs2 is a multifunctional protein with both helicase
activity and the ability to displace the Rad51 recombinase, it was unclear which
functions were required for its various protective roles. In the current study, we
take advantage of characterized Srs2 separation-of-function alleles to clarify its
vital activities. Our data suggests that the Srs2 protein locates to the stalled fork
via its interaction with PCNA and utilizes its helicase activity to unwind a forkblocking CAG/CTG hairpin structure. In the absence of recruitment of Srs2 to
SUMOylated PCNA or in helicase-deficient mutants, the lack of hairpin unwinding
leads to an accumulation of reversed forks and fork breakage. Independent of
PCNA binding, Srs2 also displaces Rad51 from nascent strands to prevent
recombination-dependent repeat expansions and contractions. These results
clarify the role of Srs2 in facilitating fork restart at replication-blocking hairpin
lesions.

INTRODUCTION
Aside from the various known exogenous factors such as ultraviolet light, base
modifying chemicals and ionizing radiation that can negatively impact genome
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instability (Jackson and Bartek, 2009; Lindahl, 2000), it is increasingly recognized
that genome instability and disease can often result from endogenous replicationblocking sources such as DNA secondary structures (Aguilera and García-Muse,
2013; Usdin et al., 2015; Wang and Vasquez, 2014). Recent evidence supports a
role for specialized helicases to copy through replication-blocking structures
faithfully and maintain genome stability; known examples include Rrm3 helicase
for programmed protein blocks (Ivessa et al., 2003), Pif1 for G-quadruplex
sequences (Bochman et al., 2012; Paeschke et al., 2011; Ribeyre et al., 2009)
and Srs2 for hairpin sequences (Anand et al., 2012; Bhattacharyya and Lahue,
2004, 2005; Daee et al., 2007; Kerrest et al., 2009).
Triplet repeat expansions are known replication-blocking lesions and have been
implicated in many hereditary neurodegenerative diseases (McMurray, 2010;
Mirkin, 2007; Pearson et al., 2005). A common property shared among diseasecausing repeat sequences is their ability to form non-B DNA conformations in
single stranded DNA. CAG/CTG repeats, which have been implicated in
Huntington’s disease, myotonic dystrophy, and multiple spinocerebellar ataxias,
are capable of forming hairpin structures (Liu et al., 2010; Miret et al., 1998;
Pearson and Sinden, 1996). These structure-forming sequences can interfere
with cellular processes such as replication, transcription, and repair, causing
stalled forks, nicks, gaps or double-strand breaks in the DNA. (Mirkin, 2007;
Richard et al., 2008; Usdin et al., 2015). Paradoxically, the processes of
replication fork restart or DNA repair must then occur within the repeat DNA,
providing opportunity for expansions or contractions during DNA synthesis or end
processing.
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In Saccharomyces cerevisiae, it has been shown that the Srs2 helicase is a key
protein involved in unwinding CAG/CTG hairpin structures (Anand et al., 2012;
Bhattacharyya and Lahue, 2004, 2005). The Srs2 helicase is a member of
superfamily 1 helicases with 3’ to 5’ polarity and homology to the helicase
domains of E. coli RepA and UvrD (Aboussekhra et al., 1989; Hall and Matson,
1999; Rong and Klein, 1993). Unlike RepA and UvrD, Srs2 has an extended Cterminal region that contains domains that facilitate protein-protein interactions,
including with the Rad51 recombinase (Krejci et al., 2003; Veaute et al., 2003)
and the DNA replication clamp PCNA (Papouli et al., 2005; Watts, 2006). Srs2 is
required to prevent expansions of short (CAG/CTG)13-25 repeats (Bhattacharyya
and Lahue, 2004) and longer (CAG/CTG)55-70 repeats (Kerrest et al., 2009). The
role of Srs2 in preventing repeat expansions is specific for hairpin-forming triplet
repeats, because srs2 mutants did not exhibit increased instability of poly (GT)
dinucleotide repeats, non-structure forming CTA repeats, or unique sequences
with similar GC content (Bhattacharyya and Lahue, 2004). Furthermore, Srs2
was able to facilitate replication through a fork stall caused by a (CGG/CCG)40
repeat in vivo, whereas Sgs1, Pif1 and Rrm3 helicases did not (Anand et al.,
2012). Srs2 did not act on other types of replication barriers such as a G-quartetforming sequence or a protein-mediated stall (Anand et al., 2012). The ability of
Srs2 to facilitate replication through the hairpin stall was dependent on both its
ATP-dependent helicase activity and its interaction with PCNA, but not on ability
to interact with and displace Rad51 (Anand et al., 2012). Thus, due to its
interaction with SUMOylated PCNA, 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 helicase in human
cells can perform some of the same functions as Srs2 in both human and yeast
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cells, including CAG and CTG hairpin unwinding and prevention of CAG
expansions and repeat fragility (Frizzell et al., 2014).
Another important Srs2 function is the ability to dismantle Rad51-mediated
filament formation by stimulating Rad51’s ATP hydrolysis activity to promote
disassociation off of DNA (Antony et al., 2009; Krejci et al., 2003; Veaute et al.,
2003). Previous work has shown that recombinational repair can be a source of
triplet repeat expansions (Gellon et al., 2011; Richard and Pâques, 2000;
Richard et al., 2003; Sundararajan and Freudenreich, 2011). For longer
(CAG/CTG)55-70 repeats, expansions and contractions in cells deleted for SRS2
were suppressed by deletion of RAD51 (Kerrest et al., 2009). Thus we proposed
that the repeat instability occurring in the srs2Δ background was due to excess
sister chromatid recombination.
In addition to a role for Srs2 in preventing CAG repeat instability, we identified
two other roles for Srs2 at expanded CAG/CTG repeat tracts in our previous
study (Kerrest et al., 2009). First, we showed that Srs2 prevented fragility
(breakage) of a (CAG)70 or (CTG)70 tract integrated on a yeast chromosome (e.g.
in both orientations with respect to replication; the sequence on the lagging
strand template is named). The absence of Srs2 led to a 2 to 6 fold increase in
fragility over wild-type. Secondly, by analysis of replication intermediates, we
identified structured DNA molecules, which we termed joint molecules (JMs), that
appeared when a (CTG)55 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 srs2Δ background, but were not significantly reduced in the
absence of Rad51. We previously proposed that these JMs represented reversed
forks (Kerrest et al., 2009). This was based on the appearance of the JMs as a
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cone structure emanating from the location of the repeat tract on the Y arc of
replication intermediates as well as dependence on replication and
independence from Rad51 (Kerrest et al., 2009).
Additionally, CTG repeats are predisposed to undergo fork reversal in a plasmid
assay (Fouché et al., 2006). If this was the case, expanded CTG repeats
represent a natural site of in vivo fork reversal, and their formation 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
repeat units. JMs could also represent a mixture of reversed forks and other
kinds of structured recombination intermediates that would show aberrant
migration and are distinct from migrations of classic X-shaped structures such as
Holiday junctions or replication-coupled sister-chromatid junctions due to hairpin
structures formed by CAG/CTG trinucleotide repeats (Kerrest et al., 2009). The
reduction of the joint molecules/reversed forks in srs2Δ cells suggested a role for
Srs2 in formation or stabilization of reversed fork structures in vivo.
Because Srs2 is such a multifunctional protein, it wasn’t clear which activity was
involved in each of its roles in maintaining CAG repeats (instability, fragility, JM
formation). To understand the role of Srs2 at CAG repeats and in genome
maintenance in general, here we take advantage of multiple well characterized
Srs2 domain mutants missing one or more of the protein’s functions (Le Breton et
al., 2008; Colavito et al., 2009; Krejci et al., 2003, 2004; Pfander et al., 2005).
Using this approach, we were able to find that there is a differential requirement
of Srs2 helicase activity, PCNA binding, and Rad51 displacement functions in
CAG/CTG repeat instability, fragility, and fork reversal. The Srs2-PCNA
interaction is required to prevent repeat fragility but dispensable for preventing
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repeat instability, whereas Rad51 displacement is vital for prevention of
instability, but not fragility. JMs appear to be a mixture of reversed forks that
occur independently of Srs2 and are processed by Exo1, and recombination
intermediates that are prevented by Srs2 Rad51 displacement activity; this
further expands on our previously proposed hypothesis (Kerrest et al., 2009). Our
data support a role for Srs2 helicase unwinding of structures encountered during
replication in facilitating fork restart and prevention of fork breakdown. We also
investigated the role of Mph1 and Rad5 in maintaining CAG repeats and found
that unlike Srs2, they play a more modest role in preventing (CAG)70 repeat
instability, do not affect repeat fragility, and deletion mutants exhibit increased
JMs, not reduced as predicted if Rad5 or Mph1 played an active role in fork
regression. Together these results show that multiple functions contribute to
triplet repeat maintenance, and reveal important roles for the Srs2 protein in
preventing fork breakdown and recombination at structure-forming barriers in the
genome.

MATERIALS AND METHODS
Strains
All strains used for instability and fragility experiments were the isogenic BY4705,
BY4742 or S288C backgrounds (Appendix 2.1) and contained a yeast artificial
chromosome containing no repeat, a (CAG)70 or a (CTG)70 tract as previously
described (Callahan et al., 2003; Sundararajan and Freudenreich, 2011). Gene
knockouts were generated by directed gene replacement and confirmed by PCR
for absence of the target gene and presence of the marker gene at the target
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locus. Key mutants were also checked via Southern using DIG-high prime
labeling and detection (Roche) using probes hybridizing to marker genes to
confirm proper integration location. Srs2 domain mutants were created by PCRmediated gene replacement using yeast genomic DNA or plasmids as templates:
srs2-(1-860), srs2-(875-902Δ), and srs2-(1-998) were obtained from Patrick Sung
(Colavito et al., 2009), and srs2-K41R was obtained from Hannah Klein (Colavito
et al., 2009; Krejci et al., 2004). All inserted mutations were confirmed by PCR
and sequencing; primer sequences available upon request. The presence of the
YAC and the length of the CAG or CTG tract was confirmed by PCR amplification
followed by size analysis of the product on a high resolution 2% Metaphor gel.

Analysis of CAG/CTG repeat stability and fragility
Fragility and instability assays were done as previously described (Kerrest et al.,
2009). Briefly, single colonies were grown on yeast complete (YC) media lacking
uracil and leucine to maintain 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 30oC for 68 divisions, and plated on 5-FOA selective media. The rate of 5-FOAR was
calculated by the method of the maximum likelihood using FALCOR software.
YAC end loss was confirmed in a subset of FOAR colonies to be 94-100% for
(CAG/CTG)70 YACs in both wild-type and srs2 strain backgrounds (30-50
independent clones checked for each). The stability of the repeat tract was
analyzed via PCR amplification of cells from daughter colonies that grew on YCLeu total cell count plates using primers 2076/2077, which flanked the repeat.
Amplicons were visualized using high resolution 2% Metaphor gels (Lonza),
36

which can accurately resolve +/- 9 bp (3 repeats) in the relevant size range;
repeat size estimates were made by subtracting the unique sequence length of
159 bp and dividing by three.

Analysis of replication intermediates by 2D gels
Cells were grown overnight at 23°C, in 200 ml YPD cultures. In the morning, they
were centrifuged, washed and resuspended in 800 ml fresh YPD medium at a
concentration of 0.8-0.9x107 cells per ml and grown for another hour at 23°C.
Subsequently, 10 mg alpha factor were added to the culture for two and a half
hours at 23°C. G1 arrest was checked by microscope observation. When 90% of
the cells were arrested, the culture was washed and resuspended in 200 ml fresh
YPD medium preheated at 23°C. Progression of S phase was followed by
microscope observation and confirmed by FACS analysis on a MACSQuant
Analyser (not shown). Cells were harvested after 30 min, 40 min, 60 min and 90
min for the wild-type strain, or 40 min, 50 min, 60 min and 90 min for mutant
strains, and killed by addition of sodium azide (0.1% final concentration). Total
genomic DNA was extracted by the CTAB procedure (Liberi et al., 2006) with the
following modifications: Cells were frozen one night at -80°C, thawed on ice,
resuspended in 2 ml water and 2.5 ml solution I (2% CTAB, 1.4 M NaCl, 100 mM
Tris HCl pH 7.6, 25 mM EDTA pH 8.0) was added. Then, 167 μl Zymolyase 100T
(Seikagaku, 30 mg/ml) and 5 μl DTT (2M) were added and tubes were left 1 hour
at 30°C. After that step, the CTAB extraction and the gel set up were performed
as described in (Liberi et al., 2006). DNA was transferred overnight in 10X SSC
on a charged nylon membrane (Sigma) and UV cross-linked on a Stratagene
Stratalinker. Hybridization was performed with a 750 bp randomly primed probe,
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corresponding to the 5' end of the ARG2 gene. Detection of radioactive signals
were performed on a Fujifilm FLA-9000, after 4-7 days exposure. Quantifications
were made using the ImageQuant software. Individual shapes were drawn
around each structure (Y arc, cone, pause, linear DNA). Shapes with identical
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 the average, meaning that the cone contains
half as much signal per square millimeter as compared to the Y arc. Only gels
with a good Y arc signal to background ratio (>1.2) were used in quantifications.
Statistical analysis was performed with the R package (G. Millot, 2011,
Comprendre et réaliser les tests statistiques à l'aide de R. Manuel de
biostatistique. de boek ed. 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 for preventing
CAG/CTG repeat instability
Srs2 is a multifunctional protein with three major domains defined: a helicase
domain, a Rad51 interacting domain, and a PCNASUMO interacting domain.
Previously characterized domain mutants that have at least one of the functions
of Srs2 attenuated (Le Breton et al., 2008; Colavito et al., 2009; Krejci et al.,
2003; Pfander et al., 2005) (Figure 1A) were used to investigate whether there
was a differential requirement for these domains in preventing repeat instability.
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The endogenous SRS2 gene was replaced with each of these domain mutants at
the SRS2 chromosomal locus. Yeast strains contained a yeast artificial
chromosome (YAC) with a CAG/CTG tract of 70 repeats. PCR amplification of
the repeat tract was used to determine expansion and contraction frequencies in
daughter colonies of wild-type and mutant backgrounds (Figure 1B). Sequence
nomenclature refers to the repeat that serves as the lagging strand template.
First, we tested to see if one of the catalytic activities of Srs2 was required to
prevent (CAG)70 repeat instability by using the srs2-K41R mutant, which is
ATPase defective and therefore lacking both helicase and Rad51 displacement
activities. The CAG orientation exhibits both elevated expansions and
contractions in srs2∆ strains (Kerrest et al., 2009). Indeed, 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 frequencies in
srs2∆ strains (Table 1, Appendix 2.2). To distinguish between the helicase and
Rad51 displacement activities, we tested the srs2-(875-902Δ) mutant, which
retains the helicase domain but lacks most of the Rad51 binding domain and is
defective for Rad51 displacement in vitro (Colavito et al., 2009) (Figure 1A). The
srs2-(875-902Δ) mutant also had a significant increase in both repeat expansions
and contractions, 3.6 and 3.8 over wild-type respectively, similar to srs2-K41R
(Table 1). These results suggest that inability to bind and displace Rad51 is the
likely cause of the increased level of CAG instability in srs2∆ strains. This
conclusion is also supported by the srs2-(1-860) mutant, which retains the
helicase domain but lacks the entire C terminus of the protein, including both the
Rad51 and PCNA interaction domains. The srs2-(1-860) mutant also exhibited a
significant increase in both expansions and contractions; interestingly the
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contraction frequency was even higher than in the srs2∆ strain (12.5% compared
to 6.5%), suggesting this mutant may have a dominant-negative effect. We
previously showed that CAG instability was Rad51 dependent in an srs2 null
background (Kerrest et al., 2009). To confirm that this suppression also occurred
in a background defective in Rad51 displacement, repeat instability was tested in
the srs2-K41R rad51∆ double mutant. As predicted, CAG expansions and
contractions were both suppressed to wild-type levels (Table 1). Together, these
data support the conclusion that repeat instability arises through HR and that
Srs2 prevents this instability by antagonizing HR via its Rad51 displacement
activity.
In contrast to the Rad51 displacement deficient mutants, srs2-(1-998), which
retains both helicase and Rad51 displacement activity, had instability at wild-type
levels, 1.5 and 1.3 fold over wild-type for expansions and contractions,
respectively (Table 1). The srs2-(1-998) mutant is missing the PCNA interaction
domain; therefore PCNA interaction is apparently not required to prevent repeat
instability. Since Srs2 interacts with SUMOylated PCNA engaged in replication,
this result suggests that expansions and contractions are not occurring during
replication fork progression. Instead, instability appears to be occurring during a
process where Srs2 is acting independently from its interaction with SUMOylated
PCNA.
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Table 1. (CAG)70 Instability on YAC in Srs2 Domain Mutants
No. colonies

%

Fold

%

Fold

Strain Name

analyzed

Expansions

Over WT

Contractions

over WT

wild-type

269

1.1

1.0

2.6

1.0

srs2Δ

231

5.6*

5.1*

6.5*

2.5*

srs2-(1-860)

152

5.3*

4.8*

12.5*

4.8*

srs2-(875-

162

4.3*

3.6*

9.9*

3.8*

srs2-K41R

201

5.0*

4.5*

9.5*

3.7*

srs2-(1-998)

122

1.6

1.5

3.3

1.3

srs2-K41R

174

1.2

1.1

1.7

0.7

902Δ)

rad51Δ
*p<0.05 compared to wild-type using Fisher’s Exact Test

Srs2 helicase activity and PCNA interaction are required to prevent
CAG/CTG repeat fragility
It was previously shown that in the absence of Srs2, there is a significant
increase in CAG repeat fragility (Kerrest et al., 2009). We therefore wanted to
investigate whether there was a differential requirement of the Srs2 functions in
preventing repeat fragility. To determine if there were differences depending on
which repeat sequence was on the lagging strand template, we tested the rate of
FOA-resistance (FOAR) in both CAG and CTG orientations utilizing a previously
described breakage assay that measures YAC end loss (Kerrest et al., 2009)
(Figure 1B).
We hypothesized that the srs2-K41R strain would exhibit an increase in repeat
fragility because the mutant protein lacks both helicase and Rad51 displacement
activity. Indeed, a significant 2.3 fold increase in (CAG)70 and 2.1 fold increase in
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(CTG)70 fragility compared to wild-type were observed, statistically equivalent to
the rates for the srs2∆ strain (Figure 1C, Table S3). As we observed previously
(Kerrest et al., 2009), deleting SRS2 had a greater effect on fragility of tracts in
the CAG orientation. To distinguish which activity was important, we tested the
srs2-(875-902Δ) 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 displacement activity is dispensable for preventing fragility. Further,
this result implicates the ATPase activity of Srs2 in preventing both CAG and
CTG fragility.
To determine the contribution of PCNA interaction, we tested the srs2-(1-998)
mutant. A significant 2.8-fold increase in (CAG)70 and 1.5-fold increase in (CTG)70
fragility compared to wild-type was observed, rates similar to a complete deletion
of SRS2 (Figure 1C). Therefore, Srs2 interaction with PCNA is crucial to prevent
repeat fragility. This result contrasts with the effect of the srs2-(1-998) mutant on
instability, where lack of PCNA binding had no effect. The increase in fragility in
srs2-(1-998) 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 (data not shown). Furthermore, the srs2-(1-860) mutant, which retains
helicase activity but lacks the PCNA interaction domain, also exhibited a
significant increase (CAG)70 fragility compared to wild-type. In conclusion, Srs2
PCNA interaction and helicase activity are both needed to prevent fragility of
expanded CAG/CTG repeats. Thus prevention of repeat fragility and instability
are mediated by different functions of the Srs2 protein. In addition, the absolute
requirement for PCNA interaction suggests that Srs2 is preventing fragility via its
helicase activity while located at the replication fork.
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Figure 1. (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 box indicates the PCNA interacting domain. Dotted red
lines represent deletions, numbered according to base-pair position of the SRS2
ORF. Srs2-K41R renders Srs2p ATPase dead, no helicase or translocase
activity. 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-(875-902Δ) retains helicase activity and PCNA
interaction but has impaired Rad51 interaction. (B) Schematic of the YAC
system. A breakage event occurring within or near the repeat can result in the
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loss of the URA3 marker gene and healing at the G4T4 telomere seed, leading to
strains becoming resistant to 5-fluoroorotic acid (5-FOA). (C) Rate of FOAR x 10-6
is shown. Data represents the average of at least three experiments (numbers in
Appendix 2.3). Error bars represent SEM. Numbers of bars represent fold over
wild-type. No tract: no repeat tract on YAC, CAG-70: (CAG)70 repeats on the
lagging strand template, CTG-70: (CTG)70 repeats on the lagging strand
template. (Unpaired student t-test comparing averages to wildtype *p<0.05;
**p<0.01; srs2-(1-860) (CTG)70 p value is 0.06).

Mph1 and Rad5 play a lesser role in preventing (CAG)70 instability and
fragility
In addition to Srs2, several other proteins could be involved in regulation of
recombination or fork restart including Rad5, Mph1 and Sgs1. The Sgs1 helicase
was shown to have a role in preventing (CAG/CTG)70 repeat instability and
fragility (Kerrest et al., 2009), however the effect of Mph1 and Rad5 on long
CAG repeats had not been fully determined.
Mph1 is a 3’ to 5’ helicase and FANCM homolog that regulates recombination by
unwinding Rad51 formed D-loops (Prakash et al., 2009) and processes Holliday
junction intermediates through branch migration (Zheng et al., 2011). Cells
deleted for Mph1 exhibited a 2-2.5-fold increase in both repeat contractions and
expansions, respectively, though neither effect is statistically different from wildtype (Table 2). Deletion of Mph1 resulted in a rate of (CAG)70 breakage that is
also slightly elevated compared to wild-type (1.5 fold, p=0.024, Figure 2).
Altogether, Mph1 appears to have a minor role in preventing chromosomal
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instability and fragility at CAG repeats.
Rad5 is a DNA-dependent ATPase and E3 ubiquitin ligase involved in the errorfree branch of DNA damage bypass. The Rad5/Mms2/Ubc13 complex catalyzes
PCNA polyubiquitination to facilitate a template switch of the nascent strand to
copy information from an alternative template (usually the other nascent strand)
(Branzei, 2011). Previous studies have shown that in the absence of Rad5, there
is a reduction in instability of several types of non-hairpin forming repeats
including poly(GT)29 (Johnson et al., 1992), (ATTCT)60 (Cherng et al., 2011), and
(GAA)100 (Shishkin et al., 2009), when compared to wild-type. In contrast, deletion
of Rad5 led to a 4-6 fold increase in expansion rate in short (CAG/CTG)13-25
repeat tracts (Daee et al., 2007) and a 3-fold increase in longer (CAG)85 tracts
(House et al., 2014). To have a direct comparison with the Srs2 domain mutants,
RAD5 was deleted in strains with (CAG)70 repeats, and both instability and
fragility were measured. Deletion of RAD5 led to a slight increase in repeat
expansions and contractions (1.9 and 1.8 fold increase compared to wild-type,
respectively) (Table 2). Deletion of RAD5 led to no significant change in CAG
repeat fragility when compared to wild-type (Figure 2). We conclude that Rad5
does not have a major role in maintenance of (CAG)70 repeats, at least in a wildtype background.
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Table 2. (CAG)70 Instability on YAC in srs2∆, mph1∆, rad5∆ Mutants.
No.

Fold

Fold
over

Strain

colonies

%

Over

Name

analyzed

Expansions

WT

% Contractions

WT

wild-type

269

1.1

1.0

2.6

1.0

srs2Δ

231

5.6*

5.1*

6.5*

2.5*

mph1∆

290

2.8

2.5

5.2

2.0

rad5∆

190

2.1

1.9

4.7

1.8

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

Figure 2. Deletion of MPH1 or RAD5 does not impact (CAG)70 repeat fragility.
Rate of FOAR x 10-6 is shown. Data represents the average of at least three
experiments (Appendix 2.3). Error bars represent SEM. Numbers over bars
represent fold over wild-type. No tract: no repeat tract, CAG-70: (CAG)70 repeats
on YAC. (Unpaired t-test comparing averages to wildtype *p<0.05; **p<0.01)
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Analysis of replication and recombination intermediates by 2D gel
electrophoresis in Srs2 domain mutants
In our previous study, we identified joint molecules (JMs) that occurred during
replication of a (CTG)55 trinucleotide repeat tract that were dependent on the
presence of Srs2, suggesting a role for Srs2 in formation or stabilization of
reversed fork structures in vivo (Kerrest et al., 2009). In order to better
characterize this function of Srs2, replication of a (CTG)98 repeat tract integrated
at the same ARG2 locus on yeast chromosome X was analyzed by 2D gel
electrophoresis in the srs2 domain mutants. This locus is replicated by an
efficient origin (ARS1010) located 7 kb telomere-proximal to the repeats in the
CTG orientation, in which the CTG strand, which can form a stable hairpin
structure, is the lagging-strand template.

DNA extracted 30-60 minutes after release into S phase from a G1 arrest was
analyzed for replication intermediates by 2D gel electrophoresis. In wild-type
cells, a signal corresponding to replication fork stalling is detected on the
descending Y arc, at the exact place where the triplet repeats are integrated
(Figure 3, wild-type, arrow). Such a pausing signal was not clearly detected with
shorter repeats (Kerrest et al., 2009). We conclude that (CTG)98 repeats stall
forks more efficiently than (CTG)55 repeats, likely because this longer repeat tract
has a higher probability of hairpin structure formation. Interestingly, the JMs are
somewhat less prominent for the CTG98 tract compared to (CTG)55, suggesting
there could be an inverse relationship between a stable fork stall and JMs. None
of the srs2 mutants showed any evidence for a stalling signal, showing that the
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presence of a full-length functional Srs2p is essential to stably stall forks at long
chromosome-borne CTG repeats.
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. In srs2-(1-998) and (1-860)
mutants, 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.

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 right
corner of each gel. Quantifications of the ratio of cone (JMs) over Y arc signals
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obtained for each individual gel in a particular background are shown 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. Mean quantified pause signals and cone
values for individual gels are given in Appendix 2.4.

It was shown that in the absence of helicase catalytic activity, Srs2p cannot
unwind CAG/CTG hairpins (Anand et al., 2012). If the decrease in JMs in the
srs2Δ strain was due to the helicase activity of Srs2 actively reversing hairpinstalled forks, they should also decrease in a srs2 helicase deficient strain.
Surprisingly however, JMs were significantly increased in the srs2-K41R mutant,
as compared to wild-type (Figure 3). Since the ATPase is needed for both the
helicase and the Rad51 displacement activity, the increase in JMs in the srs2K41R mutant could be due to increased Rad51 binding and a resultant increase
in recombination structures. To test this idea, replication intermediates were
visualized in a srs2-K41R rad51 double mutant. Notably, the JMs decreased to
the wild-type level in the double mutant (Figure 3). Thus, in the srs2-K41R
mutant, there is an accumulation of recombination intermediates that run in the
same area as the reversed forks, though we note that the signal is especially
high at the tip of the cone in this background, where X-shaped recombination
intermediates are known to migrate. This data is consistent with the result that
recombination-dependent repeat instability is occurring in the srs2-K41R
background (Table 1). In contrast, the JMs that remain in the srs2-K41R rad51
double mutant are presumably not recombination intermediates (or perhaps Rad51 independent template switch intermediates); similar to the situation in wild49

type cells where the cone structure was not measurably reduced in the rad51
background (Kerrest, 2009). We conclude that the JMs that represent reversed
forks are not likely to be created by active Srs2 helicase activity.
Replication intermediates were also visualized in the srs2-(875-902Δ) mutant,
lacking efficient Rad51 displacement activity but retaining helicase activity. The
srs2-(875-902Δ) mutant showed no difference in the level of JM structures
compared to wild-type, despite the expectation that recombination intermediates
may increase in this background (Figure 3). We conclude that the presence of
the helicase activity combined with PCNA binding is sufficient to unwind hairpin
structures encountered at the fork to prevent undue accumulation of
recombination intermediates (though apparently not to prevent all excess
recombination as repeat instability was increased in this background).
Altogether, analysis of replication intermediates indicates that structured
intermediates formed during replication of a hairpin-forming CAG/CTG repeat do
not require Srs2 for their formation, but are influenced by Srs2p activity. In
particular, Srs2 anti-recombinase function is important for preventing
accumulation of fork-associated recombination structures that lead to increased
repeat expansions. Fork-coupled helicase activity appears to be most important
for preventing fork breakdown and chromosome fragility, rather than causing fork
reversal.

Effect of Rad5 and Mph1 on CAG repeat replication
In vitro studies have shown that both Mph1p and Rad5p can convert model fork
substrates to a 4 stranded reversed-fork like structure (Blastyák et al., 2007; Gari
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et al., 2008; Kang et al., 2012; Sun et al., 2008; Zheng et al., 2011). Thus, it has
been speculated that these proteins may catalyze fork reversal in vivo. To test
the effect of these proteins on replication through CAG repeats, replication
intermediates were analyzed in mph1Δ and rad5Δ strains.
Interestingly, JMs are significantly increased in both mph1Δ and rad5Δ strains
(Figure 4). This result shows that neither protein is required to generate JMs,
suggesting that either they are not involved in fork reversal in vivo, or that the
JMs present in these backgrounds do not represent reversed forks. Since Mph1
is expected to reduce recombination intermediates by unwinding Rad51 formed
D-loops, the observed increase in JMs in the mph1Δ background could be due to
recombination intermediates at the CAG tract that are running in the area of the
cone, perhaps in addition to reversed forks. However the increase of JMs in the
rad5Δ strain which should decrease template switches, is somewhat counterintuitive. The increase is mostly due to the spot at the tip of the spike, where
Holiday Junctions are expected to run, suggesting a shift to recombination
structures could be occurring.
To further investigate the nature of the JMs, replication intermediates were
visualized in an exo1Δ 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 with exo-dependent fork processing (Long and Kreuzer, 2008). Exo1 has
also been shown to process forks stalled by nucleotide depletion or a protein
barrier (Cotta-Ramusino et al., 2005; Tsang et al., 2014). At the (CTG)98 repeat,
deletion of EXO1 resulted in a reduction of the cone structure and an increase in
JMs in a spike emanating from the top of the Y arc (Figure 4). This data supports
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the idea that in wild-type cells, when recombination is controlled, the cone mostly
represents resected reversed fork structures.

Figure 4. Representative 2D gels for mph1Δ, rad5Δ, and exo1Δ strains. Times at
which cells were collected after alpha-factor release are indicated in the top right
corner of each gel. Quantifications of the ratio of cone (JMs) over Y arc signals
are shown on the accompanying graph; p values compared to wild-type (MannWhitney Wilcoxon rank test) are listed above the respective mutant. Mean
quantified pause signals and cone values for individual gels are given in
Appendix 2.4.
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DISCUSSION
Srs2 prevents (CAG/CTG)70 instability and fragility via different activities
Srs2 plays an important cellular role in genome maintenance at structure-forming
repeats, but because of the multi-functional nature of this protein, it was unclear
which activities protect against instability and fragility, and promote replication at
CAG/CTG repeats. By using previously described Srs2 domain mutants, we
investigated how the different Srs2 functions contribute to the maintenance of
triplet repeats. We show that the CAG/CTG70 expansion and contraction
phenotypes can be genetically uncoupled from the breakage phenotype. From
our experiments, Rad51 displacement activity appears to be critical and PCNA
interaction dispensable for preventing repeat expansions and contractions,
whereas PCNA interaction and helicase activity are critical for preventing
CAG/CTG70 breakage.
Since no significant increase in expansions or contractions were observed in the
mutant where Srs2 retained its Rad51 displacement activity (srs2-(1-998)), it is
likely that repeat instability is primarily arising from aberrant recombination as a
result of unrestricted binding of Rad51. This conclusion is re-inforced by the
observation of increased expansions and contractions in all the mutants with
defective Rad51 displacement, as well as a reduction of instability levels in the
srs2-K41R rad51 double mutant. This data re-inforces our previous conclusion
(Kerrest et al., 2009) that recombination is a major source of triplet repeat
instability if not properly controlled.
A consideration for this hypothesis is if Rad51-dependent recombination is a
source of repeat instability, then rad51 mutants should have no changes in
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repeat tract length. Rather than seeing reduction in instability due to the loss of
Rad51-dependent recombination, we either see no change in expansions or an
increase in expansions and contractions in rad51 mutants (Su et al., 2015;
Sundararajan et al., 2010). One explanation is recombination isn’t completely
abolished in rad51 mutants and recombination could be occurring through a
Rad52/Rad59-dependent process, single strand annealing (SSA). During SSA
repair, ssDNA with homology on either side of a double strand break can be
annealed and ligated (Krejci et al., 2012). Repair of double strand breaks
occurring within CAG/CTG repeats has been shown to most likely generate
contractions (Richard et al., 2014). Studies have shown that Rad51 inhibits SSA,
promoting repair with higher fidelity utilizing longer sequences of homology (Bai
and Symington, 1996; Wu et al., 2008). Therefore in the absence of Rad51, SSA
could be utilized for repair which could result in repeat instability, especially
contractions which we do observe (Su et al., 2015).
Rad52 is a key player in recombination and in its absence recombination is
greatly reduced but not eliminated (Rattray and Symington, 1994). Aside from
Rad52, Rad54 can also function as a mediator for Rad51 filament formation
although to a lesser extent (Wolner et al., 2003), suggesting that recombination
could still occur even in the absence of Rad52. To fully confirm recombination as
source of repeat instability, we should test rad51Δrad52Δ strains with the
expectation of no tract changes if recombination is indeed a source of instability.
However previous research has shown Rad52 is epistatic to Rad51 (Rattray and
Symington, 1994), so perhaps instability could be arising in a mechanism that is
not fully dependent on recombination or the other proteins involved in
recombination can somehow facilitate recombination, albeit inefficiently.
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Another consideration is perhaps recombination doesn’t normally lead to repeat
instability in wild-type cells but only when recombination regulation is perturbed.
Only when cells have an increase in repeat instability due to unregulated
recombination can a reduction be observed when recombination is removed.
The srs2-(1-998) allele that suppressed instability cannot interact with PCNA (Le
Breton et al., 2008; Colavito et al., 2009; Pfander et al., 2005), suggesting that
Srs2 prevents recombination-dependent repeat instability in a manner
independent from the replication fork. Evidence supports that recruitment of Srs2
to replication and repair centers occurs independently of one another, as Srs2
can localize to Rad54 foci in the absence of PCNA interaction (Burgess et al.,
2009). Perhaps the interaction between Srs2 and Rad51 can recruit Srs2 to
presynaptic filaments, as other work has also shown Srs2 can prevent
recombination independently from its PCNA interaction (Le Breton et al., 2008).
We hypothesize that in wild-type cells, the preferred pathway is to recruit Srs2 to
SUMOylated PCNA to unwind template or nascent strand hairpins, perhaps in
conjunction with transient fork reversal, and prevent recombination (Figure 5, top
and middle pathways). However if Rad51 nucleation is not prevented,
recombination can occur behind the replication fork. Instability can result when
the nascent strand invades or anneals out of register, or due to hairpin-facilitated
slippage during D-loop extension (Figure 5, left pathway). We note that Srs2
unwinding of hairpins on the nascent lagging strand has also been proposed as a
pathway to prevent repeat expansions (see (Usdin et al., 2015; Viterbo et al.,
2016), for review), and our data do not rule out this mechanism. Indeed, CAG
expansions are slightly higher in the srs2 compared to srs2-(875-902Δ), which
can be accounted for by this second pathway.
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Based on our genetic data testing triplet repeat fragility, it appears that Srs2
helicase activity is utilized primarily in the context of PCNA recruitment to the
replication fork to prevent breakage. Although we cannot attenuate only the
helicase activity since both helicase and Rad51 displacement are ATPase
dependent, comparison of srs2-(875-902Δ) to the srs2-K41R mutant suggests
that it is the helicase activity that is required to prevent chromosomal breakage.
The helicase domain could be used to unwind hairpin structures to prevent
replication stalling and fork collapse (Figure 5, right pathway). In agreement with
this conclusion, both the Srs2 helicase activity and PCNA interaction are required
for replication through CGG/CCG repeats, which form strong replication blocking
hairpins (Anand et al., 2012).
Although previous research from our lab and others have shown breaks within
the repeat can result in repeat expansion and contraction (Kerrest et al., 2009;
Richard et al., 2014; Sundararajan et al., 2010), our srs2-(1-998) data highlights
an aspect of the relationship between repeat instability and fragility:
chromosomal breakage does not necessarily lead to repeat expansions and
contractions. While the efficiency of repair in srs2-(1-998) is decreased or
inefficient hairpin unwinding could result in higher levels of fragility, the fidelity of
repair remains unchanged (wild-type levels of instability). This could be due to
breakage events precluding the instability event therefore recovery of tract
changes are rarely recovered.
Chromosome breakage possibly serves as an alternative method to rescue forks
stalled at hairpins when unwinding fails. We note that in the CAG orientation,
CTG template hairpins would be more likely to form on the leading strand
template (not shown in Figure 5), which appears to be particularly deleterious in
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the absence of Srs2 unwinding, leading to higher levels of fragility. The human
RTEL1 helicase, which can unwind CAG and CTG hairpins, can complement
Srs2 in yeast to prevent CAG repeat fragility (Frizzell et al., 2014). Since it also
associates with SUMOylated PCNA at the replisome to prevent replication fork
stalling and telomere fragility (Vannier et al., 2013), RTEL1 may be acting
equivalently in human cells.

Formation of reversed forks and other joint molecules after fork stalling, and
the role of Srs2.
Our previous study using a shorter (CTG)55 repeat showed the appearance of a
cone structure emanating from the location of the repeat tract on the Y arc of
replication intermediates that was dependent on both the repeat tract and
replication, but independent of Rad51 (Kerrest et al., 2009). Paused forks were
not clearly visible. In the current study using a longer (CTG)98 repeat, we were
able to see a distinct pause signal in wild-type cells, showing that expanded
CAG/CTG repeats on a eukaryotic chromosome pause replication, consistent
with other recent results (Viterbo et al., 2016). Interestingly, this pause was not
visible in any of the Srs2 mutants, suggesting that Srs2 is important for
maintaining a stable paused fork, or preventing its conversion to alternate
structures that would run off the Y arc, such as reversed forks or recombination
intermediates.
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
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nature of these structured molecules that run off the Y arc (JMs) is unclear, but
their migration pattern is strongly reminiscent of structures detected in other
systems that were concluded to be reversed replication forks (Courcelle et al.,
2003; Long and Kreuzer, 2008, 2009; Lopes et al., 2001). Other authors have
suggested that the cone-signal could be a mixture of replication molecules in
which initiation occurs randomly outside the locus being analyzed (Schvartzman
et al., 2012), leading to double Y structures with various points of fork
convergence. In the present case, we find this hypothesis unlikely, since the
replication origin normally used to replicate this locus is clearly identified
(Raghuraman et al., 2001; Yabuki et al., 2002). In addition, to create the double
Ys in this scenario, the JMs should be dependent on the level of fork stalling,
increasing with more stalling, which is not the case; if anything there may be an
inverse correlation. Our new data showing that the cone shifts to a spike in
exo1 cells further supports the interpretation of reversed forks, as stalled and
reversed forks are known to be processed by exonucleases in multiple systems,
resulting in a reduced level of diversity and a tighter migration pattern of
structured molecules (Cotta-Ramusino et al., 2005; Long and Kreuzer, 2008;
Tsang et al., 2014).
Since the cone disappeared in cells lacking the Srs2 protein, it was possible that
the Srs2 helicase function actively caused fork reversal. Surprisingly, we found
that additional, not fewer, JMs were formed in the srs2-K41R ATPase mutant that
is lacking both helicase and translocase activity. Further analysis indicated that
the additional JMs that occur in the srs2-K41R mutant are Rad51-dependent,
and thus may be distinct from those formed in wild-type cells. Therefore the cone
likely contains a mixture of structures, which are mostly reversed forks in wild-
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type cells but can also include recombination intermediates, especially in mutants
with disregulated recombination. The diverse nature of the JM structures
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.
It is striking that the srs2-K41R mutant, lacking in both Srs2 catalytic functions,
showed an increase in JM formation, whereas the complete deletion of SRS2
leads to a near-complete disappearance of JMs (Kerrest et al., 2009). These
results suggest that there may be a dominant negative effect of having a
catalytically inactive Srs2 protein that can nonetheless bind to PCNA and DNA,
explaining the difference from the srs2 situation. Interestingly, the complete
deletion of Srs2 also led to a reduction in structured molecules formed by
template switch at a protein-mediated stall (Lambert et al., 2010). At a CGG
repeat that causes a stable fork stall, the srs2-K41R mutation caused a
significant increase in fork stalling (Anand et al., 2012), supporting the idea that
fork restart is inhibited in this background. In addition, srs2-(1-998), srs2-(875902Δ) and srs2-(1-860) mutants, that retain helicase activity but are defective in
either 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 suggest
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 delta access to PCNA
(Burkovics et al., 2013). The Srs2-K41R protein that can still bind PCNA could
block Pol delta access but also be unable to unwind hairpins, resulting in a
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persistent reversed fork, increase 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 minimize formation of joint molecules, rather than
causing fork reversal or stabilizing reversed forks.

Role of Mph1 and Rad5 at long CAG/CTG repeats
Several helicases have been shown to regress model branched substrates in
vitro (see (Atkinson and McGlynn, 2009) for review). From analysis of replication
intermediates at the CTG repeat in mph1 and rad5 cells, it appears that neither
Mph1 nor Rad5 are needed to form JMs, suggesting that either fork reversal in
vivo happens spontaneously when the fork encounters a hairpin barrier, or that
we have not yet identified the helicase that is involved in fork reversal in vivo.
CAG/CTG and telomere repeats both undergo extensive reversal in a plasmid
assay system (Fouché et al., 2006), and may be inherently “slippery” because of
the extensive region of homology available in multiple possible alignments. Nonhelicase mediated fork regression can also occur, as RecA can promote fork
regression on branched DNA molecules in the absence of the replisome (Gupta
et al., 2014; Robu et al., 2001), and Rad51 is required for fork regression at forks
stalled by low dose replication inhibitors in eukaryotic cells (Zellweger et al.,
2015).
In contrast, deletion of either Mph1 or Rad5 increased the level of JMs,
suggesting that reversed forks were stabilized and/or converted to recombination
intermediates more often than in wild-type cells. It has been suggested Mph1
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prevents the formation of recombination intermediates by disassembling D loops
to prevent crossovers, leading to an increase in JMs in its absence (Mazón and
Symington, 2013). Deletion of either protein also mildly increased CAG
expansions and contractions, consistent with more recombination-dependent
repeat instability in these backgrounds. Mph1 could prevent instability from
occurring at a stalled fork by dismantling D-loops and preventing formation of
recombination intermediates. Similarly, Rad5-dependent post-replication repair
has been shown to prevent expansion of short CAG repeats in a manner
epistatic to Srs2 (Daee et al., 2007), though unregulated Rad5-dependent
template switches can also cause repeat expansions (House et al., 2014).
Similar to the result for the srs2-(875-902Δ) mutant, repeat fragility was not
increased in either rad5 or mph1 cells.

A Model for Replication through Structure-Forming 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 wildtype cells, an expanded CTG repeat on the template strand causes transient 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 exo1Δ 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).
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In the absence of Srs2-PCNA association or in an ATPase-deficient mutant, fork
breakage results. Both helicase and Rad51 displacement are ATPase
dependent, but comparison of srs2-(875-902∆) and srs2-K41R mutants suggests
that it is the helicase activity that is required to prevent chromosomal breakage,
probably by unwinding hairpin structures (Figure 5, middle fork and right
pathway). In agreement with this conclusion, both the Srs2 helicase activity and
PCNA interaction are required for replication through (CGG/CCG)40 repeats,
which form strong replication blocking hairpins (Kerrest et al., 2009). 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
RTEL1 helicase, which can unwind CAG and CTG hairpins, can complement
Srs2 in yeast to prevent CAG repeat fragility (Frizzell et al., 2014). Since it also
associates with SUMOylated PCNA at the replisome to prevent replication fork
stalling and telomere fragility (Vannier et al., 2013). RTEL1 may be acting
equivalently 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 increased probability of repeat expansions
and contractions. Instability can result when the nascent strand invades or
anneals 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 intermediates by 2D gels. This was not observed in the
srs2-(875-902∆) mutant, most likely because the presence of helicase activity is
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still allowing hairpin unwinding to limit the amount of recombination
intermediates, which is supported by the lack of repeat-induced fragility observed
in this mutant.
In summary, our results show that the Srs2 protein plays an important role in
facilitating fork restart at replication-blocking hairpin lesions, both by unwinding
structures to prevent fork stalling and breakage, and by blocking sister-chromatid
recombination to prevent undue microsatellite instability.

Figure 5. A model to explain how the different domains of the Srs2 protein are
involved in repeat instability, chromosomal fragility and JM formation. Top row: in
the wild-type situation Srs2 is brought to the fork by PCNA interaction and
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unwinds hairpins formed by triplet repeats. For simplicity, only a lagging strand
template hairpin is shown, though we note that leading strand template or
nascent strand hairpins are also possible. Transient fork reversal 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 is
brought to the fork by PCNA and can unwind secondary structures to prevent
fork breakdown, but cannot displace Rad51p. Increased homologous
recombination occurs, leading to repeat instability.
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Appendix 2.1
Strain table
Strain
CFY765

Background
BY4705

CFY766

BY4705

CFY1626

BY4705

CFY1628

BY4705

CFY925
CFY926

BY4742

CFY927
CFY928

BY4742

CFY2623

BY4705

CFY1701

BY4705

CFY1712

BY4705

CFY2497
CFY2498

BY4705

CFY2087
CFY2088

BY4705

CFY2499
CFY2500

BY4705

Genotype
MATα, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR
YAC: LEU2 No Tract URA3
MATα, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR
YAC: LEU2 CAG-70 URA3
MATa, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR
YAC: LEU2 No Tract URA3
MATa, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR
YAC: LEU2 CAG-70 URA3
MATα, his3Δ1, leu2Δ0, lys2Δ0,
ura3Δ0, canR, srs2::KANMX6
YAC: LEU2 No Tract URA3
MATα, his3Δ1, leu2Δ0, lys2Δ0,
ura3Δ0, canR, srs2::KANMX6
YAC: LEU2 CAG-70 URA3
MATα, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR, srs2::TRP
YAC: LEU2 CAG-70 URA3
MATα, his3Δ1, leu2Δ0, lys2Δ0,
ura3Δ0, canR
YAC: LEU2 CTG-70 URA3
MATα, his3Δ1, leu2Δ0, lys2Δ0,
ura3Δ0, canR, srs2::KANMX6
YAC: LEU2 CTG-70 URA3
MATα, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR, srs2::srs2-(1-860)HYG
YAC: LEU2 No Tract URA3
MATα, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR,srs2::srs2-(1-860)HYG
YAC: LEU2 CAG-70 URA3
MATα, his3Δ1, leu2Δ0, lys2Δ0,
ura3Δ0, srs2::srs2-(1-860)-HYG
YAC: LEU2 CTG-70 URA3
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Reference
Kerrest et
al. 2009

Kerrest et
al. 2009

This study

This study

Kerrest et
al. 2009
Kerrest et
al. 2009
This study

Kerrest et
al. 2009
Kerrest et
al. 2009
This study

This study

This study

CFY2501

BY4705

CFY2135
CFY2136

BY4705

CFY2503
CFY2504

BY4705

CFY2505
CFY2506

BY4705

CFY2305
CFY2306
CFY2307

BY4705

CFY2507
CFY2508

BY4705

CFY2509
CFY2510

BY4705

CFY2299
CFY2300

BY4705

CFY2511
CFY2512

BY4705

CFY2600
CFY2601

BY4705

CFY2602
CFY2603

BY4705

MATα, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR, srs2::srs2-(875902Δ)-HYG
YAC: LEU2 No Tract URA3
MATα, his3Δ1, leu2Δ0, lys2Δ0,
ura3Δ0, canR, srs2::srs2-(875902Δ)-HYG
YAC: LEU2 CAG-70 URA3
MATα, his3Δ1, leu2Δ0, lys2Δ0,
ura3Δ0, canR, srs2::srs2-(875902Δ)-HYG
YAC: LEU2 CTG-70 URA3
MATα, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR, srs2::srs2-K41RHIS3MX6
YAC: LEU2 No Tract URA3
MATα, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR, srs2::srs2-K41RHIS3MX6
YAC: LEU2 CAG-70 URA3
MATα, his3Δ1, leu2Δ0, lys2Δ0,
ura3Δ0, canR, srs2::srs2-K41RHIS3MX6
YAC: LEU2 CTG-70 URA3
MATα, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR, srs2::srs2-(1-998)HIS3MX6
YAC: LEU2 No Tract URA3
MATα, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR, srs2::srs2-(1-998)HIS3MX6
YAC: LEU2 CAG-70 URA3
MATα, his3Δ1, leu2Δ0, lys2Δ0,
ura3Δ0, canR, srs2::srs2-(1-998)HIS3MX6
YAC: LEU2 CTG-70 URA3
MATα, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR, mph1::KANMX6
YAC: LEU2 No Tract URA3
MATα, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR, mph1::KANMX6
YAC: LEU2 CAG-70 URA3
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This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

CFY1664
CFY1665

BY4705

CFY1666

BY4705

GFY117

S288C

GFY195

S288C

CFY3078

S288C

GFY196

S288C

MATα, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR,rad5::KANMX6
YAC: LEU2 No Tract URA3
MATα, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR, rad5::KANMX6
YAC: LEU2 CAG-70 URA3
MATa ura3Δ851 leu2Δ1 his3Δ200
trp1Δ63 ade2-opal SUP4
arg2Δ::CTG98-TRP1
MATa ura3Δ851 leu2Δ1 his3Δ200
trp1Δ63 ade2-opal SUP4
arg2Δ::CTG98-TRP1 rad5Δ::KANR
MATa ura3Δ851 leu2Δ1 his3Δ200
trp1Δ63 ade2-opal SUP4
arg2Δ::CTG98-TRP1 exo1Δ::KANR
MATa ura3Δ851 leu2Δ1 his3Δ200
trp1Δ63 ade2-opal SUP4
arg2Δ::CTG98-TRP1 mph1Δ::KANR
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This study

This study

Kerrest et
al. 2009
This study

This study

This study

Appendix 2.2
Raw instability data for CAG70 YAC CF1
Contractions
p-value
(compared
to WT)

2.50
4.80
3.80

0.0474
0.0001
0.0016

0.0649
0.2555

9.45
3.28

3.63
1.36

0.0018
0.7454

0.2852
0.3206

3

1.72

0.66

0.7466

0.0474

232

22

9.48

3.64

0.0017

0.3038

290
190
108

15
9
14

5.17
4.74
13.0

0.80
0.92
4.98

0.1322
0.3015
0.0002

0.5726
0.5287
0.0361

Fold over
WT

p-value
(compared
to WT)

p-value
(compared
to srs2Δ)

5.03
4.70
3.86

0.0047
0.0207
0.0456

1
0.6458

#
7
15
19
16

%
2.60
6.49
12.5
9.88

201
122

19
4

srs2-K41R
rad51Δ
srs2-(875902Δ) rad51Δ

174

mph1Δ
rad5Δ
srs2Δrad5Δ

Strain
Wild-type
srs2∆
srs2-(1-860)
srs2-872902Δ
srs2-K41R
srs2-(1-998)

p-value
(compared
to srs2Δ)

Fold
over WT

No. of
colonies
269
231
152
162

Expansions
No. of
colonies
269
231
152
162

#
3
13
8
7

%
1.12
5.63
5.26
4.32

201
122

10
2

4.98
1.64

4.45
1.46

0.0194
0.6493

0.8321
0.0977

srs2-K41R
rad51Δ
srs2-(875902Δ) rad51Δ

174

2

1.15

1.03

1

0.0178

232

8

3.45

3.09

0.1232

0.2745

mph1Δ
rad5Δ
srs2Δrad5Δ

290
190
108

8
4
3

2.76
2.11
2.78

0.49
0.76
2.48

0.2256
0.4453
0.3595

0.1179
0.0829
0.4093

Strain
Wild-type
srs2∆
srs2-(1-860)
srs2-872902Δ
srs2-K41R
srs2-(1-998)
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Appendix 2.3
Raw fragility data for YAC CF1

WT
1.73
2.62
2.10
2.07
2.59
2.78
1.32

srs2Δ
1.33
1.41
2.27
1.41
1.95
3.34
1.47
3.89
2.65

Average 2.17
2.19
Rate of
FOAR x 10-6
SEM 0.20
0.31
p-value
0.9639
compared to
wild-type
p-value
compared to
srs2Δ

WT
13.37
14.04
12.19
12.58
4.24
5.15
8.49
7.40
7.03

srs2Δ
18.98
17.84
29.70
22.03
25.36
17.98
26.55
19.75
26.94
63.35
37.16
32.05

No Tract
srs2srs2(1-860) (875-902Δ)
1.37
1.12
1.40
2.89
2.86
1.58
2.20
1.23
1.73
2.03

srs2K41R
0.91
1.57
2.26
2.47

srs2(1-998)
3.77
2.99
3.41

1.91

1.77

1.80

3.39

0.28
0.4528

0.32
0.2877

0.35
0.3467

0.23
0.0076

0.5639

0.4013

0.4765

0.0611

srs2K41R
19.56
22.93
23.34

srs2(1-998)
29.11
24.11
24.89

CAG70
srs2srs2(1-860) (875-902Δ)
22.61
16.91
38.56
14.80
44.14
10.62
49.98
8.31
7.35
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34.61
22.00
30.81
55.56
Average
Rate of
FOAR x 10-6
SEM
p-value
compared
to wild-type
p-value
compared
to srs2Δ

9.39

30.04

38.82

1.24

3.25
0.0001

WT srs2Δ
11.01 39.55
12.17 15.73
8.45 18.40
6.38 17.82
12.42 14.08
18.06 27.07
18.88 26.96
39.10
25.05

Average Rate 12.48
of FOAR x 10-6
SEM
1.75
p-value
compared to
wild-type
p-value
compared to
srs2Δ

11.60

21.94

26.04

5.89
< 0.0001

1.85
1.20
0.3248 0.0003

1.55
< 0.0001

0.2355

0.0062 0.3071

0.6097

CTG70
srs2srs2(1-860) (875-902Δ)
29.19
8.25
15.58
11.62
16.09
10.59
12.58
12.19
20.29
7.35
16.94
7.65
12.97
13.05
19.21
16.75

srs2K41R
37.38
21.73
25.93
15.32
36.58
14.10
42.32
27.06
24.16
18.78

srs2(1-998)
23.95
18.41
16.45
14.50
18.83
17.64

24.86

17.27

9.61

26.34

18.30

3.16
0.007

1.56
0.0614

0.87
0.1899

3.05
0.0032

1.30
0.0249

0.0397

0.0021

0.7418

0.1293
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No tract
mph1Δ
rad5Δ
1.36
4.07
2.39
4.42
2.66
2.04
1.86

Average
Rate of
FOAR x 10-6
SEM
p-value
compared to
wild-type
p-value
compared to
srs2Δ

CAG70
mph1Δ
rad5Δ
10.40
16.59
13.95
5.49
10.38
7.35
12.01
17.60
17.74
14.39

2.07

3.51

13.78

9.81

0.29
0.7604

0.74
0.0396

1.16
0.0244

3.43
0.8848

0.8126

0.0794

0.0040

0.0187
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Appendix 2.4
(CTG)98 2D mean quantifications for pause and cone signal
Strain Number
GFY117
CFY2201
CFY2301
GFY177
GFY198
CFY2303
GFY197
GFY195
CFY3078
GFY196

Strain Name
Wild-type
srs2-(1-860)-HYG
srs2-(1-998)-HIS
srs2-(875-902Δ)-HYG
srs2-(875-902Δ)-HYG
rad51Δ
srs2-K41R-HIS
srs2-K41R-HIS rad51Δ
rad5Δ
exo1Δ
mph1Δ

72

Mean Pause
1.2
0.94
0.88
0.82
1.2

Mean
Cone
0.51
0.64
0.63
0.55
0.66

0.96
0.91
1.0
0.60
1.0

0.89
0.54
0.99
1.1
0.89

Appendix 2.5
CAG70 YAC CF1 status check (Southern method)
YAC status
Strain
Name
WT
BY4705

srs2Δ
BY4742

#
CAG Healing Healing Healing Unbroken colonies
tract at G4T4
at CAG at λ
YAC
tested
Ref
0
8
0
0
1
9
(1)
70
8
1
0
2
11

0
70

3
5

Strain Name
WT (BY4705)

srs2Δ (BY4742)

0
0

0
0

4
1

7
7*

(2)

% YAC
CAG % YACs
tract healed at G4T4 end loss
Ref
0
89
89
(1)
70
73
82
0
70

43
71

43
71

(2)

Southern performed on a subset of FOAR colonies to confirm breakage and subsequent
healing. Breakage can result in healing at the backup telomere (healing at G4T4), the
CAG tract (healing at CAG), or behind the backup telomere sequence (healing at λ).
FOAR can also result in mutation to URA3 expression without breakage (unbroken YAC).
%YACs healed at G4T4= (# healing at G4T4/# total colonies). %YAC end loss= (# healing
at G4T4+ healing at CAG + healing at λ)/# total colonies). *1 colony not shown in table
had a chromosome rearrangement
(1) Sundararajan (unpublished)
(2) Anand (unpublished)
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YAC CF1 status check in FOAR colonies (PCR method)
# FOAR colonies

Strain
Wild-type CAG70 (JN+XS)*
Wild-type CTG70 (JN)
srs2Δ CAG70

YAC end loss (%)

32
12
30

100
100
100

Schematic of PCR performed on a subset of FOAR colonies to confirm FOAR was
due to YAC end loss and not due to point mutation in URA3. PCRs performed
with primers 4/1347. *12 PCR reactions with primers 4/1347, 20 PCR reactions
with primers 4/5

YAC CF1 status check in FOAR colonies (Total)
Strain Name
WT (BY4705)

CAG
tract

Total no. % YAC
colonies end loss
0
9
89
70
43
95
CTG-70
12
100

0
70
Combined Southern and PCR checks of YAC status
srs2Δ (BY4742)
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7
37

43
95

Appendix 2.6
Primer table
#

Primer Name

Purpose

Sequence

2076 newCAGfor

To amplify across the
repeat
2077 newCAGrev
To amplify across the
repeat
795 srs2_25bpdow Generate His3 marker
nFAfor
downstream of SRS2

796 srs2_75bpdow Generate His3 marker
npFArev
downstream of SRS2
499 200bp
upstream Srs2
ORF
500 200bp
downstream
Srs2 ORF
678 Srs2_225upstr
eam
687 Srs2_300dow
nstream
853 Srs2_19431963R
852 Srs2_19501970F
858 Srs2_26942713R
1866 Srs2_15771596for
1867 Srs2_20182038for
1742 Srs2_25062525F
1868 Srs2_39003921for
683 mph1200bpfor
684 mph1200bpre
v
685 mph1300bpfor

To amplify across SRS2
ORF

cctcagcctggccgaaag
aaagaaa
cagtcacgacgttgtaaaa
cgacgg
aaatcatagtcatcgatta
gtagcactttcatgcctgac
tcggatccccgggttaatta
a
attaactcctatgtgctttaa
ataaaaattataaaccgcc
gaattcgagctcgtttaaac
ctccagctatcctgatacta

To amplify across SRS2
ORF

catactgctcattcatagct

To amplify across SRS2
ORF; check integration of
alleles at 5’ junction
To amplify across SRS2
ORF; check integration of
alleles at 3’ end
5’ junction check of SRS2
alleles
3’ junction check of SRS2
alleles
Internal check of srs2-(875902Δ)
To sequence SRS2 alleles

agaataggagcgagttta
gagttac

To sequence SRS2 alleles
To sequence SRS2 alleles
To sequence SRS2 alleles
To amplify across MPH1
locus
To amplify across MPH1
locus
To check integration of KO
marker at MPH1 locus
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tctctactggtttagtcaatat
gtc
gacctttggcaccgtgaatt
g
ggtgccaaaggtcttgagt
g
cgtattgaggtgcatacac
c
gattcgaatcatgacgccg
c
ctccgtgcccaatttgacct
g
gatttcacgtcagctgcgg
a
cgaggaaggacaaagtt
actcg
cacggagctaagatattgt
gattcaaga
ttgttgcttcaaaaacagtg
ccgtatc
caaaattcaaactccaaa
ggggataat

1760 Mph1_407426F
1674 Mph1int_3984
-3005rev
495 Rad5upstrea
mfor
496 Rad5dwnstrea
mrev
1115 Rad5-ForChk

ctgctccaacaagaccttt
g
caatgtctcgtgacattccg
g
cttactgctaagcgcattgc
tc
gaagttgcatgaagtagct
g
cattctggacctttctgcac

1935

caacagaaggagaggg
agac

2015
490
491
1688
1689
604
476
477
1259
1260
1263
1783
1784
375
140
15
16

To check MPH1 ORF
absence
To check MPH1 ORF
absence
To amplify across RAD5
locus
To amplify across RAD5
locus
To check integration of KO
marker at RAD5 locus
Rad5internalfo To check RAD5 ORF
r_161bpfromst absence
art
Rad5_1690To check RAD5 ORF
1708R
absence
Rad51upstrea To amplify across RAD51
mfor
locus
Rad51dwnstre To amplify across RAD51
amrev
locus
Rad51To check RAD51 ORF
For3'Int243bp absence
Rad52To check RAD52 ORF
For3'Int397bp absence
Rad52_300bp To check RAD52 ORF
dwn_rev
absence
Rad52upstrmf To check integration of KO
or
marker at RAD52 locus
Rad52 down
To check integration of KO
marker at RAD52 locus
Exo1
To amplify across EXO1
upstream
locus
Exo1
To amplify across EXO1
downstream
locus
Exo1_275bpu To check integration of KO
pstream
marker
Exo1_300bpfo To check EXO1 ORF
r
absence
Exo1_1500bpr To check EXO1 ORF
ev
absence
His3rvsk
To check integration of KO
marker
Trp verif
To check integration of KO
marker
KanB
To check integration of KO
marker
KanC
To check integration of KO
marker
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ctgagactgctgtgttctc
tttctgtcctggtttgtttacag
ta
gcagtagggttgcgaggt
atatgac
gtcgtcgttactaaccaagt
atacccaggcacaatcca
tta
tccgagttgccatatttgtat
agttt
tgctcttcccgttagtgatt
aatgaacctaaggattccg
c
caggtccttgctccttcag
gtgaattgcacatgcccag
cttacgcgtctttagcaaag
gc
gccatagctgaaagactgt
gg
CTC AGG TTG TCG
TCA TCC TC
ttagataaatcgactacgg
cac
gctgcactgagtagtatgtt
gc
ctgcagcgaggagccgta
at
tgattttgatgacgagcgta
at

4 ura3rev
5 ura3for2
1347 DrosophW5're
v

To check loss of right arm
of YAC
To check loss of right arm
of the YAC
To check loss of right arm
of YAC
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TCCCAGCCTGCTT
TTCTGTA

TGCTGCTACTCA
TCCTAG
gcacaattggtgacgttac
g
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ABSTRACT
Human RTEL1 is an essential, multifunctional helicase that maintains telomeres,
regulates homologous recombination and helps prevent bone marrow failure.
Here, we show that RTEL1 also blocks trinucleotide repeat expansions, the
causal mutation for 17 neurological diseases. Increased expansion frequencies
occurred in human cells following knockdown of RTEL1. This is reminiscent of
budding yeast Srs2, which inhibits expansions, unwinds hairpins and prevents
triplet repeat-induced chromosome fragility. Accordingly, we found expansions
and fragility were suppressed in yeast srs2 mutants expressing RTEL1 but not
Fbh1. We propose that RTEL1 serves as a human analog of Srs2 to inhibit
trinucleotide repeat expansions and fragility, likely by unwinding problematic
hairpins.

INTRODUCTION
Expansions of trinucleotide repeats (TNRs) are the causative mutations in 17
human neurological disorders, including Huntington’s disease, myotonic
dystrophy type 1 and fragile X syndrome (López Castel et al., 2010; McMurray,
2010; Mirkin, 2007). Expansions often recur in affected families, driving the
repeat length longer and thereby affecting subsequent generations either earlier
in life or more severely than their parents. In contrast, unaffected individuals have
shorter, genetically stable TNRs with very low risk of expansion. Although
complex molecular mechanisms drive expansions (López Castel et al., 2010;
McMurray, 2010; Mirkin, 2007), it is clear that two categories of protein factors
are crucial in determining whether an expansion occurs. Pro-mutagenic factors
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favor the expansion process, relentlessly driving TNRs towards longer allele
lengths. Anti-mutagenic proteins inhibit the expansion process and are important
in helping prevent the initiating expansions that trigger instability. Both
categories of proteins likely act on aberrant DNA secondary structures, such as
hairpins, that are widely thought to be intermediates in the expansion process
(Liu et al., 2010; López Castel et al., 2010; McMurray, 2010; Mirkin, 2007).
Proteins that favor expansion accelerate the formation of aberrant secondary
structure or its subsequent processing to an expansion, while inhibitory proteins
do the opposite. One of the most pressing issues is to identify human factors in
both categories and determine how they regulate the enigmatic expansion
process. In this study, we sought human proteins that inhibit expansions, by
examining model organisms for inhibitory factors that have human counterparts.
Several studies in budding yeast identified the helicase Srs2 as a key protein for
inhibiting TNR expansions. The likelihood of an expansion is increased up to 40fold in srs2 mutants (Bhattacharyya and Lahue, 2004; Daee et al., 2007; Kerrest
et al., 2009). The expansion signature of srs2 mutants is specific, as neither
dinucleotide repeat mutations nor overall mutation rates was altered
(Bhattacharyya and Lahue, 2004; Daee et al., 2007). Furthermore, mutation of a
related helicase gene, SGS1, did not recapitulate the expansion defects of srs2
mutants (Bhattacharyya and Lahue, 2004; Kerrest et al., 2009). In one study,
Srs2 was shown to function with components of the error-free branch of postreplication repair (PRR; also referred to as DNA damage tolerance (DDT)) (Daee
et al., 2007). Mutants in PRR genes such as RAD5 or RAD18 also showed
higher rates of expansion, and double mutant analysis was consistent with an
epistatic relationship between SRS2 and PRR genes with regard to expansions.
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In vitro, purified Srs2 enzyme was particularly effective at unwinding a number of
TNR hairpin structures, which are thought to be key intermediates in the
expansion process (Anand et al., 2012; Bhattacharyya and Lahue, 2005; Dhar
and Lahue, 2008). In vivo, ATPase-defective alleles of srs2 were also deficient
at blocking expansions (Bhattacharyya and Lahue, 2004) and in facilitating
replication through CGG repeats (Anand et al., 2012). Thus, Srs2 most likely
inhibits expansions by unwinding TNR hairpins, precluding their further
processing into the full expansion mutation. This anti-expansion activity of Srs2
is in addition to its better-known role as a negative regulator of homologous
recombination (HR) (Karpenshif and Bernstein, 2012; Marini and Krejci, 2010).
During HR, Srs2 disassembles Rad51-single-stranded DNA filaments to prevent
toxic recombination (Krejci et al., 2003; Veaute et al., 2003). Mutants of SRS2
are synthetically lethal when combined with SGS1 defects (Lee et al., 1999), due
to uncontrolled levels of recombination (Gangloff et al., 2000). The antirecombinase activity of Srs2 also plays a role in preventing TNR instability for
long disease-length alleles, which are prone to breakage. Srs2 achieves this role
by controlling sister-chromatid recombination initiated by repeat-associated fork
blockage or breaks (Anand et al., 2012; Kerrest et al., 2009). Thus Srs2 makes a
major contribution to genomic stability by inhibiting TNR expansions both via
hairpin unwinding and by blocking excessive HR.
Despite the absence of sequence homologs of yeast Srs2 protein in metazoan
organisms, several helicases have functions analogous to Srs2 (Karpenshif and
Bernstein, 2012; Uringa et al., 2011). The essential helicase RTEL1 is a key
factor in regulating telomere length in mice (Ding et al., 2004), where it
dismantles T loops and counteracts G4-DNA (Vannier et al., 2012). Other
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functions of RTEL1 parallel those of Srs2 (Uringa et al., 2011). RTEL1
negatively regulates HR (Barber et al., 2008; Uringa et al., 2011), and RTEL1 is a
helicase capable of unwinding unusual DNA structures in vitro (Vannier et al.,
2012). Furthermore, rtel1 mutants in C. elegans are synthetically lethal when
combined with mutation of HIM-6, the invertebrate homolog of yeast SGS1
(Barber et al., 2008). Inherited mutations in RTEL1 cause Hoyeraal-Hreidarsson
syndrome, a severe form of dyskeratosis congenita that leads to early bone
marrow failure (Ballew et al., 2013; LeGuen et al., 2013; Walne et al., 2013). A
second protein with functions analogous to Srs2 is Fbh1, a human helicase/Fbox protein (Kim et al., 2002). Fission yeast Fbh1 regulates recombination
(Morishita et al., 2005; Osman et al., 2005). Human Fbh1 expressed in budding
yeast suppressed recombination defects of srs2 mutants, and rescued the MMS
sensitivity of rad18 or rad5 mutants in the presence of srs2 (Chiolo et al., 2007).
A third analog, PARI, was recently found to inhibit recombination and to stabilize
the genome in a manner requiring PCNA interaction (Moldovan et al., 2012).
Unlike Srs2, PARI does not appear to be an active helicase and little is known
about its in vivo function.
The goal of this study was to determine whether RTEL1 or Fbh1 inhibits TNR
expansions and fragility. Our evidence supports RTEL1, not Fbh1, as a novel
inhibitor of expansions and repeat-mediated chromosome fragility in budding
yeast. Furthermore, the data suggest RTEL1 acts as a helicase to unwind TNR
hairpins and thereby preclude the expansion process.
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MATERIALS AND METHODS
Yeast strains
Strains used in genetic assays for chromosome fragility and repeat instability
were isogenic BY4705 background containing a yeast artificial chromosome
(YAC) with either no or 70 or 85 CAG/CTG repeats, with the CAG strand on the
lagging strand template, as previously described (Callahan et al., 2003;
Sundararajan et al., 2010). Mutants were created through PCR-mediated gene
replacement. srs2::hFBH1-HIS3MX6, a gift from G. Liberi (Chiolo et al., 2007),
was amplified with primer pairs 200bp upstream and downstream of the SRS2
ORF and transformed into CFY1626, CFY1628, CFY810, and CFY1666.
Transformants were checked by PCR to determine absence of SRS2 ORF and to
confirm proper knock-in. Correct knock-ins were sequenced to confirm no point
mutations were introduced during integration. hRTEL1 cDNA was amplified from
pDONR221 (received from S. Boulton) with a primer containing a 5’ tail
homologous to sequence flanking the SRS2 locus. HIS3MX6 was amplified with
a primer including a 3’ tail homologous to sequence flanking the SRS2 locus.
Both fragments had homologous regions to each other and were co-transformed
into CFY1626, CFY1628, CFY810, and CFY1666. Transformants were checked
by PCR to determine absence of SRS2 ORF and to confirm proper knock-in of
hRTEL1 at Srs2 locus. Correct knock-ins were sequenced to confirm no point
mutations were introduced during integration.
CAG tract length was tested in transformants and starting strains for experiments
by PCR amplification using Taq polymerase (IDPol™ from ID Labs or Taq Pol
from SibEnzyme US) and primers flanking 42 bp and 117 bp down from the
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repeat tract, and analyzed for expansions on high resolution 2% Metaphor gels,
which can accurately resolve +/- 9 bp (3 repeats) in the 0-200bp size range.

Fragility and instability assays
Fragility and instability assays were performed as previously described (Kerrest
et al., 2009). In short, starting single colonies were grown on yeast complete
media (YC) –Leu-Ura to select for the YAC and tract lengths were checked via
PCR amplification as described above. Cells were resuspended in YC-Leu liquid
media to a starting OD 0.01-0.04, grown for 6-8 divisions; for fragility assays,
cells were plated on both selective (FOA-Leu) and non-selective media (YC-Leu)
and only non-selective media for instability assays. Repeat fragility was
determined by calculating rate of 5-FOAR for 100μL by the method of the
maximum likelihood using FALCOR software. Repeat instability was analyzed in
150+ daughter colonies via PCR amplification and size analysis as described
above.

MMS sensitivity spot assay
Spot assays were performed and cell growth was observed on YC –Leu-Ura
media with or without indicated concentrations of methyl methanesulfonate
(MMS, 0.02). Strains grown in liquid culture were standardized to 1.0 OD,
sequentially diluted 1:5, and spotted on plates. Growth was assessed after
incubation at 30°C for 2-3 days. Experiments were repeated twice independently
to test reproducibility.
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RT PCR
Cells were grown to OD600 ~0.8 and then treated with 100T Zymolyase and lysed.
RNA was isolated using Illustra™ RNAspin Mini RNA Isolation Kit. cDNA was
generated with oligo(dT) primers and the SuperScript ™ First-Strand Synthesis
System for RT-PCR using 0.5µg of RNA, as determined by nanodrop reading.
PCR amplification of cDNA using primers within gene of interest was used to
determine expression

RESULTS
RTEL1 unwinds TNR hairpins
Both yeast Srs2 and human RTEL1 are DNA helicases. Several lines of evidence
suggest that the helicase function of Srs2 is critical for inhibiting expansions. An
ATPase mutant of Srs2, K41A, is defective in blocking expansions in yeast
(Bhattacharyya and Lahue, 2004) and a similar mutant, K41R, is defective in
facilitating replication through a CGG hairpin (Anand et al., 2012). Purified Srs2
efficiently unwinds TNR hairpins of different sizes and sequences (Bhattacharyya
and Lahue, 2005; Dhar and Lahue, 2008). Similarly, the K48R ATPase mutant of
RTEL1 fails to disassemble T-loops in cell-free extracts (Vannier et al., 2012).
We extended this analysis by performing helicase assays on a TNR hairpin
substrate with wild-type or K48R RTEL1. A duplex molecule containing a
(CTG)11 hairpin was chosen to mimic a presumptive intermediate in the
expansion process, and because +11 repeat expansions lie in the mid-range of
RTEL1 activity based on the size spectra described above. In vitro, the wild-type
enzyme but not the mutant protein efficiently unwound the (CTG)11 hairpin in a
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concentration-dependent manner (Figures 1C). RTEL1 was also effective on a
substrate with extrahelical CAG repeats. A (CAG)11 substrate was efficiently
unwound by wild-type RTEL1 but not the K48R variant (Figure 1D). In summary,
the helicase assays are consistent with the notion that RTEL1 inhibits
expansions by unwinding TNR hairpins.

Figure 1. Modified from (Frizzell et al., 2014). RTEL helicase unwinding activity
(C) Unwinding of (CTG)11 hairpin by purified wild-type RTEL1 or K48R mutant
RTEL1. (D) Unwinding of (CAG)11 hairpin by purified wild-type RTEL1 or RTEL1
K48R.

RTEL1 and Fbh1 cannot restore MMS resistance in srs2 strains
If RTEL1 or Fbh1 is an analog of Srs2, then expressing these human helicases in
budding yeast might reverse srs2 phenotypes. The human RTEL1 and FBH1
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genes were integrated into the SRS2 locus, thereby inactivating the yeast gene
and permitting expression of the human genes from the endogenous SRS2
promoter (Appendix 3.1). Cells lacking Srs2 are moderately sensitive to the
cytotoxic effects of the DNA alkylating agent methyl methanesulfonate (MMS)
and it was previously shown FBH1 could suppress srs2Δ sensitivity (Chiolo et al.,
2007). We wanted to test this in our strain background with both RTEL1 and
FBH1.
We previously published the expression of hRTEL1, but not hFBH1, under the
control of the Srs2 promoter could rescue srs2Δ MMS sensitivity ((Frizzell et al.,
2014); Figure 2), suggesting hRTEL1 is the better substitute for Srs2.

Figure 2. Expression of RTEL1 in yeast suppresses srs2 phenotypes. Human
RTEL1 (hRTEL1) can complement Srs2 and rescue srs2Δ sensitivity to MMS
more efficiently than hFbh1. WT: CFY1628, srs2Δ: CFY2623, srs2::hFBH1:
CFY2775, CFY2776, srs2::hRTEL1: CFY2806, CFY 2807. (Frizzell et al., 2014)
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The genetic interaction of the helicases with Rad5 was also examined because
Rad5 is needed for the error-free branch of PRR (Smirnova and Klein, 2003;
Zhang and Lawrence, 2005). rad5Δ mutants are exquisitely sensitive to MMS, in
part because Srs2 restrains recombination. This hypersensitivity can be partly
overcome in an srs2Δ rad5Δ double mutant, because deletion of Srs2 is thought
to promote HR and therefore bypass the requirement for Rad5 (Schiestl et al.,
1990; Ulrich, 2001). This leads to the prediction that MMS hypersensitivity
should be restored in a srs2Δ rad5Δ double mutant upon expression of a human
analog of Srs2.
We previously published that expression of hRTEL1 in a rad5Δ background, but
not hFBH1, resulted in MMS sensitivity in the double mutant ((Frizzell et al.,
2014); Figure 3). We concluded RTEL1, but not hFbh1, could substitute for the
role of Srs2 in the Rad5 branch of the PRR pathway in yeast.

Figure 3. Expression of RTEL1 in yeast suppresses srs2 phenotypes. hRTEL1,
but not Fbh1, expression in rad5Δ mutants restores hypersensitivity to MMS. WT:
CFY1628, srs2Δ: CFY2623, rad5Δ: CFY1666, srs2Δrad5Δ: CFY2984,
srs2::hFBH1rad5Δ: CFY2988, srs2::hRTEL1rad5Δ: CFY2949. (Frizzell et al.,
2014)
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After publication, we discovered srs2::hRTEL1 (CAG)70 (CFY2806, CFY2807)
and srs2::hRTEL1rad5Δ (CFY2949, CFY2950) strains still retained the Srs2 ORF
at the Srs2 locus. Human RTEL1 was also detected in some strains suggesting
perhaps it integrated somewhere else in the genome, or was maintained extrachromosomally. New srs2::hRTEL1 (CFY3604) and srs2::hRTEL1rad5Δ
(CFY3654) strains were constructed and confirmed through junction PCRs as
well as sequencing. (Further details on strain issues and checks can be found in
Appendix 3.4).
Strains were re-tested for MMS sensitivity. srs2::hRTEL1 (CFY3604) was as
sensitive to MMS as srs2Δ (Figure 4). Unlike what we previously published, this
suggests that hRTEL1 cannot substitute for Srs2 in protecting against MMS
induced damage. Additionally, when we tested a new srs2::hRTEL1rad5Δ
(CFY3594) strain, we found that expression of hRTEL1 did not result in
hypersensitivity with rad5Δ, suggesting that it could not substitute for Srs2 in
PRR (Figure 4).
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Figure 4. Expression of RTEL1 does not rescue srs2Δ MMS sensitivity. hRTEL1
expression in rad5Δ mutants does not restore hypersensitivity to MMS. WT:
CFY1628, srs2Δ: CFY2623, rad5Δ: CFY1666, srs2Δrad5Δ: CFY2984,
srs2::hRTEL1: CFY3597, srs2::hRTEL1rad5Δ: CFY3654.

RTEL1 suppresses triplet repeat-mediated chromosome fragility and
expansions of yeast srs2 mutants
The yeast strains expressing RTEL1 or Fbh1 were tested for triplet repeatmediated chromosomal fragility and instability. Long TNR tracts, such as
(CAG)70, undergo chromosome fragility in yeast (Anand et al., 2012; Callahan et
al., 2003; Freudenreich et al., 1998; Kerrest et al., 2009). DNA breaks are
prevented by Srs2, based on the finding that srs2 mutants show increased levels
of chromosome fragility (Anand et al., 2012; Kerrest et al., 2009). The protective
activity of Srs2 against chromosome fragility was attributed to its function as a
helicase that unwinds hairpins encountered during replication (Kerrest et al.,
2009) and/or to a role in promoting fork reversal (Kerrest et al., 2009). We
previously published that chromosome fragility in the control strain lacking a
repeat tract was unchanged in the srs2Δ mutant, and expression of Fbh1 or
RTEL1 caused modest increases in breakage rates (Figure 5 and Appendix 3.2).
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The presence of the (CAG)70 tract resulted in higher levels of breakage in the
wildtype strain, an effect that is exacerbated by the srs2Δ mutation, in agreement
with previous studies (Anand et al., 2012; Kerrest et al., 2009). Expression of
Fbh1 did not detectably alter fragility rates compared to the srs2Δ strain, whereas
expression of RTEL1 resulted in a significant decrease compared to srs2Δ,
although not to wildtype levels (Figure 5 and Appendix 3.2). The fragility data
suggest that RTEL1 can substitute for Srs2 in facilitating replication through
TNRs.
After publication, we discovered the srs2::hRTEL1 no tract (CFY2804, CFY2805)
as well as the srs2::hRTEL1 (CAG)70 (CFY2806, CFY2807) strains still retained
Srs2 ORF at the SRS2 locus. Human RTEL1 was also detected in some strains
suggesting perhaps it integrated somewhere else in the genome, or maintained
extra-chromosomally. A new srs2::hRTEL1 no tract (CFY3593) strain was
constructed and confirmed through junction PCRs as well as sequencing. We
also used srs2::hRTEL1 (CAG)70 (CFY3597) from MMS studies for re-testing
(Further details on strain issues and checks can be found in Appendix 3.4).
We re-tested fragility on both srs2::hRTEL1 strains. Unlike what we previously
published, srs2::hRTEL1 no tract did not result in an increase in fragility
compared to wild-type (Figure 5). Similarly to what we previously published, we
found srs2::hRTEL1 (CAG)70 suppressed the increased fragility of srs2Δ although
not to the wild-type level (Figure 5). This data supports RTEL1 substituting for
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Srs2 in facilitating replication through TNRs and preventing fragility.

Figure 5. Expression of RTEL1, but not Fbh1, in yeast suppresses increased
fragility seen in srs2Δ. Chromosome fragility on a YAC CF1 carrying a (CAG)70
tract (Kerrest et al., 2009). Rate values indicated above the bars; error bars
represent SEM. Significance was determined compared to wild-type (*p≤0.05,
**p≤0.01) or srs2∆ (†p≤0.05). Strains srs2::hRTEL1 No Tract (CFY3593) and
srs2::hRTEL1 CAG70 (CFY3597) used to replace incorrect data presented
in(Frizzell et al., 2014).

We also used PCR to examine expansion frequencies for a (CAG)85 tract (Table
1 and Appendix 3.3). The srs2Δ strain showed five-fold more expansions than
the wild-type control, similar to previously reported values for (CAG)70 (Anand et
al., 2012; Kerrest et al., 2009). We previously published expression of RTEL1
reduced expansion levels down from srs2Δ although not to wildtype levels. In
contrast, the expansion frequency was still partly elevated following expression of
Fbh1. The partial rescue of (CAG)85 expansions by Fbh1 is consistent with its
known role in preventing recombination (Chiolo et al., 2007), since expansions of
this repeat size were previously shown to occur during a Rad51-dependent
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process in srs2Δ yeast (Kerrest et al., 2009). Although both helicases can
compensate for some Srs2 anti-recombinase functions, RTEL1 is uniquely able
to complement Srs2 roles in replication based on rescue of CAG repeatmediated fragility and instability in a srs2Δ mutant. We concluded that
expression of RTEL1 in yeast provides similar biochemical functions as Srs2 in
DNA damage repair and in inhibiting triplet repeat-mediated chromosome fragility
and expansions.
After publication, we discovered issues with two of our strains. There was a point
mutation in one of the two strains used for srs2::hFBH1 (CAG)85 (CFY2993)
instability data and the srs2::hRTEL1 (CAG)85 (CFY2995) strain had Srs2 ORF at
the SRS2 locus and no RTEL1-HIS3MX6 present in the genome. Both
srs2::hFBH1 (CAG)85 (CFY2992) and srs2::hRTEL1 (CAG)85 (2994) were verified
to be correct strains through PCR and sequencing. New instability data for
srs2::hFBH1 was obtained with more assays from CFY2992. A new
srs2::hRTEL1 (CAG)85 (CFY3604) was constructed and confirmed through
junction PCRs as well as sequencing. (Further details on strain issues and
checks can be found in Appendix 3.4). We performed additional instability
reactions on CYF3604 to combine with CFY2994.
We obtained more instability data for srs2::hFBH1 (CAG)85 (CFY2992) and found
expansion frequencies were still elevated 3.9 fold over wild-type and not
significantly decreased from srs2Δ (Table 1), indicating hFbh1 cannot substitute
for Srs2 in preventing CAG expansions. Expression of hRTEL1 led to a nearly
significant decrease in expansion frequency compared to srs2Δ (p<0.055) (Table
1), suggesting hRTEL1 can partially substitute for Srs2 in preventing CAG
expansions.
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Table 1. (CAG)85 Instability on YAC CF1.

Expansions
(Frizzell et al.

Expansions

2014)
No.

Fold

No.

Fold

colonies

over

colonies

over

WT

analyzed

#

%

WT

Mutant

analyzed

#

%

Wild-type

299

4

1.3

srs2Δ

139

10

7.2*

5.4*

srs2::hFBH1

131

6

4.6

3.4

154

8

5.2*

4.0*

srs2::hRTEL1

210

4

1.9^

1.4^

174

6

3.4†

2.6†

*p<0.05 compared to wild-type, ^p<0.05 compared to srs2Δ, †p<0.06 compared to srs2Δ

DISCUSSION
Parallels between RTEL1 and yeast Srs2 in inhibiting TNR expansions and
fragility
This work identifies RTEL1 as a key human enzyme that inhibits TNR
expansions and fragility. Purified RTEL1 readily unwound CTG and CAG hairpin
structures in vitro, in a manner dependent on its ATPase activity (Figures 1C and
1D). We found expression of RTEL1 in yeast srs2 mutants efficiently suppressed
CAG repeat-dependent chromosomal fragility and expansions, whereas
expression of Fbh1 was substantially poorer in reversing these phenotypes
(Figure 5, Table 1). We conclude that RTEL1 is an important human factor that
blocks triplet repeat expansions and repeat-mediated chromosome fragility, and
that its DNA helicase function is likely important in doing so.
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In contrast, we found little or no evidence for a role in triplet repeat instability for
the alternative Srs2 analog Fbh1 (F-box helicase). Fbh1 was originally identified
as a human helicase/F-box protein (Kim et al., 2002) and in fission yeast as a
regulator of recombination (Morishita et al., 2005; Osman et al., 2005). Fbh1
was subsequently shown to function at replication forks (Lorenz et al., 2009). In
human cells, Fbh1 promotes formation of double-strand breaks in response to
replication stress (Fugger et al., 2015; Jeong et al., 2013) and helps avoid
crossovers at collapsed replication forks (Kohzaki et al., 2007). A previous study
showed that human Fbh1 expressed in budding yeast suppressed recombination
defects and MMS sensitivity of an srs2Δ mutant, however Fbh1 did not restore
MMS hypersensitivity to a rad5Δ srs2Δ double mutant (Chiolo et al., 2007), in
agreement with our data (Figure 3). Despite some parallels to Srs2, our
experiments showed little to no role for Fbh1 at triplet repeats in yeast (Figure 5,
Table 1). While we cannot rigorously rule out that Fbh1 imparts protection at
TNRs in human cells, the current data do not support this hypothesis.

Potential mechanism of TNR stabilization by RTEL1
Srs2 has been proposed to inhibit expansions through its helicase activity on
TNR hairpins (Bhattacharyya and Lahue, 2004, 2005; Daee et al., 2007; Dhar
and Lahue, 2008) and/or by unwinding TNR structures to facilitate passage of
replication forks (Anand et al., 2012; Kerrest et al., 2009). The results in Figures
1C and 1D indicate that purified RTEL1 is capable of efficiently unwinding
(CTG)11 hairpins, analogous to Srs2 (Bhattacharyya and Lahue, 2005; Dhar and
Lahue, 2008). The ATPase function of both enzymes is important for unwinding
TNRs (Anand et al., 2012; Bhattacharyya and Lahue, 2004), consistent with a
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requirement for helicase activity. These results support the possibility that RTEL1
unwinds TNR hairpins before they can be converted into full expansion
mutations. Our genetic analysis suggests that RTEL1 may work in the same
pathway as HTLF and Rad18, based on the requirement for Rad18 and HLTF in
expansion assays, the double knockdown data of RTEL1+Rad18 and
RTEL1+HLTF, and the similar profiles of expansion sizes in all the knockdowns
(Frizzell et al., 2014). Thus RTEL1 function at TNRs could act during postreplication repair or a template-switching event such as fork reversal (Figure 4).
In the PRR model, RTEL1 could conceivably unwind hairpins that initiate PRR at
gaps left behind the replication fork, or hairpins that occur during error-free PRR
repair synthesis (Figure 6A). This model is strengthened by the similarity of the
D-loop structure (lower panel, Figure 6A) to substrates that RTEL1 has been
proposed to unwind during processing of intermediates in recombination and Tloops (Uringa et al., 2011; Vannier et al., 2012). In this mode of action, RTEL1
could antagonize any error-prone recombination events that lead to expansions
of long TNRs as seen in yeast (Kerrest et al., 2009; Sundararajan et al., 2010).
We postulate that RTEL1 is recruited to the TNR by post-replication repair factors
Rad18 and/or HLTF, or that these factors modify another target that in turns
attracts RTEL1 (Figure 6A). The activity of all three proteins would remove the
hairpin and prevent expansions, whereas lack of any one or more of RTEL1,
HLTF or Rad18 would result in higher expansion frequencies.
Another potential mode of action is through HLTF-mediated, error-free resolution
of TNR replication stress (Figure 6B). HLTF, like Rad5, has been shown to
mediate fork reversal of model stalled replication fork substrates through
unwinding of the leading and lagging strands, followed by annealing of the
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nascent and parental strands to form a chicken-foot structure (Blastyák et al.,
2007, 2010). This raises the possibility that replication fork reversal by HLTF
could provide a means for stabilizing TNR tracts. In this case, RTEL1 would
unwind hairpins at a stalled or reversed fork to allow restart without expansions
or fragility. A hairpin on the reversed fork end was previously proposed as a
potential expansion intermediate (Mirkin, 2007) and provides a ssDNA-dsDNA
junction, proposed to be a good substrate for RTEL1 loading and 5’ to 3’
unwinding (Uringa et al., 2011; Youds et al., 2010). Similarly, a template switch
event occurring at the fork, mediated by HTLF and Rad18, could also require
RTEL1 to unwind aberrant structured intermediates that might occur (Kim and
Mirkin, 2013; Mirkin, 2007). This unwinding activity of RTEL1 is supported by the
facts that Srs2 was shown to excel at unwinding G-rich structured DNA
encountered during replication (Anand et al., 2012), and RTEL1 also appears to
have in vivo roles in unwinding G-rich or structured regions such as found at
telomeres and recombination hotspots (Uringa et al., 2011; Vannier et al., 2012).
The fork restart model could also explain how the lack of RTEL1, HLTF or Rad18
would lead to excess expansions.
There is emerging evidence that RTEL1 and HLTF help prevent human disease.
Polymorphisms in the RTEL1 gene are susceptibility loci for glioma risk (Shete et
al., 2009; Wrensch et al., 2009) and inherited mutations in RTEL1 cause a
severe form of dyskeratosis congenita (Ballew et al., 2013; LeGuen et al., 2013;
Walne et al., 2013). RTEL1 effects on risk of these diseases have been
attributed to its telomere-stabilizing activity. For HLTF, silencing of its promoter
by methylation is associated with colon, gastric and uterine cancers (Debauve et
al., 2008; Moinova et al., 2002). Based on our findings in this paper, we suggest
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that down-regulation or loss of RTEL1 or HLTF might also lead to genetic
predisposition towards TNR expansions.

Figure 6. Models for inhibition of expansions by the concerted activities of
HLTF, Rad18 and RTEL1. (A) A triplet repeat hairpin is formed by DNA
replication (shown) or repair (not shown). HLTF and Rad18 recruit RTEL1
directly to the hairpin, or modify another factor which does so. Once at the
hairpin, RTEL1 uses its helicase activity to unwind the hairpin to help avoid an
expansion. Lower panel, recombinational repair attempts to resolve the hairpin
but creates another hairpin in the process. RTEL1 acts to resolve the hairpin(s)
and avoid expansion. (B) A hairpin is formed during DNA replication in
conjunction with fork stalling. The hairpin could be alleviated directly by RTEL1
(top panel), or HLTF in conjunction with Rad18 acts to reverse the stalled fork,
which brings RTEL1 to the hairpin for unwinding. For both A and B, loss or
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reduced levels of HLTF, Rad18 or RTEL1 preclude hairpin unwinding such that
the hairpin is subsequently processed to a triplet repeat expansion.

Potential model based on newly obtained data
We previously published results indicating expression of human RTEL1 in yeast
could suppress srs2Δ MMS sensitivity and restore MMS hypersensitivity of
srs2Δrad5Δ. From this, along with work from human cells (Frizzell et al., 2014),
we concluded RTEL1 could substitute for Srs2 in post replication repair and
suppress potential expansions that could occur during this process. However our
newly obtained data showed expression of human RTEL1 in yeast did not
suppress srs2Δ MMS sensitivity or restore MMS hypersensitivity of srs2Δrad5Δ,
altering our interpretations.
Since RTEL1 expression did not suppress srs2Δ MMS sensitivity or restore MMS
hypersensitivity of srs2Δrad5Δ, it suggests that it cannot substitute for Srs2 in
PRR, at least in yeast. It is believed that rad5 mutants are sensitive to MMS due
to Srs2 preventing recombination to allow bypass of a damaged base. Since
RTEL1 expression in yeast in rad5Δ did not restore MMS sensitivity, it could be
due to the difference between RTEL1 and Srs2 anti-recombination activities.
Srs2 prevents recombination by dismantling the Rad51 coated presynaptic
filament (Krejci et al., 2003; Veaute et al., 2003) while RTEL1 prevents
recombination by disrupting pre-formed D loops (Uringa et al., 2011). Based on
our conclusion in chapter 2 that Srs2 is preventing repeat instability through
recombination inhibition, we can infer RTEL1 could be reducing repeat
expansions in the same manner. Indeed while we see a suppression of repeat
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expansions in srs2Δ strains when we expressed human RTEL1, it was not down
to wild-type levels. Perhaps RTEL1 anti-recombination activity is not as robust as
Srs2 and therefore we still see increased levels of expansions compared to wildtype. This could suggest that recombination is occurring in these strains enough
to rescue growth after MMS treatment.
We previously published results indicating expression of human RTEL1 in yeast
strains could suppress srs2Δ fragility rates. Our conclusion from chapter 2 was
that Srs2 was preventing repeat fragility at the replication fork through hairpin
unwinding. Based on our data in this chapter and chapter 2, we believed both
Srs2 and RTEL1 helicase mediated hairpin unwinding activity is needed to
prevent repeat fragility. Our newly obtained data still supports this conclusion.
Altogether we show that RTEL1 can mostly substitute Srs2 in some of its cellular
functions. Expression of RTEL1 in yeast reduced srs2Δ expansions either
through its anti-recombination or hairpin unwinding activity. Expression of RTEL1
also reduced srs2Δ fragility most likely via hairpin unwinding. Since RTEL1
doesn’t rescue MMS sensitivity of srs2Δ or restore hypersensitivity of
srs2Δrad5Δ, this suggests Srs2 plays a more anti-recombinase role in post
replication repair that RTEL1 cannot fully complement. Since we know RTEL1
helicase activity can substitute for Srs2 to prevent repeat fragility, this indicates
that damaged bases and hairpin structures are repaired by different
mechanisms.
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Appendix 3.1
RT-PCR to confirm hRTEL1 and hFbh1 expression in yeast

Gels depict PCR products using cDNA template generated by RT-PCR from
srs2::RTEL1 and srs2::hFbh1 strains using primers shown in the diagram
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Appendix 3.2
Raw fragility data for YAC CF1
No tract

Average
Rate of
FOAR x 10-6
SEM
p-value
compared
to wild-type
p-value
compared
to srs2Δ

WT
1.73
2.62
2.10
2.07
2.59
2.78
1.32

srs2Δ
1.33
1.41
2.27
1.41
1.95
3.34
1.47
3.89
2.65

srs2::hFBH1 srs2::hRTEL1
4.13
1.46
2.29
4.03
2.67
2.12
4.12
5.29
4.11

2.17

2.19

3.77

2.54

0.20

0.31

0.45

0.77

0.9639

0.0057

0.5351

0.0104

0.6261

CAG70
WT
13.37
14.04
12.19
12.58
4.24
5.15
8.49
7.40
7.03

srs2Δ
srs2::hFBH1 srs2::hRTEL1
18.98
33.20
15.94
17.84
18.53
27.32
29.70
24.25
9.78
22.03
15.43
8.12
25.36
4.09
17.98
8.45
26.55
19.75
26.94
63.35
37.16
32.05
34.61
22.00
30.81
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55.56
Average
Rate of
FOAR x 10-6
SEM
p-value
compared
to wild-type
p-value
compared
to srs2Δ

9.39

30.04

22.85

12.28

1.24

3.25

3.90

3.39

0.0001

0.0012

0.37

0.3088

0.0057

Appendix 3.3
Raw instability data for CAG85 YAC CF1
Contractions

Mutant
Wild-type
srs2Δ
srs2::hFBH1
srs2::hRTEL1

No. of
colonies
299
139
154
174

#
33
4
21
12

%
11.04
2.88
13.64
6.90

Fold
over
WT
0.26
1.24
0.62

p-value
p-value
compared compared
to WT
to srs2Δ

0.4456
0.1476

0.0012
0.1238

Expansions

Mutant
Wild-type
srs2Δ
srs2::hFBH1
srs2::hRTEL1

No. of
colonies
299
139
154
174

#
4
10
8
6

Fold p-value
p-value
over compared compared
WT to WT
to srs2Δ

%
1.34
7.19 5.38
5.19 3.88
3.45 2.58
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0.0002
0.0262
0.1826

0.6273
0.0547

Appendix 3.4
Strain corrections
srs2::hRTEL1 No Tract (previously CFY2804, 2805. Remade: CFY3593)

 Strain issues
o Srs2 ORF present at SRS2 locus; Confirmed by 5’ and 3’
junction PCRs and sequencing the 5’ junction
o CFY2804 had hRTEL1 ORF present somewhere within the
genome (maybe extra-chromosomally). Confirmed by PCR
with primers internal to hRTEL1-HIS3MX6 cassette; isoform
1. hRTEL1 ORF not present in CFY2805
 Strain remake and check
o RTEL1 ORF and HIS3MX6 marker for co-transformation into
CFY1626. Transformants PCR checked at 5’ end to confirm
Srs2 ORF absence and 3’ end to confirm RTEL-HIS3MX6
presence. Correct transformants further checked with PCR
across Srs2 locus and sequenced across the entire RTEL1
gene to confirm proper integration and no amino acid
changes
srs2::hRTEL1 (CAG)70 (previously CFY2806, 2807. Remade: CFY3597)

 Strain issues
o Srs2 ORF present at SRS2 locus; Confirmed by 5’ and 3’
junction PCRs and sequencing the 5’ junction
o hRTEL1 ORF not present in CFY2806. CFY2807 had
hRTEL1 ORF present somewhere within the genome
(maybe extra-chromosomally). Confirmed by PCR with
primers internal to hRTEL1-HIS3MX6 cassette; isoform 1
 Strain remake and check
o PCR amplify RTEL1-HIS3MX6 at SRS2 locus from CFY3593
for transformation into CFY1628. Transformants PCR
checked at 5’ end to confirm Srs2 ORF absence and 3’ end
to confirm RTEL-HIS3MX6 presence. Correct transformants
further checked with PCR across Srs2 locus and sequenced
across the entire RTEL1 gene to confirm proper integration
and no amino acid changes
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srs2::hRTEL1 (CAG)85 (previously CFY2994, 2995. Remade: CFY3604)

 CFY2994 was confirmed by 5’ and 3’ junction PCRs and
sequencing to have Srs2 ORF absent at the SRS2 locus and
RTEL1 present at the SRS2 locus (instability included reactions
from this strain)
 Strain issues
o Srs2 ORF present at SRS2 locus in CFY2995; Confirmed by
5’ and 3’ junction PCRs and sequencing the 5’ junction
o hRTEL1 ORF not present in CFY2995
 Strain remake and check
o PCR amplify RTEL1-HIS3MX6 at SRS2 locus from CFY3593
for transformation into CFY810. Transformants PCR
checked at 5’ end to confirm Srs2 ORF absence and 3’ end
to confirm RTEL-HIS3MX6 presence. Correct transformants
further checked with PCR across Srs2 locus and sequenced
across the entire RTEL1 gene to confirm proper integration
and no amino acid changes
srs2::hRTEL1 rad5Δ (CAG)70 (previously CFY2949, 2950. Remake:
CFY3654)

 Strain issue
o Parent strains 2806, 2807. Rad5 confirmed knockout by
PCR using primers to check Rad5 ORF absence and
KANMX6 presence
 Strain remake and check
o rad5::KANMX6 knock out in CFY3597; junction PCRs to
confirm proper marker integration and internal PCR to
confirm loss of Rad5 ORF
srs2::hFBH1 (CAG)85 (previously CFY2992, 2993)




CFY2992 was confirmed by PCR to have Srs2 ORF absent at
SRS2 locus and by sequencing to have FBH1 at Srs2 locus. More
instability reactions were performed on this strain to add to previous
data from this strain
Strain issue
o Point mutation in the FBH1 gene resulting in an amino acid
change in CFY2993
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Appendix 3.5
Strain table
Strain

Background

CFY-1626
CFY-1627

BY4705

CFY-1628

BY4705

CFY-810

BY4705

CFY-766

BY4705

CFY-925
CFY-926

BY4705

CFY-928

BY4705

CFY-2623

BY4705

CFY-2990
CFY-2991

BY4705

CFY-1665

BY4705

CFY-1666

BY4705

Genotype
ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0,
trp1Δ63, ura3Δ0, canR, MATa
YAC: URA3 LEU2 No Tract
ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0,
trp1Δ63, ura3Δ0, canR, MATa
YAC: URA3 LEU2 CAG-70
ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0,
trp1Δ63, ura3Δ0, canR, MATα
YAC: URA3 LEU2 CAG-85
ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0,
trp1Δ63, ura3Δ0, canR, MATα
YAC: URA3 LEU2 CAG-70
his3Δ1, leu2Δ0, lys2Δ0,
ura3Δ0, canR, MATα ,
srs2::KAN
YAC: URA3 LEU2 No Tract
his3Δ1, leu2Δ0, lys2Δ0,
ura3Δ0, canR, MATα ,
srs2::KAN
YAC: URA3 LEU2 CAG-70
ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0,
trp1Δ63, ura3Δ0, canR,
MATα, srs2::TRP
YAC: URA3 LEU2 CAG-70
ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0,
trp1Δ63, ura3Δ0, canR, MATα
srs2::TRP
YAC: URA3 LEU2 CAG-85
ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0,
trp1Δ63, ura3Δ0, canR,
MATα, rad5::KAN
YAC: URA3 LEU2 No Tract
ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0,
trp1Δ63, ura3Δ0, canR,
MATα, rad5::KAN
YAC: URA3 LEU2 CAG-70
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Reference

Sundararajan
et al. (2010)

Sundararajan
et al. (2010)

House et al.
(2014)

Kerrest et al.
(2009)

Kerrest et al.
(2009)

Kerrest et al.
(2009)

This study

This study

This study

This study

CFY-2773
CFY-2774

BY4705

CFY-2775
CFY-2776

BY4705

CFY-2992

BY4705

CFY-3593

BY4705

CFY-3597

BY4705

CFY-3604

BY4705

CFY-2982
CFY-2983

BY4705

CFY-2984
CFY-2985

BY4705

CFY-2986
CFY-2987

BY4705

ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0,
trp1Δ63, ura3Δ0, canR,
MATα, srs2::hFBH1
YAC: URA3 LEU2 No Tract
ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0,
trp1Δ63, ura3Δ0, canR,
MATα, srs2::hFBH1
YAC: URA3 LEU2 CAG-70
ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0,
trp1Δ63, ura3Δ0, canR,
MATα, srs2::hFBH1
YAC: URA3 LEU2 CAG-85
ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0,
trp1Δ63, ura3Δ0, canR,
MATα, srs2::hRTEL (isoform
1)
YAC: URA3 LEU2 No Tract
ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0,
trp1Δ63, ura3Δ0, canR,
MATα, srs2::hRTEL (isoform
1)
YAC: URA3 LEU2 CAG-70
ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0,
trp1Δ63, ura3Δ0, canR,
MATα, srs2::hRTEL (isoform
1)
YAC: URA3 LEU2 CAG-85
ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0,
trp1Δ63, ura3Δ0, canR,
MATα, srs2::TRP, rad5::KAN
YAC: URA3 LEU2 No Tract
ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0,
trp1Δ63, ura3Δ0, canR,
MATα, srs2::TRP, rad5::KAN
YAC: URA3 LEU2 CAG-70
ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0,
trp1Δ63, ura3Δ0, canR,
MATα, srs2::hFbh1,
rad5::KAN
YAC: URA3 LEU2 No Tract
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This study

This study

This study

This study

This study

This study

This study

This study

This study

CFY-2988
CFY-2989

BY4705

CFY-3654

BY4705

ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0,
trp1Δ63, ura3Δ0, canR,
MATα, srs2::hFbh1,
rad5::KAN
YAC: URA3 LEU2 CAG-70
ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0,
trp1Δ63, ura3Δ0, canR,
MATα, srs2::hRTEL (isoform
1),rad5::KAN
YAC: URA3 LEU2 CAG-70
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This study

This study

Appendix 3.6
Primer table
#

Primer Name
2076 newCAGfor

2077 newCAGrev

499 200bp
upstream
Srs2 ORF

500 200bp
downstream
Srs2 ORF

853 Srs2_19431963R
678 Srs2_225upst
ream
1064 Fbh1_962981R
1065 Fbh1_13391356F
842 His3 for RTEL

843 His3 rev
RTEL

844 Srs2::hRTEL
for

845 Srs2::hRTEL
rev

Purpose
Anneals 42bp from CAG
repeat, on centromeric
side; tract check
Anneals 117bp from
CAG repeat, on the
telomeric side; tract
check

Sequence
CCTCAGCCTGGCCG
AAAGAAAGAAA

To amplify across SRS2
ORF to check proper
integration of human
ORFS; to amplify
srs2::hFBH1-HIS3MX6
To amplify across SRS2
ORF to check proper
integration of human
ORFS; to amplify
srs2::hFBH1-HIS3MX6
To confirm absence of
Srs2 ORF
5' junction check for
human gene integration
Internal Fbh1 primer to
confirm knock in
Internal Fbh1 primer to
confirm knock in
Amplify HIS3MX6 from
pFa for
taggingsrs2::hRTEL1;
has homology to 845,
includes stop codon
Amplify HIS3MX6 from
pFa for
taggingsrs2::hRTEL1;
homology to 3' end of
Srs2 locus
Creation of RTEL
fragment for
srs2::hRTEL1;
homology to 3' end of
Srs2 promoter
Creation of RTEL
fragment for
srs2::hRTEL1; has

ctccagctatcctgatacta
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CAGTCACGACGTTGT
AAAACGACGG

catactgctcattcatagct

gacctttggcaccgtgaattg
agaataggagcgagtttaga
gttac
gatgttaatccccttctccc
cggaagtaccagtcaaag
AGCTTGCCTCGTCC
CCGCCGGGTCACCC
GGC

CCGCCTCCAATAGTT
GACGTAGTCAGGCA
GAAAGTGCTACGTTA
GTATCGAATCGACAG
CCAATTTGATCTTTC
TTCTACCGGTACTTA
GGGATAGCAA

ATGTCGCTGGCCGG
GTGACCCGGCGGGG
ACGAGGCAAGCTTTA

CAGATCCTCTTCTGA
GA
gttcgaaagggtgacctcgag

1813 Fbh1_901920 for

homology to 842;
includes stop codon
For RT PCR to confirm
expression
5' check RTEL
integration
Used to sequence
RTEL
Used to sequence
RTEL
Used to sequence
RTEL
Used to sequence
RTEL
Used to sequence
RTEL
Used to sequence
RTEL; For RT PCR to
confirm expression
Used to sequence
RTEL
Used to sequence
RTEL
Used to sequence
FBH1;For RT PCR to
confirm expression
Used to sequence
FBH1

1814 Fbh1_13371356 for

Used to sequence
FBH1

GGC GGA AGT ACC
AGT CAA AG

1815 Fbh1_17561775 for

Used to sequence
FBH1

GTT CTG TCT CAG
CCA TGT GG

1816 Fbh1_22662286 for

Used to sequence
FBH1

GAC AAG GAG CTT
GAA GCC AAG

1817 Fbh1_26962715 for

Used to sequence
FBH1

CTG TTG ACA CCG
TCC TTA CC

1846 Fbh1_14771498rev

For RT PCR to confirm
expression

CAA TGG TCA GCT
CTT CGT CAG C

1502 Rtel C term
reverse
1557 Rtel_518rev
1558 Rtel_518for
1576 Rtel_623for
1559 Rtel_1048for
1560 Rtel_1490for
1561 Rtel_1890for
1562 Rtel_2239for

1577 Rtel_3055for
1563 Rtel_4208for
1812 Fbh1_471493 for
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ggcacaagtggatctgtagat
g
caggagcgacttgccaccttct
tac
cttactacctgtcccggaacct
gaag
gagctgtttgctgaagcccag
atcac
cagtctgcctggagaacccac
acatc
gctggacttctcagacacgaa
tggc
cagttcttccgtgttgccgagcg
aac
caagagcacctgaaccagg
gcagg
ctcgaggtcaccctttcgaac
CCT CTA TTG GAA
CCT GAG CTT GG
GTG ACC ATG CCA
GAT GTC AC
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ABSTRACT
CAG/CTG repeats can be source of DNA damage because they have a
propensity to form secondary structures that can impede important cellular
processes such as replication, which can lead to instability of the repeats,
replication fork stalling, or chromosomal breakage (fragility). Replication is a
tightly regulated process requiring the coordination of various proteins to
maintain fidelity. One important replication protein is the DNA clamp, PCNA.
PCNA increases polymerase processivity to allow longer stretches of synthesis
during replication and serves as a scaffold for binding of various proteins
involved in replication and repair. Under normal replication conditions, PCNA can
be SUMOylated at Lys164 (K164), which recruits the Srs2 helicase. When the
replication fork stalls at a site of DNA damage, PCNA is ubiquitinated at K164 to
signal the DNA damage tolerance (DDT) repair pathway (also called post
replication repair). We have determined that under normal conditions, rendering
PCNA unmodifiable by either ubiquitination or SUMOylation (K164R) minimally
affects repeat fragility. However, PCNA modification becomes important in the
absence of the alternative clamp loader Ctf18. In this study, we have identified a
role for PCNA SUMOylation in response to secondary structure formation by the
CAG/CTG repeats. Specifically in the absence of Ctf18, Srs2 recruitment to
PCNA is especially needed to prevent a further increase in repeat fragility. We
hypothesize three pathway choices by which a stalled replication fork can bypass
a hairpin structure: bypass of the lesion through DDT, Ctf18 mediated hairpin
bypass via PCNA unloading/loading, and Srs2 recruitment to unwind the hairpin.
Our data shows that the latter two pathways are specifically needed at a DNA
structure whereas DDT pathways are primarily used for base damage. This work
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implicates Ctf18 and Srs2 in prevention of breakage specifically at a DNA
structure

INTRODUCTION
Replication needs to occur with minimal error in every dividing cell. During
replication, there are many opportunities for DNA mutations to arise. One such
opportunity is replication through a natural pause site such as a repetitive
sequence, for example CAG/CTG trinucleotide repeats. These are common in
the genome and long tracts of these repeats have been linked to several
neurodegenerative diseases such Huntington’s disease and several
spinocerebellar ataxias, with affected individuals with Huntington’s disease
having 40+ and spinocerebellar ataxias ranging from 20-61+ CAG repeats
(López Castel et al., 2010; Usdin et al., 2015). When unwinding occurs for
replication, repetitive sequences have a propensity to form secondary structures
which can impede replication progression and cause forks to stall (Mirkin, 2007;
Mirkin and Mirkin, 2007). Polymerase stalling at a difficult to replicate region
could lead to the uncoupling of the replicative MCM helicase from the
polymerases, allowing it to expose ssDNA ahead of the replication fork (Berti and
Vindigni, 2016; Byun et al., 2005; Sogo et al., 2002), which can be prone to
nucleolytic attack leading to breakage (Froget et al., 2008; Kai et al., 2005;
Seigneur et al., 1998). RPA coating of the ssDNA can recruit Rad18 to modify
PCNA and signal the DNA damage response to prevent breakage from occurring
(Davies et al., 2008). The (CAG/CTG)55-98 as well as (CGG/CCG)40 repeats have
been shown to cause increased fork stalling and chromosomal fragility (Chapter
2, (Anand et al., 2012; Kerrest et al., 2009)), providing a natural impediment for
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studying the mechanisms cells use to coordinate replication and repair to protect
against damage.
PCNA serves as a platform for various proteins involved in replication as well as
repair. PCNA, an evolutionarily conserved homotrimer, is a DNA sliding clamp
that forms a ring shape and is loaded onto DNA by replication factor C (RFC)
(Majka and Burgers, 2004; Moldovan et al., 2007). RFC is a ring-like protein
complex composed of the subunits RFC1, RFC2, RFC3, RFC4, RFC5, which
have homology to the E. coli β clamp loader (Hedglin et al., 2013). In addition to
RFC, there are also alternative clamp loaders, which share the small RFC2-5
subunits but have Ctf18, Elg1, or Rad24 in place of Rfc1 (Majka and Burgers,
2004). Each of these alternative clamps have a role in specific pathways in
cellular processes: Rad24-RFC interacts with the 9-1-1 complex (in yeast
Rad17–Mec3–Ddc1; in humans Rad9, Rad1, Hus1) during the DNA damage
checkpoint (Bermudez et al., 2003a; Majka and Burgers, 2003), Elg1 can unload
unmodified and SUMOylated PCNA from DNA to protect genome integrity
(Kubota et al., 2013a, 2015), and Ctf18 establishes cohesion between sister
chromatids and has been shown to biochemically both load and unload PCNA
(Bermudez et al., 2003b; Bylund and Burgers, 2005). Interestingly, Ctf18 but not
Rad24 or Elg1 was found to have a novel role in protecting repeat integrity
(Gellon et al., 2011). Temperature sensitive sister chromatid cohesion mutants
did not show increased repeat fragility or instability suggesting Ctf18’s protective
role to be occurring independently of its role in cohesion (Gellon et al., 2011),
however the mechanism by which Ctf18 protects CAG repeats has not been fully
identified.
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Ctf18 plays an important role in genome maintenance and various genome
defects arise in its absence. In addition to interacting with PCNA, Ctf18 has been
shown to interact with RPA and pol ε, positioning it for replication involvement
(Kim and Brill, 2001; Murakami et al., 2010). Indeed studies have shown that
replication is impeded in the absence of Ctf18. When cells are treated with
hydroxyurea (HU) to stall replication forks, Ctf18 is needed to prevent slowed fork
speed and asymmetrical fork progression during replication (Crabbé et al., 2010),
indicating Ctf18 is needed to facilitate fork progression and prevent fork stalling.
Absence of Ctf18 in the presence of HU results in de-repression of late origin
firing, indicating Ctf18 has a role in the DNA replication checkpoint pathway
(Crabbé et al., 2010). An accumulation of replication machinery on chromatin
was seen in ctf18Δ supporting firing of more origins (Kubota et al., 2011). This
role is independent of its role in cohesion and is specific to Ctf18 since rad24Δ
and elg1Δ did not show this same level of late origin de-repression (Crabbé et
al., 2010). Ctf18 may also have a role in repair since in its absence, pol ε loading
onto PCNA for nucleotide excision repair after UV damage was defective (Ogi et
al., 2010).
Ctf18-RFC is unique among the clamp loaders in having seven subunits instead
of five. Along with Ctf18 and the shared RFC2-5 subunits, Ctf8 and Dcc1
comprise the heptamer complex (Mayer et al., 2001). Ctf18 and Dcc1 were
originally identified in two independent screens implicating a role for the Ctf18RFC in repeat maintenance (Gellon et al., 2011; Razidlo and Lahue, 2008).
Further analysis showed a significant increase in repeat fragility and instability in
the absence of the Ctf18-RFC (Gellon et al., 2011). Additionally, even without
repeats ctf18 strains had an increase in Rad52 foci in S and G2 phases and dcc1
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strains had slower division time with an extended G2/M phase although repeat
tracts exacerbated these phenotypes (Gellon et al., 2011). Since Rad52 foci in S
phase is indicative of repair (Lisby et al., 2001), we hypothesized that in the
absence of Ctf18-RFC, the increase in Rad52 foci is a result of DNA damage
occurring during S phase that requires repair. If not properly repaired during S
phase, the damage persists into G2.
The DNA damage tolerance pathway (DDT; also known as post replication repair
(PRR)) is utilized in cells to bypass lesions that could impede replication during S
phase. DDT is coordinated by post-translational ubiquitination of PCNA.
Monoubiquitination is mediated by the E2/E3 Rad6/Rad18 complex, which ligates
a ubiquitin moiety to the Lys164 of PCNA (Hoege et al., 2002; Stelter and Ulrich,
2003; Ulrich, 2009). Monoubiquitination leads to the recruitment of specialized
translesion synthesis (TLS) polymerases (Hoege et al., 2002; Lehmann et al.,
2007; Stelter and Ulrich, 2003), capable of adding bases opposite a damaged
template to allow replication past a lesion (Lehmann et al., 2007; Waters et al.,
2009). In yeast, the TLS polymerases are coded by Rad30 (Pol η), Rev3/7 (Pol
ζ), and Rev1 (REV1) (Waters et al., 2009). Polyubiquitination is facilitated by the
E2 conjugator Mms2/Ubc13 and E3 ligase Rad5 , which is responsible for
creating a polyubiquitin Lys63 linked chain off the same residue and it is known
that this signals an error-free bypass pathway that can utilize the sister chromatid
as a template for synthesis (Hoege et al., 2002; Torres-Ramos et al., 2002; Unk
et al., 2010). PCNA SUMOylation can also occur at the Lys164 residue although
both of these modifications are not antagonistic to each other (Hoege et al.,
2002). PCNA SUMOylation is performed by E2/E3 Ubc9/Siz1 and occurs
independently from DNA damage, although PCNA SUMOylation can occur under
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lethal concentrations of the alkylating chemical methyl methanesulphonate
(MMS) (Hoege et al., 2002). PCNA SUMOylation is stimulated by PCNA loading
onto DNA (Parker et al., 2008). SUMOylated PCNA is known to recruit the antirecombinase helicase Srs2 (Papouli et al., 2005; Pfander et al., 2005).
When the replication fork encounters DNA damage, PCNA ubiquitination occurs
in S phase to signal DDT and PCNA modification can persist into G2 if more time
for repair is required (Daigaku et al., 2010; Karras and Jentsch, 2010). This
signaling matches the timing of increased Rad52 foci observed in ctf18 cells and
coincides with the extended G2 phase seen in dcc1 cells (Gellon et al., 2011).
We hypothesized in the absence of the Ctf18-RFC, damage is occurring in S
phase and persisting into G2 due to untimely repair, which could be repaired by
DDT. In this study, we found that in the absence of Ctf18-RFC, PCNA
modification on Lys164 is needed to prevent repeat fragility. Specifically,
absence of Srs2 recruitment through SUMOylated PCNA is especially important
in cells without Ctf18-RFC. We propose a model wherein there are three
pathways by which a stalled fork can bypass a hairpin to continue replication:
PCNA ubiquitination to enact TLS or error-free bypass via template switch, Srs2
recruitment to SUMOylated PCNA to unwind the hairpin, and Ctf18 mediated
hairpin bypass by unloading/loading of PCNA. Our data indicate Ctf18 mediated
bypass and Srs2 recruitment are most important at a DNA structure whereas the
TLS and error-free bypass pathways are primarily used for base damage.
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MATERIALS AND METHODS
Strains
Strains used for fragility and instability assays were the isogenic BY4705
background, contained a yeast artificial chromosome with CAG-70 repeats,
LEU2, and URA3 markers as previously described (–LEU2-G4T4-CAG70-URA3,
referred to YAC CF1) (Callahan et al., 2003; Sundararajan and Freudenreich,
2011). Strains used for the SCR assays and RPA ChIP were the W303
background. Gene knockouts were generated through PCR-directed gene
replacement (Longtine et al., 1998) except srs2Δctf18Δ, srs2Δrad5Δctf18Δ, and
srs2Δrad18Δctf18Δ which were generated through mating and tetrad dissection.
Mutants were confirmed by PCR to have target gene absence and marker gene
presence at the current locus. pol30K164R was obtained from the R. Lahue lab
and saved as CFY2151. Two methods were used to generate pol30K164R
CAG70: (1) kar-crossed CAG70 YAC CF1 into the Lahue strain (CFY2638 and
CFY2639), (2) PCR amplified across the POL30 locus (CFY2638) and cotransformed that fragment with HIS3MX6 to create polK164R in BY4705
background already containing CAG70 YAC CF1 (CFY3922 and CFY 3923).
Transformants were sequenced to confirm the point mutation. RFA1-myc-TRP
was PCR amplified from a previously constructed strain (Papamichos-Chronakis
and Peterson, 2008) using primers flanking the RFA1 locus. The fragment was
transformed into the W303 background strain with CAG130 7kb from ARS607 on
Chr VI (CFY3566) and integration was confirmed by PCR. Strains used for 2D
analysis contain either YEP24 plasmids carrying (CGG/CCG)40 or (CAG/CTG)130
repeats were previously described (Anand et al., 2012; Pelletier et al., 2003)
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Fragility and instability assays
Assays were done as previously described (Kerrest et al., 2009). Briefly, cells
having confirmed tract lengths were grown at 30oC in yeast complete (YC) media
-Leu for 6-8 divisions to allow breakage to occur. Assays were performed with
either the 1 colony or 10 colony method with a minimum of 3 experiments per
mutant. Cells were plated on 5-FOA-Leu to select for breakage events and YC –
Leu for total cell count. Rate of breakage per 100μL was calculated using the
Maximum Likelihood Method (FALCOR).
Instability was determined via PCR across the repeats of at least 150 colonies
from cells grown on YC –Leu plates as part of the fragility assay. PCR products
were visualized on a high resolution 2% Metaphor gel (Lonza), which can
accurately resolve +/- 9 bp (3 repeats) in the 0-200 bp size range. Tracts were
sized using Photoshop and drawing a line between two markers. Primers used
were either 2076/2077 or 1533/1534, which resulted in products with 159bp or
95bp of unique sequence in addition to the length, respectively. Sizes were
estimated by subtracting out unique sequence and dividing by three.

Tetrad Dissection
MATa and MATα strains were mated for 16 hours on YC –Leu-Ura and then
plated on media selecting for diploids. Diploids were resuspended in liquid
sporulation media (1% KoAC) and incubated at 30oC for 7-10 days. Cells were
treated with Zymolyase 100T for 2 minutes before plating on YPD for dissections.
After 7 days of growth, spores were genotyped by pinning onto single drop out
plates. Mutants of interest were PCR confirmed for target gene absence and
marker gene presence.
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Growth Curve
Strains were grown to saturation in 5mL YC –Leu-Ura and then diluted down to
OD600 0.06 in 20mL in YC –Leu-Ura. Strains were grown at 30oC with constant
agitation. OD600 readings were taken at the time points indicated. Each data point
represents the average of two independent tubes.

RESULTS
PCNA modification is needed in the absence of Ctf18-RFC
We hypothesized that Ctf18-RFC had a role in DDT to facilitate replication
through hairpin structures. To test this, we used a genetic approach to determine
the relationship between Ctf18-RFC and PCNA modification. We utilized a strain
with the Lysine 164 (K164) on PCNA mutated to Arginine (pol30K164R),
rendering the residue unmodifiable and unable to signal DDT or to recruit Srs2
(Figure 1A) (Daee et al., 2007). If Ctf18-RFC, DDT and/or Srs2 recruitment are in
the same pathway, we would expect to see epistasis and similar levels of
chromosomal breakage (fragility) in the single and double mutants.
We tested chromosomal fragility using a yeast artificial chromosome (YAC)
breakage assay as previously described (Figure 1B) (Kerrest et al., 2009).
Strains carried a YAC containing CAG-70 repeats (nomenclature refers to
sequence on the lagging strand template) and were grown in non-selective
conditions to allow breakage to occur. We can correlate breakage with the
number of colony forming units (CFUs) grown on FOA media, selecting for loss
of the URA3 gene on the right arm of the YAC. We investigated the effect of
unmodifiable PCNA on the rate of FOAR in two strain backgrounds, BY4705 and
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BL0035, and found differing rates of FOAR for pol30K164R (Figure 1C and 1D).
In the BY4705 background, pol30K164R did not show a significant increase in
rate of FOAR compared to wild-type (Figure 1C), suggesting PCNA modification
is not needed to prevent repeat fragility. In the BL0035 background, pol30K164R
has a significant increase in rate of FOAR compared to wild-type (Figure 1D),
which suggests PCNA modification is needed to prevent repeat fragility. Other
work has shown pol30K164R BL0035 resulted in a 45-fold increase in expansion
frequency in short CAG repeats (Daee et al., 2007), supporting the need for
PCNA modification in repeat maintenance in that strain background.
Interestingly, when the pol30K164R mutant was combined with ctf18Δ, a
synergistic increase in the rate of FOAR was seen compared to either single
mutant in BY4705 and compared to pol30K164R in BL0035 (Figure 1C and 1D).
While the absolute numbers are different, the fold changes of pol30K164Rctf18Δ
over pol30K164R are comparable (24-fold and 41-fold for BY4705 and BL0035
respectively). Taken together, this suggests that in the absence of the Ctf18RFC, PCNA modification is needed to prevent repeat fragility.
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Figure 1. PCNA modification is needed to prevent repeat fragility in the absence
of Ctf18 (A) PCNA is modified on Lysine 164 to coordinate DDT.
Monoubiquitination by Rad6/Rad18 recruits translesion polymerases,
polyubiquitination by Rad5/Mms2/Ubc13 promotes error-free template switch,
SUMOylation by Siz1/Ubc9 recruits the Srs2 helicase. (B) Schematic of the YAC
system. A breakage event that occurs within/near the repeats can lead to loss of
the right arm and result in cells resistant to 5-FOA. (C) The rate of FOAR x 10-6 is
shown for the BY4705 strain background. Data represents the average of at least
three experiments except pol30K164R ctf18Δ, which represents one 5-plate
assay. Error bars represent SEM. Student’s t-test *p<0.05 compared to WT. (D)
Rate of FOAR x 10-6 is shown for the BL0035 strain background. Data represents
the average of at least three experiments. Error bars represent SEM. Student’s ttest **p<0.01 compared to WT
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TLS and template switch pathways are not required to prevent repeat
fragility in the absence of Ctf18-RFC
We reasoned that pol30K164R abolishes the ability to go through DDT to invoke
TLS or template switch, or to recruit Srs2. We wanted to test how each of these
mechanisms individually contributed to preventing repeat fragility in the absence
of Ctf18-RFC.
To determine if polyubiquitination of PCNA, and thus the error-free template
switch pathway, was needed in the absence of Ctf18-RFC, we investigated
Rad5, a DNA-dependent ATPase and E3 ubiquitin ligase. Deletion of RAD5 had
wildtype levels of repeat fragility (Figure 2A), suggesting error-free bypass via a
template switch doesn’t prevent repeat fragility. The rad5Δctf18Δ mutant had a
significant increase in FOAR but only to the level of ctf18Δ (Figure 2A), which
could indicate Ctf18-RFC works upstream of the error-free pathway and/or that
pathway is not important in the absence of Ctf18-RFC to prevent fragility. We see
similar results for mms2Δctf18Δ (Appendix 4.3). To further address whether
Ctf18-RFC might have a role in error-free bypass, we utilized a strain which uses
ADE2 function as a readout for spontaneous unequal sister chromatid
recombination as a proxy for template switch (Figure 2B, (Mozlin et al., 2008)).
Spontaneous or MMS-induced sister chromatid recombination and template
switch are both dependent on recombination proteins Rad51, Rad55, Rad57,
which mediates strand invasion to replicate past a lesion (Vanoli et al., 2010). We
found the rates of recombination between wildtype and ctf18Δ are
indistinguishable (Figure 2C). Taken together, the error-free template switch
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pathway does not seem to have an important role in repeat maintenance in the
absence of Ctf18-RFC.

Figure 2. Error-free template switch does not have a role in preventing repeat
fragility in the absence of Ctf18 and Ctf18 does not function in template switch
during sister chromatid recombination. (A) Rate of FOAR x 10-6 is shown. Data
represents the average of at least three experiments. Error bars represent SEM.
Student’s t-test *p<0.05 compared to wildtype. (B) Schematic for sister chromatid
recombination (SCR) assay, testing for effect of ctf18Δ on SCR/template
switching. Unequal sister chromatid recombination leading to ADE2+ TRP+
strains is used to determine a rate of SCR. (C) Rate of recombination x 10-5 is
shown. Data represents the average of at least two experiments. Error bars
represent SEM
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Next, to address whether TLS was needed in the absence of Ctf18-RFC, we
tested the effect of Rad18, the RING-finger containing E3 ubiquitin ligase
responsible for monoubiquitination of PCNA. We see a significant 2-fold increase
in rad18Δ repeat fragility compared to wildtype (Figure 3). To specifically address
TLS, we looked at strains lacking the TLS polymerases. rev1Δrev3Δrad30Δ
strains do not show an increase in fragility (Figure 3), suggesting the increase we
see in rad18Δ may be due to either loss of both TLS and template switch, or its
other functions in the cell. Rad18 has been shown to coordinate the Fanconi
Anemia pathway to repair cross-links in DNA in HeLa cells (Geng et al., 2010)
and homologous recombination in MEF cells (Huang et al., 2009). We see a
significant increase in FOAR in rad18Δctf18Δ, although this is not significantly
different from ctf18Δ due to the large spread of data (Figure 3) (Appendix table
4.3). To determine if this increase in fragility was due to a lack of TLS, we
investigated rev1Δrev3Δrad30Δctf18Δ strains and found there was no significant
increase in fragility compared to ctf18Δ (Figure 3). Taken together, these data
indicate Rad18 might play a role in preventing repeat fragility in the absence of
Ctf18-RFC, although we cannot distinguish if this is due to Rad18’s other cellular
functions or the lack of signaling of both TLS and template switch.
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Figure 3. Deletion of the TLS pathway in ctf18Δ does not lead to synergistic
increase in fragility. (A) Rate of FOAR x 10-6 is shown. Data represents the
average of at least three experiments. Error bars represent SEM. Student’s t-test
*p<0.05, **p<0.01 compared to WT.

In the absence of Ctf18, Srs2 recruitment via PCNA interaction is necessary
to protect repeat fragility
We next addressed whether the SUMOylation pathway was important in the
absence of Ctf18. PCNA is normally SUMOylated during DNA replication and
when the cell is exposed to high amounts of DNA damage (Hoege et al., 2002). It
is well known that SUMOylated PCNA recruits Srs2, a helicase and antirecombinase (Papouli et al., 2005; Pfander et al., 2005). Srs2 has been shown to
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have a specialized role in preventing repeat instability and fragility (Anand et al.,
2012; Bhattacharyya and Lahue, 2004, 2005; Kerrest et al., 2009). We have
previously shown that Srs2 requires its helicase activity and PCNA interaction,
but not anti-recombinase activity, to prevent (CAG/CTG)70 and (CGG/CCG)40
repeat fragility as well as to prevent fork stalling as observed through 2D gel
electrophoresis (Nguyen, et al. in prep; (Anand et al., 2012)). Altogether these
data suggest Srs2 is recruited to the replication fork to unwind hairpins and allow
replication to continue, preventing fork stalling and eventually breakage.
Separately, ctf18Δ and srs2Δ both have high rates of repeat fragility but when
combined, we see a synergistic increase in rate of FOAR in srs2Δctf18Δ (Figure
4), indicating a need for Srs2 in the absence Ctf18 to prevent further repeat
fragility. We hypothesized this is due to a lack of Srs2 recruitment to PCNA. To
test this, we utilized a Srs2 truncation mutant, srs2 (1-998), where the last 176
residues of Srs2 are absent, which abolishes the PCNA interaction but maintains
both helicase and Rad51 displacement activities (Le Breton et al., 2008; Colavito
et al., 2009; Pfander et al., 2005). Indeed we see the same degree of synergistic
increase in FOAR in srs2 (1-998) ctf18Δ (Figure 4), supporting the vital need for
Srs2 recruitment to PCNA to prevent repeat fragility in the absence of Ct18-RFC.
These rates mirror the rate of FOAR seen in pol30K164Rctf18Δ BY4705,
suggesting Srs2 recruitment to PCNA could be the main pathway to prevent
repeat fragility in the absence of Ctf18.
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Figure 4. Srs2 recruitment to SUMOylated PCNA is needed to prevent
synergistic fragility. Rate of FOAR x 10-6 is shown. Data represents the average of
at least three experiments. Error bars represent SEM. Student’s t-test *p<0.05,
**p<0.01 compared to WT; ^^p<0.01 compared to ctf18Δ; ††p<0.05 compared to
srs2Δ or srs2 (1-998), respectively

DDT and Srs2 recruitment is important for cell survival in the absence of
Ctf18
Unlike pol30K164Rctf18Δ, which prevents DDT and Srs2 recruitment in the
absence of Ctf18, our genetic approach thus far has only affected one or two
pathways (TLS, template switch, TLS and template switch, Srs2 recruitment)
rather than affecting all three at once in the absence of Ctf18. Our data suggests
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Srs2 recruitment to PCNA is the major pathway needed to prevent further fragility
in the absence of Ctf18. To determine whether TLS or template switch is needed
to prevent fragility in the absence of both Srs2 and Ctf18 we created two triple
mutants, srs2Δrad5Δctf18Δ and srs2Δrad18Δctf18Δ. Tetrad dissection was
necessary to obtain these mutants after several unsuccessful attempts to obtain
them by transformation. The frequency of genotypes between two crosses,
srs2Δrad5Δ x ctf18Δ and srs2Δrad18Δ x ctf18Δ indicate that these mutants are
very sick and not easily recovered (Figure 5A).
srs2Δrad5Δctf18Δ strains have loss polyubiquitination of PCNA and cannot
promote error-free bypass in the absence of Srs2 and Ctf18. We see a
synergistic increase in the rate of FOAR in srs2Δrad5Δctf18Δ but only
approximately to the level of srs2Δctf18Δ, supporting our previous results
indicating no need for template switch in this mode of repair (Figure 5B).
srs2Δrad18Δctf18Δ strains have loss monoubiquitination of PCNA and cannot
signal TLS or error-free bypass in the absence of Srs2 and Ctf18. We saw a
decrease in rate of FOAR compared to srs2Δctf18Δ (Figure 5B), suggesting the
loss of DDT signaling in the absence of Srs2 and Ctf18 leads to a decrease in
fragility, contradictory to the pol30K164Rctf18Δ results. However, it should be
noted that both of these triple mutants have a severe growth defect phenotype,
requiring roughly five times longer to grow compared to wildtype strains. Two
possibilities could result in the decrease in FOAR: 1) since the triple mutants are
very sick, only survivors resulting from suppressor mutations are able to
proliferate and overtake growth in cultures, or 2) most cells with a broken
chromosome undergo irreversible arrest and are not recovered. Either possibility
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would result in a low rate of FOAR that does not reflect the triple mutant
phenotype.
We performed a growth curve to determine what effect loss of the various
proteins have in the absence of Ctf18-RFC. Strains were normalized to the same
OD and grown in yeast complete media selecting for the YAC (YC-Leu-Ura). It
was previously demonstrated that compared to wildtype, ctf18Δ has a slow
growth phenotype (Gellon et al., 2011). Generally, we see that most mutants
previously tested for fragility grow similar to ctf18Δ with the exception of
rad18Δctf18Δ which grew slower, but was eventually able to reach the target OD.
However, srs2Δctf18Δ, srs2Δrad5Δctf18Δ, and srs2Δrad18Δctf18Δ exhibit
extremely slow growth (Appendix 4.2). This slow growth phenotype could be
attributed to failure to promote checkpoint recovery due to deletion of Srs2p
(Vaze et al., 2002). Supporting this interpretation, srs2(1-998) ctf18Δ doesn’t
grow as slowly as srs2Δctf18Δ, fitting with previous data that identifies the need
for Srs2 Rad51 displacement activity to lead to checkpoint recovery (Yeung and
Durocher, 2011), which is still intact in srs2(1-998). We conclude we are likely
underestimating fragility in mutant strains missing both Ctf18 and Srs2 because
of their inability to properly progress through the cell cycle and deleting Rad18 in
the srs2Δctf18Δ double appears to further exacerbate the problem (Figure 6B).
On the other hand, the pol30K164Rctf18Δ mutant in both strain backgrounds did
not display the slow growth phenotype (growth was similar to ctf18Δ) despite the
difference in rate of FOAR, indicating recovery of the cells with broken and healed
chromosomes is occurring.
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Figure 5. (A) Frequency of specified genotypes from tetrad dissection are shown.
n=325 spores for srs2Δrad5Δ x ctf18Δ cross, n=201 srs2Δrad18Δ x ctf18Δ cross.
Red dotted line indicates expected frequency of the 8 genotypes (12.5%) (B)
Rate of FOAR x 10-6 is shown. Data represents the average of at least three
experiments except pol30K164rctf18Δ, which only has one experiment. Error
bars represent SEM. *p<0.05, p**<0.01 compared to wildtype;

DISCUSSION
It was previously found that the alternative clamp loader Ctf18-RFC has a
specialized role in protecting repeats independent of its role in cohesion (Gellon
et al., 2011). In this study we determine that while Ctf18-RFC is needed to
prevent repeat fragility, cells lacking Ctf18 rely on PCNA modification to protect
against further increase in fragility (Figure 1B). Specifically, it is recruitment of
Srs2 to SUMOylated PCNA that is the major pathway utilized in the absence of
131

Ctf18-RFC (Figure 4). Even in CTF18+ strains, Srs2 has been shown to be
important in preventing repeat fragility. Srs2 is recruited to SUMOylated PCNA to
unwind hairpin structures to prevent repeat fragility (Nguyen, et al. in prep;
(Anand et al., 2012)), suggesting Ctf18 and Srs2 are working in parallel but
distinct pathways to prevent repeat fragility.
The pol30K164R mutant prevents ubiquitination and SUMOylation on that
residue. This would suggest pol30K164R results in loss of Srs2 recruitment since
Srs2 is recruited by SUMOylated PCNA. However it has been shown that Srs2
has two independent motifs that facilitate SUMOylated PCNA interaction: a
PCNA interacting domain (PIM) and a SUMO interacting domain (SIM) (Kolesar
et al., 2016). We see a modest increase in FOAR in pol30K164R (Figure 1),
although this is not equivalent to srs2Δ FOAR rates (Figure 4), suggesting that
Srs2 could still be interacting with PCNA without modification, although not as
efficiently, to prevent repeat fragility. To confirm this, we could observe fragility
rates in srs2-ΔSIM and expect to see similar rates as pol30K164R.
The increased rate of FOAR in rad18Δctf18Δ indicates in the absence of Ctf18,
either the lack of both TLS and template switch (since Rad18 is required for both
of these pathways) or one of Rad18’s other functions (such as coordinating
homologous recombination) is needed to prevent fragility. We can distinguish
between the two by testing whether the increased rate of FOAR in rad18Δctf18Δ
is due to Rad18’s role in DDT with rad5Δrev1Δrev3Δrad30Δctf18Δ, which would
knock out both template switch and translesion synthesis in the absence of
Ctf18. If the increased rate of FOAR in rad18Δctf18Δ is due to loss of both of
these pathways, we expect to get the same rate with
rad5Δrev1Δrev3Δrad30Δctf18Δ. If the rate of FOAR only increases to the level of
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the ctf18Δ single, then that would indicate template switch and translesion
synthesis are not needed and it is one of Rad18’s other cellular functions that is
needed to prevent fragility in the absence of Ctf18.
Our growth curve suggests Srs2’s role in promoting checkpoint recovery is
important in ctf18Δ cells to prevent cell cycle arrests after DNA damage induced
checkpoint activation. If this is true, Rad53 phosphorylation status in strains
lacking both Ctf18 and Srs2 should be elevated (Liberi et al., 2000b). Future
analysis of instability could also provide insight on how these pathways function
to prevent repeat expansion and contraction. Our data do not provide a clear
mechanism as of yet though expansions and contractions appear to be additive
in the srs2Δctf18Δ double mutant compared to each single (Appendix 4.7).
Ctf18 has been shown to localize to HU-stalled replication forks (Lengronne et
al., 2006) and can interact with pol ε in both yeast and human cells (Gavin et al.,
2006; Murakami et al., 2010), poising it perfectly to facilitate replication at
challenged forks. Ctf18-RFC has been shown to be capable of unloading/loading
PCNA off/on a DNA substrate (Bermudez et al., 2003b; Bylund and Burgers,
2005) and in its absence, there is a decrease in PCNA signal at HU-stalled
replication forks (Lengronne et al., 2006). Some groups have suggested that
Ctf18-RFC may be facilitating replication through the cohesin ring (Lengronne et
al., 2006; Terret et al., 2009). In contrast, another group found that Elg1, another
alternative clamp loader, was responsible for the majority of PCNA unloading and
found no change in PCNA chromatin bound signal in ctf18Δ strains in the
absence of HU (Kubota et al., 2013a). Since unloading of PCNA by Ctf18-RFC is
slow (Majka and Burgers, 2004), it may be that Ctf18-RFC can unload or load
PCNA at specific sites in the genome, like at stalled replication forks or at repeat
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sequences. Ctf18-RFC was shown to stimulate pol η (a translesion synthesis
polymerase) activity, suggesting Ctf18 may be involved with repair at aberrant
DNA structures formed during fork stalling or sites of damage (Shiomi et al.,
2007).
In the future, a 2D gel should be performed to determine if there is an increase in
fork stalling at repeat sequences in the absence of Ctf18. This would confirm that
Ctf18-RFC is needed to facilitate replication through repetitive sequences.
Another way to confirm fork stalling in ctf18Δ strains would be to use chromatin
immunoprecipitation (ChIP) for RPA or pol ε at the repeats. RPA is known to
accumulate at stalled forks due to the increase in ssDNA (Petermann and
Helleday, 2010), therefore we expect to see an increase in RPA signal in the
absence of Ctf18 if forks are stalling. We can additionally ChIP PCNA specifically
at the repeats in ctf18Δ mutants to determine if there is an accumulation or
reduction of PCNA signal, shedding light on whether Ctf18-RFC is needed to
unload or load PCNA to bypass a repeat sequence to prevent replication fork
stalling. Perhaps Ctf18-RFC alone is needed to facilitate replication through a
repeat sequence or it is the preferred clamp loader but the other clamp loaders
could compensate in the absence of Ctf18-RFC. Perhaps Ctf18-RFC could be
working with Elg1, where Elg1 is responsible for unloading PCNA when it
encounters a stall and Ctf18 is required to reload it past the hairpin to allow
replication to continue. Work in S. pombe showed synthetic lethality of rfc1 ctf18
was rescued with elg1, which supports opposing roles for both of these clamps
(Kim et al., 2005). Two attempts at ChIP, one for PCNA at CAG70 on YAC CF1
and one for RPA at CAG130 on Chr VI, have both been inconclusive thus far
(Appendix 4.7 and 4.8, respectively).
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We propose a model wherein when a replication fork encounters a hairpin
structure that could stall the fork, there can be three pathways to continue normal
replication: ubiquitinate PCNA to lead to TLS or error-free bypass, SUMOylate
PCNA to recruit Srs2 to unwind the hairpin, or utilize Ctf18-RFC mediated hairpin
bypass. When one or more of these pathways are perturbed, the others are more
heavily relied upon. In our model, if Ctf18-RFC is absent, hairpin bypass via
unloading/loading of PCNA is perturbed, which leads to an increase of fragility
(Figure 7, pathway B). However, cells can still recruit Srs2 or utilize DDT to
bypass the hairpin (Figure 7, A and C) preventing a greater increase in fragility.
The synergistic increase in srs2Δctf18Δ and srs2(1-998) ctf18Δ does indicate
Srs2 activity to be primarily utilized in the absence of Ctf18-RFC. Since both
Ctf18 and Srs2 localize to the replication fork, they are both optimally located to
work at DNA structures that can form during replication. Although TLS and
template switch have been shown to efficiently bypass base damage, our work
indicates these pathways play a minor role in bypassing a hairpin structure.
Previous studies have shown that expressing proteins involved in ubiquitinating
PCNA in G2 (Rad18p, Rad5p, and Ubc13p) can rescue the MMS sensitivities of
those deletion mutants, suggesting that DDT can operate after S phase (Karras
and Jentsch, 2010). This could put TLS and template switch as a backup repair
mechanism if neither hairpin bypass nor unwinding were accomplished in S
phase.
Conservation of the DDT proteins and Ctf18-RFC up to higher eukaryotes could
indicate the importance of these repeat maintenance pathways. RTEL1 has
recently been identified as a potential human Srs2 ortholog, capable of rescuing
increased levels in fragility (Frizzell et al., 2014). It would be interesting to study

135

whether there is the same level of impact on fork stability at DNA structure
barriers in higher eukaryotes if any of these repair pathways are perturbed.
RTEL1 has been shown to unwind T loops at telomeres to prevent telomere
fragility (Vannier et al., 2012). It has been suggested Ctf18 is needed to protect
telomere length by maintaining cohesion to facilitate replication through the
telomere (Hanna et al., 2001). Perhaps the same balance between RTEL1 and
Ctf18-RFC would be needed to protect telomeres and other repetitive DNA in
higher eukaryotes. Altogether, our data suggests bypass via re-loading of PCNA
past a DNA structure could be an alternative method to prevent repeat fragility if
helicase unwinding of structure fails or cannot be utilized. This study indicates
that Ctf18-RFC and Srs2 work in parallel pathways to prevent repeat fragility and
maintain genome integrity.
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Figure 7. Proposed model for role of Ctf18 in preventing repeat fragility. When a
replication fork (RF) is stalled, there can be three pathways that can allow
bypass, or unwinding of the hairpin can occur: (A) Monoubiquitination by
Rad6/Rad18 to recruit TLS polymerases or further polyubiquitination by
Rad5/Mms2/Ubc13 to promote template switching. This is a minor pathway at a
CAG/CTG hairpin (B) Ctf18 mediated hairpin bypass via unloading/loading of
PCNA past the hairpin structure (C) Srs2 recruitment to SUMOylated PCNA to
unwind the hairpin.
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Appendix 4.1
Supplemental methods
Chromatin Immunoprecipitation
ChIP was performed as previously described (House et al., 2014). Briefly, cells
were isolated from log phase (OD ~0.4) and treated with 30μM alpha factor for
1.5 hours to synchronize. Cells were released into S phase in YPD and time
points were taken as indicated in graphs. Cells were cross-linked with 1%
formaldehyde for 20 minutes and lysed with FA-lysis buffer (Aparicio et al., 2005)
. Isolated chromatin was incubated with either 2μg anti-PCNA 5E6/2 (Abcam,
ab70472) or 2μg anti-myc (Thermo Fisher Scientific, MA1-21316) antibody for 16
hours at 4oC. Protein G Dynabeads (Thermo Fisher Scientific, 10004D) were
used for immunoprecipitation and washed in FA lysis buffer with 1M NaCl. qPCR
with SYBR green PCR master mix (Roche, 04913850001) was used to
determine DNA levels. qPCR reactions were performed in duplicate. Primers
99998/99999, spanning the CAG repeats on YAC CF1 resulting in a 369bp
amplicon, were used for PCNA ChIP, primers 1227/1228, located 92bp from the
CAG repeats on Chr VI generating a 168bp amplicon, were used for RFA1 ChIP
(sequences found in Appendix Table 4.10).

Figure 1. Schematic of primer locations on either YAC CF1 or Chr VI in relation
to the CAG repeat with associated primer numbers on the right.

2D Gels
For CGG/CCG repeats, small volume cultures were grown in YC-Ura to
saturation then diluted down to OD 0.2 in 500mL cultures and grown to mid-log
phase, ~OD 0.4. Isolation of replication intermediates was performed as
previously described (Wu and Gilbert 1995), using a G/100 Qiagen column. 10ug
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of DNA was digested with 20U of XbaI and SalI for 16 hours at 37oC. After
digestion, DNA was precipitated with 5M KAc and 100% EtOH. Roughly 10ug of
DNA was loaded in the 1st dimension in 0.4% agarose gels and run in 1x TBE for
15 hours at 1V/cm. Lanes were cut from 10kb to 1kb; the fragment size including
the repeats was expected to be 4412 bp. The 2nd dimension 1% agarose gel was
run at 4oC in 1X TBE with 0.3g/ml of EtBr at 5V/cm for 16 hours. DNA from the
agarose gel was transferred to a HybondXL membrane (Amersham) with 10X
SSC and hybridized with 32P-labled probe, which was PCR amplified from yEP24
plasmid CFY329. The probe contains a portion of the Amp gene immediately
adjacent to the CGG/CCG repeats, nucleotide positions 6952–7581.
Semi-quantitative analysis of 2D gels was done using BioRad Pharos FX
PhosphorImager using Quantity One software (two attempts have been
unsuccessful thus far).
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Appendix 4.2
Growth curve for ctf18Δ mutants and raw OD600 readings

Appendix 4.1. Strains containing CAG70 YAC CF1 were normalized to OD 0.06
and grown in 20mL of YC –Leu-Ura at 30°C. Dotted line drawn at OD 3.84 (6
divisions) at which point cells would be plated for fragility assays. All strains
containing ctf18Δ have a slow growth phenotype compared to wildtype. The most
severe growth defect is seen in strains missing both Srs2 and Ctf18
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Appendix 4.3
Raw Fragility Data CAG70 YAC CF1
WT
13.37
14.04
12.19
12.58
4.24
5.15

pol30K164R
(BY4705)

ctf18Δ
60.40
33.20
27.40

374.91
254.50
308.80
625.46

pol30K164R
(BY4705)
10.93
30.44
7.44
22.23

650.26

8.49
7.40
7.03
Average Rate
of FOAR x 10-6
SEM
p-value
compared to
wild-type

442.79
9.39
1.24

Average Rate of
FOAR x 10-6
SEM
p-value compared to
wild-type
p-value compared to
ctf18Δ

40.33
10.17

81.98
<0.0001

0.0003

17.76
5.28

0.0508

pol30K164Rctf18Δ
(BL0035)
8955.36
17797.45
6109.61
26548.24
31162.20
17874.65

pol30K164Rctf18Δ
(BY4705)
424.75

18075.00
3956.00

424.75

< 0.0001
0.017
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srs2Δctf18Δ
167.13
1062.10
265.48
771.57
520.65

Average
Rate of
FOAR x 10-6
SEM
p-value
compared
to wild-type
p-value
compared
to ctf18Δ
p-value
compared
to srs2Δ
rad5Δ
5.49
7.35
16.59

Average
Rate of
FOAR x
10-6
9.81
SEM
3.43
p-value
compared
to wildtype 0.8848
p-value
compared
to ctf18Δ

srs2 (1-998)
ctf18Δ
275.33
564.04
756.20
679.11

siz1Δ

ctf18Δsiz1Δ

5.37
4.25
5.11
9.09
7.36
7.75
18.68

7.69
15.60
18.57
23.95

557.40

568.70

8.23

16.45

164.20

105.50

1.86

3.39

0.0006

< 0.0001

1.856

3.39

0.0563

0.0083

< 0.0001

< 0.0001

rad5Δctf18Δ

mms2Δ

0.052

mms2Δctf18Δ

35.76
46.90
53.30
29.70

14.82
16.58
17.98

101.89
30.09
52.12
33.6

41.42
5.33

16.46
0.91

54.43
16.54

< 0.0001

0.0108

0.0013

0.9226

0.5383
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rad18Δ
9.94
17.74
23.32
11.26
23.43
24.17

rad18Δctf18Δ
184.10
221.23
93.44
27.22
31.29
48.66
24.27
186.74

18.31
2.62

97.05
26.23

0.0044

0.0042

Average
Rate of
FOAR x
10-6
SEM
p-value
compared
to wildtype
p-value
compared
to ctf18Δ

0.2573

rev1Δ

Average
Rate of
FOAR x 10-6
SEM
p-value
compared
to wild-type

rev3Δ

rad30Δ

rev1Δ
rad30Δ

rev3Δ
rad30Δ
10.42
28.47

19.44

9.03

9.02
0.0445

2.66
0.8934

2.59
11.46
7.69
7.13

7.10
17.36
11.50
3.26

13.85
12.00
12.47
15.45

7.22

9.81

13.44

6.05
6.65
13.65
6.49
5.90
7.75

1.82
0.3492

3.03
0.8796

0.78
0.0635

1.48
0.4281
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rev1Δ
rev3Δ
rad30Δ
14.33
6.84
5.92

rev1Δ
ctf18Δ
28.71
71.98
43.33
57.37

rev3Δ
ctf18Δ
24.05
96.54
31.20
50.19

rev1Δ
rad30Δ
ctf18Δ
6.23
34.53

rev3Δ
rev1Δrev3Δ
rad30Δ rad30Δctf18Δ
ctf18Δ
69.71
37.55
34.17
17.62
53.40
20.60
34.36
22.28
9.49
53.57
64.52
23.65
38.93

Average
Rate of
FOAR x
10-6
SEM
p-value
compared
to wildtype

50.35
9.29

50.50
16.31

20.38
14.15

41.03
7.22

30.32
6.758

< 0.0001

0.0023

0.0948

0.0004

0.0016

p-value
compared
to ctf18Δ

0.5035

0.6502

0.3215

0.96

0.4243

srs2Δrad5Δctf18Δ srs2Δrad18Δctf18Δ
19.56
42.06
76.45
26.24
217.62
99.83
849.50
52.68
Average
Rate of FOAR
x 10-6
SEM

290.80
190.80

55.20
15.84

p-value
compared to
wild-type

0.0386

0.0009

p-value
compared to
ctf18Δ

0.3181

0.5024
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Appendix 4.4
CAG70 YAC CF1 status check (PCR method)

CAG70 Strain
Wild-type (JN, AS)*
srs2Δ
ctf18Δ
rad18Δ
pol30K164R
(BL0035)
ctf18Δ pol30K164R
(BL0035)
pol30K164R
(BY4705)
ctf18Δ pol30K164R
(BY4705)

# FOAR
colonies
32
30
30
30
28

% YAC
end loss
100
100
100
100
100

20

100

30

100

30

100

Schematic of PCR performed on a subset of FOAR colonies to confirm FOAR was
due to YAC end loss and not due to point mutation in URA3. PCRs performed
with primers 4/1347. *12 PCR reactions with primers 4/1347, 20 PCR reactions
with primers 4/5
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Appendix 4.5
Raw sister chromatid recombination data
WT
1.92
4.60

ctf18Δ
2.59
8.29
0.83
0.57

Recombination
Rate (Trp+ Ade+)
10-5

3.26

3.07

SEM

1.34

1.80

Appendix 4.6
Raw genotype distribution of tetrad dissections CAG70 YAC CF1
srs2Δrad5Δ x ctf18Δ
Possible Genotype
Wild-type
srs2Δ
rad5Δ
ctf18Δ
srs2Δrad5Δ
srs2Δctf18Δ
rad5Δctf18Δ
srs2Δrad5Δctf18Δ
Wild-type +YAC
srs2Δ +YAC
rad5Δ +YAC
ctf18Δ +YAC
srs2Δrad5Δ +YAC
srs2Δctf18Δ +YAC
rad5Δctf18Δ +YAC
srs2Δrad5Δctf18Δ
+YAC

# Frequency
11
2.62%
9
2.14%
9
2.14%
36
8.57%
12
2.86%
32
7.62%
32
7.62%
29
6.90%
46
56
59
26
41
3
15
4

Total spores

420
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10.95%
13.33%
14.05%
6.19%
9.76%
0.71%
3.57%
0.95%

srs2Δrad18Δ x ctf18Δ
Possible Genotype
Wild-type
srs2Δ
rad18Δ
ctf18Δ
srs2Δrad18Δ
srs2Δctf18Δ
rad18Δctf18Δ
srs2Δrad18Δctf18Δ
Wild-type +YAC
srs2Δ +YAC
rad18Δ +YAC
ctf18Δ +YAC
srs2Δrad18Δ +YAC
srs2Δctf18Δ +YAC
rad18Δctf18Δ +YAC
srs2Δrad18Δctf18Δ
+YAC

# Frequency
16
4.64%
9
2.61%
15
4.35%
54
15.65%
5
1.45%
11
3.19%
31
8.99%
14
4.06%
39
39
35
10
47
6
5
9

Total spores

345
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11.30%
11.30%
10.14%
2.90%
13.62%
1.74%
1.45%
2.61%

Appendix 4.7
Raw Instability Data for CAG70 YAC CF1

CAG70 Strain
Wildtype
ctf18Δ
srs2Δ
srs2 (1-998)
srs2Δctf18Δ
srs2 (1-998) ctf18Δ
rad5Δctf18Δ
srs2Δrad5Δctf18Δ
pol30K164Rctf18Δ
(BL0035)

CAG70 Strain
Wildtype
ctf18Δ
srs2Δ
srs2 (1-998)
srs2Δctf18Δ
srs2 (1-998) ctf18Δ
rad5Δctf18Δ
srs2Δrad5Δctf18Δ
pol30K164Rctf18Δ
(BL0035)

No.
colonies
tested
#
269
7
101
29
231
15
122
4
260 150
155
44
175
58
86
16
106
43

No.
colonies
tested
#
269
3
101
7
231 13
122
2
260 41
155
6
175 11
86 10
106
0
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Contraction
Fold
over p-value
%
WT
to WT
2.6 28.7
11 0.0001
6.5
2.5 0.0474
3.3
1.5 0.7454
42.3 16.3
0.0001
28.4 10.9 0.0001
33.1 12.7
0.0001
18.6
7.2 0.0001
39.8 15.3 0.0001

Expansion
Fold
over p-value
%
WT
to WT
1.1 6.9
6.2 0.0054
5.6
5.0 0.0047
1.6
1.5 0.6493
15.8 14.4 0.0001
3.9
3.5 0.0796
6.3
5.6 0.0049
11.6 10.4 0.0011
0
0 0.5606

Appendix 4.8
Raw data for ChIP PCNA at CAG70 repeats on YAC CF1
ΔCT
ΔCT= IP - (Input -log2(x)) [x=
the input dilution factor
relative to the IP]

%Input
2^(ΔCT)

ΔΔCT
ΔCT of IP CAG ΔCT IP ACT1

Fold
Enrichment
2^(-ΔΔCT)

CAG primers

IP 0 min
IP 20 min
IP 40 min
IP 60 min
Input 0 min
Input 20 min
Input 40 min
Input 60 min

Mean
CT
21.28
17.65
18.57
19.89
21.60
19.86
19.29
18.79

ΔCT %Input ΔΔCT Fold
Enrichment
4.00
0.06 -2.82
7.04
2.11
0.23 -5.16
35.72
3.60
0.08 -2.90
7.48
5.43
0.02 -2.77
6.82

ACT1 primers

(Primers flanking the repeat and will result in a 369bp amplicon)

IP 0 min
IP 20 min
IP 40 min
IP 60 min
Input 0 min
Input 20 min
Input 40 min
Input 60 min

22.81
21.33
20.23
21.67
20.31
18.38
18.05
17.80

6.82
7.27
6.50
8.20

Wildtype CAG70

Sample
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0.0089
0.0065
0.0110
0.0034

ΔCT %Input

CAG primers

IP 0 min
IP 40 min
IP 80 min
IP 120 min
Input 0 min
Input 40 min
Input 80 min
Input 120 min

Mean
CT
23.07
23.09
22.36
22.35
24.48
24.15
24.71
24.30

2.91
3.26
1.97
2.37

0.13
0.10
0.26
0.19

ACT1 primers

IP 0 min
IP 40 min
IP 80 min
IP 120 min
Input 0 min
Input 40 min
Input 80 min
Input 120 min

28.01
27.35
27.55
27.10
23.56
23.35
24.25
23.95

8.77
8.32
7.62
7.47

0.00229
0.00312
0.00507
0.00564

ctf18Δ CAG70

Sample
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ΔΔCT
-5.86
-5.06
-5.66
-5.10

Fold
Enrichment
57.94
33.42
50.39
34.32

Appendix 4.7. A) ctf18Δ cell cycle progression after α factor release. Cell
cycle was determined based on morphology of cells as observed under a
compound microscope (G1: unbudded, S: small budded, G2/M: large
budded-at least 1/3 size of mother cell). Based on cell cycle progression,
time points for ctf18Δ were adjusted (0, 40, 80, 120) to match wildtype cell
cycle progression. B) Representation of %Input (2-ΔCT) for wildtype and
ctf18Δ using CAG primers and ACT1 primers.

151

Preliminary conclusion: In wildtype, the increase in PCNA signal coincides
with S phase at 20 minutes. In ctf18Δ, while this increase doesn’t occur
until 80 minutes, this is S phase for these strains based on the cell cycle
data. It does not seem like there is a persistent PCNA signal in ctf18Δ but
more time points would need to be gathered to make that final conclusion

Appendix 4.9
Raw data for ChIP Rfa1-Myc to CAG130 on Chromosome VI

(Primers located 0.1kb from repeat and will result in a 168bp amplicon)

CAG primers
ACT1 primers

Wildtype CAG130

Sample
IP 0 min
IP 20 min
IP 40 min
IP 60 min
IP 80 min
Input 0 min
Input 20 min
Input 40 min
Input 60 min
Input 80 min
IP 0 min
IP 20 min
IP 40 min
IP 60 min
IP 80 min
Input 0 min
Input 20 min
Input 40 min
Input 60 min
Input 80 min

Mean
CT
26.11
26.88
25.01
25.32
23.87
24.31
24.33
23.49
25.36
23.70
24.87
25.04
23.94
23.97
22.22
23.53
23.51
22.82
24.88
23.04

ΔCT %Input
6.12
6.87
5.84
4.28
4.48

0.0144
0.0086
0.0174
0.0514
0.0447

5.67
5.85
5.44
3.42
3.50

0.0197
0.0173
0.0230
0.0936
0.0885
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ΔΔCT
0.46
1.01
0.40
0.86
0.99

Fold
Enrichment
0.73
0.50
0.76
0.55
0.51

ACT1 primers

ctf18Δ CAG130

CAG primers

Sample
IP 0 min
IP 20 min
IP 40 min
IP 60 min
IP 80 min
IP 100 min
Input 0 min
Input 20 min
Input 40 min
Input 60 min
Input 80 min
Input 100 min
IP 0 min
IP 20 min
IP 40 min
IP 60 min
IP 80 min
IP 100 min
Input 0 min
Input 20 min
Input 40 min
Input 60 min
Input 80 min
Input 100 min

Mean
CT
20.66
21.38
20.69
24.51
20.03
20.50
31.07
31.17
29.11
30.15
29.47
29.55
20.11
20.74
20.29
23.87
19.28
20.07
29.69
29.98
28.39
28.67
28.14
28.23

ΔCT
-6.09
-5.47
-4.10
-1.32
-5.12
-4.73

-5.26
-4.91
-3.78
-0.48
-4.54
-3.84
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%Input ΔΔCT Fold
Enrichment
67.91 -0.82
1.77
44.19 -0.55
1.47
17.09 -0.32
1.25
2.49 -0.84
1.79
34.73 -0.58
1.49
26.49 -0.88
1.85

38.41
30.10
13.70
1.39
23.31
14.35

A

C

Appendix 4.8. Representation of fold enrichment (2-ΔΔCT) of Rfa1 at
CAG130 on Chr VI over the cell cycle using primers 0.1kb from the repeat
tract and normalized to the ACT1 locus. For ctf18Δ, light pink dotted line
represents data without 60 minute time point, which might not be reliable
due to low DNA recovery

Preliminary conclusion: This data suggests in wildtype cells, there is no
accumulation of RPA at repeats as cells progress through S phase. In
ctf18Δ cells, there is an overall enrichment of RPA compared to wildtype.
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The persistent RPA signal suggests there could be continuous fork stalling
occurring at the repeats (or perhaps there is ssDNA present for another
reason). Based on the cell cycle phases in (A), it could be possible that
the experiment wasn’t run long enough to catch a decrease in RPA signal
occurring after the peak at the 100 minute time point. This experiment will
need to be repeated
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Appendix 4.10
Strain Table
Strain

Background

CFY766

BY4705

CFY1628

BY4705

CFY2285
CFY2286

BY4705

CFY2638
CFY2639

BL0035

CFY3662
CFY3663

BL0035

CFY3922

BY4705

CFY3944

BY4705

CFY1666

BY4705

CFY2399
CFY2400

BY4705

CFY2867
CFY3848
CFY3849

W303
W303

Genotype
MATα, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR YAC: LEU2 CAG-70
URA3
MATa, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR
YAC: LEU2 CAG-70 URA3
MATα, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR ctf18::HIS3MX6
YAC: LEU2 CAG-70 URA3
MATα, ade2Δ, ade8Δ, ura3-52,
hom3-10, trp1Δ, his3-KpnI, met4,
met13 leu2Δ, pol30K164R
YAC:LEU+, URA+
MATα, ade2Δ, ade8Δ, ura3-52,
hom3-10, trp1Δ, his3-KpnI, met4,
met13 leu2Δ, pol30K164R
ctf18::HIS3MX6
YAC:LEU+, URA+
MATa, ade2Δ, ade8Δ, ura3-52,
hom3-10, trp1Δ, his3-KpnI, met4,
met13 leu2 Δ, pol30K164R
YAC: LEU2 CAG-70 URA3
MATa, ade2Δ, ade8Δ, ura3-52,
hom3-10, trp1Δ, his3-KpnI, met4,
met13 leu2 Δ, pol30K164R
ctf18::HIS
YAC: LEU2 CAG-70 URA3
MATα, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR, rad5::KANMX6
YAC: LEU2 CAG-70 URA3
MATα, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR rad5::KANMX6
ctf18::HIS3MX6
YAC: LEU2 CAG-70 URA3
LSY1519-1Δ; MATa, ade2-nde1::TRP1::ade2-I-Sce1+/aatII-;
RAD5+, ade2-1 trp1-1 his3-11,15
can1-100 ura3-1 leu2-3,112
LSY1519-1Δ; MATa, ade2-nde1::TRP1::ade2-I-Sce1+/aatII-;
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Reference

Kerrest et
al. 2009

Nguyen et
al. in prep

Gellon et
al. 2011

This study

This study

This study

This study

Nguyen et
al. in prep

This study

Mozlin, et
al. 2008
This study

CFY3379
CFY3626

BY4705

CFY3627
CFY3628

BY4705

CFY3393
CFY3394

BY4705

CFY3481
CFY3482

BY4705

CFY3485
CFY3486

BY4705

CFY3487
CFY3488

BY4705

CFY3508
CFY3509

BY4705

CFY3725
CFY3725

BY4705

CFY3492
CFY3493

BY4705

CFY3494
CFY3495

BY4705

RAD5+, ade2-1 trp1-1 his3-11,15
can1-100 ura3-1 leu2-3,112
ctf18::HIS3MX6
MATa, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR rad18::KANMX6
YAC: LEU2 CAG-70 URA3
MATa, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR rad18::KANMX6
ctf18::HIS3MX6
YAC: LEU2 CAG-70 URA3
MATa, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR rev1::TRP
YAC: LEU2 CAG-70 URA3
MATa, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR rev3::KANMX6
YAC: LEU2 CAG-70 URA3
MATa, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR rad30::HYG
YAC: LEU2 CAG-70 URA3
MATa, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR rev1::TRP
rad30::HYG
YAC: LEU2 CAG-70 URA3
MATa, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR rev3::KANMX6
rad30::HYG
YAC: LEU2 CAG-70 URA3
MATa, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR rev1::TRP
rev3::KANMX6 rad30::HYG
YAC: LEU2 CAG-70 URA3
MATa, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR rev1::TRP
ctf18::HIS3MX6
YAC: LEU2 CAG-70 URA3
MATa, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR rev3::KANMX6
ctf18::HIS3MX6
YAC: LEU2 CAG-70 URA3
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This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

CFY3575
CFY3576
CFY3613

BY4705

CFY3749
CFY3750

BY4705

CFY927
CFY928

BY4742

CFY2623

BY4705

CFY2299
CFY2300

BY4705

CFY3883

BY4705

CFY3776
CFY3777

BY4705

CFY3888
CFY3889

BY4705

CFY3890
BY4705

CFY3891

CFY3084
CFY3085
CFY3160
CFY3225

BY4705

BY4705
BY4705

MATa, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR rev3::KANMX6
rad30::HYG ctf18::HIS3MX6
YAC: LEU2 CAG-70 URA3
MATa, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR rev1::TRP
rev3::KANMX6 rad30::HYG
ctf18::HIS3MX6
YAC: LEU2 CAG-70 URA3
MATα, his3Δ1, leu2Δ0, lys2Δ0,
ura3Δ0, canR, srs2::KANMX6
YAC: LEU2 CAG-70 URA3
MATα, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR, srs2::TRP
YAC: LEU2 CAG-70 URA3
MATα, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR, srs2::srs2 (1-998)HIS3MX6
YAC: LEU2 CAG-70 URA3
MATa his3Δ1, leu2Δ0, lys2Δ0,
ura3Δ0, canR, srs2::KANMX6
ctf18::HIS3MX6
YAC: LEU2 CAG-70 URA3
MATα, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR, srs2::srs2 (1-998)HIS3MX6 ctf18::TRP
YAC: LEU2 CAG-70 URA3
MATα his3Δ1, leu2Δ0, lys2Δ0,
ura3Δ0, canR, srs2::TRP
rad5::KANMX6 ctf18::HIS3MX6
YAC: LEU2 CAG-70 URA3
MATα his3Δ1, leu2Δ0, lys2Δ0,
ura3Δ0, canR, srs2::TRP
rad18::KANMX6 ctf18::HIS3MX6
YAC: LEU2 CAG-70 URA3
MATa his3Δ1, leu2Δ0, lys2Δ0,
ura3Δ0, canR, srs2::TRP
rad18::KANMX6 ctf18::HIS3MX6
YAC: LEU2 CAG-70 URA3
MATa, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR siz1::TRP
YAC: LEU2 CAG-70 URA3
MATa, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
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This study

This study
Kerrest et
al. 2009

Nguyen et
al. in prep

Nguyen et
al. in prep

This study

This study

This study

This study

This study

This study
This study

CFY3860
CFY3861

BY4705

CFY3862

BY4705

CFY3903
CFY3904

BY4705

CFY3905
CFY3906

BY4705

CFY3924
CFY3925

BY4705

CFY3926
CFY3927

BY4705

CFY3919

W303

CFY3928
CFY3929

W303

ura3Δ0, canR siz1::TRP ctf18::HIS
YAC: LEU2 CAG-70 URA3
MATa, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR pYes-URA3 -(CAG)130
MATa, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR pYes-URA3-(CTG)130
MATa, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR yEP24-CGG40-URA3
MATa, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR yEP24-CCG40-URA3
MATa, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR ctf18::HIS3MX6
yEP24-CGG40-URA3
MATa, ade2Δ::hisG, his3Δ200,
leu2Δ0, lys2Δ0, met15Δ0, trp1Δ63,
ura3Δ0, canR ctf18::HIS3MX6
yEP24-CCG40-URA3
MATα RAD5+ ade2-1 can1-100
his3-11,15 leu2-3,112 trp1-1 ura3-1
Chr6int2::CAG130-HPH (Chr6int2 is
7645 bp from Chr6int and 560 bp
upstream of tA(AGC)F) RFA1-TRPmyc
MATα RAD5+ ade2-1 can1-100
his3-11,15 leu2-3,112 trp1-1 ura3-1
Chr6int2::CAG130-HPH (Chr6int2 is
7645 bp from Chr6int and 560 bp
upstream of tA(AGC)F)
ctf18:HIS3MX6 RFA1-TRP-myc
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This study

This study

This study

This study

This study

This study

This study

This study

Appendix 4.11
Primer Table
#
Primer Name
Tract length Primers
2076 newCAGfor
2077 newCAGrev

1533 CAGfor60bp

1534 CAGrev35bp

Purpose

Sequence

Anneals 42bp from CAG
repeat, on centromeric
side
Anneals 117bp from
CAG repeat, on the
telomeric side
Anneals 60bp from CAG
repeat, on centromeric
side
Anneals 35bp from CAG
repeat, on telomeric side

CCTCAGCCTGGCCG
AAAGAAAGAAA

Mutant creation primers
1442 Ctf18_upstrea Amplify across Ctf18
m
locus
1443 Ctf18_downstr Amplify across Ctf18
eam
locus
1445 5'ctf18verif
5' junction check at Ctf18
locus
1671 Ctf18int_1218- Internal primer to check
1238for
absence of Ctf18 ORF
1672 Ctf18int_2789- Internal primer to check
2810rev
absence of Ctf18 ORF
2047 pFaF1+40bpu Amplifies pFa marker
pstream
with 40bp extra upstream
(used to co transform
with gene to tag it)
2048 3’Pol30+pFaF
140upstream

Amplifies 3' end of Pol30
with homology to primer
2047 for co
transformation

2049 pFaR1+3’dow
nstreamPol30

Amplifies 3' end of pFa
marker to integrate at
POL30 locus

1818 Pol30_150bpu
pstream

Amplify across Pol30
locus
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CAGTCACGACGTTGT
AAAACGACGG
TTGCCCATCCACGTC
AGGG
GAACGGGGCTCGAA
GGGTC

gaggacagttttgagggtag
gcttcttaagagagactgcg
cgctggtcaagcgatatacc
ggagatcagacgacacgtac
gccaccccttacatcaaatcc
AACGCGGCCGCCAG
CTGAAGCTTCGTACG
CTGCAGGTCGACGG
ATCCCCGGGTTAATT
AA
TCG ACC TGC AGC
GTA CGA AGC TTC
AGC TGG CGG CCG
CGT TAC TAT ATA
GAT AAT TTA CAT
ACT TTA CTG TTT
TTT TTT TGT TTA
TTA TTT TTA GTA
TAC AGA ATT CGA
GCT CGT TTA AAC
CGTACTTTGCTTCCT
CTGGTAC

1819 Pol30_200bpd
ownstream
1820 Pol30_234255for
1917 Siz1_577598F
1918 Siz1_20232043R
1298 Siz1pfaKO_for

Amplify across Pol30
locus

GGA AGG GTT CAT
AGC AAA AG

To sequence point
mutation

CCT ACG TTG TGG
TAA CAA CAC C

Internal primer to check
absence of Siz1 ORF

GTG ATG AAC GTG
GAA GTC ACA G

Internal primer to check
absence of Siz1 ORF

CGT TGG GGA TGA
TAC GCT AAC

Amplify KO marker off
pFa plasmids for Siz1

1299 Siz1pfaKO_re
v

Amplify KO marker off
pFa plasmids for Siz1

caactcaaacagttgagtgttc
catatacattctgtttcacggat
ccccgggttaattaa
tgaaagagctggacggaacc
gtccaattttagcctcgtttgaat
tcgagctcgtttaaac

722 siz1 241bp
upstream for
495 Rad5upstream
for
496 Rad5dwnstrea
mrev
1115 Rad5-ForChk

5' junction check at Siz1
locus

gagcgagcagaaggttcctct

Amplify across Rad5
locus

cttactgctaagcgcattgctc

Amplify across Rad5
locus

gaagttgcatgaagtagctg

5' junction check at Rad5
locus
Internal primer to check
absence of Rad5 ORF

CATTCTGGACCTTTC
TGCAC
CAACAGAAGGAGAG
GGAGAC

1936 rad5internalrev
_2732bpfromst
art

Internal primer to check
absence of Rad5 ORF

GCAGATGGAGCACT
CTAAGG

1198 Rad18 KO For

Amplify KO marker off
pFa plasmids for Rad18

gagcatcacagctactaaga
aaaggccattttactactccgg
atccccgggttaattaa

1199 Rad18 KO
Rev

Amplify KO marker off
pFa plasmids for Rad18

tgcacaagctaacaaacagg
cctgattacatatacacaccga
attcgagctcgtttaaaac

1521 Rad18
_400upstream

5' junction check at
Rad18 locus

ggatgagtcctaaactgggc

1535 Rad18_int_for

Internal primer to check
absence of Rad18 ORF
Internal primer to check
absence of Rad18 ORF
Amplify KO marker off
pFA plasmids for Rev1

ggaccaccaaataaccactg
c
CAC CAG CAA CTC
TAT CTT CG
tcaaaataaatcgatactgcat
ttctaggcatatccagcgcgg
atccccgggttaattaa

1935 rad5internalfor
_161bpfromsta
rt

2016 Rad18_13571366R
1372 Rev1_forKOpF
a
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1373 Rev1_revKOp
Fa

Amplify KO marker off
pFA plasmids for Rev1

1374 Rev1_check

5' junction check at Rev1
locus
3' junction check at Rev1
locus

1669 Rev1chk3’_18
9bpdownstrea
mORF

gtaatgttcgcaaactgcgtgtt
tactgtatgctgaaatggaattc
gagctcgtttaaac
gactacgaacttgctgatgtcc
GTCGGCCATTCCAAT
ACC

1667 Rev1_internal
5’_395bpfroms
tart

Internal primer to check
absence of Rev1 ORF

GGGAGGCTTATTTCC
ACGAG

1668 Rev1_internal
3’_2353bpfrom
start

Internal primer to check
absence of Rev1 ORF

GAGTTTGAAGTCAAC
CCGGA

1833 Rev1KOfor_20
0bpupstreamO
RF

5' upstream of Rev1

CGCATCAACTTAAAC
ATTGGC

1834 Rev1revchk_2
55bpdownstre
amORF

3' downstream of Rev1

GGTGGACAACGGTG
ATACTG

1389 Rev3
ForKOpFa

Amplify KO marker off
pFA plasmid for Rev3

atacaaaactacaagttgtgg
cgaaataaaatgtttggaacg
gatccccgggttaattaa

1390 Rev3
RevKOpFa

Amplify KO marker off
pFA plasmid for Rev3

ataactactcatcattttgcgag
acatatctgtgtctagagaattc
gagctcgtttaaac

1391 Rev3 Check

5' junction check at Rev3
locus

GAA TCC CTG TGG
TCT CCT AC

1666 Rev3chk3’_13
7bpdownstrea
mORF

3' junction check at Rev3
locus

CACTCTCAGCATTGC
TGGCC

1664 Rev3_internal
5’_381bpfroms
tart

Internal primer to check
absence of Rev3 ORF

CGGCGACAAACTTG
GAAATC

1665 Rev3_internal
3’_2204bpfrom
start

Internal primer to check
absence of Rev3 ORF

GAACATCACGGGAA
TTTCGT

1835 Rev3KOfor_12
9bpupstreamO
RF

5' upstream of Rev3

GACGAGTGCAGTGC
GTCTAG

1836 Rev3KOrevch
k_196bpdown
streamORF

3' downstream of Rev3

GAGGATACGAAGATT
CCTC

1526 rad30_200upst
ream

Amplify across Rad30
locus

cgctacctaatcctgccgatc
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1527 rad30_100dow
nstream
1528 rad30_400upst
ream
1537 Rad30_Hyg_K
O_for

Amplify across Rad30
locus

cttatcaacaaaacctggcgc
c

5' junction check at
Rad30 locus

caatggcatgataggatgttgc

Amplifies Hyg off pAG32
to KO Rad30

1538 Rad30_Hyg_K
O_rev

Amplifies Hyg off pAG32
to KO Rad30

1658 Rad30_interna
l5’_34bpfromst
art
1659 Rad30_interna
l3’_1392bpfro
mstart
1660 Rad30chk3’_8
0bpdownstrea
mORF

Internal primer to check
absence of Rad30 ORF

CTGCTCATTTTTGAA
CGGCTTTGATAAAAC
AAGACAAAGCcagctg
aagcttcgtacgc
TTT AGT TGC TGA
AGC CAT ATA ATT
GTC TAT TTG GAA
TAG G
ataggccactagtggatctg
CTTGGTTCCCCCAGT
AAAGC

Internal primer to check
absence of Rad30 ORF

GACTCTGGAAATTGA
TGCCC

3' junction check at
Rad30 locus

CAACAAAACCTGGC
GCCCGT

amplifies 100bp from
CAG130 on ChrVI for
ChIP
amplifies 100bp from
CAG130 on ChrVI for
ChIP

cctaatccattaccaatccttgc

to make probe for 2Ds
with Yep24 plasmids,
inserts in AseI site
to make probe for 2Ds
with Yep24 plasmids,
inserts in AseI site

attgttgccgggaagctagagt
aa

ChIP Primers
1227 Chr6-CAG0.1k ChIP for
1228 Chr6-CAG0.1k ChIP rev

2D probe primers
617 yep24probe
for
618 yep24probe
rev

YAC status check primers
4 ura3rev
To check loss of right
arm of YAC
1347 DrosophW5're To check loss of right
v
arm of YAC
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gcgaatacgataatacgaatg
cg

attgaaaaaggaagagtatg
agta

TCCCAGCCTGCTTTT
CTGTA
gcacaattggtgacgttacg

Chapter 5

PERSPECTIVE
Over half our genome is composed of repetitive sequences. Structure-forming
repeat sequences within our genome can be a source of endogenous damage
and in some cases, this damage can manifest into the onset and progression of
neurodegenerative diseases. It is important to study how cells traverse these
repetitive regions with minimal damage in order to gain an understanding of the
dynamics of replication and repair in a cell. My work has provided insight on two
distinct but equally important mechanisms needed to protect repeat integrity and
overall genome stability.

SUMMARY AND FUTURE DIRECTIONS
The Srs2 helicase plays an important role in protecting genome integrity but also
has a specialized role triplet repeat protection (Anand et al., 2012; Bhattacharyya
and Lahue, 2004, 2005; Daee et al., 2007; Dhar and Lahue, 2008; Kerrest et al.,
2009). The multi-functionality of Srs2 raised the question of whether its functions
were all equally needed to maintain repeat integrity. Srs2 is most prominently
reported in the literature as an anti-recombinase, and while we found Rad51
displacement was needed to prevent repeat instability, we also identified the
helicase activity and PCNA interaction were indispensable for preventing repeat
fragility. Our data also provides support for Srs2 facilitating fork restart by
unwinding hairpins to prevent the accumulation of joint molecules (reversed forks
or recombination intermediates).We hypothesize Srs2 is recruited to
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SUMOylated PCNA during replication to allow timely unwinding of hairpin
structures to prevent fork stalling and breakage. This is different from what has
been previously described, where Srs2 is recruited by PCNA to prevent
hyperrecombination (Papouli et al., 2005; Pfander et al., 2005). These ideas are
not mutually exclusive, but rather provide insight on how dynamic the Srs2
helicase is in overall genome protection. The separation of function of Srs2 lends
support to higher eukaryotes most likely having a combination of helicases
performing Srs2 functions. We also characterized the role two other helicases,
Mph1 and Rad5, might have in repeat maintenance and fork regression. We
found Rad5 had no significant impact on fragility, instability, or formation of joint
molecules, in fact there was an increase in joint molecules in rad5Δ. This latter
result is interesting since there are several reports that show Rad5 can unwind
four-way structures mimicking regressed replication forks in vitro (Blastyák et al.,
2007). Either the joint molecules we see in our experiments don’t fully represent
reversed forks or perhaps Rad5 doesn’t necessarily regress forks in vivo. Mph1
had a minor role in preventing repeat fragility and instability, but not joint
molecule formation. Together, these data shows the Srs2 helicase has a
prominent role in role in repeat protection, differently from other tested helicases.
Despite having a large role in genome protection, an Srs2 human homolog has
not been identified, although there have been anti-recombinase helicases that
have been hypothesized to be potential orthologs. Since Srs2 has such a highly
specialized role for triplet repeat maintenance, we were interested in using that
as a method to characterize potential human orthologs. Several helicases had
been described to either have similar mutant phenotypes as srs2Δ or be able to
rescue mutant phenotypes when expressed in cells lacking Srs2. We

165

characterized the hRTEL1 and hFbh1 helicases by introducing those genes into
our yeast strains replacing the SRS2 ORF. We found that RTEL1 could fully
complement Srs2’s function in preventing repeat fragility and significantly reduce
repeat expansions, while hFbh1 had no effect on repeat fragility and only had a
modest decrease in repeat expansions. Srs2 is hypothesized to be working on
the nascent strand to prevent expansions (Usdin et al., 2015) and RTEL1 could
be functioning there as well. Since RTEL1 and Srs2 have opposite polarities
(RTEL1 5’ to 3’, Srs2 3’ to 5’), perhaps they are preventing repeat fragility in the
same manner but on different ends of the DNA strand. RTEL1 has a PIP box on
its C terminal end (Uringa et al., 2011), which could aid in PCNA interaction for
recruitment to the replication fork similar to Srs2 recruitment.
We believe the cone seen coming off our 2Ds are a mixture of regressed forks
and recombination intermediates. Based on our data, we hypothesize Srs2 is
needed to unwind hairpin structures to prevent prolonged fork stalling that would
result in increased reversed forks or recombination associated events. Therefore,
we believe Srs2 is promoting fork restart by unwinding hairpin structures and is
not facilitating fork regression. Since RTEL1 could complement the srs2Δ CAG70
fragility phenotype, and our data shows Srs2 prevention of fragility is dependent
on helicase activity and PCNA interaction, and the catalytic dead mutant of Srs2
(srs2-K41R) led to an increase in joint molecule formation, it would be interesting
to see if RTEL1 could complement that function of Srs2 and reduce joint
molecules that form at CAG repeats to wild-type levels. Additionally Srs2
helicase and PCNA interaction is needed to prevent fork stalling at CGG40/CCG40
repeats (Anand et al., 2012); could RTEL substitute for Srs2 to prevent fork
stalling at repeats? Further study could determine if RTEL1 can complement
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other known Srs2 functions that aren’t repeat related. Recent work has shown
that Srs2 has yet another role in genome protection by preventing mutagenesis
from misincorporated rNMPs during replication. Srs2 unwinds DNA and
stimulates Exo1 nuclease activity through direct interaction to remove rNMPs at
sites of insertion (Potenski et al., 2015). Srs2 has also been shown to stimulate
Mus81-Mms4 nuclease activity at recombination sites and arrested forks
(Chavdarova et al., 2015). This is independent of helicase activity and PCNA
interaction but anti-recombinase activity is needed to displace Rad51 from
substrates to promote Mus81-Mms4 cleavage and resolution. These works show
the dynamic nature of Srs2 in genome protection and it would be exciting to
determine if RTEL1 also has those roles. It would also be worthwhile to test other
potential Srs2 orthologs in these contexts since Srs2 functions could be
distributed among various helicases in higher eukaryotes.
The Ctf18-RFC clamp loader is another important factor maintaining genome
integrity that was identified to have a specialized role for repeat protection
compared to other alternative clamp loaders (Gellon et al., 2011). Loss of Ctf18
leads to various mutant phenotypes such as slowed replication progression,
increased asymmetric fork formation in HU, de-repression of late origins, and
DNA damage checkpoint defect (Crabbé et al., 2010), highlighting its role in
general genome protection. Many previous investigations on Ctf18 used cells
treated with HU however this work is using the CAG/CTG repeats as a natural
replication barrier to investigate Ctf18’s role during replication. We found that
Ctf18 is needed to prevent fragility and in its absence, PCNA modification
becomes key to prevent a further increase in fragility. In cells without Ctf18,
PCNA SUMOylation is needed to recruit Srs2. Both Ctf18 and Srs2 are needed
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to prevent repeat fragility and the absence of both genes leads to a synergistic
increase in fragility. We also found the DNA damage tolerance (DDT) pathway
had minimal effect on repeat fragility, even in the absence of Ctf18, indicating
that while DDT is needed to bypass damaged bases, it is not the major pathway
for bypassing structure-forming sequences. We hypothesize that Ctf18 and Srs2
work in distinct but parallel pathways to prevent replication fork stalling and
breakage when encountering the repeats: Ctf18 mediates hairpin bypass by
unloading/loading PCNA while Srs2 can unwind the hairpin structure.
Further work would need to be performed to determine if Ctf18 is
unloading/loading PCNA to mediate hairpin bypass to prevent repeat fragility.
Importantly, we would be interested in seeing a direct effect on replication
progression at a CAG tract in ctf18Δ cells. We can do this with 2D gel
electrophoresis in strains with repeat sequences that can stall replication (either
CGG40/CCG40 or CAG130/CTG130) to determine if the absence of Ctf18 will lead to
a further increase in replication stalling. We could indirectly test how ctf18Δ
affects replication by using ChIP with either RPA as an indicator of a stalled
replication fork since it’s known to coat single stranded DNA at stalled forks
(Cimprich and Cortez, 2008) or pol ε to track the replication fork as it progresses
through the repeats. It is still unclear what role Ctf18 might have as a clamp
loader in vivo since studies have shown a decrease in PCNA signal at HU stalled
forks in the absence of Ctf18 (supporting a loading function) (Lengronne et al.,
2006) but in non-perturbed cells, chromatin-bound PCNA levels are unchanged
(Kubota et al., 2011, 2013a). We could use the CAG/CTG repeats as a natural
barrier and ChIP PCNA at our repeats in wild-type vs ctf18Δ cells to determine if
Ctf18 might have a specialized loading/unloading role at structure-forming
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sequences. This ChIP can also potentially distinguish whether it’s Ctf18’s
unloading or loading function that is needed to prevent repeat fragility; we would
expect to see an increase in PCNA at the repeats if Ctf18 is needed to unload
and vise versa. It has been proposed that Ctf18 is needed to facilitate replication
through cohesin rings (Lengronne et al., 2006; Terret et al., 2009) so perhaps
Ctf18 is needed in the same manner to bypass structures. Ctf18-RFC’s role in
fork stabilization and cohesion establishment poises it more readily to bypass
any structures encountered by replication compared to the other alternative
clamp loaders.
Aside from PCNA unloading/loading, Ctf18 could also be acting as a fork
stabilizer since it interacts with pol ε (García-Rodríguez et al., 2015; Okimoto et
al., 2016) and localizes to HU stalled forks (Lengronne et al., 2006). The increase
in fragility that we are seeing could be due to perturbed fork stability. Currently,
our data doesn’t rule out fork stabilization in the prevention of repeat fragility.
Loss of Dcc1 or Ctf8 does not affect PCNA unloading/loading activity in vitro
(Bermudez et al., 2003b; Bylund and Burgers, 2005; Shiomi et al., 2004),
suggesting both do no play a role in PCNA loading. Increased FOAR in dcc1
mutants (Gellon et al., 2011) could indicate fork destabilization but not PCNA
unloading/loading is needed to prevent repeat fragility. We can distinguish
between the two roles by examining fragility rates of an ATPase dead version of
Ctf18 since its PCNA unloading/loading activities are ATP dependent (Bermudez
et al., 2003b; Bylund and Burgers, 2005). If the increase in fragility in ctf18Δ is
due to a defect in PCNA unloading/loading, we expect to see the same result for
an ATPase dead mutant. We currently have a plasmid with an ATPase dead
Ctf18 gene. Previous attempts to amplify and clone this for yeast transformation
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were unsuccessful but we can further optimize future attempts. We could also
observe fragility rates in Ctf18 truncation mutants that can no longer interact with
pol ε (García-Rodríguez et al., 2015). If the increase in ctf18Δ is due to fork
destabilization, we should see an increase in fragility in these mutants.
Further characterization of how Ctf18 is preventing repeat instability could also
be investigated. We’ve previously shown an increase in repeat instability in the
absence of Ctf18 (Gellon et al., 2011) but our current data do not show a clear
story as to what the mechanism resulting in that might be. The high contraction
frequency could indicate Ctf18 is working on the template strand to prevent loss
of repeats and this would be complementary to Srs2 working on the nascent
strand, providing more support for the need for both of these proteins in repeat
maintenance.
The divergent growth profiles of srs2Δctf18Δ and srs2 (1-998) ctf18Δ strains
highlights Srs2’s role in checkpoint recovery. Srs2 Rad51 displacement activity
was needed for efficient checkpoint recovery (Yeung and Durocher, 2011), which
is still retained in the srs2 (1-998) allele. srs2Δ does not have a slow growth
phenotype on its own and ctf18Δ slow growth was not as severe as the double.
Perhaps in the srs2Δctf18Δ, after checkpoint activation occurs in response to
damage, cells remain arrested and can no longer proliferate or adapt due to lack
of Srs2 Rad51 displacement activity. To test this, we could look at the growth
profile for srs2Δ875-902ctf18Δ to confirm the need for Rad51 displacement
activity in checkpoint recovery. We could also look at the status of Rad53
phosphorylation in srs2Δctf18Δ, which should be elevated in response to
damage.
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The dual need for Srs2 and Ctf18 to prevent repeat fragility in yeast could be
extended to the human genes since Ctf18 is conserved and we have
characterized a potential Srs2 human ortholog through this work. In mice, loss of
RTEL1 leads to slowed replication and an increase in asymmetrical forks,
suggesting a role for RTEL at preventing fork stalling and breakage (Vannier et
al., 2013), similar to Ctf18-deficient cells. RTEL1 is needed to unwind T loops at
telomeres to prevent telomere fragility and Ctf18 has been shown to facilitate
replication through telomeres to maintain telomere length (Hanna et al., 2001)
positioning these proteins in a manner that could promote complementary roles
in genome maintenance.
We have provided insight on two proteins that play an important role in general
genome maintenance and highlighted their specialized functions in repeat
protection. This work can guide future studies in understanding the onset and
progression of neurodegenerative diseases that are repeat associated. This
research has also garnered a better understanding of how replication and repair
occurs naturally when encountering repetitive sequences, which constitute the
majority of our genome.
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