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Abstract

Accurate completion of DNA replication when forks converge is essential for
genome stability. In Escherichia coli, several proteins have been identified including
RecG, Exol, RecBCD, and SbcCD, that contribute to completing replication, and loss of
these factors causes genetic instability. Eukaryotes encode proteins with homology to
several E. coli completion enzymes. Mre11-Rad50 complex is structurally and
functionally conserved with bacterial SbcCD, and Rrm3 shares homologous motifs with
bacterial RecBCD. These proteins are often described as being involved in homologous
double strand break repair. Whether they are also conserved and play a similar role as
their E. coli counterparts in completing DNA replication has not been examined. Using
Saccharomyces cerevisiae, this study examined whether Mre11—-Rad50 and Rrm3 play
roles in replication completion and genome maintenance. Mutants lacking Mre11
displayed reduced viability, accumulation of enlarged late G2 populations, and instability
of telomeric, plasmid, and mitochondrial DNA. Rrm3 mutants displayed difficulty
progressing through S phase and also had abnormalities associated with plasmid and
mitochondrial replication. These phenotypes would be consistent with mutations that
impair replication completion. However, when | examined the replication profiles of the
mutants, neither Amre11 or Arrm3 strains exhibited pronounced abnormalities at
chromosomal replication termination regions as might be expected, and overall replication

timing profiles remained broadly similar to wild type.

Aspects of These findings are suggestive of a role for Mre11 and Rrm3 in

contributing to completing DNA replication, however it remains inconclusive at this point



as the mutants do not exhibit clear chromosomal abnormalities at these completion loci
analogous to the mutants in bacterial systems. | discuss the possibility of how mutations
in other gene products may be required to observe the copy number abnormalities at
these loci. | also discuss the alternative possibility that the large number of completion
loci in eukaryotic organisms, would result in a lethal phenotype in eukaryotic cells, or that
other gene products may partially compensate and minimize these defects at in the

mutants | examined.
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Chapter 1

Introduction

The process of genome replication in eukaryotic cells is a highly orchestrated,
complex phenomenon involving numerous proteins and regulatory mechanisms.
Throughout chromosomal replication, cells tightly regulate the stages of initiation,
elongation, and completion to guarantee the faithful transmission of genetic information
to each daughter cell (Bell et al., 1993; Bell & Stillman, 1992; Dewar et al., 2015; Diffley
et al., 1994, Stillman, 1996). Mutations that disrupt genes involved in these mechanisms
can lead to genomic instability, aberrant cell proliferation, and contribute to the
development of diseases such as cancer in humans (reviewed in Hanawalt et al., 2003).
While the mechanisms regulating replication initiation and elongation have been well
characterized (reviewed in Bell & Dutta, 2002; Costa et al., 2013), the process of how
cells complete replication at the precise point where all sequences have doubled remains
a fundamental question that is less understood. Whether this convergence event occurs
once per generation as in bacteria, or thousands of times per generation as in human
cells, the process must occur with remarkable efficiency and accuracy. Considering the
large number of proteins dedicated to ensure the fidelity of replication initiation and
elongation (Costa et al., 2013; Méndez & Stillman, 2000; Moyer et al., 2006; Wendel et
al., 2014a); it should come as no surprise that this final critical step has also been found
to be tightly regulated and controlled enzymatically (Dewar et al., 2015).

In some respects, one could argue that the efficiency of completion is likely to be
more critical to genome stability than initiation. In mammalian cells, where multiple origins
are found along each linear chromosome, failure of any origin to initiate can be
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compensated by continued elongation of replication forks from neighboring origins (Blow
& Ge, 2009; Huberman & Riggs, 1968a). Consistent with this view, both prokaryotic and
eukaryotic cells have been found to tolerate variations in origin number without severe
phenotypic consequences (Aladjem, 2007; Hawkins, Malla, et al., 2013; Hawkins,
Retkute, et al., 2013). However, failure to accurately complete any single event where
replication forks converge would be expected to compromise genome integrity, resulting
in mutations, duplications, deletions, or rearrangements if joined improperly, or cell death
if the newly replicated ends fail to join (Wendel et al., 2014a). Previous work in the
Courcelle lab and others have begun to dissect this important question in the model
organism of Escherichia coli, which has a single bidirectional origin or replication (oriC),
resulting in a single defined terminus region, opposite to the oriC on the circular

chromosome (Hill, 1992; Prescott & Kuempel, 1972; Wendel et al., 2014a, 2017).

The bacterial model for completing replication

Several genes have now been isolated that are known to compromise the fidelity
or efficiency of converging replication forks in E. coli when mutated(Hamilton et al., 2019;
Rudolph, Upton, & Lloyd, 2009; Wendel et al., 2014). This work has led to a current
working model in which converging replication forks transiently bypass each other at the
point where they converge, creating an over-replicated region that contains three copies
of the genetic information (Fig. 1.1C) (Hiasa & Marians, 1994). RecG is a helicase that
acts on branched DNA in order to limit the amount of over-replication by preventing
aberrant replication restart at DNA ends (Fukuoh et al., 1997; Rudolph et al., 2009; Whitby

et al., 1994). The completion reaction is thought to initiate through the action of SbcCD



and Exol, structure-specific nucleases which act on a structural intermediate created at
the point where forks converge (Hamilton et al., 2019; Wendel et al., 2014, 2018). In the
absence of the SbcCD and Exol nucleases, the over-replicated region persists, leading
to genomic instabilities and amplifications at these loci (Hamilton et al., 2019; Wendel et
al., 2014, 2018). Following incisions by SbcCD and Exol, the RecBCD helicase-nuclease
complex processes the over-replicated intermediate and is required to catalyze or recruit
enzymes that promote joining of the convergent strands (Hamilton et al., 2019; Wendel
etal., 2018). In vitro, RecB and RecC interact with RecD to form a dual helicase—nuclease
complex that unwinds and degrades double-stranded DNA ends (Taylor and Smith, 1985;
Amundsen et al., 1986; Taylor and Smith, 2003). Loss of RecB or -C inactivates the
enzyme complex, whereas loss of RecD inactivates the nuclease, but retains the helicase
activity and recombination proficiency of the complex (Taylor and Smith, 1985; Amundsen
et al., 1986; Taylor and Smith, 2003). In the absence of RecB or C, the nascent ends of
convergent replication forks are not joined, leading to excessive degradation, and
rendering cells unable to maintain the chromosome region where forks converge (Wendel
et al., 2014; 2018). The inability to complete replication or maintain these regions of the
genome severely compromises the viability and growth of recBCD cultures (Wendel et
al., 2014; 2018; Courcelle et al., 2015). In the absence of recD, degradation of the excess
sequence is impaired, however, joining appears to occur normally and viability is not
compromised (Wendel et al., 2014; 2018; Courcelle et al., 2015.)

Importantly, and perhaps surprisingly, the completion reaction does not require
recombination, since recA mutants complete replication normally (Courcelle et al., 2015a;

N. A. Hamilton et al., 2019a; Wendel et al., 2014a, 2017). As outlined in the sections



below, RecA encodes the primary recombinase of E. coli, and is required for essentially
all recombination and double strand break repair in this organism (Clark & Margulies,
1965; Willetts & Clark, 1969). Although completion occurs normally in these mutants,
RecA is required to resolve aberrant amplifications and duplications that arise when
completion is impaired, suggesting that recombination occurring under these conditions
is directly responsible for genomic instability (Courcelle et al., 2015a; N. A. Hamilton et

al., 2019a; Wendel et al., 2014a, 2017).

Many of the bacterial proteins identified were originally thought to function primarily in

double strand break repair.

RecA

As previously mentioned, replication completion can proceed normally, even in the
absence of RecA (N. A. Hamilton et al., 2019a; Wendel et al., 2014a, 2017). This
observation that DNA replication completion does not require the master recombination
gene, RecA, argues that recombination is not required for completion to occur normally
(Wendel et al., 2014a). However, many of the proteins identified as participating in the
completion reaction were traditionally considered to function primarily as a mechanism
for repairing double strand breaks. Below, | review the cellular and biochemical properties
of these proteins with respect to their characterization in recombination and double strand
break repair.

RecA is a multifunctional protein that acts as the primary recombinase promoting
DNA strand exchange, but is also associated with a number of replication processes,

including regulation of the SOS response, and direct involvement in translesion synthesis
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(Asai et al., 1993; Cox, 2001; Little et al., 1980; McEntee et al., 1979; Tang et al., 1999).
The gene was first identified by Clark and Margulies in 1965, during efforts to isolate
bacterial mutants that were defective in sexual recombination during conjugation (Clark
& Margulies, 1965). Subsequent work revealed that it was also required for survival in
the presence of DNA damage during asexual reproduction (Clark et al., 1966; Howard-
Flanders & Theriot, 1966).

RecA monomers undergo polymerization upon binding to ssDNA in addition to
ATP (Pugh & Cox, 1988). This results in the assembly of RecA into a right-handed helical
filament, where three RecA monomers bind per 5 to 6 nucleotides of ssDNA, forming a
stable nucleoprotein complex (Egelman & Stasiak, 1986). Biochemical assays using
purified RecA have demonstrated its essential role in homologous pairing and the
accumulation of strand-exchange complexes (Cox & Lehman, 1981, 1982; T. Shibata et
al., 1981; West et al., 1980).

The recA protein is central to the homologous recombination mechanism (D. G.
Anderson & Kowalczykowski, 1997). Both in vivo and in vitro studies shows RecBCD
processes DNA ends and loads RecA onto ssDNA during double-strand break repair (D.
G. Anderson & Kowalczykowski, 1997). RecA is essential for survival when DNA
replication is disrupted by damage, playing a central role in restoring replication forks that
have stalled due to DNA lesions (Courcelle et al., 1997). RecA maintains the integrity of
arrested forks and triggers the SOS response, leading to the upregulation of other genes
involved in DNA repair and replication restart, which enables resumed replication and cell
viability after genotoxic stress (reviewed in Courcelle & Hanawalt, 2003; Crowley &

Hanawalt, 1998; Fogliano & Schendel, 1981; Kenyon & Walker, 1981).



RecA-deficient cells fail to recover DNA replication once stalled, leading to
extensive genomic degradation and inability to complete replication after damage (Horii
& Suzuki, 1968). This is the primary cause of lethality in recA mutants under DNA-
damaging conditions. Phenotypically, recA mutants exhibit sensitivity to DNA-damaging
agents such as UV or x-ray because they cannot stabilize or process replication forks that
encounter lesions, resulting in persistent breaks and increased frequency of DNA
degradation (Chow & Courcelle, 2004; Clark et al., 1966; Courcelle et al., 1997; Howard-
Flanders & Theriot, 1966; Kuzminov, 1995).

RecBCD

The RecBCD is a multifunctional ATP-dependent helicase-nuclease heterotrimeric
complex that plays a central role in the repair of double-strand breaks and initiation of
homologous repair (Amundsen et al., 2000; Spies & Kowalczykowski, 2014). Each
subunit has a specialized function: RecB contains a slow helicase motor of 3'>5’ polarity
and a C-terminal nuclease domain, whereas RecD is a fast helicase motor of opposite
(5'—>3') polarity (Amundsen et al., 1986, 1990; Taylor & Smith, 2003; Yu et al., 1998);
RecC is responsible for recognition of sequence-specific chi (cross over hotspot) sites
and coordination of the enzymes response to chi (Amundsen et al., 2016; Dillingham &
Kowalczykowski, 2008; Taylor et al., 2016).

After the initial incision by RecG, the RecBCD complex processes the over-
replicated intermediate by binding to the double-strand break ends, and further unwinds
and degrades the DNA until it reaches the sequence-specific chi site located within RecC
(Kowalczykowski et al., 1994; Taylor et al., 1985; Taylor & Smith, 1985). At this point,
RecBCD introduces a strand specific nick near the chi site, producing a 3’ ssDNA tail,
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while allowing RecA to load (D. G. Anderson & Kowalczykowski, 1997; Dillingham &
Kowalczykowski, 2008; Ponticelli et al., 1985; Taylor et al., 2016; Taylor & Smith, 1985).
RecA will then promote strand invasion and initiates recombination or repair (Cox &
Lehman, 1982; T. Shibata et al., 1981).

The efficiency of this repair process is influenced by interactions within the
RecBCD complex. Loss of either gene product results in pronounced hyper-sensitivity to
x-ray exposure and other forms of DNA damage (Chaudhury & Smith, 1984a; Clark,
1973; Kushner, 1974). Mutation of recB or recC results in the loss of both nuclease and
helicase activity, while recD mutations result in the loss of nuclease activity and chi site
recognition, functions crucial for homologous recombination and genomic stability
(Amundsen et al., 1986; Myers et al., 1995; Taylor & Smith, 1985; Thaler et al., 1989).
However, our lab has identified several enigmatic phenotypes associated with recBCD
mutants that suggest it may have a broader, more fundamental role in DNA replication
completion will be below.

Exol

Exonuclease |, encoded by the xonA gene in E. coli, was among several
exonucleases identified and characterized in the 1960s as a 3’ - 5’ exonuclease that
preferentially degrades ssDNA and once it encounters a double-strand break, it
dissociates (Brutlag & Kornberg, 1972; Lehman, 1960; Lehman & Nussbaum, 1964). The
gene xonA was originally identified as sbcB, named for its ability to resist UV damage in
recBC mutants (suppressor of recBC) (Kushner et al., 1971, 1972.) Null mutations in
xonA, identified by loss of nuclease activity, had little effect on the suppression of recBCD,
and both xonA (sbcB) and sbcC mutations are necessary for suppression (Kushner et al.,

7



1972; Phillips et al., 1988). Additionally, Exol exhibits a binding affinity for single-strand
DNA binding protein, which recruits Exol and stimulates the enzymatic hydrolysis of
ssDNA (Lu & Keck, 2008). Based on this knowledge, it was later discovered that Exol can
stimulate RecA-mediated DNA strand exchange (Bedale et al., 1993).

SbcCD

SbcC and SbcD were identified through studies aimed at understanding the
suppressors of recBC defects, which highlighted the ability of mutations in these genes
to restore viability and recombination functions in recBC mutants (Connelly et al., 1998a;
Kushner et al., 1972; Lloyd & Buckman, 1985). Together, SbcC (suppressor of recBC
protein C) and SbcD form a structure-specific endonuclease complex that acts with Exol
to cleave DNA hairpins and other aberrant replication fork structures prior to RecBCD
processing (Connelly et al., 1999; Connelly & Leach, 1996a; N. A. Hamilton et al., 2019b;
Wendel et al., 2017). In particular, SbcCD targets long inverted repeats that form hairpin
or cruciform intermediates, generating recombinogenic double-strand breaks that are
subsequently repaired by homologous repair pathways (Connelly et al., 1998a; Connelly
& Leach, 1996a; Leach et al., 1997a).

Bacterial SbcCD is recognized as an ortholog of eukaryotic Mre11-Rad50 complex,
with SbcC corresponding to the Rad50 subunit and SbcD to the Mre11 subunit (Connelly
et al., 1998a; Sharples & Leach, 1995; Wendel et al., 2017). Cryo-electron microscopy of
purified E. coli SbcCD revealed a characteristic “head—rod—tail” morphology consistent
with its classification within the structural maintenance of chromosomes (SMC) family of
proteins (Connelly et al., 1998a, 1999). Sequencing analysis confirmed canonical Walker
A and Walker B nucleotide-binding motifs separated by long a-helical coiled-coils, along
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with a conserved CXXC motif -- features typical of Rad50-like SMC proteins involved in
recombination and double-strand break repair (Connelly et al., 1998a, 1999; Sharples &
Leach, 1995).

Mutations in sbcC and sbcD are known to accumulate aberrant DNA structures
due to unresolved converging replication forks that result in harmful amplifications and
duplications and exhibit sensitivity to replication stress (Connelly & Leach, 1996a; Lloyd
& Buckman, 1985; Wendel et al., 2014b, 2017). While SbcCD are broadly conserved
across evolutionarily diverse organisms, their eukaryotic homologs Rad50 and Mre11,
have been identified as core components of double-strand break repair machinery, and
mutations in these genes are linked to genomic instability and are essential for normal
development (Connelly et al., 1998a; Sharples & Leach, 1995). Although their structural

similarities are well characterized, their functional parallels remail poorly understood.

In E. coli, DNA replication completion requires RecBCD and involves several other
proteins, including SbcC-SbcD, Exol, and RecG, and occurs independently of homologous

repair

Traditional models describe RecBCD as acting solely in homologous
recombination. However, a series of enigmatic phenotypes observed previously in our lab
indicated that RecBCD may serve a broader and more fundamental role in the DNA
replication cycle.

Mutations in the RecBCD complex result in various phenotypes that are not only
distinct from those observed in recA mutants but also challenge traditional interpretations
within the framework of double-strand break repair models. recA mutants which are

essential for homologous repair (Fig. 1.2A), appeared to be far more sensitive to DNA
9



damage than recBC mutants (Fig. 1.2B), yet in the absence of DNA damage, recBC
mutants display poor growth and viability issues while recA mutants were relatively
healthy (Fig. 1.2C), (Capaldo & Barbour, 1975; Capaldo-Kimball & Barbour, 1971; Wendel
et al.,, 2014a). If growth defects seen in recBC mutants were solely attributed to
homologous repair or double-strand break repair deficiencies, one would anticipate that
recA mutants would exhibit similar, if not more pronounced, growth issues.

Further compounding these observations, recBC and recD mutants show
difficulties maintaining plasmids, while recA mutants display stable plasmid retention (Fig.
1.2D), suggesting that double-strand breaks alone cannot account for issues related to
plasmid stability experienced by recBCD mutants (Biek & Cohen, 1986; Courcelle et al.,
2015b; Kusano et al., 1989; Niki et al., 1988; Wendel et al., 2014a). These phenotypic
characteristics suggest the involvement of RecBCD in the normal replication cycle goes
beyond initiating recombinational pathways.

Our lab has examined how the RecBCD proteins function in the completion of DNA
replication by profiling the genomes of replicating wild-type and mutant cultures using
high-throughput sequencing (Wendel et al., 2014). Specifically, recBC mutants display a
reduced copy number of sequences at the chromosomes terminus region (Fig. 1.3C),
where forks converge, suggesting an inability to maintain DNA integrity at this crucial
locus (Hamilton et al., 2019; Wendel et al., 2014, 2018.) Conversely, recD mutants
exhibited an increased copy number, indicative of over-replication (Fig. 1.3D).
Interestingly, the completion of DNA replication is seen to occur normally in the absence
of recA, indicating that homologous repair is not required for this process (Fig. 1.3E)

(Wendel et al., 2014b). This suggests alternative pathways or redundancies in the system
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that allow for the completion of replication without the intervention of homologous repair-
related mechanisms. Other proteins including SbcCD, Exol (xonA) and RecG have been
implicated in over-replication at the terminus region, emphasizing their collective role in

regulating the replication process (Fig. 1.3F and G),(Wendel et al., 2014, 2018).

Human DNA replication completion

The completion of replication is likely to be highly conserved across diverse
organisms, yet far less is known about the genes or mechanisms by which completion
occurs in highly complex eukaryotic cells. One significant barrier to this knowledge stems
from the large differences in genome size between organisms. For example, humans,
whose genomes are 1000 times larger than those of E. coli, highlights the complexity of
the eukaryotic genome (Blattner et al., 1997; Cooper, 2000; Venter et al., 2001).
Eukaryotic cells employ multiple origins of replication across each chromosome that do
not activate simultaneously; rather, fire in a temporal pattern set during the G1 phase of
the cell cycle that is modulated by developmental cues and environmental factors
(Guilbaud et al., 2011; Hayano et al., 2012; Yamashita et al., 1997; Zhao et al., 2020).
Given that each chromosome contains thousands of origins, with each origin firing at
varying times and efficiencies, identifying and analyzing the specific loci where forks
converge can be difficult (Muller & Nieduszynski, 2012; Yamashita et al., 1997; Zhao et
al., 2020). Another complication is that replication completion occurs in a small subset of
cells in a population at any given time, specifically those in the S phase, making it
particularly challenging to detect and study such events against the large background of

nonreplicating cells (Eshaghi et al., 2007; Goldar et al., 2009; Zhao et al., 2020). While
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eukaryotic replication completion remains poorly understood, identifying and
characterizing bacterial homologs offers valuable insights into the shared mechanisms

underlie essential cellular processes.

Mre11-Rad50 share sequence and structural similarities to bacterial SbcC-SbcD

In eukaryotic cells, the Mre11-Rad50 complex represents a highly conserved
homolog of bacterial SbcC-SbcD, sharing both sequence and structural similarities
(Connelly et al., 1998a; Sharples & Leach, 1995). The Mre11-Rad50 complex, which
includes Nbs1 in humans (MRN) and Xrs2 in yeast (MRX), are essential for recognizing
and processing double-strand breaks, while SbcCD serves similar functions in bacteria
(Cromie & Leach, 2001; D’Amours & Jackson, 2001; Dolganov et al., 1996; Lammens et
al., 2011; Leach et al., 1997b; Mascarenhas et al., 2006a). These complexes are well-
characterized with respect to DNA repair mechanisms, actively coordinating the
processing of double-strand breaks through both homologous recombination and non-
homologous end joining pathways (Connelly et al., 2003; Cromie & Leach, 2001; Moore
& Haber, 1996). Functional assays have demonstrated that mutations affecting the Rad50
and Mre11 proteins can lead to substantial defects in double-strand break repair, parallel
to the effects observed when SbcCD is compromised in bacterial models (Ajimura et al.,
1993; Bressan et al., 1998; Connelly et al., 1998b; Cromie & Leach, 2001; Johzuka &

Ogawa, 1995; Mascarenhas et al., 2006Db).

The nature of these proteins is to form dimers with long coiled structures that allow
for flexible bridging of DNA ends, promoting efficient recognition and processing of strand
breaks (D. E. Anderson et al., 2001; Connelly & Leach, 2002; Hopfner et al., 2001).
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Further comparative analysis indicates that both Rad50 and SbcC ATPase activities are
crucial for the establishment of the molecular clamp that stabilizes DNA during repair,
while Mre11 and SbcD perform nucleolytic processing on DNA ends, including the
cleavage of hairpin structures (D. E. Anderson et al., 2001; Connelly et al., 1998b, 1999;
Deng et al., 2015; Hopfner et al., 2001; Lammens et al., 2011; Lobachev et al., 2002;
Rattray et al., 2005). Specifically, SbcCD has been shown to cleave DNA near blocked
ends, activating a series of repair pathways that are similar to those utilized by the Mre11-
Rad50 complex in eukaryotic organisms (Connelly et al., 1999, 2003; Cromie & Leach,
2001; Mascarenhas et al., 2006b; Saathoff et al., 2018). This high degree of conservation
across evolutionary lineages highlights the fundamental role of these proteins in

maintaining genome integrity.

Other important eukaryotic enzymes

Sae2

In Saccharomyces cerevisiae, MRX works with Sae2 (CtIP in mammals) to initiate
5' end resection, the preliminary step necessary for homologous repair (Clerici et al.,
2006; Lengsfeld et al., 2007; Mimitou & Symington, 2008). The endonuclease activity of
MRX/N is stimulated by the phosphorylation of Sae2/CtIP, respectively (Cannavo &
Cejka, 2014; Sartori et al., 2007). Sae2 functions primarily as an oligomeric regulator of
DNA end resection rather than as a small, independently acting enzyme (Cannavo et al.,
2018). In yeast, Sae2 can form oligomeric complexes even in the absence of DNA
damage, which is essential for regulating Mre11 nuclease activity and coordinating DNA
damage checkpoint signaling (Cannavo et al., 2018; H.-S. Kim et al., 2008). Structural
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studies also show that its phosphorylation promotes the formation of an active tetrameric
Sae2 complex, enhancing its ability to interact with the MRX complex (Cannavo et al.,
2018; H.-S. Kim et al., 2008). Following DNA damage and during cell cycle,
phosphorylation of conserved residues within the C-terminal region enables Sae2 to
interact directly with Rad50 and stimulates the endonuclease activity of the MRX complex

(Cannavo et al., 2018; Huertas et al., 2008).

Deficiency in this collaborative complex impairs both mitotic and meiotic
recombination, leading to palindromic amplifications and genetic instabilities (Clerici et
al., 2005a; Deng et al., 2015; Lobachev et al., 2002; Mimitou & Symington, 2008; Oh et
al., 2016; Rattray et al., 2005). Defective MRX-Sae2 interactions manifest in increased
sensitivity to DNA-damaging agents, as the complex is integral to recognizing and
processing double-strand breaks (Cannavo & Cejka, 2014; Clerici et al., 2006; Mimitou &
Symington, 2008). For instance, mutations that impair activities of either MRX or Sae2
result in diminished double-strand break resection, subsequently reducing the cell's ability
to accurately repair broken DNA (Clerici et al., 2005c; Moreau et al., 1999a). In humans,
the MRN and CtIP complex serve analogous functions, and hypomorphic mutations in
their genes are often associated with severe developmental disorders and cancer
predisposition (Kang et al., 2002; Luo et al., 1999; Xiao & Weaver, 1997; Zhu et al., 2001).

Collectively, the structural, biochemical, and phenotypic parallels between SbcC-
SbcD, Exol and Mre11-Rad50 complexes with Sae2 (yeast) and CtIP (humans) suggest
a highly conserved framework for DNA repair mechanisms across different domains of
life. Using S. cerevisiae, | examined the role of Mre11-Rad50 in replication completion

and found that while these factors contribute to viability (in the absence of exogenous
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DNA damage,) plasmid maintenance, and broader genomic stability — including telomere
and mitochondrial integrity. Unlike its bacterial counterparts, no observable instabilities
were seen at convergent fork loci. This suggests that, in eukaryotes, Mre11-Rad50 may
promote replication through mechanisms distinct from those seen in bacteria.

Rad51

Eukaryotic Rad51 and bacterial RecA exhibit significant functional and structural
similarities, which is evident in their roles in homologous recombination and DNA repair
processes (D. G. Anderson & Kowalczykowski, 1997; Courcelle & Hanawalt, 2003;
Kuzminov, 1995; Ogawa et al., 1993a; Shinohara et al., 1992a). Both proteins belong to
the same family of recombinases, which are essential for DNA strand exchange during
these processes (Clark & Margulies, 1965; McEntee et al., 1979; Ogawa et al., 1993b;
Shinohara et al., 1992b). Loss of Rad51 causes defective homologous recombination
mediated double strand break repair, hypersensitivity to DNA damaging agents, and
chromosomal instabilities, and in humans, these defects are often associated with
Fanconi Anemia-like disorder as well as cancer predisposition (Ameziane et al., 2015;
Shinohara et al., 1992a; Sonoda et al., 1998; P. J. Sung, 1994; Takata et al., 2000, 2001;
Wang et al., 2015). Shared core mutant phenotypes with its bacterial counterpart RecA
recombination failure and DNA-damage hypersensitivity (Clark et al., 1966; Howard-

Flanders & Theriot, 1966; Kuzminov, 1995).

Both Rad51 and RecA share approximately 30% sequence homology, a significant
figure considering the evolutionary divergence between prokaryote and eukaryote
organisms (Shinohara et al., 1992). This conservation is especially evident within their

ATPase core domains (Shinohara et al., 1993; Story et al., 1992). Similar to RecA, Rad51
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initiates homologous repair by forming a nucleoprotein filament on ssDNA, which then
searches for a complementary dsDNA sequence (Egelman & Stasiak, 1986; Ogawa et

al., 1993b; Pugh & Cox, 1988; P. Sung & Robberson, 1995).

Despite these similarities, important differences distinguish Rad51 from bacterial
RecA. Rad51 often works in conjunction with mediator proteins such as Rad52 (BRCAZ2
in mammals) to promote its loading and assembly activity on to single strand DNA,
highlighting how this eukaryotic RecA homolog has adapted to a more complex cellular
environment (Davies et al., 2001; Jensen et al., 2010; New et al., 1998; Shinohara &

Ogawa, 1998; P. Sung, 1997).

Rrm3

Rrm3 is a 5'>3' DNA helicase in S. cerevisiae and a member of the conserved
Pif1-family helicases (lvessa et al., 2000a, 2002). It was originally identified through
mutations that altered recombination within ribosomal DNA repeats and was later
recognized as a critical accessory helicase that promotes replication fork progression
through protein—DNA barriers distributed throughout the yeast genome (Azvolinsky et al.,
2006b; Ivessa et al., 2000b, 2003; Keil & McWilliams, 1993). Early genetic studies
showed that deletion of Rrm3 causes elevated recombination within repetitive DNA loci,
increased replication stress, delayed S-phase progression, and genome instability
(Ivessa et al., 2000a; Keil & McWilliams, 1993; Schmidt & Kolodner, 2004; Scholes et al.,
2001). Additional genome-wide analyses demonstrated that Rrm3 travels with replication

forks and facilitates replisome movement through difficult to replicate regions such as
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telomeres, centromeres, and highly transcribed regions (Azvolinsky et al., 2006b; lvessa

et al., 2002, 2003; Torres, Schnakenberg, et al., 2004).

Rrm3 is closely related to the second yeast Pif1-family helicase, Pif1 (lvessa et al.,
2000b). Although both proteins share extensive homology within their helicase domains,
they perform partially distinct functions (lvessa et al., 2000b). Pif1 primarily regulates
telomerase activity, mitochondrial DNA maintenance, and G-quadruplex unwinding,
whereas Rrm3 specializes in facilitating replisome progression through protein barriers
(Foury & Kolodynski, 1983; lvessa et al., 2000b; Paeschke et al., 2011; Schulz & Zakian,

1994).

Yeast Rrm3 and Pif1, together with human PIF1, belong to the evolutionarily
conserved Pif1-like family of helicases, which share a conserved central helicase core
containing seven signature motifs characteristic of superfamily | helicases (Bochman et
al., 2010; Gorbalenya et al., 1989). The bacterial helicase RecD from E. coli has also
been proposed to belong to this Pif1-like helicase family based on sequence and
biochemical similarities (Zhang, 2006). Sequence analyses revealed that yeast Pif1 and
Rrm3 share 18.9% and 16.4% amino acid identity, respectively, with RecD, while Rrm3
alone shares approximately 14% identical and 14% similar residues with RecD (Bochman
et al., 2011). Rrm3 and RecD shared biochemical properties, include single-stranded
DNA-dependent ATPase activity and 5'—3' DNA helicase activity, further supporting a
potential evolutionary relationship between these helicases (Dillingham et al., 2003;

Ilvessa et al., 2002; Taylor & Smith, 2003).
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The proteins and pathways that coordinate DNA replication completion and repair
exhibit a remarkable degree of conservation across prokaryotic and eukaryotic
organisms. Comparisons between bacterial SbcC-SbcD and RecA systems with their
eukaryotic counterparts, including Mre11-Rad50, Sae2, Rad51, and Rrm3, demonstrate
that core mechanisms involved in DNA end processing, homologous recombination, and
replication fork progression have been preserved throughout evolution despite the
increased complexity of eukaryotic genomes. Structural and biochemical similarities
among these proteins further support the existence of a conserved framework that

safeguards genome stability during replication stress and DNA damage.

Faithful completion of DNA replication is essential for maintaining genome integrity,
yet the mechanisms that ensure replication is successfully completed at every genomic
locus remain incompletely understood in eukaryotes. Based on the strong evolutionary
conservation between bacterial and eukaryotic repair systems discussed, | hypothesized
that proteins involved in bacterial replication completion may share functional
characteristics with the eukaryotic Mre11-Rad50 complex and associated factors.
Although the direct role of these proteins in replication completion has not been fully
established, mutants affecting Mre11-Rad50 display several enigmatic phenotypes
reminiscent of bacterial systems, including plasmid instability and defects that cannot be
fully explained by their established functions in homologous recombination and double-
strand break repair alone. To better define the contribution of Mre11-Rad50 to replication
completion and genome maintenance, | examined the phenotypic consequences of these
mutants in Saccharomyces cerevisiae. Our results indicate that the growth defects

observed in Amre11 mutants cannot be explained solely by the accumulation of double-
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strand breaks. While | observed Mre11 to be largely dispensable for chromosomal
replication completion, it remains essential for proper telomere maintenance, and loss of
Mre11 also gives rise to abnormalities on extrachromosomal DNA substrates that parallel

phenotypes previously described in bacterial homolog systems.
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Figure 1.1 Model for bacterial replication completion and processing of over-replicated
DNA generated by converging replication forks. (A) Bidirectional replication initiates at a single
origin and converging forks meet at the terminus, where aberrant intermediates can form and
require processing to ensure accurate chromosome duplication and segregation. (B) RecBCD
was thought to only be involved in double strand break repair by processing DNA ends to facilitate
RecA loading and initiate homologous recombination through strand invasion into an intact
homologous duplex DNA template. (C) At fork convergence, transient fork bypass generates an
over-replicated intermediate. RecG remodels aberrant DNA structures, while RecBCD, Exol, and

SbcC—-SbceD degrade excess DNAto resolve the intermediate and promote replication completion.
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Figure 1.2 Enigmatic phenotypes of recBC mutants. (A) Frequency of arg “recombinants per
cell during conjugation, showing that recombination is absolutely essential in recA mutants and
significantly decreased in recBC mutants relative to wild type. (B) Survival following UV irradiation
demonstrates that recA mutants are significantly more sensitive to DNA damage than recBC
mutants. (C) Growth curves (Ag3o) in the absence of exogenous DNA damage reveal a
pronounced growth defect in recBC mutants, whereas recA mutants grow comparably to wild
type. (D) Plasmid stability assay in the presence and absence of ampicillin shows increased
plasmid instability in recBC and recD mutants compared to wild type and recA strains (reproduced
form Courcelle et al., 2015b; Wendel et al., 2014a).
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Figure 1.3 Copy number profile analysis reveal altered replication completion in
recombination mutants. (A) lllustration of copy number profile methodology, where DNA is
purified from a growing culture, and then fragmented, and then subjected to high-throughput
sequencing. Read counts are mapped across the chromosome to infer relative copy number by
genomic position. (B-G) Wild type (B) shows the expected cycle from origin to terminus. recA (E)
maintains a profile largely similar to wild type, while recD (D) displays slight increase at its
terminus. The sbcCD xonA double mutant (F) shows a more pronounced over-replication at the
terminus and recG (G) displays a sharp peak at the terminus, indicating illegitimate reinitiations

of replications that may be taking place in its absence (adapted from Wendel et al., 2014a, 2017).
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Chapter 2

Materials & Methods

Yeast Strains. All strains used in this work are derived from the BY4741 strain, a MATa
his3 leu2 met15 ura3 descendent of the widely used S288C laboratory strain (Brachmann

et al., 1998). Unless otherwise noted, deletion strains were constructed as part of the

Saccharomyces Genome Deletion Project (Wach et al., 1994; Winzeler et al., 1999).

Table 1. S. cerevisiae strains used in this study

Strain Genotype Source or Construction

BY4741 | MATa his3 leu2 met15 ura3 | R. Rothstein

(Brachmann et al., 1998).
Strains isogenic to BY4741

Arrm3 Arrm3::kanMX (Wach et al., 1994; Winzeler et al.,
1999).

Arad50 | Arad50::kanMX (Wach et al., 1994; Winzeler et al.,
1999).

CL3551 | Amre11::hygR Courcelle lab (unpublished)

PCR amplification of hygR cassette with
mre11 flanking homology using primers
mre11-
hygF5’AATTGACGCAAGTTGTACCTG
CTCAGATCCGATAAAACTCGACTCAG

ATTGTACTGAGAGTGCmre11-
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hygR5’ CTTGGTTATAAATAGGATATAAT
ATAATATAGGGATCAAGTACAACCTTA
CGCATCTGTGCGG,  followed by
transformation into BY4741 selecting for

hygromycin resistance.

CL3555 | Asae2::kanMX Courcelle lab (unpublished)

Amre11 | mre11A::hygR PCR amplification of hygR cassette with

Asae2 mre11 flanking homology using primers
mre11-

hygF5’AATTGACGCAAGTTGTACCTG
CTCAGATCCGATAAAACTCGACTCAG
ATTGTACTGAGAGTGCmre11-

hygR5’ CTTGGTTATAAATAGGATATAAT
ATAATATAGGGATCAAGTACAACCTTA
CGCATCTGTGCGG,  followed by
transformation into BY4741
Asae2:kanMX () selecting for

hygromycin resistance.

Growth curve analysis. Fresh overnight cultures were 10-fold serially diluted in rich growth
medium (YPD). Aliquots of 100 pL from each diluted culture were dispensed into a sterile
96-well microtiter plate in duplicate, and wells containing media alone were included as
blanks for background correction. Cultures were incubated at 30°C with continuous

shaking in a BIO-Whittaker ELx808 plate reader, and absorbance at 600 nm was
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measured at 40-minute intervals over a 24-hour period. The number of viable colonies
per milliliter in each overnight culture was determined at the start of each experiment to

correct for differences in viability when plotting Absorbance over time.

Single-Cell Viability Assay. Fresh overnight yeast cultures were diluted 1:4 in deionized
water to reduce cell density. A small volume of the diluted culture was applied onto one
side of a YPD agar plate to generate a sparse distribution of cells. Individual cells were
isolated using a tetrad dissection manual micromanipulator attachment on a Nikon Ci
Brightfield microscope and transferred to defined coordinates on the agar surface to allow
for accurate tracking. Plates were incubated at 30°C for 90—120 minutes (depending on
strain) to allow each isolated cell to undergo a single round of division. Following
incubation, cells that had doubled were carefully separated and repositioned in a matrix
on the plate using the micromanipulator. Each cell was assigned a unique identifier to

enable subsequent tracking of growth and viability (Lee et al., 1998).

Flow cytometry data analysis and cell cycle phase sorting. S. cerevisiae strains were
grown overnight in YPD medium at 30 °C in a shaking water bath. The following day,
cultures were diluted 1:50 into fresh YPD and grown for approximately 6 hours to mid-log
phase (OD600 = 0.4-0.8) to ensure actively dividing cells. Cells were harvested by
centrifugation at 14,000 rpm for 3 minutes and washed once with deionized water. For
DNA content analysis, cell pellets were resuspended in 70% ethanol and fixed at 4°C for
at least 1 hour (or overnight). Fixed cells were pelleted, resuspended in 50 mM sodium
citrate (pH 7.0) supplemented with 0.3 mg/ml RNase A, and incubated at 37°C for 2 hours

to remove RNA. Samples were then treated with 0.5 mg/ml Proteinase K and incubated
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for an additional 2 hours at 37°C. Following treatment, cells were stored at 4°C for at least

30 minutes prior to staining.

Cells were stained with the DNA-binding dye PicoGreen and incubated in the dark at
room temperature for 30—-45 minutes. Stained cells were then diluted with deionized water
to give an event rate of approximately 2000 events/sec before being analyzed by flow
cytometry, using the BD FACSCalibur software. Forward scatter (FSC) and fluorescence
intensity were used to gate cells based on size and DNA content. A minimum of 10,000
events were collected per sample for analysis. Data were analyzed using Floreada.io flow
cytometry software, and cell cycle (%) distributions were determined from DNA content

and cell size plots.

For cell cycle-based sorting by flow cytometry, PicoGreen-stained cells were analyzed
and sorted using the FACSort feature on the BD FACSCalibur flow cytometer. Cells were
sorted based on DNA content, using fluorescence intensity to distinguish cell cycle
phases. Prior to sorting, populations were gated using forward scatter (FSC) and side
scatter (SSC) to exclude debris and non-cellular events using BD CellQuest Software.
Gates for G1, S, and G2/M phases were established from DNA content of asynchronous
cultures. Cells were then sorted into sterile collection tubes. Approximately 5 x 10° cells

were collected for each cell cycle phase and stored at -80°C.

Genomic DNA purification for sequencing. Following sorting, cells were resuspended in
0.15-ml SCE, pH 7.0 (1M sorbitol, 10 mM sodium citrate, 1 mM EDTA, pH 7.0)
supplemented with 2 mg/ml zymolyase and incubated at 37°C for 1 hour. Sarkosyl to a
final concentration of 1% was then added to the zymolyase-treated cells and incubation
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at 37 °C was extended for an additional hour. Samples were extracted with four volumes
of 1:1 phenol:chloroform and once with two volumes of chloroform before they were
dialyzed against 200-ml TE (2 mM Tris, 1 mM EDTA, pH 8.0) for 30 minutes on floating

47-mm MF Millipore 0.025 um pore disks.

Purified genomic DNA was separated and analyzed on a 0.5% alkali agarose gel in 30
mM NaOH, 1 mM EDTA and electrophoresed at 1 V/cm for 15 hours. DNA was visualized
by ethidium bromide to determine yields and quality prior to downstream library

preparation and sequencing.

Copy-number analysis. Genomic DNA was sequenced using lllumina NextSeq2000
(lumina) using single-end, 50-bp, bar-coded reads according to the manufacturer’s
instructions. The original lllumina sequences reads for all subsequent strains were then
aligned and assembled using Bowtie 1.0.0 with the S288C parent as reference. The
aligned reads were then analyzed for nucleotide frequencies at each position and the
copy number of sequences per kilobase was determined using Perl scripts. Relative copy
number values for each strain were normalized to values obtained for wild-type G1 phase
sorted cells to correct for any differences in genomic DNA purification and read depth,
and then plotted against their location on the genome to generate replication profiles for

each strain and cell cycle phase (Wendel et al., 2014a, 2017).

Coordinate conversion for genome-wide feature mapping. To generate a genome-wide
profile of chromosomal features, including the 2u plasmid DNA, mitochondrial DNA,
telomeres, centromeres, and replication origins, chromosomal coordinates were

converted into a kilobase coordinate system. Feature coordinates were obtained in base
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pairs relative to individual chromosomes from the reference genome strain S288C. All
coordinates were converted to kb by dividing by 1,000bp. Beginning with Chromosome |
and continuing sequentially through Chromosome XVI, the starting position of each
chromosome within the genome-wide map was defined based on the cumulative length
of the chromosome(s) before. In this way, each chromosome was represented as a
continuous, non-overlapping interval along the entire genome. To determine the specific
genomic position of each feature within a chromosome, the starting coordinate of the
chromosome in kb was added to that feature’s chromosomal kb position. The resulting
values represent the positions of each feature (telomere, centromere, and origins) on a
continuous genome-wide scale. This approach was applied to all chromosomes and all

strains.
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Chapter 3

Double stranded breaks alone, fail to account for growth defects in Amre11 mutants

Introduction

While double stand breaks are frequently associated with external stressors—such
as exposure to chemical mutagens, or ionizing radiation—they can also arise
spontaneously as a natural consequence of normal cellular activities in eukaryotic cells.
These breaks originate from various intracellular mechanisms, including DNA replication
stress, transcription, recombination, and metabolic byproducts (Borde & de Massy, 2013;
Feng et al.,, 2011; N. Kim & Jinks-Robertson, 2012; van Gent et al., 2001). If left
unrepaired, double stand breaks can cause chromosome loss, fragmentation, and cell
death (Kaye et al., 2004). Replication-associated double stand breaks are postulated to
arise when replication forks encounter obstacles such as single-strand breaks in the
template DNA, causing fork collapse, generating double stand breaks (Fig 3.2A)
(Kuzminov, 1999, 2001). Since these breaks arise during DNA replication—primarily
during S and extending into G2—they are primarily repaired through homologous
recombination, due to the proximity of the sister chromatid as a template for high-fidelity
repair (Jazayeri et al., 2006; Reviewed in Symington & Gautier, 2011).

Similar to its RecA bacterial counterpart, Rad51 is thought to be absolutely
essential for the recombinational repair of strand breaks and in eukaryotes due to its role
in homology search and strand exchange during repair (Cox & Lehman, 1981; Howard-
Flanders & Theriot, 1966; Shinohara et al., 1992a, 1992a). As described in the previous

chapter, E. coli RecBC and several other proteins were classically characterized as
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functioning with RecA in the recombinational repair of double strand breaks (Churchill et
al., 1999; Cromie & Leach, 2001; Kuzminov & Stahl, 1999). One piece of evidence
suggesting that these proteins have functions outside of double strand break repair (and
which helped identify their role in completing chromosome replication) was that recBC
mutants grew poorly and had reduced viability even in the absence of DNA damage
(Capaldo-Kimball & Barbour, 1971; Wendel et al., 2014a). To explain the low viability of
these strains, it was speculated that cells must frequently encounter spontaneous strand
breaks during the normal replication cycle. Without recombination to repair these breaks,
the daughter cell would not inherit an intact copy of the genome, leading to lethality (FIG.
1.2A-C) (Wendel et al., 2014a). However, the argument against this model for RecBC and
other classically characterized recombination proteins was that recA mutants, which are
completely defective in all recombinational repair, grew well and maintained viability at
levels approaching those of wild type cultures, arguing that the impaired viability of recBC
mutants could not be accounted for by a lack of recombination alone (FIG. 1.2C)
(Courcelle et al., 2015b; Wendel et al., 2014a).

Yeast mutants contain several enzymes that share structural and functional
homology to E. coli completion enzymes that have also been classically characterized
primarily for their role in the recombinational repair of strand breaks (Connelly & Leach,
1996b; Hopfner et al., 2001, 2002; Saathoff et al., 2018; Sharples & Leach, 1995). The
eukaryotic Mre11—-Rad50-Nbs1 (MRN) complex in humans and the Mre11-Rad50—Xrs2
(MRX) complex is structurally homologous to the SbcC-SbcD enzymes of E. coli, which
are thought to initiate the incision of the converged replication fork substrate (Connelly &

Leach, 1996b; Eykelenboom et al., 2008; Hopfner et al., 2001, 2002; Sharples & Leach,
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1995). In yeast, it is often characterized as being functionally homologous to RecBCD, in
that it is thought to process DNA double strand break ends to allow for Rad51-dependent
strand invasion, allowing double strand breaks to be repaired (Alani et al., 1990; Bressan
et al., 1999; Haber, 1998; Lobachev et al., 2002; Paull & Gellert, 1998). Another protein
Rrm3, has motifs that share homology to the RecD protein of E. coli (Bochman et al.,
2011; Boulé & Zakian, 2006).

Thus, | hypothesized that, similar to their E. coli counterparts, these yeast proteins
which have been classically characterized for their role in recombination and double
strand break repair, may contribute to the completion of chromosome replication. To test
this idea, | postulated that if the yeast mutants play an important role in completing
replication, then they may similarly exhibit growth and viability problems that go beyond
those that could be accounted for by the presence of spontaneous double strand breaks
encountered during normal replication. | therefore examine the growth and viability of
Arad51 mutants, which is essential for all recombinational of double strand breaks, to
assess the frequency that these lesions arise in growing cultures. | then measured the
growth and viability of Amre11, and Arrm3 mutants to determine if the growth and viability
of these mutants was similar or better than that of Arad51, as would be expected if it
functioned exclusively in this pathway to promote Rad51-mediated recombinational
repair.

Results

Spontaneous double stand breaks, alone, cannot account for the reduced viability

of Amre11 mutants
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To begin to assess whether the absence of these proteins impacts the growth rate
cellular fitness in the absence of exogenous DNA damage, the growth of cultures was
monitored over time as shown in Figure 3.1. To this end, 10* cells were inoculated in YPD
growth media, and grown in a 96 well shaking incubator at 30°C, at 40 min intervals the
growth of the culture was monitored by following the absorbance at 600nm. By this
measure, Arad51 mutants grew at a rate that was comparable to that of the wild type
culture. Assuming that Rad51 is required for the repair of double strand breaks
encountered, the observation indicated that the frequency of spontaneous double strand
breaks encountered during normal growth does not noticeably impair the growth of the
culture and suggests that they may be fairly rare events. Similarly, Arrm3 mutants grew
at a rate that was comparable to wild type. However, Amre11 mutants, displayed a
pronounced growth defect (Fig 3.1). This indicates that loss of Mre11 impairs growth in a
manner that is significantly greater than that Arad57, a mutant which is defective in the
repair of double strand breaks.

To further evaluate and determine the precise frequency with which spontaneous
DNA damage is encountered during normal replication of the cell, | examined single-cell
growth outcomes in various haploid yeast mutants lacking these key factors. Single-cell
replication viability was assessed by using a micromanipulation-based dissection assay
adapted from the Haber et al. (1998) (Fig 3.2A). Yeast cells from a growing overnight
culture were streaked on YPD plates. Using a micromanipulator, single cells were then
isolated and placed in defined positions across the plate and actively monitored for
replication for 90 to 120 minutes (dependent on strain) at 30°C following one cell division.

Once doubled, using the manual micromanipulator, mother and daughter were carefully
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separated. Plates were then left on the benchtop for approximately 24 hours, and
observations were then made. Replication outcomes were quantified as viable when both
cells formed colonies of 210 cells, and not viable when only one cell formed a colony of
=210 cells while the other produced fewer than 9 cells. (Fig. 3.2B). It is important to note
that during micromanipulation, individual cells are moved using a glass needle, and
accidental mechanical stress from this handling can damage or kill cells, contributing to
reduced viability independent of genetic or environmental factors. Statistical analysis on
the complete data set indicates that all strains were equally tolerable towards this
handling stress (see appendix Table 3.2 and 3.3 for complete data and analysis).

As shown in Figure 3.2C, when | carried out this analysis in wild type cells, |
observed a high level of level of viability, with 95% of mother-daughter pairs successfully
forming viable colonies. This outcome is consistent with what would be anticipated for a
wild-type strain growing in the absence of exogenous DNA damage. The 5% of non-viable
events likely reflects a combination of naturally occurring spontaneous damage due to
other genetic or environmental factors or by mechanical stress caused during
micromanipulation. Surprisingly, deletion of rad57, a core homologous recombination
recombinase, did not significantly reduce viability relative to wild type (97% viable),
indicating that the frequency which spontaneous double strand breaks arise during
replication was below the limits of detection by this assay.

In contrast to wild type cells but consistent with the growth rate analysis,
inactivation of Mre11 led to detectable impaired viability, with only 78% of cells forming
viable pairs and 22% of cell divisions producing an inviable daughter (Fig. 3.2C). The loss

of viability in that absence of Mre11 is greater than that observed in the absence of Rad51,
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which is defective in the homologous repair of double strand breaks. Thus, the
observation is consistent with the idea that Mre11 has a role that goes beyond that of
Rad51-mediated double strand break repair. The results are similar to those observed for
mutants lacking recBC in E. coli (Courcelle et al., 2015b; Wendel et al., 2014a).

Mre11, as part of the MRX(N) complex, functions upstream of Rad51, therefore,
loss of Mre11 would disrupt multiple genomic processes, not just homologous
recombination repair of double strand breaks (Bressan et al., 1999; Tsubouchi & Ogawa,
1998). If the growth impairment of Amre 11 cells were primarily due to spontaneous double
stand breaks that were unable to be repaired via homologous recombination, one would
expect Arad51 cells—defective (or severely compromised) in homologous recombination-
mediated repair—to exhibit comparable or greater viability loss (Shinohara et al., 1992a).
However, Arad57 mutants maintained viability comparable to wild type, suggesting that
spontaneous double strand breaks alone are insufficient to account for the severe
phenotype observed in Amre11 cells.

When | examined Arrm3 mutants, the viability was similar to that seen in wild type
cells (96% viable), indicating that the loss of this protein does detectably affect growth or
viability of these cultures. These observations are consistent with the bacterial homolog
recD, in which mutants do not produce severe defects in cell viability during standard
growth conditions (Amundsen et al., 1986; Chaudhury & Smith, 1984b; Wendel et al.,

2014a). No phenotypes differing from wild type were noted for Arrm3 mutants.

Taken together, the results indicate that the viability defect of Amre 11 cells cannot
be attributed solely to the presence of spontaneous double stand breaks arising during
DNA replication. These findings parallel studies in E. coli, where loss of RecBC produces
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substantially more severe phenotypes than loss of RecD alone, supporting the idea that
Mre11, like RecBC, performs essential functions beyond the processing of spontaneous

double strand breaks during DNA replication.

Amre11 mutants display cell cycle progression defects-- particularly during late G2.

The above results indicated that Amre 11 mutants exhibited reduced viability during
growth, similar to other completion proteins in E. coli such as recBC. If the impaired
viability in Amre11 mutants were due to a role in completing replication, then one might
predict that aberrancies might arise in cells during the late stages of S phase or G2 of
their cell cycle. To examine this possibility, | quantified the cell-cycle distribution of
growing cultures by flow cytometry. To this end, actively growing cultures were collected
and stained with SytoxGreen to label the DNA. The cells were then sorted to assess both
DNA content (FLH) and cell size (FSC). In Wild type populations, G1 cells have one copy
of all chromosomes and therefore migrate as the prominent spot on the lower portion of
cells. Cells in G2 have twice as much DNA following replication and have slightly
increased in size, thus migrating as the prominent spot above and to the left of the G1
cells on the plot. Cells replicating in S phase will have somewhere between 1 and 2 times
as much DNA as their G1 counterparts, appearing as a line connecting the G1 and G2
populations on the plot in Figure 3.3A. When | quantified the cells within these
populations, | found that slightly less than half of the cells in the growing culture were in
G2, whereas ~ 30% were in G1 while 20% were replicating (Fig 3.3E). When | examined

cultures of Arad51, | found that the distribution was statistically similar to wild type (Fig.
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3.3 B and E). These observations suggest that the loss of Rad51 does not substantially

disturb the overall cell-cycle progression.

In contrast, Amre11 cells exhibited a distinct redistribution across cell-cycle phases
(Fig. 3.3C and E). Whereas the fraction of replicating S phase and G2 cells were similar
to wild type, a new population was observed emerging from the G2 population that
corresponded to 13% of the population of cells having a larger size and slightly more DNA
content, which | termed G2XL (Fig 3.3C and E). The G2XL population appeared to
represent cells that were at the end of their G2 phase, but failing to divide since there was

a corresponding reduction in the presence of the newly divided, G1 population.

The observation is consistent with what might be expected to arise if Mre11 played
arole in completing DNA replication or has functions at the late stages of DNA replication.
The DNA content would have been expected to reach or nearly reach its doubling point,
but if the chromosomes were unable to process the DNA intermediates arising where
forks converge, cells might not be able to segregate their chromosome properly and arrest
cells at the G2 M transition. That this population is not observed in the absence of Rad51
argues that the defect is not due a failure to process DNA breaks arising in the cell.
Notably, the proportion of cells in the G2XL population was of approximately half the
frequency which cell division produces one of two inviable daughter cells (Fig 3.3C and
B), suggesting that this population may not yield viable daughter cells upon division. It is
not clear at this stage if all Amre11 cells progress through this delayed G2XL phase, or if

only a minority of the population enters it.
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An abnormal distribution was also observed in replicating cultures in the absence
distribution of the RecD-like Rrm3. However, in this case, cells appeared to specifically
have difficulty progressing through S-phase, as the population of G2 cells was statistically
similar to wild type cultures. The accumulation of cells in S-phase resulted in a
corresponding reduction of G1 cells, suggesting that the cells were initiating the
replication cycle normally, transitioning from G1 to S, before cells become stalled or
slowed throughout the replication phase of the chromosomes (Fig. 3.3D and E). This
would argue against a specific role in completing replication, but is consistent with
previous reports in yeast suggest that Rrm3 promotes replication fork progression through
difficult-to-replicate regions, its absence likely leads to slower fork progression and
increased stalling during S-phase, (lvessa et al., 2000a; Makovets et al., 2004). Perhaps
curiously, this slowing of S phase did not impair either cell viability (Figure 3.2C) or its

growth rate (Figure 3.1).
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Chapter 3 Figures
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Figure 3.1 The growth rate of Amre11, but not Arrm3 or Arad51, mutants is reduced relative
to wild type cultures even in the absence of exogenous DNA damage. The absorbance at

600nm wild type, Amre11, Arad51, and Arrm3 is plotted over time.
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Figure 3.2 Spontaneous double strand breaks, alone, cannot account for the reduced
viability of Mre11 mutants. (A) Schematic for detecting the frequency spontaneous double
strand breaks are created during replication. (i) Interruptions in the DNA template encountered
during replication lead to the creation of spontaneous double strand breaks in cells. (ii) in the
presence of homologous recombination, the double strand breaks can be repaired, using the
sister chromatid and a template, and both daughter cells would survive to form colonies after
separation. (iii) In mutants lacking enzymes required for homologous recombination, the double
strand break remains unrepaired, leading to lethality in the daughter cell that inherits the broken
or incomplete chromosome, resulting in at only one cell that can form a colony upon separation.
(B) Representative microscopy images of colony growth following separation of divided cells.
Single cells were grown YPD plates in and monitored until they divided (90-120 minutes).
Following division, cells were placed at separate positions, and their viability, as assessed by their
ability to form colonies after 24hrs was assessed. Representative examples of categorization: two
viable cells (left) vs one viable and one not viable cell (right) following separation are shown.
Separated cells were determined to be viable if 210 cells were present in the colony after 24 hrs.
(C) Amre11 mutants have elevated levels of lethality, relative to Arad517. The fraction of cells which
formed two viable colonies following division is plotted for wild type, Arad51, Amre11, and Arrm3.

Total number of successfully replicated and separated pairs represented as N= 230 (WT), 200
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(Amre11), 119 (Arad51), 74 (Arrm3). Statistical significance was assessed using a chi-square test

comparing viable vs not viable (ns, not significant; ****p < 0.0001).
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Figure 3.3 Mre11 mutants are impaired in their ability to progress out of G2. (A-D) The x-
axis represents cell size measured by forward scatter (FSC) on a logarithmic scale, while the y-
axis represents relative DNA content measured by fluorescence intensity (FLH) following DNA
staining with SytoxGreen, quantified on a linear scale. Cells were fixed and stained during log-
phase growth, and analyzed as asynchronous populations, where each point represents a single
cell detected by flow cytometry, with color density indicating regions of higher cell frequency. Cell
cycle phase gates (black gates marked G1, S, and G2) were defined using the WT population
and applied to all mutant strains for direct comparison. Cells outside of the defined gates were
not included in this quantification. put into results. (E) the average percentage of cells in each cell
cycle gated phase for each strain calculated across different collection time points (n=6 for all
strains). The “Total Gated” column indicates the mean percentage of events included within

defined gates.
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Chapter 4

Cell sorting and high throughput sequencing can be used to create replication profiles

across the yeast genome

Introduction

| hypothesized that enzymes such as Mre11-Rad50 and Rrm3, which share
homology with bacterial enzymes that lead to genetic instabilities at loci where replication
completes, may play similar roles in eukaryotes (Connelly et al., 1998a; Sharples &
Leach, 1995; Wendel et al., 2014a). In bacteria, the genetic instabilities can be observed
as abnormalities in the sequence copy number of the replication profile (Courcelle et al.,
2015b; Wendel et al., 2014a). Bacterial replication profiles can be examined by simply
looking at the copy number of sequences of genomic DNA purified from a growing culture
(Wendel et al., 2014a). However, in eukaryotes, this approach must be modified, since

most cells in growing cultures are not replicating (i.e. those in G1 and G2.)

Therefore, to assess the effects on replication timing dynamics—particularly at
regions where forks converge, cells from asynchronously growing yeast cultures were
first sorted by flow cytometry into G1, S, G2, and the G2-arrested, (termed G2XL)
populations based on DNA content and cell size as described in the previous chapter (Fig
3.3). Genomic DNA was isolated from each of these cell cycle specific populations,
fragmented, and subjected to high-throughput sequencing. Sequence reads were
mapped to the reference genome strain S288C using Bowtie and custom python scripts

in 1000 bp bins across the genome. Each bin was then normalized again the average
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number of reads per bin over the entire genome to obtain the copy number frequency (Fig

4.1A).

Using this approach. Wild type cells in G1 would be expected display a uniform
copy number of ~1 across all genomic regions, consistent with an unreplicated genome.
In the subsequent S-phase, cells would be expected to exhibit pronounced variation in
copy number within each chromosome. These changes should be observed as local
peaks and troughs along the map positions of each chromosome. Early firing replication
origins would be associated with increased read frequencies, since these sequences
replicate first the S-phase population (Koren et al., 2014; Mdller et al., 2014). In contrast,
late-replicating regions should show reduced copy numbers, with the deepest troughs
corresponding to sites where replication forks converge (termination regions) (Koren et
al., 2014; Muller et al., 2014). This pattern can be explained by the spatial organization of
origin firing (FIG 4.1B), in which bidirectional replication forks firing at adjacent origins
converge at a termination region. By G2, DNA replication should have been completed or
nearly completed, with each sequence having 2 copies per cell. Replication profiles from
G2 phase cells would also be expected to show a uniform relative copy number frequency
of ~1 across the entire genome when normalized to the average number of sequence

reads across the genome.

Copy number frequencies obtained using this experimental approach were plotted
in two ways. First, each strain’s cell cycle phase was normalized to the wild-type G1
population to enable direct comparison of replication-dependent copy number changes
relative to that observed in wild type cells. Second, each strain’s cell cycle phase was

normalized to its own G1 population to control for within-strain cell cycle variations (see
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appendix figure 4.1 for full dataset). These two strategies allowed comparison across

strains while also allowing one to observe the pattern of replication within each strain.

Our analysis of copy number frequencies in S phase of wild type cells showed
clear replication patterns with peaks typically corresponding with known origins of
replication, and troughs along each chromosome, representing replication timing and
origin activity (Fig. 4.1C-D; see appendix Fig. 4.2 for chromosome VII). Across
chromosome |V (Fig. 4.1) and VIl (see appendix Fig. 4.2 for chromosome VII), large peaks
correspond to early replicating loci, while smaller peaks marked late replicating regions.
Repeating patterns of peaks and troughs can be seen distributed along the chromosome
arms. Peaks aligned with marked replication origins (red circles on the x-axis), while
localized troughs almost always occurred between adjacent origins. The results clearly
demonstrate the approach can be used to map the loci of origins and completion loci

across the eukaryotic genome.

Results

Mre11 and Rrm3 do not clearly alter the profiles of chromosomal DNA replication

yeast

To examine if the abnormalities in viability and cell cycle progression would be
associated with copy number variations in these mutant replication profiles, | compared
the S-phase copy number profiles of Amre11, Arrm3, and Amre11AsaeZ2 strains to wild
type cultures across chromosomes IV (Fig. 4.3 D-E) and VIl (Appendix Fig. 4.2). All profile
frequencies are shown normalized to the frequencies observed in wild type G1, enabling

direct comparison of relative changes in replication patterns. However, in the case of
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Amre11, the plotted 30 kb- floating average of the profile appears substantially noisier,
with less clearly defined peaks and troughs. The observed noise is likely due to the fact
that the Amre 11 data was obtained from a separate sequencing lane, that was performed
on a different date than the other mutants. Although this lane also included the set of wild
type samples for direct comparison and control, fewer sequencing reads were obtained
during this attempt, leading to more noise, or variability, between adjacent mapping bins.
Nevertheless, the regions and patterns appear similar to both wild type and the
Amre11Asae2 mutant, suggesting that the data remains consistent with the other run, and

simply has reduced resolution.

Examination of the Amre11 during S- phase shows relatively similar patterns of
copy numbers at completion loci across the genome compared to wild type cells (Fig 4.3D
and i). These results indicate that, despite the compromised viability and G2 arrest
observed in these mutants, the replication timing and fork convergence patterns are

broadly maintained in this mutant.

| also examined the Amre11 mutants in an Asae2 background. Sae2 is predicted
to play a regulatory role in activating the nuclease activity of the Mre11-Rad50—Xrs2
complex and has been shown to amplify the levels of amplifications and genetic
instabilities arising in yeast (Cannavo & Cejka, 2014; Lengsfeld et al., 2007). It has a
similar enzymatic activity and function as Exonuclease | in E. coli, and when combined
with sbcCD mutants, inactivation of exonuclease | leads to elevated amplifications

specifically at loci where replication forks converge (Wendel et al., 2014a).
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Loss of both Mre11Sae2 also did not lead to the large aberrant copy number
variations observed at termination regions in the sbcCD xonA mutants of their bacterial
counterparts (Fig 4.3). In some areas there did appear to be modest variations in copy
numbers relative to wild type, either reduced or amplified. However, it remains unclear if
these variations are significant or represent variations which would normally be observed

between samples.

It is also possible that copy number abnormalities could become apparent in the
G2 phase, particularly since Amre11 and Amre11Asae2 mutants appear to arrest at this
stage of the cell cycle. Therefore, | also plotted the G1 and G2 phases of the cell cycle
for these mutants (Fig. 4.3A and C for G1 and Fig. 4.3G and | for G2). No obvious copy
number abnormalities at completion loci were observed for either mutant during G2 (Fig.
4.3G and I). Similarly, analysis of G2XL populations (Fig. 4.3J and K) showed copy
numbers around the expected ~1, similar to that of wild type cultures. Curiously, G1
profiles revealed subtle peaks and troughs in Amre11Asae2 cells, whereas the lower
resolution of Amre11 single mutant cells made it unclear if this was also apparent in this
background (Fig. 4.3C). Peaks consistently correlated near origins, while troughs
appeared to be between origins, across the genome, suggesting that these regions may
have not been resolved appropriately upon division. This observation would be consistent
with that expected if these mutants played a role in completing DNA replication on the

chromosome.

The Arrm3 mutant also closely followed the overall profile pattern of wild type
during S-phase. No large copy number differences were observed at the loci where

replication completes (FIG 4.3 E and ii). Within the Arrm3 S-phase profiles, there does
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appear to be a general ‘flattening’ of the regions between origin and completion sites. This
is evidenced as peaks with lower maximums than wild type, and troughs modestly
elevated relative to wild type. This would be the expected profile if loss of Rrm3 impairs
replication fork progression, or results in frequent pausing as has been suggested by

other studies (lvessa et al., 2003; Torres, Bessler, et al., 2004).

(Fig. 4.3B and H). The G2 profile of Arrm3 closely resembles that of wild type, with
copy number values remaining ~1 across all chromosomes (Fig. 4.3H and ii). However,
in G1, the Arrm3 profile displays numerous localized increases that closely corresponded

to known replication origins (Fig. 4.3B and ii).

Thus, although the visual inspection of copy nhumber profiles does not reveal large
copy number variations at completion loci as is observed in the bacterial mutants which
share homology with Mre11 or Rrm3, the subtle differences suggest that it may be
important to repeat this analysis with further sequence read depth to determine if these
variations are significant. Further quantitative and statistical analysis across all
completion loci may also be useful within the dataset already obtained to perhaps reveal
patterns between these mutants and wild type cells. One useful approach may be to
employ feature-based averaging, where multiple regions—such as origins or termination
regions—are averaged and compared. While this analysis was not done as part for this

thesis, it would be an important aspect to explore as this work continues.

Telomeric regions show increased degradation following cell division in
Amre11Asae2 cells. Arrm3 mutants appear to over-replicate these sequences prior

to division
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Telomeric replication has several properties that distinguish it replication of the rest
of the chromosome in eukaryotes. DNA replication follows a defined temporal program,
with telomeres representing some of the latest replicating regions in the yeast genome
(Ferguson et al., 1991; Friedman et al., 1995). As illustrated in Figure 4.4A, replication
origins (ORI) are distributed along each chromosome, with early firing origins
concentrated near centromeres (CEN) and progressively later-firing origins located
toward the chromosome ends (Friedman et al., 1995; Heun et al., 2001; Raghuraman et
al., 2001; Yabuki et al., 2002). This organization establishes a replication timing gradient,
where bidirectional replication forks initiate from inner origins and proceed out toward
both chromosome ends (Brewer & Fangman, 1967; Friedman et al., 1995; Huberman &

Riggs, 1968b; Raghuraman et al., 2001).

Telomeric regions also contain several other characteristics which make their
replication unique. Because of the ‘DNA ends’ problem associated with leading and
lagging strand replication, telomeric DNA also has unique requirements for replication. A
unique non-templated polymerase, telomerase, extends these units prior to cell division,
thereby preventing their successive shortening (Reviewed in Blackburn, 2001). Since the
ends of eukaryotic chromosomes are linear, they also remain susceptible to
exonucleolytic degradation throughout the cells cycle. Telomeric regions contain highly
G-rich repetitive DNA elements that are capable of folding back onto themselves, forming
G-quartet structures that resist unfolding and prevent degradation (Blackburn & Gall,
1978; Henderson et al., 1987; Sandell, 1993; Sen & Gilbert, 1988; Sundquist & Klug,
1989). Additionally, several proteins are known to bind these specialized structures to
further enhance their resistance to nucleases (Reviewed in Wellinger & Zakian, 2012).
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However, these strongly bound proteins and secondary structures also make it more
difficult to replicate these sequences (Reviewed in Wellinger & Zakian, 2012). Several
telomere-specific diseases are associated with mutations in the specialized machinery
required to protect or maintain these unique sequences, and are associated with
shortened lifespan, cell immortality, or cancer (Armanios & Blackburn, 2012; Blasco et al.,

1997; N. Kim et al., 1994; Mitchell et al., 1999; Tsakiri et al., 2007).

The profiles also offered an opportunity to examine whether these mutants affected
the ability to replicate or maintain telomeric regions of the chromosome. In plots of the
copy number profiles, chromosomes are plotted sequentially along a continuous axis.
Boundaries between chromosomes therefore correspond to transitions between the right
telomere of one chromosome (TEL A right for example in Fig 4.4) and the left telomere of
the next (TEL B left in Fig 4.4), denoted by the black “+” symbols in the copy number

profiles.

Expanded analysis of copy number profiles of telomeric regions of Amre11 mutants
revealed that these regions largely maintained similarly to wild type cultures in S phase.
Examples of this can be seen in Figure 4.5D (as well as Fig. 4.6D in TELO1R/02L), where
the Amre11 mutant profile at these specific regions closely resembles that of wild type.
Loss of Mre11 appears to also have no effect on these regions during G2, as most
telomeric regions have copy numbers comparable wild type (Figure 4.5D as well as Fig.
4.6D in TELO1R/02L). No abnormalities were observed in G2XL in this mutant (Fig. 4.5J

and Fig.4.6J).
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Additionally, Amre 11 cells displayed a relatively uniform profile during G1 (Fig. 4.5A
and Fig. 4.6A) as well as G2XL (Fig. 4.5J and Fig. 4.6J). This suggests that the loss of
Mre11 does not substantially disrupt telomere replication timing, despite the shortened
telomere phenotype associated with this mutant (Boulton & Jackson, 1998a;

Chamankhah et al., 2000).

However, when | examined the profiles of telomeric DNA during the G1 phase, it
was clear that Amre11Asae2 mutants, and likely Amre11 mutants, shows distinct
reductions in signal at telomeric region (FIG 4.5A and C). The observation suggests that
although the telomeric regions appear to replicate and be extended similar to wild type
cells, these regions remain susceptible to exonucleolytic degradation following cell
division, leading to a loss in copy number of these sequences. It suggests Mre11
contributes to the processing of these sequences in manner that either is required to allow

the ends to fold or be protected properly following replication.

In contrast to Amre11Asae2, the Arrm3 strain exhibited a slight increase in copy
number at most telomeric regions in the G1 phase (FIG 4.5B and 4.6B). It's important to
note that other increases were also observed in some non-telomeric regions interspersed
at various loci across the genome. Previous studies have suggested that in the absence
of Rrm3, replication stress at protein—DNA barriers can alter chromatin structures in a
manner that persists into G1 (Ilvessa et al., 2003; Syed et al., 2016; Torres, Bessler, et al.,
2004). Because similar increases are also observed at non-telomeric regions across the

genome and not just at telomeres, this effect may reflect an aberrant form of replication
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initiating at these altered or open loci. However, at present this remains speculative and

the reason for the amplified copy numbers at these regions remains unclear.

Previous separation-of-function studies indicate that Mre11 nuclease activity
contributes to telomere maintenance but is not strictly required, since nuclease-deficient
mutants do not exhibit the severe telomere shortening phenotype observed in Amre11
strains (Lewis et al., 2004a; Moreau et al., 1999b). Consistent with this, Amre117 cells in
this study exhibited relatively modest telomeric abnormalities, supporting the idea that
loss of Mre11 alone does not substantially disrupt telomere replication or maintenance
under normal conditions. In contrast, Amre11Asae2 mutants displays consistent
reductions in telomeric copy number during G1 and S phase that recovers by G2 and
G2XL, suggesting that telomeric regions are ultimately replicated but become transiently
vulnerable to instability or degradation following cell division. This phenotype is consistent
with the established role of Sae2 in MRX-dependent DNA end processing and its
functional overlap with Exo1- and Sgs1-mediated pathways (Bonetti et al., 2010; Hardy
et al., 2014; Mimitou & Symington, 2010). Sae2 may therefore contribute to the formation
or stabilization of protective telomeric end structures, thereby limiting excessive

exonucleolytic degradation at chromosome ends.

In contrast, Rrm3 travels with the replication fork and facilitates progression
through difficult-to-replicate regions, including G-quadruplex structures on the leading-
strand template, while its absence causes replication delays even at loci lacking known
Rrm3-dependent pause sites (Azvolinsky et al., 2006a; Ivessa et al., 2002; Varon et al.,

2024). This broader role in replication dynamics is consistent with the present findings,
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where Arrm3 mutants exhibited modest increases in telomeric copy number alongside
similar abnormalities at non-telomeric loci, suggesting that loss of Rrm3 alters replication
fork progression genome-wide rather than specifically disrupting telomere maintenance.
Future analyses quantifying telomeric copy number changes across all chromosome ends
could determine whether these effects are globally distributed or preferentially affect
specific telomeres, while correlation with telomere length datasets or sequence
composition may help identify chromosome ends that are particularly susceptible to

instability in Amre11Asae2 and Amre11 mutants.
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Figure 4.1 Schematic of the approach used to obtain genome-wide DNA copy number
profiling and replication timing across cell-cycle stages in yeast. (A) Replicating yeast
cultures were first fixed and stained with DNA-binding fluorescent dye and sorted by DNA content
using flow cytometry to isolate G1, S, G2 and G2XL populations. Genomic DNA was then purified
from each, fragmented, and subjected to high-throughput sequencing. Sequencing reads were
mapped to a reference genome (S288C) and quantified in 1kb (1000bp) bins to generate genome-
wide copy number profiles. Wild type G1 cells exhibit uniform copy number of 1 across all genomic
regions, reflecting unreplicated DNA. S-phase cells display variable copy number, characterized
by an increase in copy number in early replicating regions and a reduction at late-replicating
regions, including a pronounced decrease at regions where forks converge (termination regions).
G2 (and G2XL) cells show uniformly increased copy number across the genome, consistent with
the completion of DNA replication. Sequencing reads for each mutant (in each phase) are then
aligned to the S288C reference genome using Bowtie, quantified as normalized read counts within
1 kb genomic bins, and plotted according to genomic position to generate genome-wide copy

number profiles relative to wild type G1 cells. (B) Model of bi-directional DNA replication from
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neighboring origins identified by the red circles on the profiles. lllustrates the formation of

termination regions where converging replication forks meet.
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Figure 4.2 Wild type S-phase copy number profiles reveal replication termination regions
between adjacent origins can be clearly identified using the replication profiling approach.
(A-B) Sequencing reads from S-phase wild type cells were mapped to chromosome IV (A) and
VII (B) quantified across the genome. Each data point represents the normalized read depth within
a single kb (1000bp). The x-axis shows genomic location along the chromosome, while the y-axis
represents relative copy number normalized to wild type G1 phase DNA content. Key genomic
features are indicated along the x-axis: red circles denote replication origins, “+” symbols indicate
telomeres, and blue triangles mark centromeres. Normalizing all mutants and all phases to wild
type G1 establishes a uniform baseline across the entire genome. In S phase, regions that have
replicated early show higher read depth and therefore appear as peaks (copy number >1), while
regions with lower copy number (closer to 1) represent late replicating regions. A moving average
trend line (solid line) is applied to all strains including wild type, to smooth local noise in read
depth and highlight the underlying replication timing pattern, to make peaks and troughs more
apparent. (i-ii) Expanded view of highlighted region within wild type chromosome IV (A) and VII
(B) respectively reveals periodic reductions in copy number that occur between adjacent, bi-
directionally firing origins, corresponding to sites where replication forks converge. These regions
are regions of replication termination and are characterized by the lowest copy number relative to

neighbor peaks and are marked with red brackets.
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Figure 4.3 Chromosome IV copy number profiles across cell cycle phases in Amre1i1,
Arrm3, and Amre11Asae2 mutants. Copy number profiles across chromosome |V for mutant
strains Amre11 (blue), Arrm3 (pink) and Amre11Asae2 overlaid with wild type (black) for G1, S,
G2, and G2XL. All profiles are normalized to wild type G1, allowing direct comparison of
replication progression across strains. Key genomic features are indicated along the x-axis: red
circles denote replication origins, “+” symbols indicate telomeres, and blue triangles mark
centromeres. Notably, the Amre11 dataset was generated from a different sequencing run than

the Arrm3 dataset, which accounts for differences in the appearance of the overlaid wild type
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profiles. Black boxes identify regions expanded in panels. (i-iii) Expanded views of the highlighted
regions corresponding to Amre11, Arrm3, and Amre11Asae2. Red brackets represent termination
regions. (A-C) G1 profiles display baseline copy numbers, consistent with non-replicating or fully
replicated genomes. The overlaid wild type (black line) profile is normalized to its own G1 and
therefore appears as a copy number of 1. (D-F) S phase profiles display characteristic replication
timing patterns, including elevated copy number at early replicating regions and reduced copy
number between adjacent origins. (G-1) G2 populations display relatively uniform copy number,
consistent with the completion of DNA replication. (J-K) G2XL cells exhibit largely uniform copy
number profiles across chromosome |V, consistent with fully replicated genomes despite

increased cellular DNA content and enlarged cell size.
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TELA TELA TELB TELB
Left CHROMOSOME A Right  Left CHROMOSOME B Right

Figure 4.4 lllustration of the spatial relationship between telomeres, centromeres, and
replication origin firing patterns along adjacent chromosomes. Model representing
organization of chromosomes A and B illustrating the spatial relationship between telomeres. Due
to the nature of the continuous alignment of chromosomes along the x-axis, the right telomere of
one chromosome aligns with the left telomere of the next. This particular region is represented by
a singular black “+” symbol, where the left TEL and chromosome A aligns with the right TEL of
chromosome B. Replication origins (red circles labeled ORI) and centromeres (blue triangle
labeled CEN) are marked. Early firing origins are located in internal chromosomal regions flanking

the centromere, whereas late-firing origins are positioned proximal to telomeres.
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Figure 4.5 Copy number profiles across cell cycle phases and telomeric instabilities in

mutant strains. (A-K) Copy number profiles were generated using the same sequencing data

sets and analytical parameters as described previously. Representative transition between the

right telomere of chromosome VI and the left telomere of chromosome VII (TELO6R/07L) was

selected and enlarged in panels (i-iii) for each mutant and phase during the cell cycle. Panels (A-
C) show G1 profiles, (D-F) S phase profiles, (G-1) G2 phase profiles, and (J-K) G2XI profiles. In

all profiles, black plots represent wild type during that phase normalized to wild type G1. mre11A

(blue), rrm3A (pink), and mre11sae2A (yellow) strains across chromosomes IlI-VIlI were

normalized to wild type G1 (black). Chromosomes are plotted sequentially along a continuous x-
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axis, such that chromosome boundaries represent the transition between the right telomere of
one chromosome and the left telomere of the next. This is denoted by a black “+” symbol on the
x-axis. Red circles denote replication origins (ORI), black crosses indicate telomeres (and
chromosome boundaries), and blue triangles mark centromeres. (i-iii) Expanded views highlight
the telomeric region spanning between chromosome VII right arm (TELO6R) and chromosome
VIl left arm (TELO7L).
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Figure 4.6 Expanded copy number profiles spanning telomeric regions (TEL01R/02L) in
Amre11, Arrm3, and Amre11Asae2 cells relative to wild type. (A—C) show G1 phase profiles,
(D—F) S phase profiles, (G—I) G2 phase profiles, and (J-K) G2XL phase profiles. While Amre11
largely retains wild type copy number patterns across all phases, Amre11Asae2 cells exhibited a
pronounced reduction in telomeric copy number surrounding the TELO1R/02L boundary during S
phase that persisted into the subsequent G1 population, suggesting incomplete replication or
instability within these regions in the absence of both Mre11 and Sae2. In contrast, Arrm3 mutants
displayed modest increases during G1, consistent with abnormalities that may persist following

replication stress at protein-DNA barriers in its absence.
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Chapter 5

Abnormal copy numbers of extrachromosomal DNA circles in replicating in mutants

lacking Mre11 or Rrm3.

Some genomic replication completion mutants in E. coli are also impaired in their
abilities to stably replicate plasmids. ArecBC mutants show reduced plasmid copy
number, ArecD mutants over-replicate plasmids, forming unstable linear multimeric
species, and loss of SbcCD-Exol, in a ArecBC background, also induces over-replication
and unstable multimers (Wendel et al., 2017). Considering that SbcC-SbcD is the
bacterial ortholog of the Mre11-Rad50 complex and the RecD motifs found in Rrm3, |
considered the possibility that similar genomic instabilities may occur with
extrachromosomal circular DNA in eukaryotes. Yeast contains both a 2p plasmid as well
as a circular mitochondrial genome. In this chapter, | analyzed the large sequencing data
set obtained and described in the previous chapter, to assess how the replication of these
extrachromosomal DNAs was affected through the cell cycle in mutants lacking either

Mre11 or Rrm3.

Introduction: Yeast 2u plasmid

The 2u plasmid in budding yeast is a circular, multicopy plasmid that is
approximately 6.3 kb in size, and on average has a copy number of about 60 (Clark-
Walker & Miklos, 1974; Gerbaud et al., 1979). It is non-essential and has been described
as a selfish genetic element, wherein its primary function is to ensure its own replication

and stability, rather than providing any direct benefits to the host (Broach et al., 1979). It
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replicates alongside the normal cell cycle (during S phase) and uses hosts machinery
(Zakian et al., 1979).

Copy number of the 2y plasmid is tightly regulated through a specific amplification
and partitioning systems encoded on the plasmid itself that ensure daughter cells
maintain the plasmid. The plasmid contains four major coding regions: FLP, Rep1, Rep2,
and Raf1 (Broach et al., 1982; Jayaram et al., 1983; J. A. Murray et al., 1987). Rep1 and
Rep2 are essential for plasmid replication and partitioning during cell division, while Raf1
controls copy number of the plasmid by interacting with the Rep1-Rep2 complex (A. Rizvi
et al., 2017; Veit & Fangman, 1988). The FLP protein is a site-specific recombinase,
facilitating recombination events at FLP recognition targets that are necessary for plasmid
stability (Senecoff et al., 1985; Volkert & Broach, 1986). Maintenance and faithful
segregation of the plasmid are controlled by the STB (stability) locus, a sequence on the
plasmid itself that is critical for binding of Rep1 and Rep2 proteins, to ensure proper
plasmid organization and accurate partitioning during cell division (Murray & Cesareni,
1986; Reynolds et al., 1987). Chromosomal genes that influence plasmid copy number

and stability are less well characterized.

Results: 2y Plasmid

Loss of Mre11 or Rrm3 leads to abnormal 2p plasmid copy numbers.

Genomic sequencing datasets from the previous chapter also collected
information for both mitochondrial and plasmid DNA. | therefore assessed how the copy
number of these sequences varied over the progression of the cell cycle in both wild type
and mutants strains. All sequences reads obtained from the 2u plasmid in each

sequencing dataset were added together and normalized against the total number of
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chromosomal DNA reads in the set. In the wildtype strain G1 phase, | set this ratio equal
to 1 (normalized to its own G1) and then followed how that ratio changed during over the
cell cycle. During S phase, the plasmid copy number increased to approximately 1.5 fold
before returning to near baseline levels in G2 (FIG. 5.1A-C solid black bars). This pattern
is consistent with plasmid replication occurring early during S phase, when the
chromosome copy number is also replicating (Zakian et al., 1979). During G2, one would
expect the normalized plasmid/chromosome copy number ratio to return to 1, as

observed, since cells contain twice the number of both plasmids and chromosomes.

In the Amre 11 strain, plasmid copy number, relative to that seen in wild type cells,
was reduced by ~50% throughout the phases of the cell cycle (FIG. 5.1A solid blue bars).
Notably, the plasmid is not lost, and its copy number remains stable, although reduced,
across the cell cycle, arguing against major defects in plasmid segregation or replication
timing, where | would expect to see clear phase-specific imbalances. A somewhat similar
phenotype was reported in the Courcelle lab using bacterial recBC where mutations in
these genes destabilized plasmid mini-chromosomes and reduced plasmid retention,
while overall viability is also impaired (N. A. Hamilton et al., 2023; Wendel et al., 2017).
In both cases, the phenotype presents as difficulty in maintaining plasmids, and in
bacterial recBC strains, eventually leads to abnormal plasmid forms (N. A. Hamilton et

al., 2023; Wendel et al., 2017).

| also examined the effect of Amre11 in combination with Asae2 on 2y plasmid
circular replication. Sae2 is a critical endonuclease in S. cerevisiae that plays a central
role in DNA double-strand break repair and homologous recombination (Clerici et al.,

2005b; Lengsfeld et al., 2007). It is postulated to work cooperatively with the Mre11-
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Rad50 (Cannavo & Cejka, 2014; Clerici et al., 2005b; H.-S. Kim et al., 2008). There is no
clear homolog of Sae2 in E. coli, however, based on its functional activities, it has been
compared with that of Exo |, encoded by xonA. The Amre11sae2 double mutant appeared
to restore the 2u plasmid copy number to wild type levels. As shown in Figure 5.1B,
relative to wild type (solid green bars,) the plasmid copy number shows little to no

differences in the mutant during cell cycle progression (FIG 5.1B).

These results parallel key observations previously described for bacterial recBC
suppression by sbcCD xonA mutations (N. A. Hamilton et al., 2023; Wendel et al., 2017).
While mutations in recBC cause severe plasmid maintenance defects, the additional
mutation of sbcCD xonA restores plasmid copy number and partially alleviates DNA
damage sensitivity. However, the plasmids remain structurally abnormal, forming unstable
linear multimers that fail to segregate properly (N. A. Hamilton et al., 2023; Wendel et al.,
2017). Similarly, the reduced copy number observed in yeast Amre11 cells is largely
restored in the double mutant Amre11AsaeZ2, suggesting that loss of Sae2 suppresses
the plasmid maintenance defect caused by loss of Mre11. As in the bacterial system,
restoration of plasmid copy number may not necessarily reflect complete restoration of
normal plasmid maintenance and could instead be consistent with altered processing of
replication-associated DNA intermediates. These parallels support the idea that bacterial
SbcCD-Exol and RecBC, together with eukaryotic Mre11-Rad50 perform analogous roles
in the processing of extrachromosomal DNA replication intermediates and further indicate
that restoration of plasmid copy number can occur independently of faithful plasmid

stability and segregation.
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In the Arrm3 strain, | observed the opposite effect of that seen in Amre11. The
plasmid copy number was 2-fold higher at all stages of the cell cycle (FIG 5.1C). Rrm3
helps replication forks move smoothly, particularly at protein-DNA complexes or hard-to-
replicate regions; when absent, forks may stall and break (lvessa et al., 2002, 2003).
While Rrm3 can influence plasmid replication dynamics indirectly (by reducing fork
stalling,) loss of this helicase appears to dysregulate the plasmids tightly regulated
feedback course to a higher constant (Ilvessa et al., 2000b, 2002; Torres, Schnakenberg,
et al., 2004). Similar phenotypes have been described in E. coli recD mutants, in which
loss of the fast-moving helicase subunit of RecBCD appears to promotes aberrant
replication and recombination events of plasmids, leading to accumulation of multimeric
DNA molecules (Biek & Cohen, 1986; N. A. Hamilton et al., 2023; Wendel et al., 2017).
Thus, loss of Rrm3 may promote abnormal plasmid replication structures to persist,
similar to the over-replicated plasmid DNA structures observed in recD mutants in

bacteria.

These findings show that although plasmid partitioning and replication timing stay
consistent, the proper maintenance of the yeast 2u plasmid copy number may also
depend on factors that share homology to the bacterial completion enzymes and have
homologous activities in regulating the ability to maintain extrachromosomal, circular

plasmids.

Introduction: Mitochondrial DNA

Mitochondria can also be considered a form of extrachromosomal circular DNA in

the cell. Unlike DNA replication on the chromosomes, mitochondrial DNA replication in
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yeast is a specialized process that does not follow a strict cell cycle schedule and instead
maintains its copy number through the cells volume and growth state (Cottrell & Lee,
1981; Seel et al., 2023). Mitochondrial DNA replication occurs continuously throughout
the cell cycle and is largely independent of the nuclear replication machinery (Sazer &
Sherwood, 1990.) In S. cerevisiae, mitochondrial DNA (mtDNA) contains eight origin-like
sequences, of which at least three are thought to function as active replication origins
(Baldacci et al., 1984.) Although several models have been proposed to explain mtDNA
replication in yeast, most remain largely hypothetical and are supported by limited
experimental evidence. The most extensively studied and best-supported model is
recombination-dependent replication (RDR), in which homologous recombination
intermediates, rather than defined origins alone, initiate mtDNA synthesis (Prasai et al.,
2017.) RDR occurs at site-specific double strand breaks within these mitochondrial origin-
like sequences and employs specialized replication proteins that function independently
of chromosomal DNA replication (Foury, 1989; Hori et al., 2009; Ling et al., 2013; Prasai
et al., 2017; Van Dyck et al., 1992.). Here | followed how Mre11, Mre11Sae2, and Rrm3

affected the copy umber and replication of this extrachromosomal circular DNA.

Results: Mitochondrial DNA

Cell cycle-dependent mtDNA copy number changes in Amre11, Amre11Asae2, and

Arrm3 mutants

| assessed how the copy number of mitochondria DNA varied over the progression
of the cell cycle in both wild type and mutants strains using a similar approach to that for
the 2p plasmid. All sequences reads obtained for mitochondrial DNA were added together

and normalized against the total number of chromosomal sequence reads in the set. In
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the wildtype strain G1 phase, | set this ratio equal to 1 (normalized to its own G1) and
then followed how that ratio changed over the cell cycle. In wild type cultures, the
mitochondrial copy number remained relative constant throughout the cell cycle, relative
the quantity of chromosomal DNA in the cell (FIG. 5.2 solid black bars). This pattern is
consistent with previous report indicating that the mitochondria are replicating throughout
the cell cycle.

In the Amre11 mutant, mtDNA copy number differed from wild type across the cell
cycle when normalized to wild type G1 (Figure 5.2A dark blue bars). Relative to wild type,
Amre11 cells exhibited elevated mtDNA levels in G1 (~1.5), S (~1.2), and G2 (~1.4).
However, in the unique larger cell G2XL population that accumulated in Amre11
mutants— (Figure 5.2E—also, see flow cytometry profile Figure 3.1 for more detailed
data), the mtDNA copy number increased dramatically (~2.4), indicating that some
cellular signal in this population of cells induces mtDNA replication. Curiously, increased
mtDNA are not found in the G1 cell population. The absence suggests that a large portion
of these cells fail to survive upon division. This lethal population would be consistent with
the elevated levels of lethality that were observed in this population as described in

Chapter 3.

The Amre11AsaeZ2 double mutant displayed a similar mtDNA copy number profile
(Fig. 5.2B) to the Amre 11 single mutant (Fig. 5.2A), including a pronounced induction and
accumulation of mtDNA within the G2XL population. This suggests that the additional loss
of Sae2 does not substantially alter the mtDNA accumulation phenotype associated with

loss of Mre11.
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Inactivation of Rrm3 also altered the mtDNA copy number. In the Arrm3 strain,
mtDNA copy number was elevated relative wild type throughout the cell cycle (Fig. 5.2C).
Loss of Rrm3 resulted in a 1.6 to 1.9-fold increase in both S and G2 phases of the cell
cycle the cell cycle. mtDNA replication appeared to be induced during the period of cellular
stress in both Amre 11 single mutant as well as Arrm3 mutant cells. In the case of Amre11
and Amre11AsaeZ2, mitochondrial copy numbers increased specifically in the G2 arrested
population (Fig. 5.2 A-B). However, a significant portion of this stressed population is
rendered inviable upon division, consistent with the return to near normal mtDNA copy
number levels in surviving G1 population. In contrast in Arrm3, the elevated mtDNA copy
number was may still be triggered by the stress associated with impaired replication
progression or S phase replication stress response, a known role for Rrm3 (lvessa et al.,
2002; Torres, Schnakenberg, et al., 2004). However, despite this stress, the cell
population remains fully viable, and thus the cells carrying the higher mtDNA copy

numbers are retained and persist in the population.
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Chapter 5 Figures

Average Copy Number Variation Across Cell-Cycle of 2u Plasmid
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Figure 5.1 Mre11 and Rrm3 differentially regulate 2u plasmid copy number across the cell
cycle. (A-C) Relative 2u plasmid copy number variation was calculated as total plasmid reads
normalized to total chromosomal reads. Data are presented relative to wild type G1 and shown
for wild type (black bars) and the indicated mutant strains: (A) Amre11, (B) Amre11Asae2, and
(C) Arrm3. Copy number was measured across G1, S, and G2 phases of the cell cycle, with G2XL

population shown for Amre11 and Amre11sae2 mutants. Data are presented as mean + error (n

=7).
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Average Mitochondrial DNA Copy Number Variation Across Cell-Cycle
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Figure 5.2 Mitochondrial DNA copy number is elevated across the cell cycle and
accumulates in G2XL in Amre11 and Amre11Asae2. (A—C) Relative mitochondrial DNA copy
number variation was calculated as total mtDNA reads normalized to total chromosomal reads
and expressed relative to wild type G1. Data are shown for wild type (black bars) and the indicated
mutant strains: (A) Amre11, (B) Amre11Asae2, and (C) Arrm3. Mitochondrial DNA copy number
variation was measured across G1, S, and G2 phases of the cell cycle, with G2XL shown for
Amre11 and Amre11Asae2 strains. Data are presented as mean * error (n = 86). (D-E)
Representative flow cytometry profile of asynchronous Amre11, Arrm3, and Amre11Asae2
populations. Cell size (FSC, log scale) and DNA content (FLH) distributions were used to define
G1, S, G2, and G2XL populations. The Amre11Asae2 profile (D) includes the mean percentage

of cells within each gated cell cycle population (n = 6; see chapter 3 for data collection methods).
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Complete cell cycle distribution data for wild type, Amre11, and Arrm3 can be found in chapter 3

(n=6 for all strains).
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Chapter 6

Discussion

The work presented in this thesis investigated whether the eukaryotic Mre11-
Rad50 complex contributes to DNA replication completion through mechanisms
analogous to those previously described for the bacterial SbcCD and RecBCD systems
(Wendel et al., 2014a, 2017). Previous studies in our lab using E. coli demonstrated that
proteins traditionally associated with homologous recombination and double-strand break
repair also function directly during the completion of chromosome replication at
converging replication forks (Wendel et al., 2014a, 2017). Importantly, many of the
phenotypes associated with bacterial recBC and sbcCD mutants—including poor viability,
genomic instability, and plasmid maintenance defects—could not be fully explained by
their role in homologous recombination (Capaldo-Kimball & Barbour, 1971; N. A. Hamilton
et al., 2023; Leach et al., 1997a; Wendel et al., 2014a, 2017). Given the strong structural
and biochemical conservation between bacterial SbcCD and the eukaryotic Mre11-Rad50
complex, my research sought to determine whether similar functional relationships exist
in S. cerevisiae (Connelly et al., 1998a; Connelly & Leach, 2002; Hopfner et al., 2001;

Sharples & Leach, 1995).

The findings presented here demonstrate that loss of Mre11 results in phenotypes
that parallel several key characteristics observed in homologous bacterial systems. As
described in chapter 3, the severe growth and viability defects observed in Amre11
mutants in the absence of exogenous DNA damage cannot be attributed solely to defects

in homologous recombination or the accumulation of spontaneous double-strand breaks.
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Mre11 is typically thought to function upstream of Rad51 in this pathway (A. Shibata et
al., 2014). However, Arad51 mutants appeared to maintain viability and cell-cycle
progression largely comparable to wild type, whereas Amre 11 exhibited reduced single-
cell viability and accumulation of abnormal late G2 populations (G2XL). These
observations indicate similarity to the relationship previously described between bacterial
recA and recBC mutants, where recA mutants remain relatively healthy during normal
growth despite being defective in homologous recombination. By comparison, recBC
mutants exhibit substantial viability defects independent of exogenous DNA damage
(Wendel et al., 2014a, 2017). Collectively, these findings argue that the essential functions
of Mre11 extend beyond canonical double strand break repair and instead support a

broader role in replication-associated genome maintenance.

The accumulation an enlarged G2XL population in Amre11 cells further supports
this interpretation. These cells accumulate with increased DNA content and cell size,
consistent with defects in late cell-cycle progression. Such defects were not observed in

Arad51 mutants.

The structural similarities between Mre11-Rad50 and bacterial SbcCD provide a
useful framework for interpreting functional similarities. SbcC and SbcD form a conserved
ATP-dependent nuclease complex structurally analogous to Rad50 and Mre11,
respectively (D. E. Anderson et al., 2001; Connelly et al., 1998a; Dolganov et al., 1996;
Paull & Gellert, 1999; Sharples & Leach, 1995). Both complexes contain long coiled-coil
ATPase subunits (Rad50/SbcC) and nuclease subunits (Mre11/SbcD) capable of
processing DNA ends and structure intermediates (D. E. Anderson et al., 2001; Connelly

et al., 1998a, 1999; Dolganov et al., 1996; Hopfner et al., 2000; Sharples & Leach, 1995).
121



Functionally, both complexes are essential for the processing of double strand break
repair through homologous repair and end joining pathways and are essential for
resolving replication-associated intermediates such as converging forks and stalled
replication structures (Ajimura et al., 1993; Connelly et al., 2003; Cromie & Leach, 2001;

Johzuka & Ogawa, 1995; Moore & Haber, 1996; Wendel et al., 2014a).

However, despite the conserved structure and biochemical properties, the
genome-wide replication profiling done in chapter 5 revealed that the bulk of
chromosomal replication completion, identified at regions where forks converge, remains
largely intact in Amre11 mutant. Replication timing profiles across all chromosomes
retained the characteristic patterns of origin firing and fork convergence observed in wild
type cells, suggesting that Mre11 is not required for chromosomal replication completion
to the same extent as bacterial SbcCD or even RecBC. This contrasts with bacterial
recBC and sbcCD mutants, which fail to properly maintain the chromosomal terminus
region where replication forks converge (Wendel et al.,, 2014a, 2017). The S phase
replication profiles of Amre11 cells largely retained normal organization, indicating that
origin firing patterns, fork progression, and replication termination remained broadly

intact.

However, subtle abnormalities were apparent at many termination regions during
S phase when both Mre11 and Sae2 were lost. Sae2 stimulates the MRX complex
endonuclease activity, therefore, loss of Mre11 alone would still leave Sae2 and the
downstream pathways available to complete fork convergence and broader repair
pathways (Clerici et al., 2005b; Lewis et al., 2004b, 2004b; Mimitou & Symington, 2008).

This may justify why no abnormalities were observed in Amre11 mutants. Losing both
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Mre11 and Sae2 appears to disrupt a redundant end-processing or fork-stabilization
pathway, where termination defects become more visible at regions where forks converge
(Cannavo & Cejka, 2014). Nevertheless, even in the double mutant, the overall
replication program remained largely functional throughout the cell cycle. These results
suggest that although aspects of replication-associated processing may be conserved
between bacteria and eukaryotes, eukaryotic cells possess additional redundant
pathways capable of compensating for loss of MRX functioning during chromosomal

replication completion.

Although chromosomal replication completion appeared largely unaffected in the
Amre11 mutant, telomeric regions displayed greater sensitivity to the combined loss of
Mre11 and Sae2. The Amre1Asae2 double mutant exhibited variable reductions in
telomeric copy number across multiple chromosome ends during S phase and G1,
whereas Amre11 cells showed relatively normal profiles despite known telomere
shortening phenotypes (Boulton & Jackson, 1998b; Le et al., 1999). Thus, the additional

loss of Sae2 likely leads to defective processing intermediates at chromosome ends.

A strong parallel between bacterial and eukaryotic systems did emerge through
the analysis of our sequencing profiles of extrachromosomal DNA elements. In bacteria,
recBCD and sbcCD mutants are known to display profound plasmid maintenance defects
(Biek & Cohen, 1986; N. Hamilton, 2000; Kusano et al., 1989; Lloyd & Buckman, 1985;
Niki et al., 1988; Wendel et al., 2014a). Similarly, Amre11 mutant in this study exhibited
substantial reductions in its 2u plasmid copy number. In addition, the loss of Rrm3, a DNA
helicase involved in fork progression at difficult-to-replicate regions (Azvolinsky et al.,

2006b; Ivessa et al., 2000b, 2003; Keil & McWilliams, 1993), showed dysregulated copy
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number control, resembling the plasmid over-replication phenotypes on bacterial
counterpart, recD (Biek & Cohen, 1986; N. A. Hamilton et al., 2023; Wendel et al., 2017).
Importantly, these defects occurred despite relatively normal chromosomal replication
profiles, suggesting that extrachromosomal DNA elements are particularly sensitive to

disruptions in replication-associated processing pathways.

The Amre11Asae2 double mutant is especially informative because it partially
suppresses the single mutant phenotype. The interaction mirrors the suppression
relationships observed in the bacterial replication completion process. Sae2 together with
Mre11-Rad50 perform conserved roles in processing intermediates on extrachromosomal
DNA. A model is also supported in which successful 2y plasmid copy number is not only
regulated by its own control system, but also by host replication and DNA-processing

factors.

Cell cycle copy number profiles of mitochondrial DNA maintenance also revealed
defects in Amre11, Amre11Asae2, and Arrm3, suggesting that mitochondrial genome
maintenance is sensitive to defects in nuclear genome processing pathways that
influence replication stress and cell-cycle progression. Loss of Mre11 and both Mre11 and
Sae? resulted in identical abnormalities, as seen in elevated mitochondrial DNA copy
number across the whole cell cycle, with a pronounced increase in the G2XL population.
However, the substantial reduction observed during G1 suggests that many of these
enlarged late-stage cells fail to successfully complete division or produce viable progeny.
This interpretation is consistent with the reduced single-cell viability phenotypes
described in chapter 3, where Amre 11 cells displayed elevated lethality in the absence of

exogenous DNA damage.
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An important limitation of this study is that genome-wide replication profiling
measures average signals across large populations of cells and may therefore miss rare
or short-lived replication intermediates. As a result, subtle replication defects may not be
detectable if they occur only briefly or within a small fraction of cells. In addition, the
relatively mild chromosomal replication phenotypes observed in these mutants may
reflect the activity of parallel pathways that compensate for loss of MRX function.
Detecting these defects is likely more difficult in eukaryotic organisms than in bacteria
due to eukaryotic cells containing more complex and overlapping replication, repair, and
checkpoint pathways that can mask stronger phenotypes (Conti et al., 2007; Lisby et al.,
2004; Lopes et al., 2001). Furthermore, eukaryotic chromosomes are larger, linear, and
organized into structurally specialized regions such as telomeres and centromeres, which
may further distribute or suppress localized replication-associated abnormalities

(Reviewed in O’'Donnell et al., 2013).

Replication completion defects may also arise only transiently before being
resolved by compensatory mechanisms, making them difficult to capture using bulk
sequencing approaches (Reviewed in Diffley, 2010). Therefore, although the genome-
wide copy number analyses performed here revealed broadly normal chromosomal
replication patterns in the Amre11 mutant, additional higher-resolution approaches may
be required to better define the replication-associated roles of the Mre11-Rad50 complex
in budding yeast. Future studies involving direct analysis of replication intermediates,
deeper sequencing approaches, or single-molecule methods may help determine
whether transient defects accumulate at specific genomic regions during replication

completion.
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Future work aimed at identifying the pathways that compensate for loss of MRX
function during chromosomal replication will help clarify how replication-associated
intermediates are processed in eukaryotic cells. Further studies examining the roles of
additional helicases, nucleases, checkpoint proteins, and recombination factors may help
define how these pathways contribute to replication fork progression, fork restart, end
processing, and resolution of recombination intermediates. Additional characterization of
the DNA structures that accumulate in the absence of Mre11-Rad50 and associated
enzymes function will also help clarify how genome stability is maintained across different

genomic contexts.

The findings presented in this thesis suggest that Mre11 is largely dispensable for
efficient bulk chromosomal DNA replication completion in budding yeast under normal
growth conditions. Genome-wide replication profiles of both Amre11 and Amre11Asae?2
mutants retained overall replication timing patterns and termination-region organization
similar to wild type, indicating that chromosomal replication can proceed largely normally
in the absence of Mre11. However, defects became more apparent at specialized
genomic regions and extrachromosomal DNA substrates, including telomeres, the 2p

plasmid, and mitochondrial DNA.

Several observations from this work parallel phenotypes previously described in
bacterial recBCD and sbcCD mutants, particularly with respect to instability of
extrachromosomal DNA elements. These similarities support the idea that the eukaryotic
Mre11-Rad50 complex shares conserved mechanistic features with bacterial

chromosome-processing systems (Connelly et al., 1998b; Hopfner et al., 2001; Sharples
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& Leach, 1995). At the same time, the relatively mild chromosomal replication defects
observed in yeast highlight important differences between bacterial and eukaryotic
replication organization. Unlike bacteria, eukaryotic chromosomes replicate from multiple
origins and are supported by interconnected replication and repair pathways, which may
reduce dependence on any single completion factor during chromosomal replication
(Brewer & Fangman, 1967; Conti et al., 2007; Lopes et al., 2001; Raghuraman et al.,

2001).

Overall, these findings support a model in which the Mre11-Rad50 complex
contributes primarily to the maintenance and processing of difficult-to-replicate DNA
regions and specialized DNA substrates rather than functioning as an essential
chromosomal replication completion factor similar to bacterial systems. The stronger
phenotypes observed at telomeres, plasmids, and mitochondrial genomes suggest that
these substrates may be particularly sensitive to defects in replication-associated DNA

processing pathways.
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Appendix: Supplementary Tables and Figures
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Observed WT Arad51 | Amrel11 | Arrm3
Viable (both grew) 218 114 156 71
Not Viable (Only One Grew) [ 12 3 44 3

Expected (to WT proportion) | WT Arad51 | Amre11 | Arrm3

Viable (both grew) 0.95 110.90 189.57 70.14

Not Viable (Only One Grew) [ 0.05 6.10 10.43 3.86

n 230 117 200 74

X2 0.1968 1.36 x 1026 0.6527

Table 3.1 Chi-square analysis for statistical significance for single-cell viability assay.
Observed counts of cell division outcomes using 2 categories (both grew vs only one grew) are
shown for all strains from the single-cell viability assay. Expected values were calculated based
on the proportional distribution observed in WT and scaled to the total number of events for each
strain. Chi-square analysis was used to compare observed and expected distributions, with

corresponding values indicating deviation from WT expectations. *Indicates data used for Figure

3.3E
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Appendix Table 3.2 Appendix Table 3.3

Outcome (after 24hrs) | WT | Arad51 |Amre11|Arrm3 bserved WT Arad51 | Amrel1 | Arm3
) Growth (both + single grew) | 241 155 201 112
*Both (viable) 218 | 114 156 71 Dead (single never grew +
*Only One (not viable) 12 3 44 3 neither grew) 62 42 58 22
TSR (to WT proportion) | WT | Arad51 | Amre11 | Arm3
Neither (both dead) 5 5 19 0 Growth (both + single grew) | 0.86 169.56 222.93 115.34
Dead (single never grew +
Isolated cells that never replicated for separation neither grew) 0.22 43.62 57.35 29.67
Single eventually grew | 23 41 45 4 n 303 197 259 134
Single never grew 57 37 39 22 A L) ISERINGES
n 315 | 200 303 137

Table 3.2 and 3.3. Complete data set for single-cell viability assay and chi-square analysis

for statistical significance for mechanical sensitivity during assay.
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C Genome-Wide Profiles of Amre11Asae2 (normalized to Amre11Asae2 G1)
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Figure 4.1 Genome-wide replication profile of mutants normalized to its own G1. Whole
genome copy number profiles of (A) Amre11, (B) Arrm3 and (C) Amre11Asae?2 cells. For each
strain, S, G2, and G2XL copy number profiles were normalized to the corresponding G1
population from the same mutant background to control for within-strain cell cycle variation. Sharp
peaks or troughs consistently observed across all phases likely reflect mapping or sequence-
related artifacts, including deletions at the LEU, URA, and HIS loci introduced during strain
construction.
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Figure 4.2 Chromosome VIl copy number profiles across cell cycle phases in Amre11,
Arrm3, and Amre11Asae2 mutants. (A-C) G1 profiles display baseline copy numbers, consistent

with non-replicating or fully replicated genomes. The overlaid wild type (black line) profile is
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normalized to its own G1 and therefore appears as a copy number of 1. (D-F) S phase profiles
display characteristic replication timing patterns, including elevated copy number at early
replicating regions and reduced copy number between adjacent origins. (G-l1) G2 populations
display relatively uniform copy number, consistent with the completion of DNA replication. (J-K)
G2XL cells exhibit largely uniform copy number profiles across chromosome |V, consistent with
fully replicated genomes despite increased cellular DNA content and enlarged cell size. (i-iii)
Expanded views of the highlighted regions corresponding to Amre11, Arrm3, and Amre11Asae2.

Red brackets represent termination regions.
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A Genome-Wide Profiles of Amre 11 (normalized to WT G1)
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B Genome-Wide Profiles of Arrm3 (normalized to WT G1)
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C Genome-Wide Profiles of Amre11Asae2 (normalized to WT G1)
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Figure 4.3 Genome-wide replication profile of mutants normalized to wild type G1. Whole
genome copy number profiles of (A) Amre 11, (B) Arrm3 and (C) Amre11Asae?2 cells. Copy number
profiles from G1, S, G2, and G2XL populations for each mutant, normalized to wild type G1
allowed for direct comparison with the wild type replication profile. Sharp peaks or troughs
consistently observed across all phases likely reflect mapping or sequence-related artifacts,

including deletions at the LEU, URA, and HIS loci introduced during strain construction.
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