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ABSTRACT

Chromosomal fragile sites are specific loci associated with a high frequency of 

breakage and recombination.  A cellʼs ability to repair and/or replicate through a 

lesion is prerequisite to the maintenance of genomic stability.  An improved 

understanding of fragile site biology and its contribution to replication defects and 

genomic instability is critical for prevention, intervention, and diagnosis of genetic 

diseases such as cancer. This work seeks to identify and characterize both trans 

and cis fragile sites associated elements involved in instability onset and 

progression.  An array of Saccharomyces cerevisiae  isogenic DNA repair 

deficient mutants were utilized to identify genes contributing to the stability or 

instability of a natural fragile site ~ 403 kb from the left telomere on chromosome 

VII. Findings suggest that the RAD52 epistasis group, the MRX complex, non-

homologous end-joining (NHEJ) pathways, MUS81 and SGS1 helicases, 

translesion polymerases, and a majority of the post replication repair (PRR) 

proteins are all required for faithful replication of the 403 fragile site and likely 

other fragile sites as well. In contrast I found that MMS2, previously thought to be 

specific to the PRR pathway, is required to prevent the fusion of repetitive 

elements within the 403 site.  mgs1 (homolog of the human Werner helicase 

interacting protein, WHIP) and pol3-13 (a subunit of the DNA polymerase delta) 

mutants also exhibited reduced instability in checkpoint deficient cells.  These 

findings suggest previously uncharacterized function of Mgs1, Pol3 and Mms2 in 

regulation of genome regions at risk of replication damage. We further find the 
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presence of inverted repeats (IR) are sufficient to induce instability.  Two IRʼs 

proximal to the 403 site consistently fuse to generate acentric and dicentric 

chromosomes involving the 403 fragile site and a newly identified site on 

chromosome VII as well.  The frequency of fusion events is aggravated by 

chromatin traffic stressors such as tRNA transcription induced fork stalling and 

replisome termination regions.
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1. INTRODUCTION

Numerous biotic and abiotic stresses arising inside or outside the cell can upset 

DNA replication. In rare instances of replication disruption, erroneous DNA repair 

or replisome stabilization can lead to joining of non-allelic homologous 

sequences, generating chromosomal instability and accumulation of gross 

chromosome rearrangements (GCRs)  (Bi and Liu 1996; Myung, Chen et al. 2001; 

Kolodner, Putnam et al. 2002; Admire, Shanks et al. 2006; Weinstock, Elliott et al. 2006; 

Lee, Carvalho et al. 2007; Lydeard, Jain et al. 2007; Smith, Llorente et al. 2007; Payen, 

Koszul et al. 2008; Paek, Kaochar et al. 2009; Smith, Lam et al. 2009). Cells which fail 

to induce proper coping mechanisms and continue to divide uncorrected will 

generate chromosome fragments that are either lethal or that trigger 

degenerative cycles of instability. Fragmentation of chromosome structures has 

been implicated in the onset of many human cancers (Hellman, Zlotorynski et al. 

2002) and evolvability (Figure 1). 

DNA Damage

DNA Repair

Diseases and Aging

Evolvability

Figure 1: Consequences of 
DNA damage.

Rigorous cellular mechanisms exist to maintain the integrity of the genome 

repairing DNA damage caused by endogenous replication defects or 

environmental insults, and/or eliminating cells that are irreparably damaged 
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(Figure 2) via apoptosis.  The work presented in this thesis provides novel insight 

into the processes and mechanisms at work during DNA damage (Appendix A) 

and DNA replication (Appendix B) events using Saccharomyces cerevisiae as a 

model system. 

DNA Damage  Damage Response

 DNA Repair

Cell Death

 DNA Repair

Figure 2:  Simple model depicting steps following DNA damage.
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2. CHROMOSOME REARRANGEMENTS; PATHOLOGY AND 
EVOLVABILITY 

Genome instability is a broad term describing any form of genetic change, such 

as point mutations or chromosomal insertions, deletions, or inversions.  Instability 

is also characterized by larger-scale GCRs such as translocations, segmental 

duplications, and whole chromosome loss and duplication (Kolodner, Putnam et 

al. 2002).  Tumorigenesis is known to result from chromosomal rearrangements, 

a trait common to nearly all solid tumors (Lengauer, Kinzler et al. 1997; Sharp, 

Hansen et al. 2006; Lee, Carvalho et al. 2007; Mefford and Eichler 2009).  The 

impact of genetic change is not only relevant to 

genome stability and pathogenesis, but is also central to understanding the 

evolution of a species (Ohno 1970; Kellis, Birren et al. 2004), the function of 

which has been reported in several eukaryotic genomes ranging from yeast 

(Wolfe and Shields 1997; Kellis, Birren et al. 2004) to human (McLysaght, 

Hokamp et al. 2002).   

In yeast, a chromosomal duplication event occurred ~100-200 Mya (Kellis, Birren 

et al. 2004), nearly doubling the genome.  Since the event, approximately 90% of 

duplicate DNA has been conserved in an interwoven pattern with respect to the 

preduplication genome architecture (Wolfe and Shields 1997; Kellis, Birren et al. 

2004).  It has been suggested that the pattern of integration of extant and 

duplicate transcript is a result of a kind of genome erosion resulting from 

structures and processes related to retrotransposons, repeat sequences, tRNA 

genes and telomere elements (Fischer, James et al. 2000; Umezu, Hiraoka et al. 
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2002; Hughes and Friedman 2004; Crombach and Hogeweg 2007; Richard, 

Kerrest et al. 2008).  Moreover, DNA double stranded breaks (DSBs) have been

Topological stress

Template damage

Metabolic processes
(i.e. transcription)

Protein roadblocks

Figure 3: Obstacles to replication fork progression. Adapted from 
Freeman, S. (2004). Biological Science, 2nd ed., Upper Saddle
River, NJ: Prentice Hall.

reported to preferentially form at chromosomal regions containing such 

sequences (Cha and Kleckner 2002; Lucca, Vanoli et al. 2004; Cobb, Schleker et 

al. 2005; Schwartz, Zlotorynski et al. 2005; Azvolinsky, Dunaway et al. 2006; 

Raveendranathan, Chattopadhyay et al. 2006; Argueso, Westmoreland et al. 
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2008; Weinert, Kaochar et al. 2009) and studies in fission yeast further 

demonstrated that these events promote ectopic recombination (Lambert and 

Carr 2005; Lambert, Froget et al. 2007). A role for break-induced replication 

following DSBs has also been posed as a possible mode of Comparative 

genomic hybridization (GCR) resulting in translocations, deletions and sister 

chromatid exchanges (Koszul, Caburet et al. 2004; Mieczkowski, Lemoine et al. 

2006). 

Generally, mutations such as these are considered random events, with selection 

acting  after their occurrence. However, some classes of mutations occurring 

near or as a result of transposons, repetitive fragments, or tRNAs appear to do 

so at frequency greater than would be expected by chance (Adams, Puskas-Rozsa 

et al. 1992; Cha and Kleckner 2002; Dunham, Badrane et al. 2002; Admire, Shanks et al. 

2006; Raveendranathan, Chattopadhyay et al. 2006).  For instance, chromosomal 

rearrangements resulting from persistent selection of growing cells appear 

equivalent to genome rearrangements and aneuploidy that are associated with 

oncogenic fusions, amplification of oncogenes, and loss of heterozygosity and 

are ubiquitous features of cancer (Lengauer, Kinzler et al. 1998; Smith, Pollice et al. 

2000).

Many mechanisms by which large-scale rearrangements have arisen recently 

due to a surge of technological developments that have enabled scientists to 

perform high resolution analysis of genomes.  Methods such as locus-specific 

fluorescent in situ hybridization and CGH microarray analyses have successfully 

characterized deletions, duplications and translocations (Shaw, Thomason et al. 
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1994; Bruder, Hirvela et al. 2001; Veltman, Veltman et al. 2003; Narayanan, 

Mieczkowski et al. 2006; Sharp, Hansen et al. 2006; Bignell, Santarius et al. 

2007; Curatolo, Limongi et al. 2007; Lee, Carvalho et al. 2007).  Implying that 

genome rearrangements may in principle have comparable manner of causation. 

Global analyses of rearrangement breakpoints in human genome have revealed 

chromosomal loci enriched with repetitive sequences, such as low-copy repeats 

and AT-rich palindromes, to be hotspots for rearrangements reviewed in (Shaw 

and Lupski 2004).

Although the induction of such chromosomes rearrangements is far from 

understood, defects during DNA replication is a favored model (Weinert, Kaochar 

et al. 2009) (Figure 3) and is the object of my studies in Appendix B.  Analysis of 

repetitive sequences in specific chromosomal regions have revealed non-B DNA 

conformations (i.e. secondary structures) that are susceptible to breakage and 

subsequent aberrations (Narayanan, Mieczkowski et al. 2006). Additionally, DNA 

replication can be deterred by sites

occupied by protein–DNA complexes involved in gene expression (e.g., RNA 

polymerases (Ivessa, Lenzmeier et al. 2003; Aguilera and Gómez-González 

2008), or by DNA damage (Cordeiro-Stone, Makhov et al. 1999; Pages and 

Fuchs 2003). Replication forks can also stall at sites along the chromosome that 

contain complex architectures (e.g., centromeres, origins of replication; (Ivessa, 

Lenzmeier et al. 2003)); or as DNA helicases (such as Rrm3) act to unwind 

RNA:DNA hybrids (Shin and Kelman 2006; Boule and Zakian 2007; Stamenova, 
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Maxwell et al. 2009) during Ty1 retromobility regulation (Stamenova, Maxwell et 

al. 2009) (Figure 3).

Given that mitotic machinery in yeast and human cells appears to be intolerant of 

polyploidy (Storchova, Breneman et al. 2006; Gerstein, McBride et al. 2008; 

Ganem, Godinho et al. 2009), and because there are only 331 Ty fragments total 

in the yeast genome sequence (Kim, Vanguri et al. 1998), such a high correlation 

with the breakpoints is unlikely to have occurred by chance.  Therefore the repair 

mechanisms which are employed in response to DNA damage within such fragile 

regions were subject of study in Appendix A.
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3. DNA DAMAGE

DNA is exposed to a myriad of destructive factors that can change or destroy 

segments of sequences, including ultraviolet (UV) radiation, chemical alteration, 

and DNA replication errors (Table 1, Figure 3). In all but rare situations, these 

errors result in apoptosis, or cell death (Figure 2).  Without some mechanism to 

correct or inhibit this damage, the homeostasis and evolution of living

DNA DamageDNA Damage Source of damage Types of damage

External

Industrial

Natural

Typically 
intercalating agents

X-ray

UV

Oxidized, alkylated phosphorester 
bases, ethobase

Ionizing radiation (DNA breaks)

UV-A - free radicals (indirect damage)

UV-B - crosslinking pyrimidine dimers 
(direct damage)

Internal

Depurination

Free Radicals

DNA replication 
errors

Heat

Oxidative 
deamination

DNA Polymerase

Loss of purine base from DNA 
backbone

Oxidation, alkylation, hydrolysis, bulky 
adduct formation

Misincorporated nucleotides, 
insertions/deletions, template switch

Table 1: Source and types of DNA damage

organisms would be impossible.  Over the course of evolutionary history, a 

number of mechanisms involved in the regulation and repair of DNA metabolism 

have emerged (Table 2).  Because DNA molecules can be structurally damaged 
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in a variety of ways (Figure 4), repair mechanisms must be flexible in their 

capacity to recognize and deal with defects. 

Types of DNA damage Main source of repair Known pathways 
involved

Base Loss
Base Modification
Photodamage/cross-
links
Chemical modification/
Reactive oxygen 
species

Damage Reversal
Excision Repair
Mismatch Repair
Gap Repair

Photolyase, MGMT
BER, NER
MutS, MutL, RFC, 
PCNA, RPA, 
exonuclease I, DNA pol 
delta

DNA Breaks, Telomere Single and double 
stranded breaks

DSBR, SDSA, SSA, 
BIR

Non-homologous End-
joining: NHEJ, MMEJ

DNA replication “errors” Post replication repair Rad6/Rad18; TLS, 
Template switch, 
replication fork reversal.

Table 2: DNA repair mechanisms

Consequently, it is not surprising that cells employ a large number of different 

types of repair systems (Table 2).  Defects in most of these repair pathways have 

been associated with one or more specific human diseases (Hoeijmakers 2001; 

Wood, Parsons et al. 2007; Barber, McManus et al. 2008). Additionally, the repair 

of damaged DNA is intimately associated with a number of other distinct cellular 

processes such as DNA replication, DNA recombination, cell cycle checkpoint 
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arrest, and other basic cellular mechanisms. These DNA repair mechanisms 

have been classified into many categories and the pathways associated with 

them were extensively studied in Appendix A.  A list of the major DNA repair and 

coping mechanisms are provided in Table 2 and I briefly introduce them below.

b) Single-Strand Break

e) Pyrimidine Dimer

a) Mismatch c) DNA-DNA Crosslink

f) Apurinic Site

A
G

d) Double-Strand Break

Figure 4: Examples of DNA damage.  
Top from left to right: a) Mismatch, b) Single-strand break, c) DNA-DNA crosslink. 
Bottom: from left to right: d) Double-strand break, e) Pyrimidine dimer, f) Apurinic 
site.  See text for discussion.

3.1.1 Spontaneous DNA Damage:

Base loss - Abasic or apurinic  (AP) sites are created by the loss of a pyrimidine 

or purine base when the glycosyl bond linking DNA bases with deoxyribose is 

cleaved.  The N-glycosidic bond is slightly unstable, especially at acidic pH when 

it can be easily cleaved   (Lindahl and Andersson 1972; Sakumi and Sekiguchi 

1990; Dianov, Sleeth et al. 2003). AP sites often block DNA synthesis by DNA 

polymerases resulting in a lethal lesion. However, occasionally DNA polymerases can 

bypass AP sites by incorporating the incorrect nucleotide into the synthesized DNA 

strand, thus resulting in a permanent genetic change (Loeb, Preston et al. 1986; 

Goodman, Cai et al. 1994).
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Base modification (Deamination) - The primary amino groups of nucleic acids 

can be converted to keto groups. Other deamination reactions include conversion 

of adenine to hypoxanthine, guanine to xanthine, and 5-methyl cytosine to 

thymine (LeDoux, Wilson et al. 1992; Friedberg 1995).

3.1.2 DNA Polymerase Proofreading: 

DNA polymerase fidelity is acquired by partitioning between base pairing and 

exonucleolytic proofreading at the active site and DNA template (Kunkel and 

Bebenek 2000; Kool 2001), a crucial process ensuring accuracy of DNA 

replication (Figure 5). The high fidelity of the replication machinery has its 

limitations.  Although the DNA 

Figure 5: A DNA replication fork.  The major types of proteins that act a DNA replication fork are 
illustrated.  MCM helicases/Cdc45 unwind the parental DNA double strand. Polymerase eta ɛ 
(Polɛ) is responsible for leading strand synthesis. Polymerase alpha α/primase (Polα) initiates 
Okazaki fragment synthesis on the lagging strand that is completed by polymerase delta δ (Pol 
δ). PCNA is bound to Pol ɛ and Pol δ strand and the single strand DNA is coated by RPA.

PCNA

Pol δ

Pol ɛ

Pol α

RPA

polymerases contain proofreading capabilities by a 3ʼ --> 5ʼ exonuclease, 

mismatches, insertions or deletions do occur (Friedberg 1995; Haber 1999).  In 

many eukaryotic systems including yeast (Venkatesan, Hsu et al. 2006) and 
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mouse (Venkatesan, Treuting et al. 2007), DNA polymerase mutants affect 

viability, sensitivity to genotoxic agents, cell cycle progression, and replication 

fidelity.

5’

5’

3’

3’

Damaged base

DNA glycosylase

AP site

AP endonuclease

DNA polymerase I
DNA ligase

Figure 6: Damage to DNA bases by 
deamination or alkylation. In E.coli, the DNA 
glycosylase binds the AP site and the base 
is removed.  The AP endonuclease removes 
the AP site and neighboring nucleotides.  The 
gap is filled by DNA polymerase I and DNA 
ligase.

3.1.3 Exogenous DNA Damage:

Many environmental factors induce DNA base modifications (Figure 6).  These 

can include chemicals in the foods we eat or normal metabolic processes that 
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can, for example, encourage the addition of a methyl or other alkyl group 

(alkylation). It has been shown that S-adenosylmethionine, the normal biological 

methyl group donor, reacts inadvertently with DNA to generate alkylated bases 

(LeDoux, Wilson et al. 1992).

5’

5’

DNA replication

Figure 7: Interstrand DNA crosslink

3.1.3.1 Physical DNA Damaging Agents

Photodamage - Exposure to UV radiation can induce bond formation between 

adjacent pyrimidines within one strand, or give rise to Reactive Oxygen Species 

(ROSʼs) leading to DNA damage (Friedberg 1995; Dianov 2003).

Cross-links - Bifunctional agents and radiation can create interstrand cross-links 

and DNA-protein cross-links (Figure 7). DNA topoisomerases generate covalent 

links between themselves and their DNA substrates during the course of their 
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enzymatic action. Usually these crosslinks are transient and are reversed as the 

topoisomerase action is completed. Occasionally something interferes with 

reversal, and a stable topoisomerase-DNA bond is established. Bifunctional 

alkylating agents and radiation can also create crosslinks between DNA and 

protein molecules. All lesions that must be repaired  (Dianov, Sleeth et al. 2003; 

Lehoczky, McHugh et al. 2007). 

3.1.3.2 Chemical DNA Damaging Agents

Chemical modification - The progression of the cell cycle is highly sensitive to 

oxidative stress. The nucleic acid bases are susceptible to numerous 

modifications by a wide variety of chemical agents.  ROSʼs, including hydroxyl 

radical (OH●), superoxide anion (O2●), and hydrogen peroxide (H2O2), target 

critical cell molecules and machinery, including nucleic acids, proteins and cell 

membranes.  Additionally, ROS damage to mitochondrial DNA has been 

implicated in cancer, aging and a variety of degenerate diseases (Finkel and 

Holbrook 2000; DiMauro and Schon 2003; Schon and DiMauro 2003).  Hydroxyl 

radicals are produced from H2O2 by the activity of superoxide dismutases (SODs) 

in the Fenton reaction, which oxidizes transition metals such as Fe2+ (Figure 8).  

The presence of superoxide anion which produce hydroxyl radicals during 

production of molecular oxygen from O2●- through the Haber Weiss reaction, 

Fe3+ is reduced to Fe2+ feeds further into the Fenton reaction (Halliwell 1991; 

Gille and Sigler 1995; Temple, Perrone et al. 2005).  Hydrogen peroxide is 
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downstream from superoxide anion in the production of the highly reactive OH●.  

The type of response enacted by the cell to ROS damage is dependent on the 

variety, category and concentration of ROS present (Temple, Perrone et al. 

2005).

Mitochondrial e- transport chain

O2●- Haber-Weiss reaction
O2

Fenton reaction

SOD

H2O2 OH●

Fe2+ Fe3+

Figure 8: Oxidant production. The reactive hydroxyl radical 
is produced from peroxide through the Fenton reaction. 
Adapted from (Temple, Perrone et al. 2005).
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4. REPAIR OF DNA DAMAGE

DNA damage can and exist in a variety of forms (Figure 3). Lesions are 

processed by multi-protein complexes in different specialized DNA repair 

pathways dedicated to damage reversal, excision repair, damage bypass and 

DSB repair. Coordinated functioning is required to properly regulate the 

replicative machinery to ensure synchronization with DNA repair and checkpoint 

mechanisms (Table 2).  My studies carried out in Peak and Jones et al., 2009 

and listed in Appendix A utilized an array of isogenic DNA repair deficient mutants 

to characterize which genes in the following sections contributed to the onset of 

instability, or the stabilization of the 403 fragile site (Figure 16).

4.1 Reversal of Damage:

Direct reversal of damage - A few enzymes reverse rather than repair damage.  

This process of direct repair involves two main mechanisms, photoreversal and 

removal of the O6-methyl group from O6-methylguanine. The best characterized 

of these is photoreversal which is catalyzed by photolyase. Photolyase can 

monomerize lesions induced by UV light such as cyclobutane pyrimidine dimers 

and (6-4) photoproducts, using blue light as an energy source.  Photolyase 

contains two chromophores which absorb photons. The chromophores transfer 

their energy to flavin. The energy from the excited FADH-  transfers the electron, 

creating a radical anion that splits the dimer.

Many species have photolyase, but placental mammals (including humans) do 

not (Hoeijmakers 2001; Dianov, Sleeth et al. 2003).  The seconded example of 
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direct damage reversal is prevalent in humans and involves the repair of O6-

methylguanine by methylguanine DNA methyltransferase (MGMT). Human 

MGMT removes methyl groups presumably by forming a complex with the DNA 

backbone at the site of damage.  The O6-methyl is recognized by the MGMT 

active site and is cleaved. The MGMT- O6-methyl complex dissociates from the 

DNA and the entire complex is degraded (Dianov, Sleeth et al. 2003).

4.2 Excision Repair:

Apurinic/apyrimidinic (AP) sites are one of the most frequent spontaneous lesion 

zones in DNA (Boiteux and Guillet 2004) and are a threat to genetic integrity 

mainly due to their ability to block replication and cause mutations (Figures 4f 

and 6). DNA excision repair processes remove (excise) the damage and replace 

it through DNA synthesis using the undamaged complementary strand as a 

template.  All organisms, prokaryotic or eukaryotic, employ at least three excision 

mechanisms: mismatch repair (MMR), base excision repair (BER), and 

nucleotide excision repair (NER).  Cleavage of AP sites generates single-strand 

breaks (SSBs) with blocked ends which cannot be used as substrates for DNA 

polymerases or ligases. If the SSB goes unresolved through DNA replication, it 

will be converted into a potentially dangerous DSB.

4.2.1 Base Excision Repair

Base Excision Repair (BER) proteins excise and replace DNA bases that have 

been altered by endogenous oxidative and hydrolytic decay of DNA. The key 
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enzyme in the BER pathway is DNA glycosylase, which removes different types 

of modified (i.e. uracil) or damaged bases (like 3-methyladenine) by cleavage of 

the N-glycosylic bond between the base and deoxyribose. There are numerous 

variations of DNA glycosylases, each specific for a different type of incorrect 

base. Specificity of the various pathways is conferred by the DNA N-glycoslyases 

as well as tissue type, which establishes which glycoslyase predominates.  

Nevertheless, all of the variant pathways have 3 basic features in common: (i) 

removal of the incorrect base by an appropriate DNA N-glycosylase to create an 

AP site, (ii) nicking of the damaged DNA strand by AP endonuclease upstream of 

the AP site, creating a 3'-OH terminus adjacent to the AP site, and (iii) extension 

of the 3'-OH terminus by a DNA polymerase. 

DNA glycosylases catalyze the process by hydrolyzing the N-glycosylic bond 

between the altered base and the deoxyribose, releasing the modified base. As a 

result an AP site is formed. Some glycosylases also possess AP lyase activity, 

which cleaves the DNA backbone on the 3' side of the AP site.  Following the 

lyase reaction, AP endonuclease cleaves the sugar-phosphate DNA backbone on 

the 5' side of the AP site, excising the abasic residue. Local DNA synthesis fills 

the gap and the nick is ligated.  The processes of BER are essentially the same 

between yeast and mammalian cells with one major difference; mammalian cells 

fill in the excised AP gaps.  This is mediated by a DNA polymerase that also 

ligates the nicks.  S. cerevisiae possesses no such polymerase.  Pol2 executes 

DNA synthesis and a second protein Cdc9 is required to ligate the nick (Wood, 

Mitchell et al. 2001).   
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4.2.2 Nucleotide Excision Repair

Nucleotide excision repair (NER) recognizes a multitude of DNA lesions, 

including damage induced by environmental sources. The most relevant lesions 

subject to NER are cyclobutane pyrimidine dimers and (6-4) photoproducts, 

which are excised and replaced with the accurate nucleotides. In addition, 

numerous bulky chemical adducts are also eliminated through the NER pathway 

(Sancar, Lindsey-Boltz et al. 2004; Lehoczky, McHugh et al. 2007).

 

DNA damage

Damage recognition

dsDNA opening

Access by other NER proteins

Excision

DNA synthesis and ligation

Figure 9: DNA damage repair by NER

As depicted in Figure 9 the NER consists of the following steps: (i) damage 

recognition, (ii) multi-protein complex binding at the damaged site and double 
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incision of the damaged strand several nucleotides away from the damaged site 

(24-32nt oligomer in eukaryotes, on both the 5' and 3' sides), (iii) removal of 

excised oligomer, and (iv) filling in of the resulting gap by a DNA polymerase and 

ligation (Wood, Mitchell et al. 2001; Sancar, Lindsey-Boltz et al. 2004).

4.3 Mismatch Repair:

Mismatch Repair (MMR) is yet another mechanism for ensuring replicative 

fidelity.  The main DNA polymerases contain proofreading subunits which ensure 

high fidelity DNA replication. Accessory proteins aid in this process by signaling 

to initiate mismatch correction if necessary.  MMR repairs base-base mismatches 

(Figure  4a), insertion-deletion loops, and heterologies (i.e. by deamination of 5-

methyl cytosine to produce thymidine improperly paired to G) formed during 

replication, recombination and DNA damage (Schofield and Hsieh 2003). 

Early MMR studies in bacterial systems lead to the elucidation of mutS and mutL 

genes which encode proteins responsible for identifying methyl-directed 

mismatches.  There are numerous homologs of these MMR genes in the human 

genome (Wood, Mitchell et al. 2001) compared to those found in yeast, 

Drosophila melanogaster, or Caenorhabditis elegans.  In budding yeast, there 

are six mutS homologs (MSH1–MSH6) and four mutL homologs (MLH1, MLH2, 

MLH3, and PMS1). 

In 1985, transformation experiments validated the existence of MMR in yeast 

(Williamson, Game et al. 1985).  pms1 was identified in a Post Meiotic 

Segregation (PMS) screen.  Pms1 also conferred extensive homology to E. coli 

MutL.  pms1 mutant strains gave rise to strong mutator phenotypes, similar to 
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msh1 and mlh1.  Furthermore, the mlh1-pms1 double was indistinguishable from 

either single.  This and subsequent studies support the eukaryotic MMR repair 

model (Rayssiguier, Thaler et al. 1989; Kolodner 2000).  

Somewhat different from the prokaryotic model, data from yeast and vertebrate in 

vitro MMR experiments suggest that single-strand nicks or replisome orientation, 

such as the proliferating cell nuclear antigen (PCNA) position, provide a signal for 

strand specificity in these organisms. The discrimination between parent and 

daughter strand (where the daughter strand requires repair) is accomplished by 

the presence of this nick in the daughter strand.  Additional in vitro analysis 

employing circular DNA molecules containing both a mismatch and a nick in one 

of the strands demonstrated that the non-nicked strand was used as template for 

the repair (Modrich 1991).

Using a complete in vitro system that included MutS, MutL, RFC, PCNA, RPA, 

exonuclease I, and DNA polymerase δ, Gu et al. found a novel function of MutL 

in eukaryotes. It was found that MutL introduced a second nick into the already-

nicked strand on the side of the MutS-MutL complex distal from the original nick. 

Furthermore, RFC and PCNA (interact with Msh3 and Msh6), which are recruited 

to double-stranded DNA at the 3' ends of strands at nicks and gaps, are required 

to couple replicative machinery to MMR (Gu, Hong et al. 1998). The resulting 

communication between the RFC-PCNA complex at a nick or gap and the MutS-

MutL at the mismatch induces the human Pms2 subunit of MutL to introduce a 

second nick near the MutS-MutL complex on the side of that complex furthest 

from the original nick or gap (Modrich 1991).
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Generation of the second nick ensures that exonuclease I will have an entry point 

where it can begin to degrade the nicked strand toward the mismatch. Ultimately, 

exonuclease 1 degrades this strand between the two nicks cutting away the 

mismatched nucleotide. RPA protects the ssDNA and prevents extensive 

resection by other exonucleases in the cell.  The resulting gap is filled by DNA 

polymerase delta, and the final nick is sealed by DNA ligase I (Modrich 1991; 

Schofield and Hsieh 2003).

4.4 Repair of Strand Breaks:

Two major repair pathways exist in eukaryotes to cope with  DSBs, (Figures 4 

and Figure 10). One pathway takes advantage of proteins that promote 

homologous recombination (HR) with an intact template of a sister chromatid or 

homologous chromosome (Figure 10a). This act of recombination involves the 

exchange of genetic information. During meiosis, recombination occurs normally 

between homologs, generating crossovers and gene conversion events that 

result in new genetic combinations.  Mitotic cells, however, primarily use the 

sister chromatid for repair to deter gene conversion events and/or loss of 

heterzygosity (Haber 1999). The second DSB repair pathway, non-homologous 

end joining (NHEJ), repairs adjacent broken 
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Figure 10: DNA repair by A) HR B) NHEJ  C) SSA. DSBs are recognized by MRX complex and 
undergo HR repair typically in S-phase Rad52 epistasis repair pathway facilitate DNA 
synthesis using a homologous template or in G1 by NHEJ .  Alternatively if break occurs between 
two repeat sequences single stranded regions are created adjacent to the break and the 
complementary strands can anneal to each other. See text for further details.
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DNA ends even if there is no sequence similarity between them, discussed in 

more detail below (Figure 10b). Once a DSB is introduced into the DNA 

molecule, there are several models to explain break resolution by HR. 

The double-strand-break repair model (DSBR), initially described by (Szostak, 

Orr-Weaver et al. 1983), appears to be more prevalent during meiosis.  The 

probability of obtaining a gene conversion vs. a non-gene conversion event is 

random and should occur in half of the meiotic events.  However, the frequency 

of gene conversion events is much lower in the repair of DSBs in mitotic cells. 

Thus, alternative models, such as the synthesis-dependent strand-annealing 

(SDSA), single stranded annealing (SSA) (Figure 10c) and break-induced 

recombination (BIR) better explain mitotic DSB events (Krogh and Symington 

2004).  Figure 11 highlights the mutations associated with specific DNA damage 

and DNA repair pathways.

4.4.1 The DSBR pathway

Meiotic recombination is vital for proper chromosome segregation and 

contributes to the generation of genetic diversity.  In S. cerevisiae, DNA double-

strand breaks appear to be precursors of most meiotic recombination (Goldman 

and Lichten 1996; Roeder 1997). During meiotic recombination, a cross-over 

structure is formed between two strands depending on how the cross-over is 

resolved.  The crossed strands or the non-crossed strands can be cleaved, 

generating a non-gene-conversion event or a gene conversion event 

respectively.  
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The initiation of eukaryotic DSBs is catalyzed by Spo11, a meiotic specific 

topoisomerase.  The MRN/MRX complex presumably replaces Spo11 resecting 

5ʼ ends, exposing single stranded 3ʼ ends.  The single stranded 3ʼ end invades 

homologous duplex DNA, forming a D-loop (Figure 10a). This process is aided by 

Rad51 and Dmc1, recombinase proteins which bind DNA and catalyze the 

identification of homologous sequences. Once homologous sequences are 

aligned, the 3ʼ end acts as a primer and becomes extended by DNA synthesis.  

The formation of a D-loop displaces the donor template, which aligns with 

homologous sequences of the recipient molecule, initiating DNA synthesis. 

These joint molecules apparently form double Holliday junctions, which 

DNA damageDNA repair Mutagenesis

Base substitutions
Frameshifts
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Base modifications
Base mismatches
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NER
MMR

Crosslink
repair Deletions

DNA crosslinks

DNA breaks

Deletions
Rearrangements
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PRR
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Deletions
Rearrangements

Replication fork
blockage

Figure 11: Mutations associated with specific DNA damage and DNA repair pathways
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are processed by the resolvase Mus81 (Cromie, Hyppa et al. 2006) to form 

recombinant molecules with either the parental (noncrossover) or nonparental 

(crossover) configuration of DNA (Szostak, Orr-Weaver et al. 1983; Pâques and 

Haber 1999; Krogh and Symington 2004). Interestingly, recent observations have 

indicated that a single (not a double) Holliday junction is the intermediate of 

meiotic recombination in fission yeast (Cromie, Hyppa et al. 2006).

The MRN/MRX protein complex plays an important role not just in meiosis, but 

also in mitosis and other various repair pathways in eukaryotic organisms (Figure 

10). The complex consists of Mre11, Rad50 and Nbs1 (Nbs1 is specific to 

mammals and fission yeast) or Xrs2 (budding yeast). After double strand 

cleavage, the ends of the broken DNA molecule must be resected by a 5ʼ-to-3ʼ 

exonucleolytic activity to expose the 3ʼ strand.  The MRN/MRX proteins play 

important roles in DSB repair (whether by NHEJ or HR, Figure 10) by helping to 

hold two DNA ends close to each other and DNA end processing.

Mutations in the three MRX genes, RAD50, MRE11 and XRS2, confer extreme 

sensitivity to DNA damaging agents (Krogh and Symington 2004).  rad50 or 

mre11 mutants fail to resect DSB ends (McKee and Kleckner 1997), thus Rad50 

and Mre11 are required for processing of meiotic DSBs. Xrs2 and Nbs1 become 

phosphorylated in the presence of DNA damage and interact directly with Mre11.  

Mre11 is a structure specific nuclease (3' to 5' exonuclease activity and 

endonuclease) that interacts with Rad50 to form a heterotetramer that binds to 

ends of dsDNA molecules composed of two Mre11 molecules and two Rad50 

molecules.  Rad50 is a large protein with a long coil domain separating two half-
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ATPase domains. The Rad50 and Mre11 interaction was demonstrated with the 

two-hybrid system (Johzuka and Ogawa 1995).

4.4.2 The SDSA and BIR pathways

DNA damage resulting in a DSB will impede the replication fork during DNA 

replication. When a DSB is repaired by HR, there are at least two categories of 

repair mechanism employed. The first and most important category, "synthesis-

dependent strand annealing" (SDSA), requires that a single DNA strand find its 

complementary sequence within a double-stranded DNA molecule. The second 

category, termed “break induced replication” (BIR), requires that two 

complementary single strands find each other. 

All of the proteins encoded by genes in the RAD52 epistasis group of S. 

cerevisiae (or their homologs in other eukaryotic organisms) are important for 

SDSA. These proteins include RAD51, RAD52, RAD54, RAD55, RAD57 and 

RAD59. However, only RAD52 and RAD59 are needed for SSA (Figure 10c). 

Several lines of evidence suggest that both of the proteins that are frequently 

defective in hereditary breast cancer, BRCA1 and BRCA2, can interact with 

human Rad51 and may play a direct or indirect regulatory role in role in DSB 

repair.  The following discussion will illustrate that SDSA requires invasion of 

dsDNA by ssDNA, whereas SSA does not (Figure 10). This may explain why 

Rad51 and additional proteins (Rad54, Rad55, Rad57) are needed for SDSA but 

not for SSA (Wood, Mitchell et al. 2001).
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The Rad51 protein is a key member of the group of proteins needed for SDSA. It 

contains a central core that is rather similar to the RecA protein of E. coli. Similar 

reactions are catalyzed in vitro by eukaryotic Rad51 proteins, but the eukaryotic 

reactions are not as efficient as those carried out by RecA. RPA, a eukaryotic 

single stranded binding protein binds and protects single stranded DNA. RPA is 

displaced by Rad52 while recruiting Rad51. Rad51 binding is stabilized by 

Rad55, Rad51 and Rad54 accessory proteins in yeast (Figure 10a).  In 

mammalian cells, Rad51 paralogs, XRCC2, XRCC3, Rad51B, Rad51C and 

Rad51D are assisted by Rad54. Also unique to mammalian cells are BRCA1 and 

BRCA2, which are presumed to bind and recruit Rad51 to the DSB sites 

(Venkitaraman 2001).

RAD51 and RAD52 were initially identified in a genetic screen for mutants that 

are sensitive to ionizing radiation (Game and Mortimer 1974). Rad51 is a 

recombinase DNA binding protein that forms heterodimers with most of the 

members belonging to the RAD52 epistasis group. These interactions mediate 

assembly of Rad51 onto ssDNA. 

To assess the role of Rad51 in DSB repair, Hays et al., analyzed rad51 and 

rad52 for their ability to perform recombinational repair of DSBs.  rad55 and 

rad57 (genes known to be involved in DSB repair) mutant strains were analyzed 

for the ability to initiate repair when RAD51 and RAD52 were overexpressed.  

Survival curves demonstrated that rad55 and rad57 had similarly poor 

phenotypes in the presence of x-ray damage, which were rescued when RAD51 

and RAD52 were overexpressed.  An additional analysis measuring 
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recombinational repair by means of a papillation assay scoring the frequency of 

ADE2+ recombinants (gene conversion) in rad55 and rad57 strains resulted in 

partial suppression by RAD51 or nearly complete suppression by RAD52.  

Additional analysis by Shinohara and Ogawa in 1998 assessed the role RPA, 

RAD51 and RAD52 in recombination.  Single stranded circularized DNA and 

homologous linear double stranded molecules were assayed for strand exchange 

in vitro. Rad51 strand exchange was enhanced in the presence of Rad52.  If 

RPA was initially incubated, followed by the addition of Rad51 in the absence of 

Rad52, strand exchange was suppressed.  Once Rad52 was added, strand 

exchange was restored.   

In SDSA, the new synthesis primed by the invading 3' strand from the broken 

chromosome can lead to the development of a full-fledged replication fork. In 

some cases, synthesis can continue to the end of the chromosome serving as an 

information donor, a critical step in BIR repair (Haber 1999). 

In the revised SDSA repair pathway, a DSB is introduced into one of two 

homologous chromosomes and nucleolytic digestion resects the 5' ends to 

expose the 3' single-stranded ends. The 3ʼ terminus invades a homologous 

duplex template, forms a D loop and serves as a primer for DNA synthesis.  The 

newly synthesized strands are unwound and displaced from donor template and 

are free to reanneal with each other. Any overhangs are removed by flap 

endonucleases, and any gaps are filled in by a polymerase. Remaining nicks are 

sealed by a ligase (Ferguson and Holloman 1996; Pâques and Haber 1999). 
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The key difference distinguishing SDSA from earlier models of DSB repair by HR 

is the fact that the DNA synthesis is conservative (Ferguson and Holloman 1996). 

That is, the recipient DNA molecule receives the newly synthesized DNA, while 

the donor template remains unchanged.  The SDSA model predicts and 

extensive genetic evidence support that rearrangements are almost always found 

at the recipient and not the donor sites (Ferguson and Holloman 1996; Pâques 

and Haber 1999; Krogh and Symington 2004).

4.4.3 Single Strand Annealing

DSB repair by SSA is limited to regions with direct repeats which flank the DSB 

(Figure 10c). Following the DSB, the 5' ends are resected until complementary 

regions within the 3' strands are exposed (due to repeat sequences).  The 

complementary repeat sequences anneal, and the single stranded 3ʼflaps that 

are adjacent to the newly annealed double stranded DNA are degraded (Krogh 

and Symington 2004). 

In mammalian DNA, with its abundance of short repeat sequences, it is not 

unlikely that repeat sequences of sufficient length (several hundred base pairs) 

flank the DSB. After flap removal and ligation, the DSB is repaired but at the price 

of deletion of the stretch of DNA between the two repeated sequences (Sengupta 

2005).

In 1992 Baily et al. demonstrated that S. cerevisiae RAD1 and RAD10 function 

as a stable complex and that either single mutant was similarly defective in DNA 

repair and recombination.  It was observed that RAD1 and RAD10 are also highly  
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homologous to human repair genes known to be involved in excision repair, in 

particular, genes that encode nucleolytic products (Bailly, Sommers et al. 1992).  

A subsequent study utilized plasmids containing direct repeats flanking a HO-site 

as an in vivo system to determine if RAD1 functioned to resolve 3ʼ flaps 

generated during SSA repair of DSBs. In rad1 strains, there was a 4-fold 

reduction in deletion products compared to wild-type.  In a critical second phase 

of their investigations, Fishman-Lobell and Haber detected a prevention of 

deletion product in rad1 strains that normally form between two URA3 repeats 

flanking the integrated HO site. These results demonstrated a clear role for RAD1 

in repair of DSBs (HO-induced), and the authors reasoned that the Rad1-Rad10 

complex acts as a nuclease to resolve the nonhomologous segment (the 3ʼ flap) 

formed during SSA repair (Fishman-Lobell and Haber 1992).

4.4.4 Non-homologous End-joining

In eukaryotes, the maintenance of chromosome stability in the face of 

spontaneous or exogenously induced DSBs is ensured both by Non-homologous 

End-joining (NHEJ) and HR repair pathways (Haber 1999). The NHEJ model 

includes the following processes; synapsis, end processing, alignment of ends, 

and ligation (Figure 10b).  

A DSB endangers the physical chromosomal integrity because there is no intact 

sister chromatid.  Thus the ends of a DSB require structural support to maintain 

appropriate proximity for rejoining.  This synapsis step involves DNA-dependent 

protein kinase (DNA-pk), which include the Ku70 and Ku80 proteins. Continued 
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modification of the ends often requires nucleases and polymerases that mediate 

appropriate end homologies. This is because DNA breaks are produced in 

numerous ways. In most cases, the ends of the break will not be suitable for 

direct ligation. The outcome is dependent upon the extent of damage at the 

break and the extent of processing that is required to make the break ligatable. 

The alignment step follows, guiding the processed ends to homologous 

sequences, where DNA ligase IV (Lig4) and Xrcc4 seal the nicks (Lieber 1999).

Though bases are lost in the act of end processing, the NHEJ repair pathway is 

highly effective at maintaining the overall integrity of the genome.  Just how the 

ends are processed to facilitate NHEJ mediated end joining is not yet known.  

Studies investigating the role of NHEJ and its components in DSB repair found 

that end processing is accurate enough to confer DNA stability and is an 

important pathway, critical for damage control (Haber 1999; Ferguson, Sekiguchi 

et al. 2000).  In experiments using mouse cells lacking LIG4 or KU70 in the 

presence of DNA damage by ionizing radiation, numerous chromosome 

translocations were observed that were absent in wild-type cells (Ferguson, 

Sekiguchi et al. 2000), indicating that functional NHEJ preferentially join correct 

ends of DSBs. Furthermore, mammalian cell lines lacking any of the NHEJ 

components are more than 7-fold more sensitive to irradiation than wild-type cells 

(Rothkamm, Kruger et al. 2003).

Based on numerous biochemical and genetic studies, many of the proteins which 

constitute the NHEJ pathway have been identified. One such study by Wu et al. 

investigated the role of the nucleases Exo1 and Rad27 (Fen1 human homolog) in 
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processing ends which mediate the NHEJ pathway. EXO1 had no measurable 

effect on end joining while irradiated rad27 strains had a 4-fold reduction in the 

use of the NHEJ pathway compared to wild-type (Wu, Wilson et al. 1999).  To 

determine which DNA ligase was functioning in the NHEJ pathway, the two DNA 

LIG4 alleles were knocked out in a human pre-B cell line. The cells became X-ray 

sensitive and could no longer carry out recombination (Grawunder, Zimmer et al. 

1998). Overexpression of DNA ligase I or III was unable to compensate for the 

absence of DNA LIG4.

4.5 Post-replication Repair in Saccharomyces cerevisiae and Higher Eukaryotes:

Itʼs possible that a damaged template escapes repair, forcing the cell to develop 

specific mechanisms for tolerating unexcised damage when a replication fork 

collides with DNA lesions.   It is imperative that the cell be able to move 

replication forks past unrepaired damage.  The traditional polymerases that travel 

with the replisome cannot efficiently synthesize DNA opposite lesions in the DNA 

template (Hubscher et al., 2002; Garg and Burgers 2005; Prakash et al. 2005; 

Pavlov et al., 2006).  Without alternatives, this block in replication could lead to 

cell death.   

Models tested proposed both in vivo (Lopes, Cotta-Ramusino et al. 2003) and in 

vitro (Heller and Marians 2006) describe a replication fork stall “by-pass” 

mechanism where the translesion synthesis (TLS) occurs at the site where the 

fork was blocked.  This suggests that gaps are left opposite the damage. 

Consistent with this hypothesis, electron microscopic analysis and 2D gel 
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electrophoresis demonstrate that gaps are visible within replicated regions and 

replication structures can travel past UV lesions, albeit at a slower speed than in 

undamaged cells.  Heller and Marians used a linear forked template with purified 

E. coli proteins to show that leading and lagging strand synthesis can be 

uncoupled, and that DNA synthesis resumes downstream of the blocked fork.  

Specifically the replication fork helicase can recruit primase molecules to reprime 

not only on the lagging strand but also on the leading strand.

Eukaryotic cells possess several alternative polymerases or polymerase 

complexes that are capable of extending the nascent DNA strand past DNA 

lesions. Bypassing lesions is evolutionarily conserved from prokaryotes to 

eukaryotes. The major alternative bypass pathway, translesion synthesis, can be 

either non-mutagenic or mutagenic, depending on the nature of damage and the 

preference of polymerase. Many of these “error-prone” polymerases have been 

discovered in the past few years. An example of one such polymerase is 

polymerase zeta (Polζ).  Polζ consists of two subunits, Rev3 and Rev7 and 

requires and additional polymerase, Rev1. Rev1 seems to insert the first 

nucleotide while Polζ continues to replicate passed the lesion site (Prakash, 

Johnson et al. 2005; Pavlov, Frahm et al. 2006).

 An additional alternative bypass polymerase is polymerase eta (Polη). Polη is a 

single peptide encoded by the RAD30 gene in yeast. A mammalian version of 

Polη is encoded by the POLH gene. Neither Polη nor Polζ bind tightly to their 

DNA substrate in vitro; both enzymes dissociate from the DNA after inserting a 

single nucleotide. This is attributed to the conventional polymerases and 
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accessory proteins needing to displace Polη or Polζ after it has extended the 

nascent chain past the damaged region. At that point, normal DNA synthesis can 

resume. 

The specialization of error prone polymerases and the Post Replication Repair 

(PRR) pathway contribute to cellular survival of radiation damage to roughly the 

same extent as the pathways for nucleotide excision repair and repair by 

homologous recombination (Broomfield, Hryciw et al. 2001).  It is important to 

note that this type of bypass cannot, in the strictest sense, be considered DNA 

repair because the damage is left in the DNA, at least temporarily.

4.5.1 The RAD6 epistasis group and PRR 

When UV sensitive mutants were exposed to a wide range of DNA damaging 

agents, rad6 strains were more frequently sensitive than many of the other 

strains, suggesting this pathway is responsible for a major part of DNA repair 

(Prakash 1974).  

Upon UV-irradiation, pyrimidine dimers form.  If left unresolved, the dimers 

manifest into single-stranded DNA breaks that block the progression of the 

replication forks, generating small DNA fragments.  Early studies in bacteria had 

shown that the PRR pathway mediated the conversion of these small fragments 

into high molecular weight fragments.  To determine if this pathway existed in 

eukaryotes, yeast DNA templates exposed to UV formed dimers which acted as 

replication blocks.  In excision repair mutant strains, large DNA sedimentation 

fragments formed as measured in alkaline sucrose gradients. This indicated that 

the dimers were somehow modified so that they could be bypassed by the 
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replication machinery.  The PRR pathway was blocked in rad6 strains as evident 

in deficient conversion of low molecular weight DNA fragments (Prakash 1981; 

Lawrence 1994; Broomfield, Hryciw et al. 2001). These data, and many others, 

suggest that RAD6 function in the PRR pathway (Figure 12).

RAD6/RAD18
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TLS polymerases
Rev3/Rev7

Rev1
Rad30

Error-prone
Repair
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PCNA
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Figure 12: DNA damage tolerance Rad6 Post-replication repair pathway.  
Monoubiquintination of PCNA by Rad6/Rad18 leads to error-prone repair, 
while polyubiquitination leads to an error-free mechanism.  See text for further
details.

Although the RAD6 epistasis group was first described in S. cerevisiae, RAD6 

homologs have been found in all eukaryotic organisms, indicating the importance 
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of the PRR pathways (Lawrence 1994). Rad6, a ubiquitin-conjugating enzyme, 

forms a heterodimer with Rad18, a ubiquitin ligase with a single-stranded DNA 

binding domain. This complex recruits Rad6 to DNA damage during repair.  The 

Rad6-Rad18-dependent ubiquitination of PCNA permits activation of one of two 

types of repair pathway branches (Figure 12): (i) an error-prone branch via 

recruitment of translesion DNA polymerases eta and zeta, and (ii) an error-free 

branch involving the Rad5-Mms2-Ubc13 postreplicational repair factors.  Rad6-

Rad18 lesion bypass is linked to modification of PCNA.  While 

monoubiquitination or polyubiquintation can activate either the Pol eta/zeta-

dependent or Rad5-dependent PRR branches respectively, SUMO modification 

inactivates the RAD52-dependent recombinational repair pathway by activating 

Srs2 a DNA helicase which disrupts Rad51 nucleoprotein filament formation. This 

observation suggests that the PRR pathway may be more proficient in damage 

situations where promiscuous HR confers greater risks and/or limitations (Hoege, 

Pfander et al. 2002; Prakash, Johnson et al. 2005; Chang, Parsons et al. 2006).
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5. CONTROL OF GENOMIC STABILITY BY CHECKPOINT AND 

CELL CYCLE REGULATION 

Checkpoint proteins monitor aspects of cellular function and are required for 

proper cell-cycle progression (Figure 13). Below is a brief overview of specific 

and relevant checkpoint proteins with potential roles in fragile site biology (Figure 

14). 

Replication checkpoint

Genome instability

DNA damage repair

Facilitation of replication

Cell cycle control

Figure 13: Schematic representation of the DNA damage checkpoint response to 
replication stress in yeast. Adapted from Branzei and Foiani, 2009

S phase activated checkpoints amplify the original DNA damage signal to 

stabilize stalled replication forks, activate DNA repair, prevent firing of late origins 

of replication, and delay the cell cycle (Desany, Alcasabas et al. 1998; Nyberg, 

Michelson et al. 2002; Tercero, Longhese et al. 2003; Branzei and Foiani 2007). 

Notably, growing evidence suggests checkpoints are particularly crucial for 

stabilizing the replication fork and retaining cell viability following replication 

stress (Desany, Alcasabas et al. 1998; Tercero, Longhese et al. 2003; Cobb, 



Schleker et al. 2005). The molecular details describing how stalled forks activate 

checkpoint response are not well understood. However, accumulation of ssDNA 

caused by the uncoupling of the MCM helicase from the replicating apparatus 

and/or uncoupling of leading and lagging strands are likely triggers (Branzei and 

Foiani 2009).  Two key checkpoint protein kinases, Mec1 and Rad53, are 

recruited to ssDNA regions coated by the single stranded binding protein RPA. 

Rad53 phosphorylation and activation triggers the replication checkpoint both in 

response to DNA damage or when DNA synthesis is inhibited (Nyberg, Michelson 

et al. 2002; Branzei and Foiani 2007).

SIGNAL

SENSOR

ADAPTOR

EFFECTOR

DNA damage Replication stress

Rad24
Ddc1
Mec3
Rad17

Mec1
Ddc2
Tel1
MRX

Replication factors
Sgs1

Mec1
Ddc2

Rad9

Chk1 Rad53

Mrc1

Rad53

Figure 14:  Checkpoint factors and general response 
to replication stress in yeast.
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Rad9 is a “mediator” in the checkpoint response and is required for cell-cycle 

arrest in G1/S, intra-S, and G2/M (Figure 14).  Mec1 phosphorylates Rad9, which 

activates Rad53 and other protein kinases.  The structure and molecular events 

that take place at stalled eukaryotic replication forks are largely unknown. The 

term “replication fork collapse” is used as a general descriptor, but what exactly 

that means or looks like is unclear. Determining the structures of stalled 

replication forks and what exactly happens when they collapse is an active area 

of research (Cobb, Schleker et al. 2005; Raveendranathan, Chattopadhyay et al. 

2006; Branzei and Foiani 2009; Weinert, Kaochar et al. 2009) and subject of the 

work in Appendix B.
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6. FRAGILE SITES

Chromosomal fragile sites are specific loci that preferentially exhibit chromosome 

instability, visible as gaps and/or breaks following treatment with inhibitors of 

DNA synthesis (Figure 15).  There are currently 116 fragile sites reported in the 

human genome database.  Common fragile sites (CFS) are found in all 

individuals, but expression varies depending on the specific architecture of each 

site, the importance or function of which is still not well understood (Curatolo, 

Limongi et al. 2007).  Rare fragile sites are observed only in less than 5% of the 

population, reviewed in (Richards 2001).  Late replication is a frequent 

characteristic of fragile sites. Chromosome breakage occurs over large regions 

and is thought to result from the formation of secondary structures 

Figure 15: A cartoon depicting the X chromosome in fragile-X
syndrome.  The arrow indicated the fragile site.

that hinder replication fork progression. However, specific elements causing 

breakage have not been identified nor are the mechanisms underlying breakage 

understood.  It has been suggested that breaks likely relate to sequences and 

late replication at CFSs (Arlt, Casper et al. 2003; Curatolo, Limongi et al. 2007).  
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Fragile sites have also been associated with genome instability in cancer cells 

and with activation of the DNA damage response to stalled replication (Tunca, 

Egeli et al. 2000; Glover, Arlt et al. 2005).  Recent mammalian studies have 

shown that defects in checkpoint genes (ATR and BRCA1) increase DNA breaks 

in fragile site chromosomal regions (Curatolo, Limongi et al. 2007).  These events 

have been seen in yeast as well.  A similar checkpoint requirement in 

maintenance of fragile sites has been observed in MEC1 knockouts (the ATR 

ortholog). These strains displayed DSBs in specific replication slow zones (Cha 

and Kleckner 2002).  Another study by Lemoine et al. stressed DNA replication 

by reducing the levels of DNA polymerase α. The result was a significant 

increase in recombination frequencies between retrotransposon Ty elements, as 

well as genomic rearrangements including deletions, translocations, and 

inversions (Lemoine, Degtyareva et al. 2005).  The same study noted that the 

rearrangements were generated in an inverted configuration, recapitulating what 

has been observed in various mammalian CFSs.

Both mammalian and yeast genomes exhibit fragile site expression. Studies of 

replication stress near repeats and barriers to replication are of special 

importance since a number of human diseases seem to involve them.  We 

propose that our budding yeast ChrVII system provides a unique model for 

understanding fragile site instability and function.
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7. SUMMARY

During the replication of DNA mistakes can happen.  Accumulation of sufficient 

mistakes or mistakes of a particular nature can cause catastrophic genome 

structural failure.  Karyotypes of cancer cells reveal such disastrous, evidenced 

by numerous chromosome aberrations including gross structural rearrangements 

(i.e. translocations, deletions and amplifications) and changes to ploidy (the 

complete loss or gain of chromosomes).  

LT tRNA D7 3ʼ

3ʼ

RT tRNAS2 S3
ARS 718ARS 717

403 site: ChrVII

Figure 16:  A) The 403 site. B) Faulty Template Switching. See text for details.

DNA Pol stall

A)

B)

My work focuses on characterizing the initial events that can lead to eventual 

GCRʼs and genome instability, including structural elements and cellular repair 
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mechanisms that inhibit or aggravate the evolution of such events. How these 

events and changes occur is of interest in understanding both genetic diversity 

and pathology.  Given that fragile sites are regions that undergo high frequencies 

of GCRs our lab sought to study the role of a natural fragile site on chrVII in 

yeast. This site contains remnants of Ty1 retrotransposons LTRs, tRNA genes 

and is predicted to be a termination of DNA replication site (Admire, Shanks et al. 

2006) (Figure 16a).  To study the role of fragile sites and their propagation of 

GCRs, I studied the role of the DNA replication, repair and checkpoint pathways 

(Appendix A) and the cis elements at this site (Appendix B) to discern their 

impact on genome stability.  The evidence I have accumulated supports a 

mechanism in which LTR repetitive elements are used as substrates during a 

“Faulty Template Switch” event by the replication fork (Figure 16b), leading to 

formation of unstable “repair” structures that progress into GCRʼs.
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ABSTRACT

All organisms are prone to large scale changes (gross chromosomal 

rearrangements; GCRs) to their genomes, that include deletions, inversions and 

translocations.  These large scale changes are thought to drive both evolutionary 

events such as speciation and human pathology including cancer and other 

genetic disorders.  Thus, a firm understanding of how GCRs accumulate and 

how cells normally prevent such rearrangements is critical to our understanding 

of both pathology and evolution.

GCRs arise by many different mechanisms and there is growing evidence that 

errors during DNA replication may be the major source.  Errors are thought to 

arise when replication forks encounter “lesions” on the template strand.  Lesions 

can consist of protein complexes bound to DNA or lesions in the DNA itself.  

Replication forks bypass these lesions by several different mechanisms that are 

still poorly understood; therefore, understanding lesion bypass mechanisms is 

central to understanding both how GCRs are prevented and how they form when 

such bypass mechanisms fail. Replication fork bypass mechanisms can be 

broadly grouped into four different pathways: replication fork restart, translesion 

synthesis, lesion bypass by sister chromatid exchange; and replication fork 

collapse into a double strand break (DSB) followed by strand invasion to restart 

the replication fork (Weinert, Kaochar et al. 2009).  Currently it is unclear how 

frequently these pathways are utilized, and in what situations each pathway is 

used.
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In some instances, restart of the replication fork is initiated by lesion-bypass 

pathways which utilize sequence homology in order to by pass lesions.  Use of 

sequence homology may limit the frequency of GCRs as it lowers the probability 

of annealing to non-allelic sequences. Repetitive sequences present a problem 

because lesion bypass at one site near a repetitive sequence may lead to 

annealing to a non-allelic, repetitive sequence, resulting in GCR formation.  

Indeed in yeast and other organisms the most frequent form of GCRs reported 

thus far involve repetitive sequences.  Some rearrangements do occur between 

so-called “single-copy sequences”; sequences with either no homology or limited 

homology (micro-homologies of 5-9 base pairs, (Myung, Chen et al. 2001; 

Kolodner, Putnam et al. 2002; Smith, Gupta et al. 2005).  Interestingly, it has 

been shown recently that some genes which are required to prevent the fusion of 

repetitive elements have no affect on rearrangements between single-copy 

sequences (Putnam, Jaehnig et al. 2009).  This implies that specific pathways 

might regulate regions of the genome with sequence repeats that are at risk for 

chromosomal rearrangements.      

Our current understanding of the mechanisms underlying GCR formation is 

mostly derived from assays designed to detect specific changes to yeast 

chromosomes (Myung, Chen et al. 2001; Kolodner, Putnam et al. 2002; Lemoine, 

Degtyareva et al. 2005; Narayanan, Mieczkowski et al. 2006; Pannunzio, 

Manthey et al. 2008; Payen, Koszul et al. 2008).  Previously we reported on GCR 

formation in the budding yeast Saccharomyces cerevisiae.  We found that a 

major source of genome instability initiates with the fusion of nearby inverted 
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repeats (~20 to 300bp, 1 to 5 kb apart) to form either dicentric or acentric 

chromosomes (Figure 17B).  We also found that fusion of inverted repeats is 

general: fusion occurred between inverted repeats at all five different locations 

tested on four different yeast chromosomes. Genetic data suggests that at least 

some ,or perhaps all of these events occur during replication of DNA (Admire, 

Shanks et al. 2006).
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Figure 17. Chromosome VII assay for GCRs. Diagram of genetic and physical 
assays for GCRs.  We identified cells that lost the CAN1 marker, Canr .  These Canr 
colonies either lost the right arm markers (ade-) (A) Allelic recombinants Canr ADE
+; (B) or maintained them, Chromosome Loss (ADE+); (C) Canr ADE+ Mixed 
Colony recombinants.  Single cell that generates a colony that contains multiple 
genotypes and subsequent analysis of cells within a mixed colonies include GCRs 
that arose by a faulty template switch event. 

Figure 17. Chromosome VII assay for GCRs. Diagram of genetic and physical assays for GCRs.  We identified cells that lost the CAN1 marker, 

Canr .  These Canr colonies either lost the right arm markers (ade-) (A) Allelic recombinants Canr ADE+; (B) or maintained them, Chromosome 

Loss (ADE+);(C) Canr ADE+ Mixed Colony recombinants. Single cell that generates a colony that contains multiple genotypes and subsequent 

analysis of cells within a mixed colonies include GCRs that arose by a faulty template switch event. 
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Further genetic analysis suggested that the mechanism of fusion of inverted 

repeats differed from that of direct repeats in that inverted repeat fusion did not 

require genes involved in the homologous recombination (HR) or single strand 

annealing (SSA) pathways (Paek, Kaochar et al. 2009).  In addition fusion was 

unlikely to involve double strand breaks, as genes in the non-homologous end 

joining (NHEJ), micro-homology mediated end joining (MMEJ) or post-replication 

repair (PRR) pathways are also not required.  Indeed gene knockouts in both the 

HR (Rad52, Rad51, Rad59), SSA (Rad52, Rad1) and PRR (Rad18) pathways 

increased the frequency of fusion of the one site tested extensively. 

Together these data led us to propose a faulty template switch model for fusion of 

inverted repeats (See Figure 17B).  To further our previous findings, herein we 

analyzed three groups of genes implicated in the maintenance of genome 

stability. We tested how these genes affect both the fusion of nearby inverted 

repeats to form a dicentric chromosome VII (ChrVII), and dicentric resolution into 

a monocentric translocation chromosome (which we term the 403-535 

translocation).  First we analyzed genes in the PRR pathway, and found that 

error free bypass, but not translesion synthesis is required for the prevention of 

fusion of nearby inverted repeats.  Second we analyzed mutations in proteins 

that are associated with replication forks.  Surprisingly, we found that mgs1 and 

pol3-13 (polymerase delta) mutants significantly reduced the frequency of mixed 

colony formation in rad9 mutants.  Finally we studied genes associated with both 

DNA repair and the removal of blocking lesions from replication forks.  Most of 

these genes were previously shown to prevent GCR formation between repetitive 
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elements on different chromosomes, but were not required to prevent GCRs 

between single-copy sequences.  Deletion of these genes caused an increase in 

intra-chromosomal inverted repeat fusion.  This implies that many of the 

mechanisms that prevent the fusion of repetitive elements on different 

chromosomes also act to prevent the fusion of inverted repeats which lie on the 

same chromosome.

RESULTS

The system:

We employed a genetic GCR system that makes use of a haploid strain of yeast 

with two copies of ChrVII (termed ChrVII disome).   Having an extra copy of 

ChrVII allows for changes to one copy without affecting cell viability.  Cells with 

altered ChrVII are identified by loss of the CAN1 gene.  The CAN1 has been 

mutated at its native site on ChrV and an intact copy was placed on the left arm 

of one copy of ChrVII.  Changes in this chromosome are selected for loss of 

CAN1 by plating on synthetic media in the presence of canavanine.  Canavanine 

is a toxic analog of arginine that is imported into the cell by the Can1 protein 

(arginine permease) causing cell death.  Therefore, in order to survive on 

canavanine media, cells must lose the CAN1 gene.  This is predominantly done 

in one of three ways, allelic recombination (Figure 17A), chromosome loss 

(Figure 17B), or non-allelic recombination which leads to the formation of “mixed” 

colonies which are sectored in appearance (see mixed colony in Figure 17C).  
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Chromosome Loss frequency is measured by the proportion of CanR Ade- cells in 

a colony.  Allelic recombinants are those that form CanR Ade+ colonies and are 

round in appearance.  Mixed Colonies are those that are CanR Ade+ and have a 

sectored appearance.  

These “mixed” colonies consist of cells with multiple genotypes (Figure 17C).  

One way mixed colonies are formed is by the fusion of nearby inverted repeats 

located 403kb from the left telomere on ChrVII (Admire, Shanks et al. 2006).  

This fusion event leads to the formation of an unstable dicentric chromosome 

(Paek, Kaochar et al. 2009).  Previously we have shown that the dicentric can be 

resolved by either a chromosome loss event, allelic recombination, or a non-

reciprocal translocation termed the 403-535 translocation ((Admire, Shanks et al. 

2006), Figure 17C). This translocation occurs between direct repeat sequences 

separated by 133 kb and leads to a monocentric chromosome (Figure 17C).  

There are likely other ways that the dicentric is resolved, as chromosomes with 

different sizes have been observed in mixed colonies by pulsed field gel 

electrophoresis (Admire, Shanks et al. 2006).   

In this study, we investigate the instability in three sets of genes. For each mutant 

strain we measured the frequency of chromosome loss, allelic recombination and 

inverted repeat fusion. The frequency of mixed colonies is used as a proxy for 

inverted repeat fusion, as the frequency of mixed colonies correlates with 

inverted repeat fusion (Paek, Kaochar et al. 2009).  In a subset of the strains we 

also quantified directly the frequency of inverted repeat fusion, in unselected 
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cells, using a quantitative PCR technique (Figure 17D).  The 403-535 

translocation is detected in mixed colonies by a similar PCR technique (Figure 

17D).  These genetic and molecular analyses provide two kinds of information for 

each gene tested.  First, we determine how fusion events are normally prevented 

by measuring the frequency of single mutants. If single mutants have an 

increased frequency, then we infer that that the gene normally acts to prevent 

fusion events. Second, we determine what genes are required for the fusion of 

inverted repeats, and its subsequent resolution into a monocentric translocation.  

All single mutants have been tested in a “RAD+” or wild-type background and 

rad9 mutant background.  rad9 mutants have a high frequency of mixed colony 

formation and are used as a tool in order to detect mutants which lower the 

frequency of mixed colonies.

The error free branch of post-replication repair, but not translesion synthesis, 

prevents the fusion of nearby inverted repeats:

We previously showed that PRR deficient rad18 mutants fuse inverted repeats at 

a very high rate.  There are at least two ways in which the PRR pathway is 

thought to bypass barriers to replication forks (Figure 18).  These separate 

functions are commonly referred to as translesion synthesis and error-free 

bypass. The choice between these two pathways is tightly regulated by the 

ubiquitination and sumoylation of PCNA by Rad6, Rad18, Ubc13 and Mms2 

(Hoege, Pfander et al. 2002; Stelter and Ulrich 2003; Lee and Myung 2009).  

When PCNA is monoubiquitinated by a Rad6 Rad18 heterodimer, translesion 
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DNA polymerases such as Rev3, and Rad30 are recruited to the lesion sites  to 

replicate past these lesions. Because they replicate in  an error-prone manor, 

frequent point mutations are observed Figure 18 (Heidenreich, Eisler et al. 2006).  

In contrast, the polyubiquitination of PCNA by Rad5, Ubc13 and Mms2 is thought 

to be required for error-free bypass; a poorly understood pathway that does not 

lead to an increase in point mutations (Hoege, Pfander et al. 2002; Barbour and 

Xiao 2003; Blastyák, Pintér et al. 2007; Branzei and Foiani 2007; Ulrich 2009). In 
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Figure 18. Proposed mechanism of the PRR repair 

order to determine whether the affect we see in rad18 mutants was due to 

translesion synthesis and/or error-free bypass, we analyzed mutants that are 
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reported to be involved in either branch but not both.  We found that single 

mutants in the translesion synthesis pathway, such as rad30 and rev7, had no 

effect on the frequency of mixed colony formation in either a wild type or rad9 

background (Table 3).  In contrast, rad5 and ubc13 single mutants showed a 

dramatic increase in mixed colonies in both of these backgrounds, readily 

forming the 403-535 translocation (Table 3).  Taken together these data imply 

that the error-free bypass branch of PRR but not the translesion synthesis branch 

acts to prevent the fusion of nearby inverted repeats. The data also suggest that 

the error-prone polymerases are not involved in any aspect of the proposed 

faulty template switch events.

Mutants in the error free branch of post-replication repair show varying levels of 

instability:

While genes in the PRR are thought to act in a single pathway we found that 

individual mutants in the error free bypass branch of PRR showed different levels 

of mixed colonies.  rad5 mutants had a much higher frequency than either ubc13 

or mms2 mutants (61 x 105, 13 x 105 and 8 x 105 respectively), as well as more 

than 10 fold higher frequency of chromosome loss (Table 3).  To extend our 

analysis of the PRR pathway, we next tested a mutant in PCNA  (pol30 K164R) 

which is unable to be ubiquitinated and therefore is proposed to be defective for 

all PRR pathways (Figure 19).  We found that the frequency of both mixed colony 

and allelic recombinant formation in pol30 K164R mutants was strikingly similar 

to the frequency seen in rad5 mutants (Table 3). Again, these results were 
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puzzling as Rad5, Mms2 and Ubc13 are all thought to be equally required for 

polyubiquitination of PCNA, and therefore error free bypass.  The different 

phenotypes seen in these single mutants might be explained by two mutually 

exclusive models.  First Rad5 may act both in PRR and in a pathway separate 

from PRR, whereby both pathways act to prevent inverted repeat fusion.  This 

model predicts that a rad5 pol30 K164R mutant would exhibit a higher frequency 

of mixed colony formation than a pol30 K164R mutant.  Alternatively, Rad5, 

Ubc13 and Mms2 could be acting solely in the PRR pathway, yet Rad5 is 

essential for PRR function and Ubc13 and Mms2 have lesser roles. The latter 

model predicts that a pol30 K164R, rad5 pol30 K164R, ubc13 pol30 K164R  and 

mms2 pol30 K164R mutants would all have the same frequency of mixed colony 

formation. This was indeed the case. Since pol30 is epistatic to all three genes, 

these data suggest that Pol30, Rad5 and Rad18 have greater roles in PRR than 

do Ubc13 and Mms2, and those activities suppress inverted repeat fusion. In 

contrast, Ubc13 and Mms2 function in some sub-pathway(s) of PRR and 

therefore have lesser roles in suppressing inverted repeat fusion.  We note that 

others have also reported that Rad5, Ubc13 and Mms2 do not likely act in a 

single epistatis group; these studies also find more dramatic phenotypes in rad5 

mutants when compared to either mms2 or ubc13 mutants.  We speculate on the 

molecular basis of this in the discussion (Motegi et al 2006, Xiao et al 2000).
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*In bold, statistically significant (p<0.05, kruskal-wallis test) single mutants to RAD+ or double mutants to rad9) fold-change. Frequencies were 
normalized to RAD+, rad9 in rad9 double mutants, and pol30 K164R in pol30 K164R double mutants  aFrequencies were determined by qPCR. 
bTranslocation for rad9 was previously reported (Admire et al. 2006).

TABLE 3: Frequencies, translocation and dicentric analysis of Post Replication Repair MutantsTABLE 3: Frequencies, translocation and dicentric analysis of Post Replication Repair MutantsTABLE 3: Frequencies, translocation and dicentric analysis of Post Replication Repair MutantsTABLE 3: Frequencies, translocation and dicentric analysis of Post Replication Repair MutantsTABLE 3: Frequencies, translocation and dicentric analysis of Post Replication Repair MutantsTABLE 3: Frequencies, translocation and dicentric analysis of Post Replication Repair MutantsTABLE 3: Frequencies, translocation and dicentric analysis of Post Replication Repair Mutants

      Genotype Allelic Recomb. (x10-5) Mixed Colonies (x10-5) Chromosome Loss (x10-5) Translocation Dicentric

RAD+ (Wildtype)   9.0 +  3.9              (1.0)         2.3 + 1.3              (1.0)    8.5 +  5.8               (1.0) ND 7/25       

Master
Regulators

rad18!   7.8 + 8.9               (.87)    84 + 33                (37)   110 + 150                (13) 1/6  3/3Master
Regulators pol30 K164R    42 + 23                (4.7)    52 + 13                (23)   140 + 63                  (16) 6/6 ND

Error Free
Bypass

rad5!    43 + 26                (4.8)    61 + 20                (27)   520 + 530                (61) 1/6 ND
Error Free

Bypass
ubc13!    19 + 14                (2.1)    13 + 5.3              (5.7)     60 + 37                 (7.1) 5/6 NDError Free

Bypass
mms2!   7.3 + 2.4               (.81)   8.1 + 2.6              (3.5)     28 + 11                 (3.3) 0/6 2/6

Translesion
Synthesis

rev7!    17 + 11                (1.9)   2.8 + 2.0              (1.2)     23 + 24                 (2.7) 6/6 NDTranslesion
Synthesis rad30!    7.9 + 4.9              (.88)   3.2 + .78              (1.4)     27 + 25                 (3.2) 6/6 ND

HR Regulators
pol30 K127R    10 + 11                (1.1)   1.6 +  1.0             (.70)     28 + 35                 (3.3) 6/6 ND

HR Regulators siz1!    16 + 6.6               (1.8)    13 + 9                 (5.7)     63 + 55                 (7.4) 6/6 NDHR Regulators
srs2!  190 ± 92                 (21)   3.5 + 1.7              (1.5)   240 + 190                (28) 0/6  2/3

rad9!    11 + 9                  (1.0)    49 + 22               (1.0)   280 + 200               (1.0) 13/14a 15/20    

Double 
Mutants

rad9!  rad18!    16 + 12                (1.5)  290 + 170              (5.9) 1620 + 1270             (5.8) 11/12 ND

Double 
Mutants

rad9! pol30 K164R    38 + 10                (3.5)  310 + 110              (6.3) 2900 + 1200              (10) 5/6 ND

Double 
Mutants

rad9! rad5!   2.1 + 1.7               (.19)  110 + 40                (2.2)   590 + 450               (2.5) 1/6 ND

Double 
Mutants

rad9! ubc13!   3.2 + 6.7               (.29)  740 + 540               (15) 6700 + 4800              (24) 3/6 ND

Double 
Mutants

rad9! mms2!    20 + 18                (1.8)   5.5 + 2.7               (.11)     17 + 8.1                (.06) 0/6 2/6

Double 
Mutants

rad9! rev7!  5.4 + 3.7                (.49)    56 + 24                (1.1)   230 + 110               (.82) 6/6 NDDouble 
Mutants rad9! rad30!  9.6 + 6.9                (.87)    55 + 31                (1.1)   180 + 60                 (.64) 5/6 ND
Double 
Mutants

rad9! pol30 K127R   14 + 9.2                (1.3)    43 + 12                (.88)   410 + 350               (1.5) 6/6 ND

Double 
Mutants

rad9! siz1!   34 + 31                 (3.1)  330 + 260              (6.7)   110 + 120               (.39) 5/6 ND

Double 
Mutants

rad9! srs2! 270 + 140                (25)    11 + 5.1               (.22)   480 + 250               (1.7) 0/6 ND

Double 
Mutants

pol30 K164R rad5!    40 + 11                (.95)    48 + 12                (.92)   110 + 52                 (.79) 3/6 ND

Double 
Mutants

pol30 K164R ubc13!    35 + 17                (.83)    42 + 14                (.81)     97 + 54                 (.70) 3/6 ND

rad5, ubc13 and Mms2 act by distinctive mechanisms:

It is interesting to note that while mms2 single mutants showed a slight 3 fold 

increase in mixed colony formation, an mms2 deletion was able to suppress the 

high frequency of mixed colonies and chromosome loss events seen in rad9 

single mutant (Table 3 compare rad9 to rad9 mms2).  Because the Mms2 gene 

lies on ChrVII, it is conceivable that this suppression could be due to changes on 

ChrVII acting in cis as opposed to lack of a functional Mms2 protein.  To test this, 

we complemented rad9 mms2 strains by inserting the Mms2 gene under its 

native promoter onto chromosome V.  The complementation restored the high 

amount of instability seen in rad9 mutants.  Additionally, we detected a 

synergistic increase in both mixed colony formation and chromosome loss in 

rad9 ubc13 mutants, while rad9 rad5 showed additive amounts of mixed colony 
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formation and rad5 like levels of chromosome loss.  We address why these three 

genes have vastly different genetic interactions with a rad9 mutant in the 

discussion.

The role of Srs2 and PCNA Sumoylation in allelic recombinant and inverted 

repeat fusion:

In addition to the ubiquitination of PCNA, PRR is also thought to be regulated by 

the SUMO conjugation of PCNA on lysine 127 and lysine 164 by Siz1, an E3 

sumo ligase (Figure 18, (Hoege, Pfander et al. 2002)) which recruits the Srs2 

helicase thus inhibiting Rad51 and HR.  This is thought to allow access to PRR 

proteins.  Siz1 is thought to promote PRR by allowing access to stalled 

replication forks, but is not required for PRR to function.  Consistent with this 

model, siz1 single mutants and rad9 siz1 double mutants increased the 

frequency of mixed colony formation, albeit at a lower rate than rad18 or rad5 

mutants (Table 3). 

Previously we had shown that a deletion of the Rad51 antirecombinase, Srs2 

increases the frequency of allelic recombinants in both RAD+ and rad9 

backgrounds.  This increase is dependent on Rad51 as rad51 srs2 double 

mutants have the same frequency of allelic recombinants as a rad51 single 

(Paek, Kaochar et al. 2009).  Since Siz1 recruits Srs2 to replication forks by 

Sumoylating PCNA (Krejci, Van Komen et al. 2003; Pfander, Moldovan et al. 

2005) one might expect to see an increase in allelic recombinants in mutants 
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deficient for PCNA sumoylation like siz1, pol30 K127R or pol30 K164R mutants.  

However, no significant increase in allelic recombinants is seen in either siz1 or 

pol30 k127R mutants (Table 3).  We did see an increase in the pol30 K164R 

mutants as shown in a previous study (Papouli, Chen et al. 2005), but this mutant 

is complicated by the fact that it is also unable to be ubiquitinated, which may 

explain the resulting phenotype.  In support of this, rad5 mutants that are 

deficient for PCNA polyubiquitination, but not sumoylation, have the same 

frequency of allelic recombinants as pol30 K164R mutants.  It is not completely 

clear at this point why mutants which are deficient for the error free bypass 

branch of PRR would have a high frequency of allelic recombinants.  It might be 

that when PRR fails to bypass lesions this leads to more frequent chromosomal 

breaks and thus allelic recombinants.  Our results suggest that the spurious 

recruitment of Rad51 to PCNA does not lead to an increase in allelic 

recombination.  However a global increase in Rad51 activity by loss of Srs2, 

leads to an increase in allelic recombinants.  

Analysis of DNA polymerase-associated mutants for roles in faulty template 

switching:

From our previous studies, we proposed that nearby inverted repeat fusion 

occurs by a template switch reaction (Figure 17). To date there are no known 

mutants in yeast which are defective for this reaction.  In an attempt to identify 

such mutants and thus test the template switch model genetically, we analyzed 

additional mutants in both DNA polymerases and in other proteins which travel 
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with replication forks. We first analyzed Mgs1, a DNA-dependant ATPase with 

single strand-annealing activity.  Mgs1 binds to the Pol31 subunit of DNA 

polymerase delta which is thought to serve as the lagging strand polymerase.  

Recently Vijeh Motlagh and colleagues suggested that Mgs1 binds Pol31 in order 

to allow for efficient restart of replication forks (Vijeh Motlagh, Seki et al. 2006).  

To establish whether Mgs1 promotes template switching between nearby 

inverted repeats in the rad9 strain by inducing some replication defect, we 

determined whether mixed colonies that arise in the mgs1 rad9 strain generate 

dicentrics.  As shown in Table 4, a significant two fold decrease in mixed colony 

formation in rad9 mgs1 double mutants was observed compared to rad9 strains, 

and a slight (yet statistically insignificant) decrease in mgs1 single mutants when 

compared to RAD+ respectively, indicating that mutations in the rad9 strain arise 

from Mgs1 mediated activity.     

To further asses the role of faulty replication in promoting inverted repeat fusion, 

we analyzed mutants in other regulators of DNA polymerase.  Deletion of either 

of the non-essential subunits of DNA polymerase epsilon (Dpb3, Dpb4, leading 

strand polymerase), lead to an approximately 6 fold increase in the formation of 

mixed colonies in a Rad+ background (compared to RAD+) and a 2 fold increase 

in a rad9 background (compared to rad9; Table 4).  A similar effect was seen 

previously in pol32 mutants, a non-essential subunit of polymerase delta (Paek, 

Kaochar et al. 2009).  Thus, deleting non-essential subunits of DNA polymerase 

delta (pol32) and episolon (dpb3, dpb4) increased instability, while one the mgs1 

mutant appeared to decrease instability (Table 4) (Paek, Kaochar et al. 2009).
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*In bold, statistically significant (p<0.05, kruskal-wallis test) single mutants to RAD+ or double mutants to rad9 fold-change.  Translocation for rad9 
was previously reported (Admire et al. 2006).

TABLE 4: Frequencies, translocation and dicentric analysis of Polymerase and Mgs1 mutantsTABLE 4: Frequencies, translocation and dicentric analysis of Polymerase and Mgs1 mutantsTABLE 4: Frequencies, translocation and dicentric analysis of Polymerase and Mgs1 mutantsTABLE 4: Frequencies, translocation and dicentric analysis of Polymerase and Mgs1 mutantsTABLE 4: Frequencies, translocation and dicentric analysis of Polymerase and Mgs1 mutants

      Genotype Allelic Recomb. (x10-5) Mixed Colonies (x10-5) Chromosome Loss (x10-5) Translocation
RAD+ (Wildtype)   9.0 +  3.9              (1.0)         2.3 + 1.3              (1.0)     8.5 +  5.8                 (1.0) ND

       RAD+  23°   8.9 + 4.1               (1.0)   5.1 + 2.0              (2.2)    310 +  330                 (36) ND

RAD+  36°   6.5 + 2.3               (.72)   2.5 + 1.1              (1.1)     5.8 +  2.3                 (.68) ND

mgs1!    11 + 6.4               (1.2)   1.6 + .88              (.70)      15 +  20                  (1.8)   2/6

dpb3!    18 + 18                (2.0)    16 +  20              (7.0)    380 + 470                  (45) 7/7

dpb4!    51 + 110              (5.7)    17 + 11               (7.4)    300 + 320                  (35) 6/6

pol3-13      23°   8.2 + 5.3               (.91)  2.9 + 2.2               (1.3)      38 + 37                   (4.5) ND

pol3-13     36°   5.1 + 1.3               (.57)  1.5 + .44               (.65)    120 + 140                  (14) 2/6

mgs1!  pol3-13  23°   23  +  22               (2.6)  4.1 + 2.1               (1.8)      25 + 10                   (2.9) 5/6

mgs1!  pol3-13  36°  3.2  + 3.1               (.36)   13 + 9.8               (5.7)      11 + 5.6                  (1.3) 10/10

rad9!    11 + 9                  (1.0)    49 + 22               (1.0)    280 + 200                 (1.0) 13/14

rad9!         23°   9.1 + 4.7               (.83)    60 + 34               (1.2)    240 + 160                 (.86) ND
rad9!         36°   4.5 + 2.6               (.41)    38 + 5.4              (.78)   370 + 260                  (1.3) ND

rad9!  mgs1!    14 + 8.2               (1.3)    20 + 11               (.41)    160 + 180                 (.57) 2/6

rad9! dpb3!    18 + 15                (1.6)    72 + 34               (1.5)  1800 + 1500               (6.4) 6/6

rad9! dpb4!    21 + 13                (1.9)   94 + 52                (1.9)  1200 + 1500               (4.3) 6/6

rad9!  pol3-13  23°   3.8 + 2.1               (.35)   25 + 8.6               (.51)    270 + 260                 (.96) ND

rad9!  pol3-13  36°   3.5 + 1.6               (.32)  17 + 4.8                (.35)    330 + 170                 (1.2) 2/6

rad9!  pol3-13  mgs1 23°   8.7 + 6.9               (.79)  26 + 7.2                (.53)    280 + 270                 (1.0) 4/6

rad9!  pol3-13  mgs1 36°   .04 + .16             (.004) 1.8 + 3.7              (.037)    950 + 1500               (3.4) 0/6
rad9!  pol3-13  mgs1 23°-36°   .05 + .13             (.005) .94 + 1.5                (.02)    170 + 260                 (.61) ND

rad9!  pol3-13  mgs1 36°-23°   7.7 + 3.9                 (.7)  57 + 20                 (1.2)    728 + 420                 (2.6) ND

rad9!  pol3-13  23° + MBC  470 + 29                 (43)  92 + 35                 (1.9)  2700 + 1300               (9.6) 4/4

rad9!  pol3-13  36° + MBC  350 + 93                 (32)  97 + 22                 (2.0)  4100 + 1100               (15) 4/4

Next we examined Pol delta itself by assessing a temperature sensitive mutant 

(pol3-13).  As shown in Table 4, we found that pol3-13 single mutants showed a 

slight decrease at the restrictive temperature compared to RAD+ strains, similar 

to that of mgs1 single mutants.  Furthermore there was a limited yet significant 

decrease in mixed colony formation at the permissive temperature and at the 

restrictive temperature for pol3-13.

Both mgs1 and pol3-13 mutants likely perturb replication of the lagging strand, 

and given both mgs1 and pol3-13 mutants decreased mixed colony formation 

roughly two fold in a rad9 background we surmised that a rad9 pol3-13 mgs1 

triple mutant would further decrease the frequency of mixed colony formation.  
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Indeed, at the restrictive temperature for rad9 pol3-13 mgs1, we found a dramatic 

40 fold reduction in mixed colony formation (Table 4).  However, the dicentric 

GCR was still detectable by PCR.  but the frequency of mixed colonies are 

dramatically reduced, implying that the GCR can form however, resolution of 

dicentric is altered.  The result was further confounded by the observed decrease 

in allelic recombinants, which were decreased 25 fold and accompanied by a 

threefold increase in chromosome loss (Table 4).  (At the permissive temperature 

the triple mutant formed mixed colonies at a similar frequency as rad9 mgs1, and 

rad9 pol3-13 strains, readily formed allelic recombinants, and had a similar 

chromosome loss frequency to rad9 strains; Table 4).  

Theoretically, a decrease in both allelic recombinants and mixed colonies could 

be due either to a decrease in the events themselves or in the resolution/viability 

of the intermediate structures (Figure 19A, B).  To examine which step the rad9 

pol3-13 mgs1 strains were deficient we took a temperature shift approach.  

Strains were grown on rich media at the restrictive temperature, plated onto 

canavanine plates at the permissive temperature to select for allelic 

recombinants and mixed colonies.  If these strains are deficient for the formation 

of allelic recombinants and/or mixed colonies, then a large number of allelic 

recombinants or mixed colonies would not be expected to grow on the selective 

media. The events would have to occur on the canavanine plates and the cells 

should have already taken in the lethal drug (Figure 19A, 3C) generating low 
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overall viability.

Model 1
rad9 pol3-13 mgs1 36° Rich Medium

Polymerase is unable to switch templates 
and remain CanS

Can1

Shift Cells to 23° and plate to Canavanine Medium
cells still have Can1 protein so they take 

in the Drug and Die

Can1

Model 2
rad9 pol3-13 mgs1 36° Rich Medium

Template switching is still functional
so CanR dicentric cells are formed but 

cannot be resolved at 36°.

Shift Cells to 23° and plate to Canavanine Medium
The intermediates structures are resolved at 23°

and the cells survive because they have already lost  

Figure 3 A. B.

C. D.

Figure 19. Description of rad9 pol3-13 mgs1 temperature shift assay.  
See text for details.

If, however, the strains are capable of both allelic recombination and template 

switching, but unable to resolve intermediate structures at the restrictive 

temperatures, then one might expect that resolution could occur on the 

canavanine plate at the permissive temperature and cells would still be viable 

having already lost the CAN1 gene (Figure 19B, 3D).  Consistent with the latter 

hypothesis, when rad9 pol3-13 mgs1 cells were grown on rich media at 

restrictive temperature then plated to canavanine at the permissive temperature, 
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they readily form both allelic recombinants and mixed colonies (Table 4 rad9 

pol3-13 mgs1 36°-23°).  In addition, cells grown at the permissive temperature on 

rich media, then shifted to the restrictive temperature when plated to canavanine 

media are unable to efficiently form either allelic recombinants or mixed colonies 

(Table 4 rad9 pol3-13 mgs1 23°-36°). Taken together, these data suggest that at 

the restrictive temperature, cells are able to undergo both allelic recombination 

and faulty template switching, yet are unable to resolve key intermediates critical 

for cell viability.  

It is possible that the rad9 pol3-13 mgs1 triple could be altered for polymerization 

(due to pol3-13 mgs1 mutation) and/or cell cycle delay (due to rad9 mutation). 

Therefore, to determine if a functional G2/M checkpoint was required for proper 

resolution of critical intermediates during both allelic recombination and template 

switching.  If so, then an artificially imposed delay might achieve the same affect.  

We analyzed rad9 pol3-13 mgs1 cells grown in either rich media supplanted with 

the microtubule inhibitor MBC or the other in rich media alone and grown at the 

restrictive temperature.  The cells cultured with MBC showed a 50 fold increase 

in mixed colonies, and a 8700 fold increase in allelic recombinants. Since the 

induction of a G2 delay is required to resolve intermediate structures, we 

conclude that Rad9 is somehow required for the formation of allelic recombinants 

and mixed colonies in the double mutant (Table 4).

Additional Genes involved in Chromosomal instability:
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Currently, a number of different pathways are known to act in preventing the 

fusion of nearby inverted repeats, including both S-phase and G2/M checkpoints,  

homologous recombination, NHEJ, PRR and genes involved in replication fork 

integrity (Admire, Shanks et al. 2006; Paek, Kaochar et al. 2009).  A separate 

assay designed by Kolodner and colleagues was designed to analyze GCRs on 

the left arm of chromosome V that mainly consists of single-copy sequences.  

The rearrangements seen in this system include chromosomal truncations and 

translocations between sequences with either no homology or micro-homologies 

of 5-9 base pairs (Chen and Kolodner 1999).   This system has shown that a 

large number of different pathways act to prevent these GCRs (Chen and 

Kolodner 1999; Kolodner 2000; Putnam, Hayes et al. 2009).  Recently, when the 

assay was altered to include a region with homology to three other regions of the 

genome, additional sets of genes were identified and required to maintain 

genome integrity (Putnam, Hayes et al. 2009).  Since there is an apparent effect 

on genome stability given the presence of sequence homologies  we wanted to 

better understand if inverted repeats would require the same pathways for 

preventing GCRs that have previously been reported by assays lacking such 

homologies.

We first analyzed Rad27, the ortholog of human FEN-1, 5ʼ flap endonuclease 

required for Okazaki fragment processing and/or maturation during replication 

through the removal of RNA primers from Okazaki fragments and involved in 

base-excision repair and NHEJ (Reagan, Pittenger et al. 1995; Greene, Snipe et 

al. 1999; Jin, Obert et al. 2001). Rad27 mutants have been shown to increase 
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the rate of both single-copy GCRs and repeat mediated GCRs over 1000 fold 

(Chen and Kolodner 1999; Wu, Wilson et al. 1999; Lobachev, Stenger et al. 

2000; Chen, Silver et al. 2007; Putnam, Hayes et al. 2009).  Although we saw an 

increase in the frequency of mixed colony formation, it was a much less dramatic 

10 fold effect (Table 5).  rad27 mutants also had a significant increase in allelic 

recombinants and chromosome loss as reported previously (Vallen and Cross 

1995) . Furthermore, the formation of the translocation was not detected and the 

dicentric was qualitatively lower than in rad9 (data not shown).  In summary, this 

data suggest a limited role for Rad27 in faulty template switching and is required 

for the stability of ChrVII.

Cullin Rtt101 is involved in replication through natural and MMS-induced pause 

sites, and has been shown to increase the frequency of single-copy GCRs (it has 

not yet been tested in the repeat mediated GCR assay) (Ivessa, Lenzmeier et al. 

2003; Luke, Versini et al. 2006; Zaidi, Rabut et al. 2008). Rtt101 is a multi-subunit 

E3 ubiquitin ligase that together with Mms1 and Mms22 aids in the replication of 

damaged DNA (Zaidi, Rabut et al. 2008).  One way it is thought to do this is 

through the recruitment of Rtt107, a BRCT domain protein implicated in 

replication restart following DNA damage (Rouse 2004; Chin, Bashkirov et al. 

2006).  However this is unlikely to be the only mechanism as rtt101 rtt107 double 

mutants have a higher degree of mms sensitivity than either single mutant 

(Roberts, Zaidi et al. 2008; Zaidi, Rabut et al. 2008).  As shown in Table 5, we 

detect a high frequency of mixed colony formation in both rtt101 and rtt107 single 

mutants as well as in rad9 rtt101 and rad9 rtt107 doubles.  However, rtt107 
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mutants had approximately three times more mixed colonies than rtt101 mutants 

and five times more chromosome loss.  Taken together, these data imply that 

both Rtt101 and Rtt107 act to prevent chromosome instability, and that Rtt107 is 

able to function at least partially in the absence of Rtt101.

The Slx5-Slx8 complex is a SUMO-dependent (small ubiquitin-related modifier) 

ubiquitin ligase complex thought to bind and ubiquitinate SUMOylated proteins, 

and has been shown to have a role in DNA damage response (Ii, Fung et al. 

2007; Rouse 2009). Interestingly, slx5 mutants were shown to have a high rate of 

repeat mediated GCRs but not single copy GCRs. Consistent with the role of 

Slx5 in preventing repeat mediated rearrangements, we saw an increase in 

mixed colony formation in slx5 single mutants compared to wild-type (Table 5).  

slx5 strains also showed a significant increase in chromosome loss and allelic 

recombinants.  Notably, the rad9 slx5 double mutant displayed a synergistic 

increase in chromosome loss compared to either single (rad9 slx5, 2350 x 105; 

rad9, 273 x 105; slx5, 313 x 105, Table 5). 

*In bold, statistically significant (p<0.05, kruskal-wallis test) single mutants to RAD+ or double mutants to rad9 fold-change.  Translocation for rad9 
was previously reported (Admire et al. 2006).

*In bold, statistically significant (p<0.05, kruskal-wallis test) single mutants to RAD+ or double mutants to rad9) fold-change. aFrequencies were 
determined by qPCR. bTranslocation for rad9 was previously reported (Admire et al. 2006).

TABLE 5: Frequencies, translocation and dicentric analysis of Chromosome Stability MutantsTABLE 5: Frequencies, translocation and dicentric analysis of Chromosome Stability MutantsTABLE 5: Frequencies, translocation and dicentric analysis of Chromosome Stability MutantsTABLE 5: Frequencies, translocation and dicentric analysis of Chromosome Stability MutantsTABLE 5: Frequencies, translocation and dicentric analysis of Chromosome Stability MutantsTABLE 5: Frequencies, translocation and dicentric analysis of Chromosome Stability Mutants

      Genotype Allelic Recomb. (x10-5) Mixed Colonies (x10-5) Chromosome Loss (x10-5) Translocation Dicentric

Single 
Mutants

RAD+ (Wildtype)   9.0 +  3.9              (1.0)         2.3 + 1.3              (1.0)     8.5 +  5.8                 (1.0) ND 7/25       

Single 
Mutants

       rad27!  400 + 480               (44)    24 + 19                (10)    260 + 230                 (31) 0/10 2/10

Single 
Mutants

       rtt101!    29 +  34               (3.2)   60  + 14                (26)    140 + 92                   (16) 6/6 ND
Single 

Mutants rtt107!    22 + 7.8               (2.4)  170 + 41                (74)    690 + 270                 (81) 6/6 NDSingle 
Mutants

slx5!    25 + 16                (2.8)    20 + 6.9               (8.7)    310 + 400                 (36) 6/6 ND

Single 
Mutants

yen1!   7.9 + 3.1               (.88)   6.0 + 2.6               (2.6)      32 + 18                  (3.8) 1/6 ND

Single 
Mutants

msh6!   8.0 + 3.8               (.89)   7.0 + 3.5               (3.0)      27 + 19                  (3.2) 2/4 ND

rad9  
Double
Mutants

rad9!    11 + 9                  (1.0)    49 + 22                (1.0)    280 + 200                (1.0) 13/14a 15/20     

rad9  
Double
Mutants

rad9! rtt101!    47 + 23                (4.3)  310 + 140              (6.3)  4700 + 1300               (17) 6/6 NDrad9  
Double
Mutants

rad9! rtt107!    24 + 16                (2.2)  250 + 47                (5.1)  2700 + 1400               (9.6) 6/6 ND
rad9  

Double
Mutants rad9! slx5!    28 + 11                (2.5)    63 + 12                (1.3)  2400 +  2200              (8.6) 6/6 ND

rad9  
Double
Mutants

rad9! yen1!   8.2 + 2.7               (.91)    54 + 13                (1.1)    480 +  380                (1.7) 3/6 ND

Msh6 is another gene that has been shown to prevent repeat mediated GCRs 

but not single-copy GCRs (Putnam, Jaehnig et al. 2009).  Msh6, together with 
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Msh2 and Msh3, have been shown to participate in mismatch repair pathways 

(Lazzaro, Giannattasio et al. 2009; Putnam, Hayes et al. 2009) and are thought 

to have a role in the prevention of recombination between homeologous DNA 

sequences (Lobachev, Stenger et al. 2000; Kim, Narayanan et al. 2008; Kovtun 

and McMurray 2008).  To asses if Msh6 had a role in the fusion of inverted 

repeats we tested msh6 and investigated its effect on instability. We found that 

the msh6 mutant had a slight yet significant increase in mixed colony formation 

and chromosome loss (Table 5).  However, this was much less dramatic than the 

600 fold increase seen by Putnam and colleagues.  It is unclear why msh6, slx5 

and rad27 mutants would have less of an effect on inverted repeat fusion, but it 

might have to do with the length of the repeats (4.2kb vs. 300bp) or the 

mechanism.

Finally, we analyzed yen1 mutants. Yen1 acts as a Holliday Junction resolvase, 

however there are several other proteins that also have resolvase activity.  To our 

knowledge, yen1 mutants have not been analyzed by either the single-copy or 

repeat mediated GCR assays.  However, we feel this is an important mutant as 

our model predicts that Yen1 may prevent inverted repeat fusion by resolving 

chicken foot structures that we hypothesized are intermediates to fusion events 

(Paek, Kaochar et al. 2009).  Yen1 mutants do show an increase in mixed colony 

formation (Table 5).  The less than dramatic phenotype in this mutant is probably 

due to the large amount of redundancy in resolvases.
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Discussion

Post-Replication Repair:

The Post-replication repair pathway is thought to be one of the principal 

mechanisms that cells utilize to bypass lesions on the template strand during 

DNA replication (Lee and Bachant 2009).  Although we had previously shown 

that the PRR pathway are required in order to prevent the fusion of nearby 

inverted repeats, it was unclear whether this was due to the translesion synthesis 

or the error-free bypass branch of PRR.  Using mutants which are deficient for 

translesion synthesis (rad30 and rev7), we have shown that this pathway does 

not prevent the fusion of inverted repeats (Table 3).  In contrast, mutants in the 

error-free bypass branch (rad5, ubc13, and to a lesser extent mms2), all had 

increased frequency of inverted repeat fusion.  Indeed, rad5 mutants looked 

strikingly similar to pol30 K164R mutants deficient for both branches of PRR 

(Table 3).  Thus, it is likely that the chromosome instability phenotypes that we 

see in these mutants are solely due to a defect in the error-free bypass branch of 

post-replication repair.

Individual mutants in the error-free branch of PRR had different levels of inverted 

repeat fusion (Table 3).  rad5 mutants had a much higher level of mixed colony 

formation than either ubc13 or mms2, though all three mutants increased mixed 

colony formation to some degree.  A similar trend was seen when these mutants 

were analyzed for single-copy GCR formation, and also for MMS sensitivity (Xiao 
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2000; Motegi, Kuntz et al. 2006) Since pol30 K164R mutants are epistatic to 

rad5, ubc13 and mms2 for mixed colony formation, implies that the mutant 

phenotype is due to aberrant PRR and not some other shared pathway (Table 3, 

Figure 18).   All three genes have been shown to be required for 

polyubiquitinating PCNA, however this analysis was not quantitative and it could 

be the case that in ubc13 and mms2 mutants PCNA is polyubiquitinated, 

however at much lower levels than in wild type cells and greater than in rad5 or 

rad18 mutants (Hoege, Pfander et al. 2002). In addition to the varying degrees of 

chromosome instability seen in the error-free bypass mutants, we also saw 

different genetic interactions with each mutant and Rad9.  While a rad9 rad5 

mutant showed additive levels of inverted repeats, rad9 ubc13 doubles exhibit a 

synergistic increase in both mixed colony formation and chromosomal loss.  

mms2 deletion was able to suppress the high frequency of mixed colony 

formation and chromosomal loss seen in rad9 mutants (Table 3).  It is unclear 

why these genes would have such different genetic interactions with Rad9.  It is 

interesting to note that genes involved in post replication repair have been 

implicated in checkpoint signaling, however the link was with the Rad6-Rad18 

complex that is upstream of the genes in the error-free bypass branch (Figure 

18) (Fu, Zhu et al. 2008; Kats, Enserink et al. 2009).

Another interesting facet in PRR regulation is the sumoylation of PCNA at lysine 

127 and lysine 164 by the Siz1 sumo-ligase (Papouli, Chen et al. 2005).  These 

modifications appear to recruit the Srs2 helicase, removing Rad51 from DNA to 

open access to genes in the PRR pathway.  Although we see a dramatic increase 
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in allelic recombinants in srs2 mutants, no such increase was seen in siz1 

mutants.  Similar results have been seen by others using a separate 

recombination assay (Papouli, Chen et al. 2005).  The collective evidence implies 

that recruitment of Srs2 to PCNA does not prevent recombination between 

homologues. More likely Srs2 interaction with PCNA acts to prevent sister-

chromatid recombination.

Polymerase Delta, Mgs1 and Rad9 are required for the propagation of allelic 

recombinants and cell with dicentric chromosomes:

We found that mixed colony formation was decreased in both mgs1 knockouts 

and temperature sensitive pol3-13 mutants in a rad9 background (Table 4).  

Rather surprisingly, both allelic recombinants and mixed colony populations were 

severely reduced at the restrictive temperature in a rad9 pol3-13 mgs1 triple 

mutant (Table 4).  The defect in mixed colony formation was not due to a defect 

in template switching, as these cells readily formed dicentric chromosomes and 

were able to form both mixed colonies and allelic recombinants when shifted to 

the permissive temperature and plated onto selective media (Table 4, Figure 19).   

These data led us to propose that rad9 pol3-13 mgs1 strains are able to initiate 

allelic recombination but are unable to resolve critical intermediates necessary 

for cell viability.  This model explains why these strains are able to form dicentric 

chromosomes, but are unable to grow into mixed colonies when plated on 

selective media.  Currently we do not know what the nature of this structure 

might be, but it seems likely that it is resolved by DNA replication.  Mgs1 binds to 
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the Pol31 subunit of pol delta, and is thought to promote replication of stalled 

replication forks (Vijeh Motlagh, Seki et al. 2006).  In addition, purified Human 

Mgs1 has been shown to enhance the DNA polymerase activity of Human Pol 

Delta (Tsurimoto, Shinozaki et al. 2005).  Thus we propose that rad9 pol3-13 

mgs1 cells at the restrictive temperature are able to undergo faulty template 

switching and form dicentric chromosomes, yet are unable to complete 

replication of intermediate structures due to a defective pol delta and missing 

Mgs1.  If given enough time via a Rad9 or MBC induced G2 delay, or sufficient 

DNA polymerase activity (i.e. Pol3+ cells) these structures can be resolved by 

DNA replication.
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APPENDIX B: THE ROLE OF INVERTED REPEATS, REPLICATION 
AND tRNA TRANSCRIPTION IN CHROMOSOME FRAGILITY IN S. 

cerevisiae

Statement by author: 

The work presented in this chapter is being prepared in a manuscript for peer 

review and publication. I performed all work presented herein, with assistance 

from Lisa Shanks and Ted Weinert who assisted in tRNA strain construction in 

Figure 25. I subsequently used these mutants for instability analysis.  

Additionally, Shanks made HJY101 (one of the 403 double deletion strains)  used 

in Figure 22.  The manuscript was written by me with help from Ted Weinert.  

Weinert and I had numerous conversations that were critical for development of 

this chapter.
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ABSTRACT 

Our lab previously identified a yeast fragile site 403 kb from the left (proximal) 

telomere (“the 403 site”) on chromosome VII.  The instability of this site 

generates a fusion between two inverted repeats forming a dicentric 

chromosome that subsequently undergoes additional cycles of instability  

(Admire, Shanks et al. 2006; Paek, Kaochar et al. 2009).  Here, we investigated the 

role and requirement of local inverted repeats, tRNA genes and replication to 

fragile site instability.  Using a genetic assay, we found that elimination of the 

entire 403 fragile site (4kb) reduced the frequency of chromosome instability 

nearly 30-fold.  The instability was rescued by reinsertion of either the native 403 

site or a synthetic inverted repeat, demonstrating the significance of inverted 

repeat sequences to instability onset.  Though to a lesser degree, deletion of  

origins of replication and tRNA genes flanking the inverted repeats also reduced 

instability several fold.  Identification of a novel dicentric recombinant site on 

chromosome VII formed through the fusion of two nearby inverted repeats further 

supported the role of repeat sequences in chromosome instability.  In summary, 

we propose that replication through inverted repeats is sufficient to induce 

chromosome destabilization.  Additional replication stresses such as 

transcriptional interference further promote instability. 
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INTRODUCTION 

Chromosomal fragile sites are specific loci that are associated with high levels of 

chromosome instability, including; DNA breaks, translocations, dicentrics, 

amplifications and deletions. Mammalian chromosomes fragility is visible as gaps 

and/or breaks following treatment with inhibitors of DNA synthesis (Richards 

2001). Little is understood about the elements causing fragility and DNA damage 

nor are the mechanisms underlying breakage and genome instability understood.  

Fragile sites have been associated with genome instability in cancer cells as well 

as with activation of the DNA damage response to stalled replication (Tunca, Egeli 

et al. 2000; Glover, Arlt et al. 2005).  It has been assumed that these regional 

breaks likely relate to sequence dependent differences in DNA structure, DNA-

protein contacts and/or late replication (Arlt, Casper et al. 2003; Curatolo, Limongi et 

al. 2007).  Recent studies have focused on replication stress points near repeats 

and barriers to replication because onset of a number of human diseases appear 

to involve such loci.  The chromosomal rearrangements found in many 

carcinomas, include cells with evidence of breakage fusion bridge (BFB) events 

known to generate intratumor heterogeneity and nonreciprocal translocations; as 

well as cancers which appear to be induced from the formation of secondary 

structures at palindromic sequences, structures known to disrupt replication and 

induce genomic amplifications and deletions (Artandi, Chang et al. 2000; Bowater 

and Wells 2001; Hellman, Zlotorynski et al. 2002; Tanaka, Bergstrom et al. 2005; 

Narayanan and Lobachev 2007).  Given that both mammalian and yeast genomes 
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exhibit fragile site expression and utilize highly conserved DNA damage repair 

pathways, we have developed and employed a budding yeast system to study 

natural and spontaneous fragile site instability. In previous work, we 

characterized two consistent unstable gross chromosome rearrangement (GCR) 

products within a specific region on chromosome VII (ChrVII), 403 kb from the 

left telomere, at the “403 site”  (Admire, Shanks et al. 2006; Paek, Kaochar et al. 

2009). Results presented in Paek et al., demonstrate formation of an inverted 

repeat fusion that we conclude is formed by a faulty template switch mechanism.  

Given the location and orientation of the repeats at the 403 site, we infer that the 

first spontaneous rearrangement occurs by fusion between two inverted long 

tandem repeat (LTR) Sigma elements (S2 fused to S3) at the site, generating a 

dicentric ChrVII. Following formation of the S2/S3 dicentric GCR, a monocentric 

translocation and recombination between LTR D7 and LTR D11 occurs, mediated 

by Rad59 double strand break (DSB) repair protein.  Finally, instability is induced 

by disruption to DNA replication (Admire, Shanks et al. 2006; Paek, Kaochar et al. 

2009), however the factors contributing to replication stress remains unclear.

In order to determine the role and nature of DNA structural components 

associated with instability onset, we carried out an examination of fragile site 

sequences within the 403 site region. Findings demonstrate that inverted repeats 

are the primary determinants of instability.  tRNA genes, replication timing and 

termination through the fragile site also contribute to the frequency of instability 

on ChrVII but are not required.  During the course of the investigation, we 

identified novel faulty template switch rearrangements near the left telomere of 
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ChrVII. We discuss the implication of successive unstable chromosome 

intermediates and how these GCRs originating from the left arm of ChrVII 

generate progeny with many different chromosome structures, not unlike many 

cancer phenotypes.

125



MATERIALS AND METHODS

Strains, growth conditions, and plasmids:

Yeast strains are derivatives of the A364a strain described in previous studies 

and references therein (Weinert et al., 1990), and are derived from TY200 or 

TY206 by transformation generating a ChrVII disome that is MATα +/hxk2::CAN1 

lys5/+ cyhr/CYHs trp5/+ leu1/+ Centromere ade6/+ +/ade3, ura3-52. TY206 

harbors a rad9 null mutation, rad9Δ::ura3, described by Weinert and Hartwell 

(1990).  The relevant genotypes of strains used in this study are provided in 

Table S1. Cells were grown in rich media (YPD) or medium supplemented with 

appropriate amino acids, 2% dextrose according to standard protocols (Sherman 

et al., 1986).  Canavanine (Can; 60ug/ml), geneticin (kan; 100 or 500ug/ml), 

hygromycin B (HPN; 300ug/ml) and nourseothricin (Nat; 50ug/ml) were used at 

the concentrations given.  Strains were grown at 30°.  All oligonucleotides used in 

the study are listed in Table S2. Plasmids and disruption cassettes were 

introduced using the lithium acetate method described by Ausubel 1994. 

Escherichia coli strain DH5a was used for plasmid amplification. Plasmid-bearng 

bacterial strains were cultivated at 37° in Luria-Bertani broth.  Standard bacterial 

transformations and plasmid isolation procedures were performed as described 

by Sambrook 1989.

All mutant versions of 403 deletion (from 401240-405829 kb), 110 Non-CAN1 

homolog deletion (110450-115650 kb), origin deletion strains were made by PCR 

amplification of URA3 (uracil) and HPN genes. 110 Non-CAN1 homolog deletion 
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(110103-114940 kb) was made by transformation with a fragment from plasmid 

pNKY51 containing the hisG::URA3::hisG cassette (Alani et al. 1987) .  A 

homolog check of the Ura+ candidates was conducted to link the Ura+ construct 

to either the CAN1 or Non-CAN1 homolog followed by selection for the loss of 

the URA3 (uracil) marker on medium containing 5-fluoroorotic acid (FOA). The 

110Δ::ura3 CAN1 homolog deletions were confirmed by PCR using outside 

primers. Genotyping for all strains was unambiguous. In some cases, we 

introduced a URA3 allele to replace the KanMX4 allele.

tRNA deletion strains: The tRNA deletion strains were made following a “popin - 

popout” strategy using plasmid pLΔRΔ. pLΔRΔ was made by amplifying and 

cloning into pRS406 with URA3 marker. This LΔRΔ cassette contained 

sequences approaching and avoiding each tRNA gene, generating a double 

tRNA deletion cassette with the following sequences from Euroscarf genomic 

DNA; 400027 to 401530::LΔ::401590 to 405472::RΔ::405544 to 408000.   The 

right tRNA deletion (72 bp deletion) was made by subcloning the 401590 - 

408000 kb fragment into pRS406 containing PCR fragment 407000 - 408000 kb 

for homology.  The linearized fragment (401590::ΔR::URA3::408000) was 

transformed into yeast under selection for Ura+.  A homolog check of the Ura+ 

candidates was conducted to link the Ura+ construct to either the CAN1 or Non-

CAN1 homolog.  We then isolated FOA resistant derivatives (“popouts”) that were 

amplified with outside primers and sequenced to insure genotype.  tRNA left 

deletion (60 bp deletion) was generated with similar strategy by PCR 

amplification from the pLΔRΔ of the 401290 - 403000 kb fragment.  This was 
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cloned into pRS406 containing 400600 - 401530 kb PCR fragment for homology.  

The linearized fragment (400600 - 401530::ΔL::URA3:: 401290 - 403000) was 

transformed into yeast under selection for Ura+ and following same “popin -  

popout” strategy outlined above.

Complementation of rad9 403∆/403∆ double deletion by plasmid clones: 

p403::URA3 was made by cloning the 4 kb BamHI-EcoRI yeast DNA fragment 

into pRS406 as a vector. p403::URA3 was integrated into the yeast ura3 locus on 

ChrV by transforming the NcoI fragment of p403::URA cassette into the ura3 

locus on ChrV and selecting for Ura+ transformants.  The rad9 403∆/403∆403, 

rad9 403∆403 /403∆, rad9 403+403 /403+  was constructed using p403::URA PCR-

based cassettes and verified by PCR and phenotypic analyses (see Table S2).

The URA3 inverted repeat module: The URA3 inverted repeat module was 

constructed and described in Peak et al. 2009 with slight modifications. 

Fragments of the URA3 gene were joined to the nat1MX gene (RA::NatR::RU 

cassette) and inserted into plasmids that contain ~500 bp of sequence flanking 

sites 403 or 461. The UR fragment contains sequences -160 to +360 from 

pRS406, with +1 being the A of ATG start codon. The RA fragment contains 

sequences +160 to +700. The NAT1 fragment contains sequences -270 to +840 

from pmrc1NAT1, a gift from N. Sugimoto. The module was transformed into the 

461 site on ChrVII by restriction digestion, transformed into cells and inserts 

selected by growth on drug-containing plates. To integrate the module into the 

403 site in the rad9 403∆/403∆ double deletion strain (deleted 403 sequences 

include 401240 - 405829 kb), primers were designed to amplify the cassette and 
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transform into cells adjacent to the deletion markers at 400800 - 400953 kb. 

Candidate insertions were confirmed by PCR and genetic analyses. For 

example, the rad9 403::RA::NatR::RU cassette is linked to the CAN1 gene and 

resides genetically between TRP5 and CYH2, and can be mapped by analysis of 

allelic recombinants.

Chromosome instability assays: All genetic analysis of ChrVII instability was 

performed as described in Admire et al. (2006). Briefly, we grew cells on synthetic 

media lacking adenine (Ade) to ensure selection for both ChrVII homologs. We 

then plated cells on rich media (YEP and 2% dextrose, YEPD) and after 2-3 days 

of growth at 30˚ C, identified single colonies that contained 1-3 x 106 cells.  To 

score Canr phenotype and to identify chromosome changes that occurred while 

cells grew on YEPD plates, individual colonies were picked, resuspended in 

water, counted, and plated to synthetic media supplemented with all essential 

amino acids except arginine and serine, or the same selective media also lacking 

Ade added from filter sterilized solution shortly before pouring plates to give a 

final concentration of 60ug/ml canavanine. Cells were plated onto canavanine 

plates grown at 30◦ C for 5 days Canr  mutant frequency was calculated by 

dividing the Canr mutant count by the total plated. Chromosome loss (Canr Ade-) 

was determined by by replica plating on media lacking Ade. We scored the 

morphology of colonies as either Canr Ade+ "round", which proved generally to 

be stable allelic recombinants, or Canr Ade+ "sectored/mixed", which proved 

generally to contain cells of many different genotypes. We performed "lineage 
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assays" to confirm that cells in allelic recombinants contained the same genotype 

(typically >95% of the cells had the same genotype), and that cells in mixed 

colonies contained multiple genotypes (see Admire et al. 2006). In all strains, we 

verified that round and mixed colonies contained single or multiple genotypes, 

and corrected the frequencies for the rare strains where this was not the case. 

Frequencies were determined from analysis of at least 6 colonies, the average 

and standard deviations are shown. Statistical tests were performed using the 

Kruskal-Wallis method (Kruskal et al., 1952) and subsequent pairwise Least 

significant difference between mean ranks (LSD) between relevant groups were 

done (Portney and Watkins 1993, Siegal 1988).

Molecular assays: Molecular analysis of altered chromosomes. 

We typically analyzed 4 independent cultures prepared and subjected to PCR 

amplification using ChrVII403-535 translocation and ChrVIIS2/S3, (Paek et al. 2009) 

ChrVIID1/D3 dicentric primers (Table S2). We confirmed that the URA module 

generates dicentrics using a PCR assay of the recombination junction as 

reported in Paek et al. 2009.
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RESULTS 

The chromosome instability assay is illustrated in Figure 20 (Carson and Hartwell 

1985; Admire, Shanks et al. 2006).  Briefly, we constructed a haploid yeast strain 

containing 

ChrVII

LYS5
CYH2

TRP5
LEU1

ADE6
ADE3

Canr Selection

(i)

(ii)

(iii)

Canr ADE+

Canr ADE+Canr ade-
Chromosome Loss

Stable Allelic Recombinant

Unstable Mixed Colonies

Allelic Recombinants GCRs

(iv)

Figure 20: Chromosome VII assay for GCRs. Diagram of genetic and physical assays for GCRs.  
We identified cells that lost the CAN1 marker, Canr .  These Canr colonies either lost the right arm 
markers (ade-) (i) or maintained them, Chromosome Loss (ADE+); (ii) Allelic recombinants 
Canr ADE+; (iii) Canr ADE+ Mixed Colony recombinants. (iv) Single cell that generates a colony that 
contains multiple genotypes and subsequent analysis of cells within a mixed colonies (including, 
allelic recombinants and GCRs such as; chromosome loss, translocations, dicentric chromosomes
ect.).  Centromeres are indicated by light blue circles, left and right arm telomeres are identified by
grey rectangles. Black box, mutant marker allele.  Red box, wild-type marker allele. Yellow box, 
CAN1 gene.

+-- - -

CAN1 ++++ s -

R
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an extra copy of ChrVII (a disomic strain), permitting tractability of chromosomal 

rearrangements in the extra ChrVII without compromising cell viability.  One of 

the ChrVII homologs contains a copy of the CAN1 gene inserted near the left 

telomere, facilitating selection of cells that spontaneously loose the CAN1 gene 

when plated to canavanine (CAN) plates.  These canavanine resistant (Canr) 

colonies are then analyzed for genomic variations.  Using genetic markers on the 

chromosomes, we detect three types of Canr colonies: those that exhibit whole 

chromosome loss, those that underwent allelic recombination, and a third type of 

genetically complex colony we call a "mixed colony", identified by its “sectored” 

phenotype (Figure 20). Lineage analysis determines the growth phenotype 

through the use of genetic markers located along the ChrVII (Figure 20). 

Typically, normal round colonies contain stable cells of identical genotype.  

Conversely, if the first cell plated to CAN plate is unstable, this founder cell gives 

rise to cells with mixed genotypes and sectored colony phenotypes.  In order to 

facilitate the study of unstable chromosomes, we utilize rad9 mutants which form 

mixed colonies at ~40 fold higher frequency than wild-type cells  (Admire, Shanks 

et al. 2006) and assay for suppression or enhancement frequencies  when various 

cis element mutations are made in the rad9 background (Table S1). Rad9 is a 

“mediator” in the checkpoint response and is required for cell-cycle arrest in G1/

S, intra-S, and G2/M. The 403 hot spot site contains repetitive elements that may 

affect chromosome fragility and tRNA genes which are known to induce 

replication fork pausing owed to their orientation of transcription which opposes 

the direction of replication (Figure 21) (Deshpande and Newlon 1996; Ivessa, 
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Lenzmeier et al. 2003; Admire, Shanks et al. 2006).  Two origin of replication 

sequences flank the 403 site, ARS717 and ARS718, and are predicted to 

terminate within or near the fragile site (Raghuraman, Winzeler et al. 2001; 

Nieduszynski, Knox et al. 2006).  To determine what affect, if any, these various 

sequences have on the chromosome stability, each region was deleted 

separately and in various mutant combinations. We examined cells for instability 

including chromosome loss, unstable mixed colonies, stable recombinants, and 

chromosome rearrangements including, the ChrVII translocation and dicentric 

chromosomes by PCR.  The following results were observed: 

Telomere Centromere ChrVII

SGD Coordinates (kb)
Not to scale

110 kb 320 kb 403 kb 535 kb

3ʼ

ARS 718

RT. tRNA

NTS

LT. tRNA
S2 S3

TS3ʼ

ARS 717

ARS 717 to ARS 718

33 kb

4 kb

3.8 kb

LT. tRNA to RT. tRNA

S2 to S3

D7

Figure 21: Graphic outline of Chromosome VII and the 403 fragile site region.  Conventional Watson/Crick orientation of the 
cis elements relative to the left telomere are given, sizes and chromosome coordinates are provided (kb). Bold colored 
arrows display the direction and position of the repeats. Direction of replication through 403 site is depicted by orientation 
of replication fork, ARS717 moves left to right and ARS718 moves right to left. Convergent orientations relative to the 
replication forks for the transcription of the tRNA genes are also depicted.  TS, template strand. NTS, non-template strand. 

Multiple inverted repeats on a chromosome arm can undergo inverted repeat 

fusion:
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To evaluate whether the sequences within the 403 site were required for 

instability, we first deleted the entire 403 region including the inverted repeats 

and tRNA genes (see Figure 21 and Methods).  If the sequences responsible for 

fragile site expression and subsequent genome instability lay within the 403 site, 

deletion of the entire 403 region should suppress instability. Conversely, if other 

elements outside the 403 deletion cause instability, then little or no change to 

instability frequencies would result.  Admire et al., previously reported 

heterozygous 403 site deletions reduced the frequency of instability 2-3 fold; here 

we show 403 homozygous deletions cause a much greater reduction in 

instability.  The 403 heterozygous deletions were constructed on either in the 

CAN1 homolog (rad9 403∆/403+) or the non-CAN1 homolog (rad9 403+/403∆) 

(Figure 22A).  The frequency of mixed colony instability was decreased by 3.5 

and 4-fold respectively (Figure 22B) in both 403 heterozygous strains (consistent 

with Admire et al., 2006). Neither single 403 deletion produced any significant 

change to the frequency of round stable allelic recombinants, which occurred in 

each of the genetic intervals at frequencies expected from the distance between 

each reporter gene (Figure 22C; Admire et al., 2006).  The decrease in instability 

suggests that the formation of mixed colonies is dependent upon 403 sequences. 

We also detect the 403-535 translocation in mixed colonies using a qualitative 

PCR test in the rad9 403+/403+ and 403 heterozygous strains.  The S2-S3 

dicentric was observed in the rad9 403+/403+ and 403 heterozygous strains as 

reported in Paek et al., (Figure 22B). Given the lower frequency of instability 

arising from deletion of the 403 site in either ChrVII homolog, we predicted that a 

134



homozygous 403 double deletion might cause a further reduction in instability.  

The results confirmed our predictions.  

0%

25%

50%

rad9! 403+/403+

rad9! 403!/403!

rad9! 403!/403+

rad9! 403+/403!

% Lys+ Cells in 403 Deletion Strains

Allelic Lys+ 
Mixed Lys+

403 deletion analysis

GenotypeGenotype

403 deletion analysis403 deletion analysis403 deletion analysis403 deletion analysis403 deletion analysis403 deletion analysis403 deletion analysis

Loss
(x105)

Allelic
(x105)

Mixed
(x105)

403/535 TL403/535 TL ChrVII DICEN.ChrVII DICEN.
Loss
(x105)

Allelic
(x105)

Mixed
(x105) Allelic Mixed  S2/S3 D1/D3

 (i) rad9! 403+/403+

(ii) rad9! 403+/403!

(iii) rad9! 403!/403+

(iv) rad9! 403!/403! a

rad9! 403!/403!403

rad9! 403!403/403!

rad9! 403+403/403+

rad9! 403!/403! ChrV::403

    162 + 228      (1)       12 + 12       (1)      62 + 48      (1) 0/6 6/6 6/6 6/6

    138 + 64     (.85)c       12 + 6         (1)e      18 + 6     (.29)g 0/6 7/8 6/6 ND

    140 + 97     (.86)c       14 + 9      (1.2)e      14 + 6     (.23)g 0/7 12/15 3/5 3/6

      80 + 52     (.49)b         5 + 6      (.33)d        2 + 2     (.02)f NA NA NA 5/12

    125 + 69     (.77)c        17 + 10   (1.1)e      26 + 12   (.42)g NA NA NA ND

    107 + 47     (.66)c        19 + 10   (1.3)e      25 + 13   (.40)g 0/4 2/4 ND ND

    158 + 61     (.97)c        10 + 4     (.67)e      42 + 31   (.68)g 0/3 4/4 ND ND

      56 + 56     (.35)b          4 + 3     (.27)d        5 + 2     (.08)f 0/4 0/4 0/4 ND

(ii)

(iii)

(iv)

(A)

(B)

(C)

Non-Can1

Can1

(i)

Figure 22. Sequences at the 403 site on Chromosome VII induce instability.  
(A) Disomic chromosome VII 403 site deletion structures.  Relevant sequence elements are indicated; 
tRNA genes and orientation of transcription are represented by black rectangles with directional arrows, 
LTR repeats are indicated with arrows which also represent orientation.  (i) rad9∆ 403+/403+ where all 
403 sequences are intact on both homologs.   (ii) The 403 site has been deleted, ~4 kb including the left 
tRNA to right tRNA genes (see Materials and Methods), from the Non-CAN1 homolog, (iii) the CAN1 homolog 
and (iv) both homologs.  
(B) Frequency of Canr colonies. Significant difference from rad9 403+/403+ is indicated in bold as determined 
by Kruskal–Wallis analysis of variance (p < .05) and subsequent pairwise LSD comparisons and significance 
(p < .05) between relevant groups. Numbers in parentheses indicate fold-change from rad9 403+/403+. 
Mixed colony calculation: The frequency of instability was determined as previously describe (Admire et al. 
2006 and Paek et al. 2009) by dividing the number of colonies observed per number plated (see Materials and 
Methods).  This value is corrected for viability and/or if upon further phenotypic analysis cells within a mixed 
population were in fact stable, the frequency was also adjusted accordingly and indicated here (a).  
a  The frequency of sectored mixed colonies in the rad9 403∆/403∆ strains is corrected for actual stability, as 
determined by lineage analysis on 16 independent mixed colonies (see Materials and Methods). Approximately 
50% of the 403 homozygous delete mixed colonies were in fact stable and stability was adjusted as 
follows: = [(number of mixed colonies/total plated)*0.5].  
b,c Value with subscript b is significantly different than values with subscript c.
d,e Value with subscript d is significantly different than values with subscript e.
f,g Value with subscript f is significantly different than values with subscript g.
(C) Percent Lys+ cells in 403 deletion strains in round allelic and mixed colonies.
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Mixed colony instability of the rad9 403∆/403∆ homozygous deletion was 

reduced nearly 30-fold compared to that observed in the rad9 403+/403+ strain 

(Figure 22B and Methods).  The observed decrease in frequency instability in 

either 403 single or double deletion mutants leads us to two conclusions.  First, 

that the events utilizing and resolving instability can initiate on either ChrVII 

homolog. Second, that sequences within the wild-type 403 site are major 

contributors to genome instability.  

We previously reported that the most frequent form of chromosome change in 

rad9 mutants was chromosome loss, which was approximately nine-fold higher in 

rad9 mutants than in RAD+ cells (Weinert and Hartwell 1990; Admire, Shanks et al. 

2006).  Loss appeared unchanged in a strain containing a 403 heterozygous 

deletion on the CAN1 homolog.  This was reconfirmed here in strains containing 

403 site deletions on either homolog (Figure 22B).  Deletion of the 403 site on 

both homologs, rad9 403∆/403∆, reduced chromosome loss by 50% over rad9 

403+/403+.  These results demonstrate that the fidelity of chromosome 

transmission is rescued upon homozygous deletion of the 403 site compared to 

rad9 403+/403+ cells, providing further genetic evidence that that the 403 site 

plays a key role in the stability of the cell.  While there is no measurable 

decrease to the viability of the rad9 403∆/403∆ homozygous deletion strain, 

growth is slowed compared to rad9 403+/403+ or either 403 heterozygous strain.  

One potential explanation for this observed growth phenotype could be loss of 

gene(s) which are critical for fitness, not necessarily for stability.  To ensure 

sequences in the wild-type 403 site were in fact a true factor of instability and not 
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an unintentional byproduct of strain construction, we carried out a 403 

complementation assay and reanalyzed instability frequencies.  The 403 site was 

cloned and reintegrated into either the native 403 site or into ChrV (see Materials 

and Methods), both in rad9 403∆/403∆ double deletion background strains. As an 

additional control, we also integrated the cloned 403 site back into the rad9 403+/

403+ strain.  Complemented candidates were confirmed by PCR and both CAN1 

homolog rad9 403∆403/403∆ and non-CAN1 homolog rad9 403∆/403∆403 strains 

were assayed (see Materials and Methods).  The 403 complemented strains 

significantly increased the instability frequency of rad9 403∆/403∆ double mutant, 

nearly completely rescuing frequency GCRs, slowed growth phenotype, and 

occurrence of specific GCR events such as the 435-535 translocation (Figure 

22B). There were no changes to instability or growth in the rad9 403+403/403+ 

strain. The ChrV complemented strains had the equivalent instability and slow 

growth as that observed in rad9 403∆/403∆ (Figure 22B). Thus we conclude that 

the poor growth  is not due to loss of genes, and therefore argue that the 

sequences within the 403 site are inducing ChrVII instability. 

Inverted repeat fusion at 110 and 403 sites cause instability:

In order to determine what role if any the inverted repeats within the 403 site play  

in the ~30-fold reduction of rad9 403∆/403∆ instability we constructed and 

introduced a synthetic inverted repeat recombination module into the 403 region 

(Figure 23; Material and Methods ). Previously, we generated a synthetic inverted 

repeat module and showed it efficiently fused the two repeats forming dicentric 
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intermediates when inserted into wild-type 403 site (Paek et al., 2009).  Here we 

wanted to know if these events were still generated in the absence of 403 

sequences, including the tRNA genes. Truncated ura3 sequences with 200 bp 

overlap homologies were placed in inverted orientation on either side of a NAT 

reporter gene. This module was introduced into the rad9 403∆/403∆ strain in two 

different chromosomal regions; the 403 site and outside the known fragile region 

at 461 kb from the left telomere (herein referred to as the “461 site”) (Figure 23 

A).  Strikingly, insertion of this recombination module at both the 403 and 461 

sites resulted in fusion of the inverted repeats, resulting in dicentric 

chromosomes (Figure 23 B).  This GCR rearrangement also leads to 

destabilization of ChrVII, which resulted in a 5-fold increase in the frequency of 

mixed colonies over rad9 403∆/403∆ (Figure 23 C).  These results strongly 

support that DNA inverted repeats are capable of independently perturbing the 

replication fork, and sufficient to trigger genome instability at these two sites. 
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461 IR rad9! 403!/403!

403 IR rad9! 403!/403!
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(i)

Inverted repeat moduleNAT

200 bp

R A U R

Synthetic inverted repeat module

Genotype

Synthetic inverted repeat moduleSynthetic inverted repeat moduleSynthetic inverted repeat moduleSynthetic inverted repeat module

Loss (x105) Allelic (x105) Mixed (x105) IR DICEN.

rad9! 403+/403+a

rad9! 403!/403!a

461 IR rad9! 403!/403!

403 IR rad9! 403!/403!

    162 + 228      (1)       12 + 12       (1)      62 + 48      (1) NA

      80 + 52     (.49)         5 + 6      (.33)*        2 + 2     (.02)* NA

      80 + 42     (.49)       15 + 5      (1.3)*      25 + 9     (.40)* 3/3

      67 + 32     (.41)       12 + 2         (1)*      20 + 8     (.32)* 3/3

(C)

Figure 23: Insertion of Inverted repeats in 403 double deletion strain causes elevated levels of ChrVII instability including dicentrics. (A) The URA module. The UR and RA module 
share 200 base pairs of homology between the “R” sequences flanking a NAT reporter gene, grey box. The orientation of UR and RA sequences are indicated by green/black and 
blue/black angled rectangles. (i), and was inserted into ChrVII at the 403 and 461 sites in the rad9 403 double delete mutant background (ii). Arrows represent UR and RA orientation 
as described above.  Primers (half arrows) were designed to detect predicted dicentric recombinant formed by recombination of shared “R” sequences (iii).  (B-C) 403 double deletion 
strains bearing the URA module at either the 403 site or 461 generate dicentric chromosomes. (C) Frequencies of chromosome loss, allelic recombinants and mixed colony formation 
in 403 double deletion strains bearing the URA module.  

Cells in mixed colonies suggest instability of a region distal to the 403 site:

While analyzing rad9 403+/403+ cells in mixed colonies, we found that many 

retained the LYS+ marker (Figure 22C).  This observation was puzzling as the 

markers lie distal to the 403 site.  One explanation is that there is another site 

telomere-proximal to the 403 site  that may also be “hot” for faulty template 

rearrangements.  Moreover, these Lys+ recombinants are independent of the 403 

site because they are present in the 403 double deletion strain (Figure 22C).   

We looked for inverted repeats throughout the interval telomere proximal 

between CAN1 and LYS+ markers, and identified a plausible region 110 kb from 

the telomere (Figure 24A).  We designed primers that amplify the dicentric 

intermediate predicted to form through the fusion of the two inverted Delta LTR 

elements (D1 and D3) at the 110 site.  The assay yielded PCR fragments of the 
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correct size and sequence (Figures 24C and S1). Next, to determine if the 110 

dicentric intermediate is linked to ChrVII instability, we constructed a rad9∆ 110∆/

110∆ double deletion strain in which the tRNA genes and inverted repeats were 

deleted from the 110 region on both homologs (see Material and Methods).  The 

instability was appreciably decreased in the rad9 110∆/110∆ compared to rad9 

110 wild-type (Figure 24C).   Additionally, our results are consistent with what 

was demonstrated and discussed in Paek et al., being that the genetic 

requirements for fusion of the D1 and D3 inverted repeats is the same as for 

fusion of the S2 and S3 repeats. Both reactions are independent of any known 

DNA repair pathways, including the major pathway for DSB repair which is 

mediated by the RAD52 epistasis group (neither reaction requires the RAD52, 

RAD59 or RAD1 genes; Figure S2).  Therefore we infer a similar mechanism 

may promote fusion between inverted repeats at the 110 and 403 sites forming 

dicentric intermediates. Although the data available reveals little about the 

intermediate formed at the 110 site, the results are consistent with the hypothesis 

that sequences at this site contribute to genome instability.  Furthermore, It 

seems reasonable that continued GCR cycles subsequent
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110 Site deletion

GenotypeGenotype
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Loss
(10^5)
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     162 + 228    (1)       12 + 12      (1)      62 + 48      (1) 0/6 6/6 6/6 6/6

       94 + 67   (.58)       11 + 4      (.92)      14 + 5      (.23) 1/3 3/4 3/4 0/4
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Figure 24: Inverted repeats at the 110 kb site on ChrVII affect chromosome stability and undergo recombination to form dicentrics.   (A) Schematic 
of 110 kb site is shown. tRNA genes (rectangles) and orientation of transcription are shown. LTRs involved in recombination are represented by 
filled arrows, while the open arrows are LTRs that are present but not involved. Blue rounded boxes are genes at the site, and an origin of 
replication is indicated as a diamond. (B) Analysis of chromosome stability, frequency of Canr colonies (described in Figure 3) and dicentric 
formation using primers to detect dicentric fragments at the 110 site (D1/D3) and 403 site (S2/S3) in 110 wild-type and 110 double deltion strains, 
see Materials and Methods.  (C) PCR and sequence analysis of 110 D1/D3 dicentric fragment in rad9 110 wild-type, rad9 CAN1 homolog 403 delete 
and rad9 403 double delete strains. Arrow indicate D1/D3 product of expected size. Primers locations designed to amplify dicentric fragment are 
indicated by half arrows and for simplifaction of the figure only shown for one homolog, yet sequences are on both ChrVII homologs.

to the 110 dicentric intermediate, may perpetuate further ChrVII rearrangements 

including the 403 dicentric and translocation.  

tRNA genes and origins of replication at the 403 site contribute to fragile site 

expression but are not required:

Protein-DNA complexes encountered during S-phase have been identified as 

barriers to DNA replication (Deshpande and Newlon 1996; Ivessa, Lenzmeier et 

al. 2003).  In eukaryotes little is known about the frequency at which replication 

fork blockage occurs, how the replication fork overcomes these complexes, the 

replication fork reloading mechanisms or the processing of blocked replication 

forks in general. Specifically, how the transcription of tRNA genes through fragile 
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sites, which have been shown to act as polar replication fork barriers, is 

coordinated and regulated remains enigmatic. Therefore, we wanted to know 

what, if any, contribution these specific cis elements make to the stability of 

ChrVII.  To characterize the role of transcription through the 403 site on instability 

of the 403 site, we generated ChrVII tRNA deletion strains and 

rad9∆ L+ R+

rad9∆ L∆ R∆/L∆rad9∆ L∆ R+ rad9∆ L+ R∆ rad9∆ L∆ R∆

tRNA deletion analysis

GenotypeGenotype
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Loss 
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rad9! L! R+
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     162 + 228     (1)        12 + 12     (1)       62 + 48     (1) 0/6 6/6 6/6

     247 + 290   (1.5)        13 + 8    (1.1)       25 + 10   (.40) 0/7 4/7 3/3

     291 + 204   (1.8)        16 + 6    (1.3)       28 + 8     (.45) 0/4 5/5 4/9

     183 + 225   (1.1)          7 + 4    (.59)       23 + 7     (.37) 1/4 8/11 4/5

     102 + 74     (.63)        14 + 7    (1.2)       15 + 8     (.24) 0/4 7/7 ND

Figure 25: tRNA sequences at the 403 site on ChrVII induce instability.
(A) Schematic of 403 kb site is shown. tRNA genes (rectangles) and orientation of transcription are shown. LTRs involved in recombination are represented 
by filled arrows. (B) Frequency of Canr colonies. Significant difference from rad9 403+/403+ is indicated in bold as determined by Kruskal–Wallis analysis 
of variance (p < .05). There were no significance (p < .05) between relevant groups in subsequent pairwise LSD. Numbers in parentheses indicate 
fold-change from rad9 403+/403+. PCR analysis for presence of ChrVII403/535 translocation and ChrVIIS2/S3 dicentric rearrangements.

examined cells for alterations to instability frequencies and generation of 

translocation and dicentric rearrangements.  All cis element deletions were 

introduced onto the homolog containing the CAN1 gene (see Figure 25A) in the 

rad9 403+/403+ background unless otherwise noted.  Deletion of the left tRNA 

(rad9 L∆ R+) or the right tRNA gene (rad9 L+ R∆), and both left/right tRNA genes 

from the CAN1 homolog (rad9 L∆ R∆) resulted in 2 to 3-fold decreases in 

frequency of instability (Figure 25B).  There were no additive effects between the 

single and double tRNA deletion mutants, nor were there significant differences 
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when the left tRNA was deleted from the non-CAN1 homolog in the rad9 L∆ R∆ 

background (Figure 25iv) . 

Role of replication origins:

Yeast replication origins are well defined (Raghuraman, Winzeler et al. 2001; 

Nieduszynski, Knox et al. 2006), allowing us to study the effect of DNA replication 

timing on fragile site expression. Specifically, we wanted to determine whether 

the instability of the 403 site was influenced by the positions of the active origins 

to either side of the 403 region, (ARS717 and ARS718; Figure 21).  Assessment 

of the deletion of these origins will address several replication issues.  First, the 

deletion of either ARS should change the direction of replication through the 

tRNA gene locus, effecting transcriptions role in initiating instability by means of 

the collision between the DNA replisome and RNA polymerase.  Second, deletion 

of one or both of the origins should change the timing of replication through the 

403 site, shifting the replication termination zone out of the 403 region to either 

side of the fragile site.  If either tRNA transcription or replication termination is 

altered by this origin deletion strategy then we should expect a change in the 

frequency of instability. 

Deletion of the ARS717 and ARS718 origins in the rad9 background resulted in a 

3-fold decrease in instability compared to rad9 (Table 5). There were no 

additional differences in the double rad9 ars717∆ ars718∆ mutant. Neither the 

rad9 ars717∆, rad9 ars718∆, nor the rad9 ars717∆ ars718∆ mutants had any 

significant effect on chromosome loss or allelic frequencies (Table 5).  The lack of 
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significant synergistic or even additive effects between the single and double 

origin mutants argues against the idea that; either the blocked replication forks at 

the tRNA transcription sites, and/or collision of the two terminating forks 

contribute equally to instability.  To further investigate the role of replication on 

instability we deleted ARS718 in the double tRNA deletion strain, rad9 L∆ R∆ 

(rad9 L∆ R∆ ars718∆). This strain did not show any difference from the rad9 

ars718∆, as evidenced from the lack of any further suppression to mixed colony 

formation (Table 5).  Therefore the results are not consistent with the notion of 

transcription polarity as the main source of instability in this site.  Finally, we 

deleted the more distal origin ARS719 in attempt to further elucidate the role to 

DNA termination; however, the instability frequencies of the rad9 ars718∆ 

ars719∆ double deletion were not significantly different from the rad9 ars718∆ 

single (Table 5).  

Table 5: Origin deletion analysis

GenotypeGenotype

Table 5: Origin deletion analysisTable 5: Origin deletion analysisTable 5: Origin deletion analysisTable 5: Origin deletion analysisTable 5: Origin deletion analysisTable 5: Origin deletion analysis

Loss 
(10^5)

Allelic 
(10^5)

Mixed 
(10^5)

403/535 TL403/535 TL ChrVII Dicen.
Loss 

(10^5)
Allelic 
(10^5)

Mixed 
(10^5) Allelic Mixed S2/S3

rad9!a

rad9! ars717

rad9! ars718

rad9! ars719

rad9! ars717 ars718

rad9! ars718 ars719

rad9! L! R! ars718

    162 + 228     (1)      12 + 12     (1)      62 + 48     (1) 0/6 6/6 6/6

    115 + 83     (.71)      14 + 4    (1.2)      19 + 5    (.31) 0/4 4/4 4/4

    132 + 107   (.81)      19 + 6    (1.6)      20 + 10   (.32) 0/4 8/8 4/4

    240 + 92     (1.5)        9 + 4    (.75)      38 + 18   (.61) 0/4 4/4 ND

    171 + 100   (1.1)        8 + 2    (.67)      20 + 6     (.32) 0/4 2/4 ND

    242 + 75     (1.5)      14 + 2    (1.2)      20 + 6     (.32) 0/2 4/4 ND

      84 + 93     (.52)        9 + 6    (.75)      14 + 6     (.22) 0/4 3/4 ND

Table 5: DNA replication affects ChrVII stability.
Frequency of CanR colonies. Significant difference from rad9 403+/403+ is indicated in bold as determined by Kruskal–Wallis analysis of variance (p < .05). There were 
no significance (p < .05) between relevant groups in subsequent pairwise LSD. Numbers in parentheses indicate fold-change from rad9 403+/403+. PCR analysis for 
presence of ChrVII403/535 translocation and ChrVIIS2/S3 dicentric rearrangements.

Given the known dynamic nature of replication termination (Zhu, Newlon et al. 

1992; Santamaría, Viguera et al. 2000), in combination of the low fraction of cells in 
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the population undergoing error prone events responsible for mixed colonies 

(less than 1 in 1000 cells undergo these events in rad9); it is unlikely that 

changes in termination can be measured in a bulk population. The molecular 

characterization of DNA termination would be additionally problematic in various 

cis deletions which further suppress the number of cells undergoing GCRs. 

Therefore, outside of the reported genetic approaches we did not pursue 

molecular analysis of DNA termination and cannot distinguish termination effects 

from simple directional replication through the 403 site. Genetic analysis in our 

ChrVII disome strain allows us to determine if the various cis deletions had 

displaced the regions of recombination mutagenesis along ChrVII or the 403 site.  

Specifically we analyzed to what extent the loss of heterozyogosity (LOH) occurs 

along ChrVII.  Recombination occurs in any of five genetic exchange intervals 

(labeled E0 through E4 in Figure 26). We measured both round and mixed Canr 

Ade+ colonies for the presence of the LYS5, CYH2, TRP5 and LEU1 genes 

through growth on selective media and lack of growth on specific plates 

characterized the area of LOH in Canr Ade+ colonies (Figures 20 & 26).  

Supplementary to the LYS5, CYH2, TRP5 and LEU1 genetic markers, the cis 

mutant strains provided additional reporter genes (kanMX, natMX, HPN and 

URA3) allowing to more finely study the point of LOH at or near the 403 site 

(Figure 26C).  In most instances the frequency and region of LOH was constant 

with the patterns previously observed for rad9 round or mixed colonies (Admire, 

Shanks et al. 2006) suggesting that the cells within the round cis mutant colonies 

contained similar recombination junctions to rad9 round cells with the LOH region 
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frequencies proportional to the distances between marker genes and no obvious 

bias for a particular region was observed.  Conversely, the analysis of unstable 

mixed colony recombinants of rad9 and cis mutant cells had a distinct and 

significant shift from random LOH distribution to either the 403 region, or to a 

lesser extent a region between the left telomere and LYS5.  These results are 

consistent with earlier work where this phenotypic LOH analysis was key to 

identifying the 403 and 110 site as the “hot” region for recombination as 

previously discussed (Figure 24) (Admire, Shanks et al. 2006).  

-- - - +R
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Figure 7: Mixed colonies have distinct Loss of heterozyogosity distributions along ChrVII.
(A) Diagram of genetic intervals along left arm of ChrVII. Canr ADE+ Round and Mixed colonies are picked, suspend in microtider plates.  The cells are then “frog ponded” onto selective media lacking relevant 
amino acid or plates containing Cyh to determine growth phenotype.  Example, if a single Canr ADE+ round colony is selected, plated and cells grow on plates lacking Lys then we report that the cells within that 
population contain E0 recombinants.  (B) Phenotypes analysis of 403 deletion, tRNA deletion and origin deletion round allelic and sectored mixed colonies.   At least 98 round and sectored colonies were analyzed.  
Percentages were rounded to the nearest integer (note changes in y-axis scale).  (C) 403 deletion and origin strains provide additional marker for finer interval mapping. The zero point on x axis represents point of 
cis deletion marker.  If cells grew on selective plates, indicating that the majority of cells within that population still contained the marker then they were scored as blue distal recombinants (relevant to the centromere).  
If however, the cells lost the genetic marker they were scored as green centromere proximal recombinants.
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Figure 26: Mixed colonies have distinct loss of heterozygosity distributions along ChrVII.
(A) Diagram of genetic intervals along left arm of ChrVII. Canr ADE+ Round and Mixed colonies are picked, 
suspend in microtider plates.  The cells are then “frog ponded” onto selective media lacking relevant amino acid 
or plates containing Cyh to determine growth phenotype.  Example, if a single Canr ADE+ round colony is selected, 
plated and cells grow on plates lacking Lys then we report that the cells within that population contain E0 
recombinants.  (B) Phenotypes analysis of 403 deletion, tRNA deletion and origin deletion round allelic and sectored 
mixed colonies.   At least 98 round and sectored colonies were analyzed.  Percentages were rounded to the nearest 
integer (note changes in y-axis scale).  (C) 403 deletion and origin strains provide additional marker for finer interval 
mapping. The zero point on x axis represents point of cis deletion marker.  If cells grew on selective plates, indicating 
that the majority of cells within that population still contained the marker then they were scored as blue distal 
recombinants (relevant to the centromere).  If however, the cells lost the genetic marker they were scored as green 
centromere proximal recombinants.

While the E2 genetic interval is the main recombination site in most mixed 

colonies, including rad9 and RAD+ (Admire, Shanks et al. 2006), a number of cis 
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deletion strains reveal a slight asymmetric LOH pattern within the E2 genetic 

interval (Figure 26C). In some instances the recombination events occurred 

either distally or proximally to the cis deletion. This asymmetry may suggest that 

the initiating events likely occur in multiple locations within the E2 region, yet we 

consistently and reliably generate a dicentric rearrangement between the same 

two LTR inverted repeats (Figures 22 & 25; Table 5). Therefore, itʼs likely that any 

replication fork stall or lesion within this region can initiate an error prone event, 

and the LTR inverted repeats are primary substrates for the replicative 

polymerases undergoing template switch.  
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DISCUSSION

Both human and yeast fragile sites are susceptible to DNA replication stress.  

Until recently the fragility phenotypes were only visible as gaps and/or DNA 

breaks following treatment with replication inhibitors, or seen in certain genetic 

backgrounds with decrease replisome stability (Richards 2001).  In this study, we 

used genetic approaches to determine specific cis element propensities for 

instability within a yeast natural fragile site.  We find that DNA replication, 

transcription of tRNA genes and the inverted repeats all function to trigger fragile 

site instability, but to differing degrees.  Importantly we showed that the presence 

of inverted repeat sequences is sufficient to induce chromosome instability at the 

461 site and the 403 and 110 fragile sites on ChrVII.   We propose a model to 

explain the role of each of the studied cis elements at the 403 site and how they 

may trigger faulty template switch events leading to formation of dicentric 

chromosomes given certain physiological and/or pathological conditions (Figure 

27).

There are at least two ways in which tRNA transcription can disrupt the 

replication fork (Figure 27i & 27ii). First, shared DNA templates may induce 

stalling of the converging replication fork as it approaches the RNA polymerase 

(Figure 27i).  Alternatively, transcription of the template strand includes the 

possibility of short single stranded sequences exposed on the non-template 

strand (Figure 27ii) (Brewer 1988; Brewer, Lockshon et al. 1992; Little, Platt et al. 

1993; Deshpande and Newlon 1996; Tillier and Collins 2000).  Even small 
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regions of ssDNA can become susceptible to nuclease activity and trigger 

formation of secondary structures which can perturb the replication fork (Prado 

and Aguilera 2005). Given the orientation of replication through the 403 fragile 

site one would predict that in the first case (Figure 27i), DNA helicase Rrm3 is 

required  to mediate instability recovery after DNA replisome collision with a 

“barrier” of transcription 

+

++ ++

++

++

Replication Stress Stalling Potentials

Stalled
Fork

Rad9

(i)

Barrier

(ii)

Exposed NTS

(iii)

Termination Torsional Stress

(iv)

Inverted Repeats

Figure 27: Proposed mechanisms of Chromosome VII fragile site sequences which demonstrate a natural proclivity for stalled replication and formation of large-scale 
rearrangements.  Under certain pathological circumstances either the left or right replication fork senses “adversity” near the 403 site. Rad9 and other genes encoding components 
of the DNA damage checkpoint pathway are critical for maintenance of the perturbed replication forks through the 403 fragile site, and we propose other sites containing nearby 
inverted repeats as well. Inefficient maintenance of replication forks encountering fork barriers (i), exposed ssDNA (ii), converging forks (iii) or secondary structures/lesions which 
can accumulate at inverted repeats (iv), may result in unstable replisomes.  Each of these replication inhibitors has itʼs own stalling propensity (probabilities of each is indicated 
with +), likely dependent on the multitude of cis acting factors in the local environment.

proteins (Ivessa, Lenzmeier et al. 2003; Calzada, Hodgson et al. 2005; Prado 

and Aguilera 2005).  Events would likely be initiated on the lagging strand and 

would be polar dependent if the instability of this site were solely dependent on 

DNA-protein barrier model.  We believe some aspect of this model are relevant to 
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ours considering an rrm3∆ knockout causes the frequency of instability to 

increase dramatically (Admire, Shanks et al. 2006).  Despite the similarities, the 

lack of significant synergistic or even additive effects between the single and 

double origin mutants (the L∆ R∆ ars718 tRNA double tRNA origin deletion 

strain), and the triple tRNA knockout (L∆ R∆/L∆ R+ ) argue against the DNA-

protein barrier model as sufficient to explain the instability at this site.  And since 

the faulty template switch events occur at the 403 fragile site in the presence of 

inverted repeats and the absence of the tRNA genes, the investigation into 

polarity requirements is irrelevant  (de la Loza, Wellinger et al. 2009; Pryce, 

Ramayah et al. 2009).  If however the accumulation of secondary structures on 

the non-template strand (NTS) (i.e. the leading strand, as depicted in Figure 27ii) 

were responsible for stalling the replication fork, the NTS may accumulate 

enough ssDNA behind the elongating RNAPIII to increase susceptibility to 

“lesions” and/or secondary structures while the transcribed strand is protected by 

the R-loops formed between RNA/DNA hybrid of the transcript mRNA (Li and 

Manley 2006; de la Loza, Wellinger et al. 2009; Gómez-González, Felipe-Abrio et 

al. 2009).  Given the influence and location of active origins at the 403 site 

(Figure 27iii), the asymmetry observed in the mitotic recombinants, and the polar 

independent impact of the tRNA genes on stability of ChrVII, we can infer a role 

for the susceptibility of the tRNA NTS in replisome instability; instigating 

recombination between inverted repeats if present.

We further demonstrated that aberrant processing of the replication fork at DNA 

inverted repeats facilitates template switching.  It has long been known that DNA 
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repeats can form secondary structures leading to mutagenesis in both 

prokaryotes and eukaryotes (Wemmer, Chou et al. 1985; Samadashwily, Raca et 

al. 1997; Pollard, Sharma et al. 2004).  However, direct evidence for their 

requirement and mechanism in genomic instability has been limited, specifically 

at natural fragile sites.  Recently it was shown that inverted repeats alone 

interfere with DNA replication in bacteria, yeast and mammalian cells in vivo.  

The accumulation of ssDNA at these sites form hairpin structures capable of 

perturbing DNA replication by initiating stalling of the DNA replisome. Alleviation 

of stalled forks at the DNA inverted repeats required both cell cycle checkpoint 

proteins Tof1 and Mrc1 (Voineagu, Narayanan et al. 2008). We know that the 

disruption of the RAD9 checkpoint gene also increases aberrant processing at 

the stalled replication forks in our system, although it is not clear mechanistically 

how it does so.  We propose that faulty template switch events at the 403 fragile 

site and sites containing inverted repeats (see below and Paek et al., 2009) can 

be initiated when the replisome is improperly maintained at the repeats, resulting 

in secondary structures that may displace it (Figure 27iv). The replication fork can 

either initiate repair using the allelic repeat or the replicative polymerase may 

switch to an alternative homologous sequence within the sister or homolog, 

forming a dicentric intermediate.  Checkpoint proteins Rad9 and Mrc1 are also 

required to prevent fusion of inverted repeats while Tof1ʼs function is not required 

(Admire et al., 2006, Peak et al., 2009 and data not shown). Thus, the 

dependence of these proteins is likely to be structure specific.  Mrc1ʼs 

requirement has been shown to maintain the fidelity of the DNA polymerase (Lou, 
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Komata et al. 2008; Alabert, Bianco et al. 2009) while Tof1 function is to facilitate 

DNA-protein barrier (Hodgson, Calzada et al. 2007; Razidlo and Lahue 2008) 

further evidence supporting the NTS model depicted in Figure 27ii.  Given the 

lack of Tof1 requirement at these sites argues against protein-DNA barrier, while 

indirectly supporting the NTS model depicted in Figure 27ii.

We have identified and characterized two sites on the same arm of ChrVII which 

undergo high frequencies of recombination.  When inverted repeats are 

ectopically introduced into stable chromosome regions, significant instability 

arises and often results in fusions between the repeat regions, generating 

dicentric recombinants. We have previously reported the pausing of the 

converging replication forks at the 403 site (Admire, Shanks et al. 2006). In this 

current study, we did not demonstrate whether the faulty template switch 

mechanism depends on secondary structure at the repeats. However, using 

genetic approach and PCR analysis, we did demonstrate that the repeat 

sequences are sites undergoing recombination-dependent rearrangements.  

Based on the physical and genetic evidence, we determined that the fusion of the 

LTR inverted repeats at both the 110 and 403 sites occurs independently of 

Rad52 and other known repair pathways (Paek et al., 2009; and this study, 

Figure S2).  Further studies of the structures involved in the formation of these 

intermediates should clarify the molecular mechanism of faulty template 

switching and shed light on structures involved in these transitions. Interestingly, 

we found that only when a combination of homozygous 403 site deletions were 

induced did the amount of GCRs decrease appreciably.  Therefore we infer that 

152



once events ensue to perturb the replication fork, the DNA replication polymerase 

can use the repetitive segments on either homolog with equal probability.  A 

provoking consideration not addressed in this study, is the epigenetic influence 

and chromatin structure throughout the 403 region. Chromatin configuration, 

chromosome stability, segregation and gene expression are all intricately linked 

(Ehrenhofer-Murray 2004; De Piccoli, Cortes-Ledesma et al. 2006; Aguilera and 

Gómez-González 2008; Barbero 2009; Heidinger-Pauli, Unal et al. 2009; Kogut, 

Wang et al. 2009; Lazzaro, Giannattasio et al. 2009; Schleker, Nagai et al. 2009).   

Itʼs likely that mutations within the 403 site change how the replisome 

machineries work through the modified chromatin, potentially decreasing cis 

template switch events in turn increasing the potential in-trans.  Studies are 

currently on going which may address this hypothesis (Shanks, Elezaby and 

Weinert, unpublished).  

Finally, we note that additional factors in the E2 genetic interval are likely acting 

in parallel to the 403 region as sites contributing to instability. Evidence 

supporting this idea comes from the presence of an “island” of sequences with 

potential to behave as we have seen at the 110 and 403 sites.  This region is 320 

kb from the left telomere, and contains tRNA genes and LTR elements in 

orientations which could initiate instability.  Preliminary PCR assayʼs have 

identified a dicentric product between two such inverted repeats at the 320 site 

(data not shown).  It is tempting to speculate that sequential intermediates are 

forming as the result of a first event at the 110 site which generates a dicentric 

intermediate.  This initial unstable dicentric chromosome would then undergo 
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additional cycles of instability, some of which could generate the structures weʼve 

seen at the 320 and 403 sites. However, given the low frequency of these 

intermediates and their inherently unstable structures, it has not been possible to 

study such a hypothesis at the molecular level.   Even so, we believe this work 

presents new insights into the role of specific cis elements at a natural fragile 

site. 

The deferring potential of each cis element in triggering faulty template switch 

events and subsequent genome instability together with our findings in Paek et 

al., 2009 suggest a more global mechanism of instability involving inverted 

repeats.  Given our current understanding, we believe the mechanisms behind 

faulty template switch at inverted repeats are similar to those underlying 

polymerase slippage at trinucleotide repeats. For instance, the aberrant Okazaki 

processing at CGG and CTG repeats in human and yeast occur when the 

polymerase fails to fully traverse the repeats due to stalled replication forks, 

resulting in incomplete replication and chromosome breakage (Richardson, 

Moynahan et al. 1998; Pâques and Haber 1999; Inoue and Lupski 2002; Mirkin 

2007; Kovtun and McMurray 2008; Richard, Kerrest et al. 2008). We propose a 

similar mechanism occurs at the 110 and 403 sites, generating similar 

polymerase displacement and subsequent rearrangements (Figure 27iv).  The 

key difference is that these template switch events are independent of DNA 

breaks; however, the resulting event is just as deleterious to the cell.
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Supplementary Material

Table S1. Saccharomyces cerevisiae strains used in this study

TY #
Table S1. Saccharomyces cerevisiae strains used in this studyTable S1. Saccharomyces cerevisiae strains used in this study

Genotypea Source

TY200
TY206

HJY100
HJY101
HJY102
HJY103
HJY104
HJY105
HJY106
HJY107
HJY108
HJY109
HJY110
HJY111
HJY112
HJY113
HJY114
HJY115
HJY116
HJY117
HJY118
HJY119
HJY120
HJY121
HJY122
HJY123

RAD+ Wild-type Admire et al., 2006
rad9∆::ura3 403+/403+ Admire et al., 2006

rad9∆::ura3 403∆::kanMX4/403∆::nat1MX This study

rad9∆::ura3 403∆::kanMX4/403∆::URA3 This study

rad9∆::ura3 403+/403∆::URA3 This study

rad9∆::ura3 403+/403∆::kanMX4 This study

rad9∆::ura3 403+/403∆::nat1MX This study

rad9∆::ura3 403∆::kanMX4/403+ This study

rad9∆::ura3 403∆::URA3/403+ This study

rad9∆::ura3 tRNAL∆::ura3 403+/403+ This study

rad9∆::ura3 tRNAR∆::ura3 403+/403+ This study

rad9∆::ura3 tRNAL∆::ura3 tRNAR∆:ura 403+/403+ This study

rad9∆::ura3 tRNAL∆::ura3 tRNAR∆::ura3 403+/tRNAL∆::ura3 403+ This study

rad9∆::ura3 tRNAL∆::ura3 tRNAR∆::ura3 ars718∆:URA 403+/403+ This study

rad9∆::ura3 ars717∆::URA3 403+/403+ This study

rad9∆::ura3 ars719∆::URA3 403+/403+ This study

rad9∆::ura3 ars718∆::URA3 403+/403+ This study

rad9∆::ura3 ars717∆:HPN ars718∆::URA3 403+/403+ This study

rad9∆::ura3 ars718∆::URA3 ars719∆:HPN 403+/403+ This study

rad9∆::ura3 403::RA::nat1MX::RU 403∆::kanMX4/403∆::URA3 (200bp)b This study

rad9∆::ura3 461::RA::nat1MX::RU 403∆::kanMX4/403∆::URA3 (200bp)b This study

rad9∆::ura3 403∆::kanMX4/403∆:nat403::URA3 This study

rad9∆::ura3 403∆::kanMX4403::URA3/403∆:::nat1MX This study

rad9∆::ura3 403+403::URA3/403+ This study

rad9∆::ura3 403∆::kanMX4/403∆:NAT ChrV:403::URA3 This study

rad9∆::ura3 110∆::ura3 403+/110∆::HPN 403+ This study

aAll strains are disomic for ChrVII and derivatives of TY200 MATa +/hxk2::CAN1 lys5/+ cyhr/CYHs trp5/+ leu1/+ Centromere ade6/+ +/
ade3, ura3-2 (A364a genetic background) except for mutations listed (Admire et al., 2006). bURA3 module was integrated into the 
CAN1 Chr VII homolog for strains HJY117-HJY118 and number in parenthesis represents number of base pair homology between UR 
and RA fragments.
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YGLCdelta1         1 tgttggaataaaaatcaactatcatctactaactagtatttacgttacta     50
                     |||||||||||||||||||||||.||||..||||||||.|.||..|||.|
YGLWdelta3         1 tgttggaataaaaatcaactatcgtctataaactagtagtcacactacca     50

YGLCdelta1        51 gtatattatgatattcggtgttagaagatgacgcaaatgatgagaaatag    100
                     |||||||||.||||.||||||||||.||||||..||...||||||||..|
YGLWdelta3        51 gtatattatcatatacggtgttagacgatgacataaggtatgagaaactg    100

YGLCdelta1       101 tcatctaaattagtggaagctgaaacgcaaggattgataatgtaatagga    150
                     |||||.||.||||.||||||||||..||||||||||||||||||||||||
YGLWdelta3       101 tcatcgaagttagaggaagctgaagtgcaaggattgataatgtaatagga    150

YGLCdelta1       151 tcaatgaatattaacatataaaacgatgatgataatatttatagaattgt    200
                     | ||||||...||..|.|...||.||.||  |||||..|.|||..|||.|
YGLWdelta3       151 t-aatgaaacatataaaacggaatgagga--ataatcgtaataatattat    197

YGLCdelta1       201 gtagaattgcagactcccttttatggattcctaaatcctggaggagaact    250
                     ||||||.|...|..||||.|||..||||||||..|.|||.||||||||||
YGLWdelta3       198 gtagaaatatcgcttcccctttgaggattcctctaccctcgaggagaact    247

YGLCdelta1       251 tctagtata-tctacatacctaatattattg-------------------    280
                     |.||||||| |||..||||.|||||||.|.|                   
YGLWdelta3       248 tttagtatattctgtatacataatattgtagccttgatcaacaatgaaat    297

YGLCdelta1       281 ----------------------------------    280
                                                       
YGLWdelta3       298 gcctacaatcatcttaaaattcaccaatctctca    331
Figure S1: DNA sequence of  the dicentric and acentric junction at the ChrVII403 site.The junction of the acentric and 
dicentric formed at the ChrVII403 site was amplified by PCR (see Experimental Procedures). The DNA sequence of the 
fragment was determined. Shown here is the alignment of LTR repeats sigma 2 and sigma 3 (denoted as S2 and S3 in 
Figure 1B and Figure 2A). The underlined sequences are those present in the sequenced DNA fragment.  The recombination 
junction lies within the sequences that are shown in bold and are underlined in both sigma 2 and sigma 3 sequences.
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Figure S2: rad59, rad52 and rad52 rad1 double mutants form inverted repeat fusions at the ChrVII110 site.
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