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Abstract 

Eukaryotic DNA replication is a tightly regulated process where the genetic material of a 

cell is faithfully copied and transferred to its offspring. The fidelity of this process is constantly 

challenged by internal or external insults to the DNA, such as chemical agents or by-products of 

metabolism. If the damage is left unrepaired, errors in the DNA can have a positive or negative 

impact, e. i., mutations can generate evolutionary diversity but can also play a role in the 

development of disease. To guarantee stable genome inheritance, organisms developed a myriad 

of sophisticated strategies to prevent inaccurate synthesis, and repair mechanisms to correct the 

occasional errors that are formed. 

Mismatch repair (MMR) is an evolutionarily conserved repair pathway essential to 

safeguard the genome from errors that occur during genetic recombination and DNA replication. 

In eukaryotes, two MutS homologs (Msh) initiate MMR, either Msh2-Msh3 or Msh2-Msh6. 

These heterodimer complexes recognize misincorporated nucleotides or mismatches with 

different efficiencies. While Msh2-Msh6 recognizes base-base misinsertions and small insertion

deletion loops (IDLs), Msh2-Msh3 preferentially binds to large IDLs. The role ofMsh 

complexes is not limited to correcting post-replicative DNA lesions. For instance, Msh2-Msh3 

also interacts with a wide range of DNA lesions that include branched intermediates with 3' or 5' 

single-strand/double strand (ss/ds) DNA flaps. Interestingly, while the binding to 3' single

strand (ss) DNA leads to repair in a specialized double strand repair pathway via a 3 'non

homologous tail removal (3'NHTR), in vitro evidence suggest that Msh2-Msh3 binding to 5' 

flap structures not only interferes with the normal processing of the intermediate by Fenl 

(Rad27) and DNA Ligase 1 (Cdc9), but it is the mediator of introducing small expansions in a 
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TNR sequence context. Trinucleotide repeat (TNR) expansion is the underlying cause for over 

forty neurodegenerative and neuromuscular diseases in humans. 

This work is focused on understanding the interplay between Msh2-Msh3 interactions 

with specific substrates and how these interactions lead to genome stability or instability 

outcomes. I first set out to understand how Msh2-Msh3 facilitates 3 'NHTR. Despite the known 

interactions and biochemical activities among Sawl, Msh2-Msh3, RPA, Slx4 and Radl-RadlO, 

the mechanistic role( s) that each protein plays in 3 'NHTR remains unclear. How are these 

proteins coordinated to allow 3 'NHTR? To address this question, a combination of genetic and 

biochemical approaches were used to study 3 'NHTR in Saccharomyces cerevisiae. In Chapter 2 

I discuss our findings and provide a cohesive model of how these proteins are coordinated for 

efficient 3' NHTR. In Chapter 3 the focus shifts to determining the previously uncharacterized 

in vivo consequences ofMsh2-Msh3 binding to 5' flap intermediates. I show that overexpression 

ofMsh2-Msh3, but not Msh2-Msh6, interferes with normal cell cycle progression, specifically 

DNA replication, potentially inducing Okazaki fragment processing stress. Notably, this effect is 

dependent on Msh2-Msh3 ATPase activity, as well as downstream MMR factors. This 

observation is consistent with TNR models that suggest Msh2-Msh3 's abundance and ATPase 

activity are required to drive genome instability. 

Note to the reader: To avoid confusion between organisms, the MMR nomenclature utilized in this 
document is generally from Saccharomyces cerevisiae unless otherwise indicated. 
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Chapter 1: General Introduction 
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Eukaryotic DNA Replication 

DNA replication is an essential process for all living organisms. Most of our molecular 

understanding of this process emerged from studies carried out in bacteriophages, Escherichia 

coli, Saccharomyces cerevisiae, Saccharomyces pombe, Xenopus laevis and the mammalian 

DNA tumor virus SV40 (Reviewed in [1-12]). Based on biochemical and genetic studies we now 

know that the sequential assembly and coordination of protein factors involved in DNA 

replication are highly conserved across species. Moreover, the progression of replication is 

monitored and tightly coupled to the progression of the cell cycle to ensure that DNA duplication 

occurs only once per cell cycle. The cell cycle is a sequential process divided into two main 

stages: interphase and mitosis. Interphase is further subdivided into three distinctive phases: Gap 

1 (G 1 ), Synthesis (S), and Gap 2 (G2). Progression through each stage and transition into each 

phase is under constant surveillance by sensor mechanisms known as checkpoints [10, 11, 13]. 

Checkpoints are driven by cyclins and cyclin-dependent kinases (CDK), which control DNA 

replication by regulating the abundance and/or stability of key elements during the different steps 

of synthesis [ 11, 14-20]. 

Three main steps take place during DNA replication: (i) initiation of replication by 

recognition and binding specific protein complexes to distinct sites of the genome that result in 

initial template unwinding; (ii) recruitment of specialized proteins to prime and elongate a strand 

that is complementary to the parental template; and (iii) termination of synthesis and disassembly 

of the replication machinery. In this section, I review the molecular features by which the 

initiation, elongation, and termination processes are coordinated during eukaryotic DNA 

replication to yield two identical DNA molecules. 
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Initiation 

In every round of eukaryotic DNA replication, numerous origins distributed across the 

genome, are efficiently fired and coordinated by specific protein factories to ensure that genetic 

information is faithfully copied in a time-dependent manner. The first model of DNA initiation, 

"The replicon model", was proposed by Jacob et al. to explain genetic findings concerning the 

regulatory mechanism of DNA replication in bacteria [21]. According to this model, the 

initiation process has two essential elements: the replicator (specific element ofrecognition) and 

the initiator ( defined as a structural element that acts on the replicator to activate initiation). 

Although decades of intensive research have confirmed this model in both prokaryotic and 

eukaryotic systems (Reviewed in [22]), we have barely scratched the surface of understanding 

the mechanisms behind the regulation and coordination of these factors. 

Among eukaryotes, the autonomously replicating sequences (ARS) ofS. cerevisiae are 

the best-characterized replicator elements. ARS are comprised of multiple 10-15 base pairs (bp) 

A and B elements localized within a 100-150 bp region [23, 24]. These regions act as sites for 

initial DNA unwinding and are thus referred to as origins of replication. In higher eukaryotes, 

unlike budding yeast, the lack of stringent sequence requirements and the large size of genomes 

have complicated the efforts to identify the origins of replication. Initial studies in the field 

suggested that the firing of origins takes place at random locations across chromosomes [25, 26] 

and that activation occurs by a predetermined replication-timing program [27, 28]. Recent work 

employing genome-wide approaches to map origins at their chromosomal sites has added another 

layer of complexity to the original model proposed by Jacob and coworkers. Current evidence 

supports a view where mammalian origins are not randomly distributed across the genome. 

Instead, they are highly organized so that only selected origins are activated in a timely and 
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orderly fashion during S phase [29-32]. The particular cell type and the organism developmental 

stage determines which clustering of origins gets activated. Chromatin modifiers ( e.g. histone 

acetyltransferases) have a role in coordinating the timing of origin firing by making the specific 

sequence accessible for initiator factors to bind [33]. 

During early G 1, a period of low CDK activity, origins of replication serve as docking 

points for a six-protein complex composed of Orcl-Orc6 also known as the origin recognition 

complex (ORC) [2, 34-37]. This initiator factor was first identified by its ability to bind to DNA 

replication start sites in an ATP dependent manner [34, 35, 38]. Mutations in either ARS regions 

or the genes that encode for ORC result in loss ofreplication activity [34, 39, 40]. The functions 

of the ORC complex are not limited to recognizing the origins of replication. As the main 

initiator factor, ORC has the pivotal role of assembling the pre-replicative complex (pre-RC) at 

replication start sites to efficiently load the DNA helicase (Figure 1. 1) . ORC alongside 

interacting partners Cdc6 and Cdtl recruits and loads a double hexamer (subunits 2-7) of the 

minichromosome maintenance (MCM) helicase onto DNA, a process that requires ATP [1, 2, 15, 

24, 34, 41-48]. Once the pre-RC is assembled cells are rendered competent (licensed) to initiate 

replication, yet the helicase function of MCM remains inactive until S phase [9, 17, 49]. 

At the Gl/S phase boundary, an increase in levels ofCDK and Cdc7-Dbf4 kinase (Dbf4 

dependent kinase [DDK]) results in helicase activation and concomitant firing of replication 

origins [14, 19, 20, 50, 51] (Reviewed in [9, 18, 52-54]). DDK is known to physically bind to the 

pre-RC and catalyze the phosphorylation of various residues at the N-terminal of Mcm2-4-6 [55-

62]. Phosphorylation ofMCM results in activation of the helicase by promoting the stable 

interaction with accessory proteins Cdc45, and the four-subunit Go-Ichi-Ni-San (GINS [Psfl,2,3 

and Sld5]) complex [49, 51, 63-68]. The assembly of this large multiprotein complex is referred 
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to as the formation of the pre-initiation complex (pre-IC). In budding yeast additional factors, 

including Dpb 11, Sld2, and Sld3, are also required for melting the origins of replication and the 

subsequent association of the replicative machinery [ 12, 67, 69-74]. Phosphorylation of Sld2 and 

Sld3 promotes essential interactions with Dpb 11, which then can form a stable interface with 

GINS and recruit replisome-associated factors [67, 75]. Studies of functional homologs, such as 

TopBPl in humans, suggest that they may not only be essential for polymerase loading but these 

factors also have a role in checkpoint activation [70, 76]. 

The mechanism by which the eukaryotic DNA helicase unwinds the DNA is still poorly 

understood (Reviewed in [ 10, 77, 78]). Several lines of evidence suggest that the two-hexameric 

cores are loaded head-to-head with their central channel encircling the dsDNA. Once activated, 

the Cdc45-Mcm2-7-GINS (CMG) helicase translocate on ssDNA in a 3' to 5' direction at each 

replication fork [ 48, 64, 79-81]. What remains to be determined is how the double-hexameric 

MCM complex translocate along the DNA. One intriguing possibility is that the DNA helicase 

utilizes a steric-exclusion mechanism for bidirectional origin unwinding [82]. Alternatively, the 

helicase could act as an ATP pump DNA translocase with a structural "plough" that unwinds 

dsDNA [83]. 
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Figure 1. 1 Cartoon representation of the initiation step of DNA replication 
DNA replication begins at origins of replication. At the onset of S phase, ORC with protein 
partners Cdtl and Cdc6 load the MCM helicase into the DNA template to form the Pre
Replicative Complex. Increase levels of protein kinases, CDK and DDK result in the 
phosphorylation and recruitment of Cdc45 and GINS. The activation of the CMG helicase results 
in the melting of origins and the establishment of two bidirectional forks. 

6 



Elongation 

During the second step of DNA replication, the original strands are used as a template to 

produce two identical DNA molecules. This process requires the concerted action of several 

factors that include three replicative polymerases to prime and catalyze the addition of 

nucleotides (nt) to the newly synthesized strand, a clamp loader and a DNA sliding clamp that 

tethers polymerases to the DNA. 

Helicase-mediated origin unwinding results in the formation of two-bidirectional 

replication forks (Figure 1. 2). Each replication fork is stabilized through the binding of the 

eukaryotic single-stranded binding protein, replication protein A (RPA) [84]. This heterotrimeric 

complex, comprised of RPA 70, RPA32, and RP Al 4 subunits, is best known for protecting 

ssDNA from degradation and preventing the formation of secondary structures [14, 84, 85]. In 

addition to these functions, RPA appears to aid in the coordination of several protein partners at 

the replication fork (Reviewed in [86]). For instance, immunoprecipitation and crosslinking 

experiments of factors that participate in early S phase have shown an interaction between Rfal 

(RP A subunit in S. cerevisiae), and the smallest subunit of polymerase alpha (Pol a), Pri 1 (p49), 

at origins of replication [87]. Additional evidence has come to light supporting a mode of 

recruitment for the Pol a that requires protein-protein interactions with both RPA and the CMG 

helicase complex (through direct interaction with Cdc45) [66, 84, 87-89]. 

Pol a is the first polymerase to be recruited for the assembly of the replisome on both 

strands of the replication fork. In eukaryotes, Pol a is composed of four essential subunits 

(referred to as pl 80, p70, p49, and p58 based on their molecular sizes) [90]. Subunits p49 and 

p58 comprise the primase catalytic center [91], whereas the large subunit (p180) contains the 

DNA polymerase catalytic site. When the Pol a-primase complex is recruited to the exposed 
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parental template, the primase subunits synthesize a short RNA primer, 9 to 11 nucleotides long, 

then the template is transferred to the polymerase catalytic subunit to extend the primer with an 

additional ~20 nucleotides of DNA [92-94]. Pol a is the only polymerase capable of synthesizing 

de nova; the other polymerases involved in DNA replication require a free 3' hydroxyl site. Once 

the Pol a-primase complex fulfills this requirement, it is replaced by either polymerase delta (Pol 

8) or polymerase epsilon (Pol E) [95, 96], which will elongate the RNA-DNA primer on the 

lagging and leading strands, respectively. Subsequently, Pol a cycles back to the retrograde arm 

of the replication fork to supply the additional priming that is needed to support the 

discontinuous polymerization of the lagging strand. 

The polymerase switch is coordinated by replication factor C (RFC). RFC binds to 3 ' -

hydroxyl (3'-OH) of the deoxyribose end of the primer and, in an ATP dependent fashion, loads 

the proliferating cell nuclear antigen (PCNA) with its C-terminal facing towards the 3' end of a 

synthesizing strand [97-101]. Loading of the processivity factor, PCNA, onto the dsDNA results 

in physical tethering of Pol 8 onto the RNA-DNA hybrid template and stimulates the DNA 

synthesis activity of the polymerase [100, 102-105]. Aside from its role as the replication 

processivity factor, PCNA is also considered to be a ''molecular matchmaker''. PCNA plays 

essential functions in the coordination and recruitment of protein partners to the replication fork, 

a task of great importance for DNA repair and for processing the discontinuities observed in 

lagging strand synthesis (Reviewed in [106]). 

The loading of Pol E for leading strand synthesis is thought to be different from Pol 8, 

partly due to the intrinsic processivity of Pol E and its early interaction with the pre-IC complex. 

Pol Eis comprised of four subunits: Pol2, Dpb2, Dpb3, and Dpb4. In S. cerevisiae, Dpb2 

participates during DNA initiation at the early assembly of the CMG helicase, prior to the 
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loading of Pol a [37, 72, 107]. Depletion of Dpb2 produces viable cells with severe growth 

phenotypes due to the lack of Pol Eat the replisome [107]. Consistent with this hypothesis, co

localization studies suggested that the requirement of Pol E for PCNA is limited to late S phase 

and DNA repair [102, 108]. 

Recent studies have analyzed the architecture of the replisomes and the position of 

several factors with respect to the DNA helicase utilizing cryo-electron microscopy [109, 110]. 

According to Sun et al., S. cerevisiae's Pol Eis positioned in front of the replisome with a direct 

interaction with the C-terminal AAA+ domains ofMcm2 and Mcm5, Cdc45 and GINS 

components of the CMG helicase [109]. In contrast, the Richardson laboratory has shown 

evidence that supports a model in which the polymerases remain behind the CMG helicase in 

bacteriophage T7 [110]. These differences might be due to evolutionary divergence between 

model organisms. Thus, further studies are needed to define the organization of the replisome. 

Elongation of the initiator primers occurs asymmetrically due to the antiparallel nature of 

DNA and the 5 '-3' directionality of synthesis (Figure 1. 2) [ 111-115]. Several models of how 

the workload of the replisome is distributed have been proposed. Despite many years of research, 

there is still uncertainty in the division oflabor between DNA polymerases 8 and E [95, 96, 116-

119] (Reviewed in [120-122]). The widely accepted view is that Pol E synthesizes one strand, 

referred to as the leading strand, more or less continuously [95, 114, 123, 124]. In contrast, Pol 8 

catalyzes the synthesis of the second daughter strand, the lagging strand, in 100-200 base pair 

stretches that run antiparallel of the replication fork progression [111, 114, 115, 117, 125-127]. 

These short segments of DNA are known as Okazaki fragments and require additional 

processing factors to mature into full-length DNA chains. 
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Okazaki fragment synthesis proceeds in multiple stages (Figure 1. 3) (Reviewed in [127-

133 ]). Lagging strand synthesis begins with the polymerization of an initiator primer by the Pol 

a-primase complex. PCNA and RFC bind tightly to the 3'-OH of the primer and recruit Pol 8. 

Displaced Pol a-primase cycles to the next priming site to continue with discontinuous synthesis. 

As Pol 8 extends the initiator primer, it eventually encounters the preceding Okazaki fragment. 

Pol 8 proceeds with synthesis and by doing so it displaces the 5 '-end of the downstream segment, 

forming a single-stranded 5' flap structure [129, 130, 132]. To prevent genomic instability the 5' 

flap is cleaved by a nuclease that leaves a nick, which is sealed to generate a full dsDNA 

product. Flap removal is believed to occur via two distinct but overlapping mechanisms that 

depend on the length of the flap; they are referred to as the short or long 5' flap processing 

pathways (Figure 1. 3) (Reviewed in [134]). Even though these two modes of 5' flap processing 

exist, biochemical evidence suggests that the majority of the flaps are < 10 nucleotides in length 

and are therefore processed through the short pathway [135]. 

The short pathway of processing the 5' flap can be initiated by two mechanisms. The first 

and most accepted model involves the cooperative work of a 5' single-stranded (ss) DNA 

nuclease, Flap Endonuclease 1 (Fenl), and DNA Ligase 1 (known in budding yeast as Rad27 

and Cdc9, respectively). Fenl binds to the double-stranded (ds) DNA junction of the 5' flap and 

by a threading mechanism inserts the flap through its active site for cleavage, leaving a ligatable 

nick that is sealed by DNA ligase [136-142]. The second model states that the enzyme 

ribonuclease H (RNase H) recognizes the RNA-DNA hybrids and facilitates the removal of 

ribonucleotides by cleaving the 5' end of phosphodiester bonds prior to flap cutting by Fenl 

[117, 143, 144]. Eukaryotes possess two variants of the RNase H enzyme: RNase HI that targets 

a stretch of consecutive RNA moieties, and RNase H2 that removes single ribonucleotides [145, 
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146]. Biochemical and genetic analyses of both enzymes suggest that RNase H2, which is 

upregulated during S phase, has a major role in removing ribonucleotides [146, 147]. Moreover, 

mutations in the gene encoding RNase H2 result in weak non-epistatic genomic instabilities with 

Rad27, suggesting that these gene products participate in separate pathways for 5' flap 

processing [148, 149]. 

The pathway to process long flaps is required only in circumstances in which the 5' flap 

intermediate reaches a length over 30 nucleotides. Typically, when Pol 8 displaces the preceding 

primer, the short intermediate is rapidly processed by Fenl [129, 130, 150-152]. In rare 

occasions, flaps that are greater than 10 nucleotides in length are formed. RPA can bind to the 

ssDNA of the flap, blocking Fenl 's access and preventing removal of the flap through the short 

5' flap-processing pathway [86, 153-156]. In such instances, Dna2, a multifunctional enzyme 

with intrinsic endonuclease and helicase activities, processes long flaps [139, 157]. Dna2, 

stimulated by RPA, displaces RPA and trims the flap until it can no longer be coated by RPA (2-

6 nucleotides) [132, 139, 158]. Subsequently, Fenl is loaded onto the shorter intermediate to 

process the flap endonucleolytically [153]. 
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Figure 1. 2 Asymmetric distribution of eukaryotic replication forks 
Due to the antiparallel nature of DNA and the 5' to 3' direction of polymerization the leading 
strand is synthesized continuously by Pol E. In contrast, the lagging strand is synthesized by Pol 8 
in short segments known as Okazaki fragments. 
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Figure 1. 3 Processing of a 5' ssDNA flap 
Pol 8 is recruited to elongate the primer, but when it encounters a downstream Okazaki fragment, 
it displaces the 5' end and forms a single-stranded flap intermediate. Two non-exclusive 
mechanisms are proposed for the processing of the 5' flap. (A) The processing of a short 5' flap 
substrates (<10 nucleotides long) depends exclusively on one 5'-3' specific endonuclease, Fenl, 
which cleaves the flap at the base. The cleavage generates a nick that is sealed by DNA Ligase 1 
(Ligl ). (B) Extensive strand displacement by Pol 8 increases the length of the flap. RPA proteins 
bind to the ssDNA flap inhibiting the activity of Fenl. Dna2, a helicase with nuclease activity, 
displaces RP A and cleaves the flap until it becomes a suitable substrate for Fen1. The short 
intermediate is processed through the short flap pathway. 
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Termination 

The replication machinery travels along the genomic DNA until the forks from 

neighboring origins converge. Our understanding of how the termination step of eukaryotic DNA 

replication occurs is limited because termination of eukaryotic organisms does not occur at 

specific sites of the genome [159, 160]. Nevertheless, present models of termination are derived 

from extensive studies employing the bacterium E. coli (Reviewed in [ 161-163 ]), which unlike 

higher eukaryotes, contains a circular genome with a single origin of replication ( oriC) and 

defined termination (Ter) sites. 

Similar to eukaryotes, DNA replication in E. coli is a complex process orchestrated by a 

myriad of proteins in a cell cycle-dependent manner (Reviewed in [164-168]). Once helicase 

unwinds the parental DNA duplex, the replication machinery is recruited to elongate the 

replication forks. The migrating forks proceed bi-directionality until they encounter a 400kb 

termination zone comprising ten nonpalindromic Ter sequences arranged in two oppositely 

oriented groups of five [169]. Terminus site-binding (Tus) proteins bind the Ter sites, and 

together they form a powerful polar trap for replication forks, which lets replication forks enter 

but not leave [170-175]. The first replication fork reaching the termination zone will pass at least 

three Ter blocks, but it will halt when reaching subsequent oppositely oriented Ter sequences. 

The second converging replication fork will meet the arrested fork resulting in a collision and 

replisome dismantling. This is followed by the decatenation of the DNA molecules, a process 

resolved by topoisomerases, prior to the completion of mitosis. 

Interestingly, E. coli cells lacking Tus proteins do not show major growth defects [175], 

suggesting that termination arrest sites are non-essential for DNA replication termination. 

Although similar termination sites have been found in higher eukaryotes (Reviewed in [ 161 ]), 
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termination of DNA replication seems to occur stochastically where the converging forks meet. 

Thus, eukaryotic replication forks must possess an intrinsic mechanism to gradually reduce fork 

progression, avoid collision between approaching replisomes, and allow the dissociation of the 

replication machinery. Recent studies uncovered a post-transcriptional modification as a key 

regulated step in the replisome-unloading mechanism (Reviewed in [163, 176-180]). During late 

S phase, the Mcm7 subunit of the CMG helicase is ubiquitylated. This modification seems to be 

an important driving force for the disassembly of the replisome in budding yeast, Caenorhabditis 

elegans, andX laevis [181-184]. 
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Fidelity of DNA Replication 

DNA replication is under stringent control to guarantee a faithful transfer of the genetic 

material to the next generation. DNA damage arises on a daily basis as part of DNA transactions 

or as a consequence of external assaults by chemical agents, which represent a threat to stable 

genome inheritance. Nevertheless, DNA synthesis in vivo has an estimated low mutation rate of 

one per 109 and 1010 base pairs replicated [185-187]. This remarkably low mutation rate is 

achieved through various sophisticated error discrimination and repair mechanisms that have 

evolved to cope with DNA errors before they become fixed or interfere with normal DNA 

metabolism (Reviewed in [185, 186, 188-190]). In this section, I will discuss how the unique 

properties of replicative DNA polymerases play a role in maintaining the integrity of the 

genome. Then, I will describe how the failure of these error-detection mechanisms leads to 

common mistakes that occur during DNA biosynthesis and describe how, if uncorrected, these 

mistakes can lead to genomic instability. This is followed by a review of how an appropriate 

supply of nucleotides is required for efficient and accurate DNA replication. 

Accuracy of replicative polymerases 

Replicative polymerases are powerful engines able to accurately discriminate between 

nucleotides in a high processivity manner. Polymerases 8 and E have an estimated substitution 

frequency of 10-4_10-5 [187, 190]. Their accuracy relies on employing high standards to select the 

incoming nucleotide and, when necessary, a proofreading or exonuclease activity to edit the 

newly synthesized strand (Reviewed in [188, 191]). The interplay between these two fidelity 

strategies is governed by the nucleotide-dependent kinetics behind the open and closed 

conformational states of the enzyme [ 192-194]. 

15 



Upon substrate binding, two metal ions (e.g. Mg2+) located within the catalytic site of the 

polymerase coordinate the alignment between the phosphate group of the deoxyribonucleotide 

triphosphate (dNTP) and the primer 3'-OH of the primer annealed to the template [192, 195]. A 

phosphodiester bond forms through a nucleotidyl-transfer reaction in which the 3 '-OH group 

attacks the a phosphorus of the incoming dNTP. If the wrong nucleotide is mistakenly selected, 

the lack of proper geometry and alignment with the catalytic residues of the enzyme usually 

precludes efficient phosphodiester bond formation. Thus, polymerases are believed to have an 

"induced fit" mechanism to discern between different types of chemically and structurally 

similar substrates. In addition, studies have reported that the loss of the intrinsic 3' exonuclease 

activity results in an overall increase in mutation rates [113, 196, 197]. This suggests that the 

accuracy of nucleotide selection, on its own, is not enough to ensure the fidelity of the fast-paced 

process of DNA replication. 

The functions of nucleotide selectivity are complemented by a "spell checking" 

mechanism that gives polymerases a second chance of incorporating the correct dNTP, thereby 

decreasing the error rate ofreplication fidelity up to ~ 10-7 per base pair replicated [ 187]. In the 

event that the incorrect nucleotide is inserted, the polymerase will slow and stall at the 

replication fork, unable to align the incoming dNTP with the 3'-OH. With the exception of Pol a, 

which lacks an associated exonuclease activity, replicative polymerases have a built-in 3 '-5' 

exonuclease proofreading activity located 40 A away from the polymerization site [198, 199]. 

Stalling events induce internal conformational changes in the enzyme to switch the template 

from its polymerization site to its 3' exonuclease site [191,200,201]. This transfer promotes the 

removal of the misincorporated nucleotide and subsequent resumption of DNA synthesis. A 

delicate balance between these two functions is required for fidelity. Polymerases exhibit a slight 
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bias to favor synthesis over exonuclease activities [191]. A mutation that shifts this balance 

towards favoring proofreading activity shows an antimutator phenotype, decreased replication 

speed and hence, delays in cell cycle progression [191,200,202]. In contrast, a mutation that 

reduces the proofreading activity has faster replication and yields a mutator phenotype [200, 

202]. 

Replication errors 

Errors that occur during DNA synthesis represent a major source of mutations and vary 

widely in a polymerase and sequence-dependent manner [203]. Strand misalignment can give 

rise to mutations that range from base substitutions due to alterations in base pairing and base 

stacking, to deletion or insertion of multiple lengths. 

Base substitutions 

Polymerases mediate the pairing between purines and pyrimidines; adenine (A) with 

thymine (T) and of guanine (G) with cytosine (C). The first types of mispairs involving 

tautomeric forms of the bases were predicted early on after solving the structure of DNA [204, 

205]. Since then, additional chemical modified bases have been proposed to deceive polymerases 

into breaking the rules of base pairing (Reviewed in [206, 207]). For instance, 8-oxoguanine, a 

common product of oxidation damage, leads to altered hydrogen bond potential and the 

formation of either an 8-oxoG-C or 8-oxoG-A mispairs. If the 8-oxoG-A mispair is left 

uncorrected on one strand of DNA, in the next round of replication, it will result in a G to T 

change in the DNA coding sequence [208]. These types of single-nucleotide base substitutions, 

also referred to as point mutations, can be classified into two categories: (1) trans versions, when 

a purine (A or G) is substituted for a pyrimidine (C, Tor uracil [U]) or vice versa; and (2) 

transitions, which refers to changes from a purine to purine or a pyrimidine to pyrimidine. 
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Under normal proliferating conditions, both Pol 8 and Pol E are highly efficient in 

identifying base substitutions and thereby, base substitutions occur at barely detectable levels 

[ 196]. In previous studies, apparent error signatures of each polymerase were analyzed in S. 

cerevisiae [196, 197]. The majority of the mutations produced by exonuclease deficient Pol E 

were found to be single mispair events dominated by GC ➔ AT transitions and GC ➔ TA 

transversions [197], whereas Pol 8 was more susceptible to single nucleotide deletions located in 

homopolymeric sequences [ 196]. 

The phenotypic consequences of point mutations vary depending on location and type of 

mutation. They can be benign to the organism or even provide a mechanism to survive 

environmental pressures (e.g. better immunity through antibody diversification) and change the 

genetics of a population through time. However, mutations can also be deleterious to the cell. For 

example, single base substitutions as well as and insertions or deletions can give rise to non

functional gene products that reduce genetic fitness and contribute to diseases such as cancer 

[209, 210]. 

Insertions and deletions 

Humans have a vast number of short repeated sequences, also known as microsatellites, 

distributed across coding and non-coding regions [211]. Simple repeat sequences (e.g. CAG) 

represent a major challenge to DNA metabolism due to their capabilities of increasing and 

decreasing in length caused by the addition or deletion of repeat units, respectively. 

Several studies have analyzed polymerase interactions with repeat sequences in hope of 

providing a better understanding of the mechanisms behind repeat instability. Polymerases are 

reported to have reduced nucleotide selectivity and proofreading activities while replicating 

repeated sequences [212]. In addition, polymerases have the tendency to stall in the presence of 
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slipped structures with base paring capabilities to generate secondary structures, which facilitates 

their disengagement and subsequent template misalignment [213-215]. For reasons that are not 

entirely understood, slipped DNA structures can also escape repair mechanisms and become 

fixed in subsequent rounds of replication [216] . The larger the repeats become, the greater the 

chances of forming non-B structures, such as hairpins, which promote the genomic instability 

even further and as a consequence contributes to disease onset [217, 218]. In a subsequent 

section of Chapter 1, titled "Trinucleotide Repeat Expansion", I will discuss this further. 

Regulation of dNTP pools 

The fidelity of DNA replication also depends on a constant supply of dNTPs, the 

precursors of DNA. Ribonucleotide reductase (RNR) catalyzes the rate-limiting step of dNTP 

synthesis and hence is a key player in maintaining optimal levels of nucleotides for DNA 

replication, recombination, and repair. 

RNR's activity varies throughout the cell cycle, being highest in S phase, and lowest in 

stationary phase (G0). It is also inducible upon DNA damage [219]. To comply with cellular 

demands, allosteric sites within the enzyme modulate its cellular activity. In S. cerevisiae, RNR 

is a tetrameric complex comprising a large subunit that consists of two Rnrl monomers and a 

small heterodimeric subunit, formed by Rnr2 and Rnr4. The Rnrl subunit harbors two unique 

sites: the specificity site, where any one of four essential dNTPs (dATP, dTTP, dCTP and dGTP) 

binds to ensure the nucleotide pools are maintained at appropriate levels; and the activity site, 

which monitors ATP/dATP levels to ensure that sufficient dNTPs are produced [220-225]. 

Additional controls are also employed to guarantee a high expression of dNTPs only when is 

vital (for DNA synthesis and repair). These include temporal compartmentalization, 
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transcriptional regulation, protein inhibitors and targeted proteolysis (Reviewed in [221]) [226-

228]. 

Perturbation of the relative ratios of dNTP pools has genotoxic consequences in the cell 

and is considered a hallmark of cancer [229]. Mutations in RNR can lead to pool imbalances that 

result in rapid fork progression, high mutation rates, chromosomal abnormalities, cell cycle 

arrest and even cell death [219,224, 230-235]. Most of the replication errors involving 

unregulated dNTP pools are believed to occur via the "next-nucleotide effect", in which the 

dNTP in excess drives polymerization over proofreading activity causing DNA polymerases to 

incorporate an incorrect nucleotide followed by extension of the mismatched 3 '-end. 
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Mismatch Repair (MMR) 

To increase replication fidelity, organisms have evolved multiple DNA repair 

mechanisms (e.g. direct reversal, excision repair, and double-strand break repair) to maintain the 

integrity of the DNA. Mismatch repair (MMR) is a specialized repair pathway dedicated to 

identifying and correcting errors that evade the intrinsic fidelity mechanisms of the replication 

machinery, thereby increasing the fidelity ofreplication 100 to a 1,000 fold [187,236]. Over the 

past few decades, significant progress has led to a deeper understanding of the molecular 

mechanism behind MMR in E. coli, S. cerevisiae, and humans. This section focuses on 

describing the well-conserved stepwise MMR process involving: (i) recognition of a DNA 

lesion, (ii) strand discrimination, (iii) bidirectional mismatch removal and, (iv) DNA re-synthesis 

[236-238]. 

Prokaryotic MMR: Escherichia coli 

The MMR pathway has been extensively studied in E. coli and its framework serves as a 

guide to understanding the pathway in higher eukaryotes. MMR is initiated when a MutS 

homodimer recognizes a biosynthetic error such as a base-base mispair or 1-4 nucleotides (nt) 

insertion-deletion loops (IDLs) (Reviewed in [187,236, 238-241]) [242-244]. Upon MutS 

binding, MutL and then MutH proteins are recruited to the DNA error. Correction of the DNA 

mispair occurs in a methyl-directed manner. MutH takes advantage of the transient absence of 

adenine methylation on d(GATC) sequences to direct repair to the nascent strand [245, 246]. 

MutL, in an ATP-dependent manner, activates the latent endonuclease activity ofMutH to nick 

either 5' or 3' of the mispair on the unmethylated strand [246-251]. The resulting nick serves as 

an entry point for UvrD (helicase 11) and one of four endonucleases (Exol, ExoX, Exo VII, RecJ), 

depending on whether the nicked site is located 5' or 3' to the mispair [252-255]. The 
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collaborative work of these complexes results in the degradation of the newly synthesized strand 

from the nick up to 1 kilobase (kb) past the mismatch [256]. Once mispair excision has occurred, 

single-stranded binding (SSB) proteins will bind to the exposed DNA until polymerase III 

holoenzyme and DNA ligase are recruited to fill the gap and ligate the nicks, respectively [236]. 

Eukaryotic MMR 

The basic steps ofMMR are conserved from bacterial organisms to mammals. However, 

the main factors involved in eukaryotic MMR have diversified. A total of six MutS homologs 

(Mshl-6) proteins have been identified and characterized in eukaryotes [237, 257-263], but only 

Msh2, Msh3, and Msh6 proteins participate in nuclear MMR (Table 1. 1). Msh2 forms a 

heterodimer complex with either Msh3 or Msh6 to recognize DNA lesions with distinct but 

partially overlapping binding affinities [264, 265]. The Msh2-Msh6 (MutS a) complex 

predominantly binds single base mispairs (with the exception of C-C mismatches) and 1-2 nt 

IDLs [265-268]. The Msh2-Msh3 (MutS ~) protein complex binds some mispairs, such as A-A, 

C-C and T-G [269,270], and it also recognizes large IDLs up to 16 nt in length [271]. Msh2-

Msh6 and Msh2-Msh3 also share complementary functions identifying 1-2 nt IDLs with 

different efficiencies that depend on loop size and sequence context [270, 272]. The remaining 

MutS homologs have essential functions in other DNA metabolic processes such as 

mitochondrial DNA maintenance (Mshl) [273] or meiotic recombination (Msh4-Msh5) [274, 

275]. Plants also encode an additional Msh protein, Msh7, which forms a complex with Msh2 to 

repair similar subsets of mismatches as Msh2-Msh6 in other eukaryotes [276]. 

Likewise, four MutL homologs (Mlh) have been characterized in S. cerevisiae: Mlhl-3, 

and Pms 1 (Pms2 in humans) (Table 1. 1 ). MutL homo logs in eukaryotes function as 

heterodimers with Mlhl as a common subunit. Mlhl-Pmsl (Mlhl-Pms2 in humans) has the 
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dominant role in repairing lesions through the MMR pathway, whereas the function ofMlhl

Mlh2 and Mlhl-Mlh3 remains uncertain. A single report suggests that Mlhl-Mlh2 is an 

accessory protein required to enhance the activity of the Mlhl-Pmsl during MMR [277]. On the 

other hand, some studies ofMlhl-Mlh3 presented evidence that its endonuclease activity has 

important roles during meiotic recombination [278-280]. In addition, Mlh3-deficient cells show a 

high frequency of frameshift mutations within mononucleotide runs that resemble mutator 

phenotypes seen in a msh3 null strains [281-283]. As a consequence, it has been suggested that 

Mlhl-Mlh3 participates in the repair of a subset oflDLs that are recognized by the Msh2-Msh3 

complex. 

No homologs of MutH have been identified in many prokaryotes or any eukaryotes [260] 

and hence, it appears that this requirement is exclusive to methyl-directed mismatch correction of 

gram-negative bacteria [246, 247, 250, 284]. Probably the most outstanding question about 

eukaryotic MMR is how the strand excision is targeted to the nascent strand. Increasing evidence 

supports a model in which strand discontinuities serve as the main strand discrimination signal 

[285-289]. Two groups provided key evidence that discontinuities might indeed serve as the 

strand discrimination signal for both leading and lagging strands. First, Pluciennik and coworkers 

conducted biochemical analyses of the endonuclease activity ofMlhl-Pmsl [290]. They showed 

that the Mlh complex possesses an intrinsic endonuclease activity, whose directionality and 

activation rely on a pre-existing strand break and the interaction with components of the 

replication machinery that include PCNA and RFC. Additional supporting evidence was 

provided by McElhinny et al., who showed that the 5' ends formed during Okazaki fragment 

maturation act as strand discrimination signals [291]. 
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Only one exonuclease, Exonuclease 1 (Exo 1 ), has been implicated in the removal of the 

mismatch in eukaryotic systems (Table 1. 1) [292]. Exol belongs to the Rad2/XPG family of 

nucleases that are essential in various DNA metabolic pathways such as DNA replication, repair, 

recombination, and telomere integrity (Reviewed in [293 ]). Although in vitro reconstitution 

studies have shown that Exol is required for MMR [288, 294-296], null strains in budding yeast 

are viable and only show a slight increase in mutation rates that are epistatic to a msh2l1 strain 

[297, 298]. Given these results and the fact that Exo 1 physically interacts with both Msh2 and 

Mlhl [297,299], two models have been proposed: Exol-independent and Exol-dependent MMR 

pathways (Figure 1. 4) (Reviewed in [293]). 

One distinctive feature ofExol-independent MMR is that the undertaking is contingent 

on functional nuclease activity ofMlhl-Pmsl [298, 300, 301]. This activity creates a single nick 

that is thought to be an entry point for Pol 8, which then removes the mismatch via strand 

displacement synthesis (Figure 1. 4A) [302]. Alternatively, Mlhl-Pmsl 's activity is stimulated to 

nick multiple times to degrade the mispair (Figure 1. 4B). On the other hand, the Exol

dependent pathway seems to require Exol and Mlhl protein-protein contacts, but it does not 

require the endonuclease activity ofMlhl-Pmsl [298, 303]. Exol can use the strand 

discontinuities and degrade the mismatch in a 5 ' - 3' direction. Additional biochemical studies 

suggest that RP A proteins regulate Exo 1 during mismatch excision. In the presence of Msh2-

Msh6 and Mlhl-Pmsl, RPA proteins can both enhance and restrict nuclease activity by defining 

excision endpoints [288, 304]. 

Mismatch excision is followed by the recruitment of several replication factors to restore 

the integrity of the double helix. In vitro reconstitution experiments have implicated RFC, 

PCNA, and Pol 8 as major contributors to bidirectional MMR [305]. With the loading of the 
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sliding clamp by RFC, PCNA can assist in early MMR steps by directing interactions with both 

Msh2-Msh3 and Msh2-Msh6 MMR recognition complexes [306, 307]. These interactions are 

abrogated when highly conserved PCNA-interactive protein (PIP) residues (QxxlL/IlxxFF), 

located within the N-terminus ofMsh3 or Msh6, are changed to alanine [306, 308]. PCNA 

interactions are also essential for the activation of the latent endonuclease activity of Mlh 

complexes. In addition, RFC and PCNA can suppress Exo I-mediated 5' to 3' excision on a 3' 

heteroduplex [309] and stimulate the ATP-dependent endonuclease activity ofMlhl-Pmsl [290, 

310,311]. 

Overall, the available results indicate that the eukaryotic MMR occurs as follows (Figure 

1. 4): (i) depending upon the type of DNA lesion, a Msh complex is recruited through protein

protein interactions with PCNA. Lesions can range from base-base mismatches to IDLs, which 

are primarily rectified by Msh2-Msh6 and Msh2-Msh3, respectively. Following mismatch 

recognition, either one of two Mlh complexes (Mlhl-Mlh3 [MutLa] or Mlhl-Pmsl [MutLy]) is 

recruited through direct physical contacts with PCNA and the Msh complex; these interactions 

are essential to activate and coordinate the strand incision [290, 312]. (ii) Eukaryotes and many 

prokaryotes do not possess a methyl-directed recognition system to differentiate between the 

parental and the nascent strands. Instead, strand discontinuities that occur during lagging strand 

synthesis or by direct nicking by nucleases are believed to serve as strand discrimination signals. 

(iii) Mismatch excision takes place via an Exol-dependent or independent pathway. In the Exol

dependent pathway, the removal of the mismatch relies on Exo 1 's 5' to 3' exonuclease activity 

that is activated by Msh and Mlh complexes and restricted by RP A proteins. During the Exo I

independent pathway, the mismatch removal step is proposed to occur by Pol 8-mediated strand 

displacement synthesis or by the enhancement of Mlh's nuclease activity. (iv) RP A proteins bind 
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to the gap intermediate to protect it from degradation. Subsequently, a DNA polymerase and 

other factors from the replication machinery are recruited to restore the structure of the double 

helix. 
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Table 1. 1 Eukaryotic MMR homologs 

E.coli S. cerevisiae Human 

Mshl Unknown 

Msh2-Msh6 (MutSa) 

MutS 

Msh2-Msh3 (MutS~) 

Msh4-Msh5 (MutSy) 

Mlhl-Mlh2 Mlhl-Pmsl 

(MutL~) (MutL~) 

MutL 
Mlhl-Mlh3 (MutLy) 

Mlhl-Pmsl Mlhl-Pms2 
(MutLa) (MutLa) 

MutH None 

DNA helicase II 
No helicase requirement 

(UvrD / MutU) 

Exo1, Exo VII, Exol 
ExoX, RecJ Rad27 Fenl 

Pol III 
Pol 8* 

holoenzyme 

~ Clamp PCNA 

y Complex RFC 

SSB RPA 

DNA ligase Cdc9 Ligase 1 

Functions 
Mitochondria genome 
maintenance 

• Recognition of DNA 
mismatches, and IDLs during 
MMR 

• Prevention of homologous 
DNA recombination 

• Mediates cell death induced 
by DNA damaging agents 

Facilitate crossovers during 
meiotic recombination 

• Involved in MMR and 
meiotic recombination 

• Repair of a subset of 
frameshift intermediates 

• Coordination of other MMR 
factors 

• Strand incision in eukaryotes 

• Facilitate crossovers during 
meiotic recombination 

Strand discrimination 

DNA helicase 

Removal of the mismatch 

DNA re-synthesis 

MMR initiation and re-
synthesis 

Clamp loader, activates MutL 
homologs 

Binding to single-stranded 
DNA, Inhibits Exo 1 activity 

Nick ligation 

* Current evidence only supports the role of Pol 8 as the main DNA polymerase participating in MMR; 
however, the participation of other polymerases cannot be dismissed. 
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(i) Mismatch recognition 

or 

(ii) Strand discrimination ~ l~~ or 
Mlhl Pmsl .-.; 

or 
Mlh3 

(iii) Mismatch removal 

Exol-lndependent Exol-Dependent 

~~ ~ 
Mlhl Pmsl y;,j 

or 
Mlh3 

(A) Strand displacement (B) Extensive nicking by Mlhl-Pmsl 

~@
(iv) DNA re-synthesis ~O PCNA! ~~o ~ 

Figure 1. 4 Eukaryotic mismatch repair 
(i) MMR proteins scan the DNA to correct errors that evade the intrinsic fidelity mechanisms of DNA 
polymerases. Eukaryotic systems have two heterodimeric complexes, Msh2-Msh3 and Msh2-Msh6, with 
partially redundant activities to recognize a variety of DNA lesions. Upon mismatch recognition, Mlhl
Pmsl is primarily recruited to the mismatch and to a lesser extent Mlhl-Mlh3 (only recruited to specific 
IDL lesions). (ii) Strand discontinuities generated by RNase H2 that removes of RNA from RNA/DNA 
hybrids or by an Mlh complex whose endonuclease activity introduces nicks on the distal side of the 
mismatch served as discriminatory signals to distinguish between the template and the nascent strand. 
(iii) A Mlh complex generates a nick that leads to mismatch removal through an Exol-independent or 
dependent pathway. In an Exol-independent pathway (A) the nicking can serve as an entry site for Pol 8 
-mediated mismatch removal. Alternatively, (B) the Mlh complex is stimulated to nick at multiple 
locations. In an Exol-dependent pathway, Exol removes the mismatch. (iv) The resulting gap is filled by 
the coordinated effort of polymerase( s ), RP A, RFC and PCNA. *Although not shown in the cartoon 
diagram RP A, RFC, and PCNA play other regulatory roles in MMR (see text for details). 
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MutS Homologs (Msh) 

Mismatch recognition is a critical component for maintaining functional MMR. The 

molecular basis for how MutS, Msh2-Msh6, and Msh2-Msh3 recognize specific substrates with 

distinct affinities relies on unique structural features. This section reviews in greater detail the 

structural characteristics that give rise to differential DNA binding and repair specificity of Msh 

complexes. 

Complex structure and mismatch recognition 

During the past two decades, characterization of crystal structures from several MMR 

factors has allowed us to define some of the internal mechanisms that underlie differential 

mispair recognition among MutS and its eukaryotic counterparts. All Msh recognition complexes 

form dimers with a shared clamp-like structure [313-316]. Each monomer is comprised of five 

conserved domains (1-V) configured as a structure mirror image of each other [313-316]. 

Domains I (also referred to as the mispair binding domain [MBD]) and IV form an inner channel 

that can interact nonspecifically with the DNA helix. The connector (11) and lever (111) domains 

act as transmitter regions, which provide a physical link between the mismatch recognition 

residues and the ATP binding/hydrolysis sites that are located in domain V. The eukaryotic 

monomers Msh3 and Msh6 also have a N-terminal region that mediates PCNA interactions 

through the PIP motif [315, 316]. 

Msh complexes scan the DNA utilizing a combination of one-dimensional and three

dimensional diffusion while in search of specific DNA lesions [317-319]. Upon mismatch 

recognition the complex halts to allow binding to the mispair [320]. In eukaryotes, Msh6 or 

Msh3 confers the binding specificity to the heterodimer. The initial recognition complex makes 

nonspecific contacts with the backbone of the DNA and upon mismatch binding, it induces a 
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sharp kink of the double helix [313,316]. The bending of the DNA by MutS and Msh6, allows 

for internal contacts with two highly conserved residues (Phe-X-Glu) located at the MBD [313-

315]. The aromatic residue is thought to detect and stabilize distortions on the DNA through 

n-stacking interactions, while the glutamate residue forms hydrogen bonds with either the N7 of 

purines or the N3 of pyrimidines. Furthermore, several studies have mutated these residues to 

define their biological contribution to mispair recognition. Bowers et al. changed the conserved 

phenylalanine residue to an alanine in S. cerevisiae [321]. This mutation impairs MMR due to 

Msh6 recognition defects. Likewise, Drotschmann and coworkers tested similar amino acid 

substitutions on signature residues surrounding the MBD and found elevated mutation rates that 

were generated by defects in the binding of Msh6 to mismatch substrates [322]. Other studies 

have focused on mutating the Glu residue in either MutS or Msh6. A single mutation in Glu339 

of Msh6 yields a slight increase in mutation rate, with a severe defect in repairing 8-oxoG-A 

mispairs [323]. In contrast, the analogous mutation in MutS resulted in severe impairment of 

MMR [323]. Altogether these results confirm the pivotal roles of these conserved residues for 

mispair recognition by MutS and Msh2-Msh6 complexes. 

Curiously, Msh2-Msh3 not only lacks the evolutionary conserved Phe-X-Glu motif, but it 

also shows differential substrate specificity than other MMR recognition proteins. Prior to 

solving the crystal structure of Msh2-Msh3, several studies presented genetic and biochemical 

evidence that suggested a different DNA recognition mechanism compared to MutS and Msh6. 

For instance, Dowen et al. utilized a homology model to mutate several residues in the MBD of 

Msh3 [324]. These residues yield two types of mutational groups, one class that showed defects 

of small and large ID Ls mispairs and the second class where only small ID Ls were not corrected. 

In addition, the first class of mutations impaired additional Msh2-Msh3 functions, i.e., 
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recognizing 3' non-homologous tails. This pathway will be discussed in a subsequent section of 

Chapter 1, titled "Role ofMMR Proteins in Other DNA Metabolic Pathways". 

Consistent with a different mechanism for recognizing mispairs, the crystal structure of 

human Msh2-Msh3 revealed additional distinctions. First, the bending of the mispair is more 

pronounced (90-120°) than the one seen in MutS and Msh6 (60°) [313-316]. The degree depends 

on the length of the IDL and causes the bases to be flipped out into the major groove and become 

partially exposed to the solvent [316]. Second, a group of residues replaced the interactions 

mediated by the Phe-X-Glu motif in MutS and Msh6. Among these residues are a Tyr-Lys pair 

inserted at the IDL and utilized as a steric wedge to widen the minor groove, while a conserved 

Ser residue interacts with the backbone of the DNA [316]. In addition, when ID Ls are larger than 

three nucleotides, several residues in domain I of Msh2 provide additional stacking interactions 

to stabilize the DNA intermediate. These interactions are not essential in repair mediated by 

MutS or Msh6. Mutations of the corresponding residues in budding yeast resulted in genomic 

instabilities that are similar to a Msh3-deficient strain [324, 325]. 

Regulation and coordination of the nucleotide binding pocket 

Despite the differences in mispair recognition, all Msh complexes couple the MBD to its 

ATPase domain. Two ATPase sites are situated in the Msh complex; in the case of eukaryotic 

homologs, one is located in Msh2 and another in either Msh3 or Msh6 [313-316]. Each ATPase 

site harbors a highly conserved Walker A and Walker B adenosine nucleotide-binding site that is 

essential for nucleotide binding and catalysis, respectively [313-316]. Interestingly, Gupta et al. 

reported structural differences that result in an occluded nucleotide-binding pocket of Msh3 

[316]. This suggests that the regulation of nucleotide binding and hydrolysis differs between 

MMR recognition proteins. In MutS and Msh2-Msh6 the adenine of ATP is held between 
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conserved aromatic residues: a Tyr/Phe and Tyr from the YUP (Tyr/Phe-IleNal-Pro) and FLY 

(Phe-Leu-Tyr) motifs. In contrast, Tyr of the YUP motif, located on the adenine-binding site of 

Msh3, interacts with a near Gly residue to stabilize the nucleotide binding pocket on its free 

state. In addition, due to a replacement of a side chain (Ala or Cys) for a Phe in Msh3 (Y925 in 

S. cerevisiae or YI 023 in humans), the FLY motif is pushed to close the ATP-binding site. This 

interaction is thought to stabilize the nucleotide-binding pocket and provide an additional level 

of regulation to the occupancy of pocket. In S. cerevisiae, amino acid substitution mutations of 

targeting either the Walker A (G796 in S. cerevisiae) or Walker B (D870 in S. cerevisiae) motif 

abolishes MMR and yields a mutator phenotypes that is similar to MMR null strains [326-333]. 

Msh3-deficient yeast strains with either Msh3Y925A or Msh3G796A are dominant negative and 

show mutation rates higher than the empty vector [333]. The latter observation is consistent with 

other functional studies in which the regulation of nucleotide binding and hydrolysis is essential 

for functional MMR but is dispensable for mismatch binding (Reviewed in [187]) [246, 326, 

329,331,332,334]. In addition, specific DNA substrate interactions at the MBD result in 

distinctive nucleotide binding pocket requirements of Msh complexes [333, 335, 336]. Thus, it 

has become clear that conformational coupling between the ATP binding and the DNA binding 

sites not only modulates MutS/Msh turnover, but also coordinate downstream events in the 

MMR pathway. 

Numerous studies have taken the task of deciphering the role of ATP at the different 

occupancy sites in relation to substrate recognition and outcome. Based on their findings, several 

models have been proposed. In one model supported by the Modrich laboratory [337-341], ATP 

hydrolysis is used to power the translocation of MutS/Msh complexes through the DNA. A 

second model suggests that ATP is used as a verification signal of the mismatch to authorize 
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repair events [342]. In a third and most supported model, MMR recognition complexes interact 

with specific substrates in an ADP-bound form, and the ATP binding itself drives a 

conformational transition resulting in the formation of a sliding clamp that moves away from the 

lesion (Figure 1. 5) [332, 343-346]. In this molecular switch model, MMR complexes are 

diffusing freely along the helix until encountering a mismatch. Upon mismatch binding, 

conformational changes within the Msh complex results in recruitment of an Mlh complex and 

activation of its latent endonuclease activity, which is followed by the dissociation of Msh 

complexes (Reviewed in [347]) [251,343,346, 348-350]. Additional studies on nucleotide 

modulation have also taken into consideration the relationships between the nucleotide 

occupancy of ATPase sites and the DNA binding domains ofMsh complexes [351-356], further 

increasing the level of complexity of the ATP molecular switch model. 

Distinctive conformational states have been predicted in ATP cycling, which is 

contingent on mispair binding. ATP nucleotide occupancy for MutS and Msh2-Msh6 are 

equivalent, partially due to their structural and functional similarities. Msh2-Msh6/MutS binding 

domains and ATP binding domains are opposite to each other but inter-connected through 

transmitter domains [313-315]. During mispair binding, the binding and hydrolysis activities at 

each ATPase site are coordinated in a sequential manner (Figure 1. 5) [351-356]. First, the 

occupancy state of both ATPase sites (S 1, S2 in MutS homodimer or S1 in Msh6 and S2 in 

Msh2) is ADP bound whenever these proteins are not in contact with mismatched DNA 

substrates. Second, upon substrate binding, changes within the complex result in an increased 

affinity for ATP at their S 1 site. A stable and prolonged ATP binding state in S 1 leads to a 

reduction in affinity for ADP at the S2 site. Finally, dual ATP occupancy at SI and S2 sites is 
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believed to cause additional conformational changes that tum the complex into a sliding clamp 

and authorizes interactions with MutL/Mlh complexes for repair. 

On the other hand, differences in structure and function of Msh2-Msh3 cause distinct 

nucleotide binding occupancy states when compared with MutS and Msh2-Msh6 [316]. Based 

on studies performed by Owen and collaborators [357], when Msh2-Msh3 binds to its canonical 

substrate the nucleotide at the Msh2 subunit is ADP, whereas the Msh3 site is empty (Figure 1. 

5B). The ATP binding and hydrolysis in Msh3 promotes ADP to ATP nucleotide exchange in 

Msh2. Dual ATP/ADP occupancy by Mhs2-Msh3 is believed to be the signal for Mlh activation 

and removal of the mismatch. 
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Repair Repair 

Figure 1. 5 Models of asymmetric nucleotide occupancy during eukaryotic MMR 
Msh complexes are scanning the DNA in search of base-base mismatches and IDLs heterologies. 
Both Msh2-Msh6 and Msh2-Msh3 recognize specific DNA lesions in an ADP bound form. 
However, their structural and functional differences prompt distinct nucleotide occupancy states. 
(A) When Msh2-Msh6 binds to a mismatch, conformational changes increase the affinity for 
ATP in the Msh6 monomer. Nucleotide binding causes the Msh2 monomer to increase affinity 
for ATP. Dual ATP/ATP occupancy and subsequent hydrolysis are believed to transform the 
complex into a sliding clamp and recruit downstream factors in the MMR pathway. (B) Msh2-
Msh3 binding to its canonical substrate results in an empty nucleotide site. ATP binding and 
hydrolysis at the Msh3 subunit promotes ADP to ATP exchange in the Msh2 monomer. A dual 
ATP/ADP nucleotide occupancy allows for the formation of a ternary complex with Mlh (that 
license repair) and sliding clamp that moves freely along the DNA. 
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MMR Deficiency and Disease 

Given the role ofMMR in maintaining the fidelity of various DNA transactions [358-

363], it is not surprising that deficiencies in MMR genes are correlated with an increase in 

mutation rate and the etiology of various human diseases including cancer. In this section, I 

discuss how mutations in specific MMR genes result in genome instabilities that are associated 

with an increased predisposition to develop different types of cancers. 

Lynch syndrome 

The first report of Lynch syndrome (LS), formerly known as hereditary non-polyposis 

colorectal cancer (HNPCC), dates back to early 1900s when Aldred Scott Warthin, a pathologist 

from the University of Michigan School of Medicine, described for the first time an autosomal 

dominant disorder that predisposed a familial cluster to cancer [364]. His reports remained 

obscure until the 1960s when Henry Lynch followed on Warthin's work and described two 

additional cohorts of cancer-prone families [365, 366]. Individuals belonging to these families 

showed an increased predisposition to develop HNPCC and other extracolonic tumors located in 

the endometrium, stomach, ovaries, urinary tract, kidneys, biliary tract, pancreas, small intestine, 

brain and skin [367]. 

The molecular etiology of LS remained a mystery until the early nineties when 

researchers identified genomic instabilities of short repeated DNA sequences located at 

chromosome 2p as the cause ofHNPCC-associated cancers [368-372]. Soon after, the Kolodner 

lab mapped the MSH2 gene to human chromosome 2p22-21 and, based on the dinucleotide 

instabilities observed in S. cerevisiae msh2 mutants, suggested that the MSH2 gene was involved 

in the progression of HNPCC [373]. This was followed by the identification of three additional 

disruptive germline mutations (MLHJ [374, 375], PMS2 [376] and MSH6 [377]) in LS patients. 
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The discovery of the genetic basis behind LS opened doors to develop standardized 

guidelines and appropriate diagnostic tools that facilitated screening. A closer look into the genes 

that are associated with LS showed that mutations predominantly occur within the MLHJ and 

MSH2 genes, and to a lesser extent in MSH6 and PMS2 [378]. In some rare cases, mutations also 

arise at the EPCAMgene that encodes for the oncogenic signaling protein epithelial cell adhesion 

molecule. Mutations at this locus result in hypermethylation of the MSH2 promoter, which 

causes an epigenetic silencing of the MSH2 gene [379]. 

Genotyping also made possible the assessment of cancer risks base on familial genotype. 

For instance, a study performed by Vasen and coworkers evaluated the cancer risks of several 

families with HNPCC harboring mutations at either MSH2 or MLHJ genes [380]. They reported 

that the lifetime risk of developing HNPCC cancer was identical for both genes (>80% ), with the 

expectancy that at least half of the gene carriers would develop cancer before reaching 50 years 

of age. In addition, women bearing mutations in the MSH2 gene showed a higher likelihood of 

developing endometrial cancer when compared with MLHJ mutation carriers (61 % vs. 42%), 

although this difference was not statistically significant. In a similar manner, those carrying a 

MSH2 defective gene had a 33% risk of developing cancer at extracolonic sites, a higher risk 

than shown by those with mutations at the MLHJ gene (12%) or normal individuals (7.3%). 

Cancer treatment for patients with LS is also influenced by the molecular changes that 

gave rise to tumor formation. The efficacy of chemotherapeutics to kill tumor cells depends on 

the drug's ability to generate lethal DNA lesions. Interestingly, MMR-deficient cells lose their 

intrinsic capacity for DNA damage detection and apoptotic signaling and thus, show resistance to 

various chemotherapeutic agents [381, 382] (Reviewed by [383, 384]). This important discovery 

was first shown in studies in which MutL deficient strains were treated with the interstrand 
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crosslinker drug cis-diamminedichloroplatinum (11), also known as cisplatin, and showed 

abrogated cytotoxicity [382]. A plausible explanation of this phenomena is that MMR factors not 

only bind to mismatches that arise during DNA replication, they also bind to an ample repertoire 

of DNA adducts such as 0 6-methylguanine, cisplatin, benzo[a]pyrene, UV photo products, and 

others [385-387]. There is an important distinction between the binding of substrates that share 

structural similarities with mispairs. This binding does not always lead to repair but instead, it 

may initiate a cascade of events that remain to be fully defined. One hypothesis is that MMR 

complexes in an attempt to repair DNA lesions with a structural resemblance to mispairs engage 

in futile cycles of recognition and excision. In this scenario, aberrant repair leads to persistent 

ssDNA gaps that cause double-strand breaks at stalled replication forks, cell cycle arrest and cell 

death. An interesting feature of this model is that only certain non-B DNA structures may result 

in cell death. For that reason, deciphering the mechanisms that are activated when Msh 

complexes act on non-canonical MMR structures remains a pressing need to fully understand the 

pathways leading to the development of diseases such as cancer. 

MMR and sporadic cancers 

Microsatellite instabilities of nucleotide repeats can also give rise to sporadic tumors that 

do not follow an inheritance pattern [388]. Sporadic cancers are categorized into two distinct 

clusters based on the type of instability that is observed [389]. Group 1 is composed of 

microsatellite instabilities of mononucleotides or dinucleotides and, less commonly, larger 

repeats that are found in gastric and endometrial neoplasms. Group 2 shows genomic instabilities 

of larger repeats that are associated with the formation of lung, bladder, head and neck tumors. 

Diagnosis of this type of cancer is difficult due to the variable increase in background 

mutation rates, and overall unpredictable behavior caused by the heterogeneity of the affected 
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tissues. For example, Chen et al. studied the role and expression of MSH2, MLHJ, PMS2, and 

P MSJ in prostate cancer cells lines and tumors tissues [390]. They employed 

immunohistochemistry techniques to assess the expression patterns of these proteins. Tumor 

tissues showed reduced expression ofMMR proteins when compared to normal adjacent tissues. 

Moreover, even ifMsh2, Mlhl, Pms2 and Pmsl proteins were present, the researchers suggest 

that functionality of such proteins may be compromised due to the presence of mutations in their 

genes. Interestingly, they also describe how some portions of the same tumor showed no 

expression of MSH2, whereas other sections were positive for its expression. Altogether, this 

suggests that tumor formation started as a consequence of a primary mutation and diversified by 

the accumulation of mutations in tumor suppressor genes, which led to tumor heterogeneity and 

. .
carcmogenes1s. 

Unlike LS, which has shown specificity for only four MMR genes, sporadic cancers are 

also correlated with defects in the MSH3 gene. To gain some insights into the reasons behind the 

low penetrance of MSH3 germline mutations in LS patients, Edelmann and coworkers 

characterized genomic instabilities and tumorigenesis of MMR-deficient mouse models [391]. 

Tumor incidence in the gastrointestinal tract of MshT1
- mice was the lowest and occurred at a 

later onset (24 months) when compared to Msh6_1
_ mice (7-8 months) and MshT1

-; Msh6_1
_ 

double mutant mice (6 months). Life expectancy of the Msh3 null mice was the closest to WT, 

followed by the Msh6_1
_ and MshT1

-; Msh6_1
_ double mutant mice. In a similar manner, the 

microsatellite instability patterns were different. At an early age (7-8 months) the double null 

animals showed a higher percentage of mononucleotide (26.7%) and dinucleotide (50%) 

instabilities if compared to MshT1
- at two years of age (13.3% or 30%, respectively). Base on 

these results, Edelmann et al proposed that even if germline mutations do occur in humans the 
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relative late onset of tumors would make a difficult diagnostic. Nonetheless, their data supports a 

view in which Msh3 alongside Msh6 play important roles in the prevention of tumorigenesis. 

How these and the canonical roles of MMR factors are coordinated and regulated remain 

compelling questions to our basic understanding of disease prevention. 
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Role of MMR Proteins in Other DNA Metabolic Pathways 

The role of Msh2-Msh3 and Msh2-Msh6 is not limited to correcting replication errors. 

These complexes also mediate other genome stability responses such as heteroduplex rejection, 

DNA damage signaling and 3' non-homologous tail removal (3 'NHTR). The former occurs in a 

specialized form of double-strand break repair (DSBR), a sub-pathway known as single-strand 

annealing. Since one of the aims of this thesis is to further investigate the role ofMsh2-Msh3 

during 3 'NHTR, this section is dedicated to reviewing homologous recombination with an 

emphasis on single-strand annealing. 

Repair of a double strand break through homologous recombination 

Double strand breaks (DSBs) are the most deleterious forms of DNA damage. They are 

caused by exogenous or endogenous sources that often result in genetic rearrangements or cell 

death. In eukaryotes, two general strategies are employed to repair DSBs: non-homologous end 

joining (NHEJ) and homologous recombination (HR) (Reviewed in [392-395]). Whereas the 

former takes place by joining both non-homologous broken ends, the latter employs a 

homologous sequence or sister chromatid as the template to repair the break. 

HR is initiated by the 5 '-3' resection of one or two ends of the DSBs. In S. cerevisiae 

DNA resection is thought to be a two-step process [396, 397]. First, the helicase Sae2 (CtIP in 

mammals) and the protein complex Mrel 1/Rad50/Xrs2 (MRX [MRN in mammals]) catalyze the 

endonucleolytic removal of 50-100 nucleotides from the broken ends to yield a short 3' ssDNA 

overhang [392, 393, 396-398]. This is followed by extensive resection of the overhang, a process 

that requires the 5 '-3' exonuclease activity of Exo 1 or the cooperative work of the helicase

topoisomerase complex Sgsl-Top3-Rmil with the endonuclease activity ofDna2 [396,397, 

399-402]. Subsequently, RP A proteins coat the exposed ssDNA and promote binding of the 

41 



strand exchange facilitators Rad52 and Ddc2-Mecl (ATRIP in humans) [403]. Together these 

proteins mediate the signaling to prevent cell cycle progression ( A TR/Mee I -mediated 

checkpoint activation) and coordinate cellular responses for efficient DNA damage response 

[393,403]. 

Following the resection of the DSBs, HR can take place via three distinct mechanisms: 

single-strand annealing (SSA), break-induced replication (BIR), or gene conversion (GC) (Figure 

1.6) [392]. When a DSB occurs between direct repeats, repair predominantly proceeds through 

the SSA pathway [ 404, 405] (See additional details below and in Figure 1.6 A). However, when 

direct repeats are not available or are not in close proximity an alternative course is taken. Rad52 

stimulates the exchange of RP A proteins for the recombinase enzyme Rad51, which leads to the 

formation of terminal filaments that are capable of migrating in search of homology [ 406]. 

Rad51-ssDNA filaments, alongside protein partners Rad54, Rad55 and Rad57, catalyze strand 

invasion of nearby homologous sequences and, by displacing the non-complementary strand, 

form a displacement-loop (D-loop) intermediate [406,407] (Figure 1.6 Band C). The invader 

strand provides a 3'-OH end that is recognized and extended by the replication machinery [ 408-

411]. 

The D-loop can be resolved via a synthesis-dependent strand annealing (SDSA) or a 

double Holliday junction ( dHJ) resolution pathway [392]. During SDSA the invading strand is 

extended and eventually displaced and re-annealed to its original partner resulting in non

crossover events (Figure 1.6 B.1 ). In the dHJ model, a second capture of the invading strand 

results in the formation of dHJ (Figure 1.6 B.2) [412,413]. The resolution of the dHJ, which in 

budding yeast depends on endonucleolytic cleavage ofMus81-Mms4 (Mus81-Emel in human), 

Yenl (Genl) and Slxl-Slx4 (Btbd12/Slx4) [414-417], can lead to crossover or non-crossover 
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products. A third possible mechanism of repair arises when a single-ended break is generated; 

repair proceeds through the BIR (Figure 1.6 C) [392, 418]. In such instances, a strand invasion of 

a homologous chromosome occurs. The invading strand is believed to create a single replication 

fork, including the replication machinery that proceeds unidirectionally. It remains unclear how 

the resolution of BIR is conducted in vivo. However, two mechanisms are envisioned (Reviewed 

in [ 418]): (1) the strand entry site is cleaved by a dHJ resolvase while the invading strand is 

extended until the end of the chromosome. In such cases, the resulting chromatid might lose a 

portion of genetic information, a phenomenon called loss of heterozygosity. (2) Alternatively, 

the invading strand will be paired with its complementary strand while reaching towards the end 

of the chromosome. 

3' Non-homologous tail removal 

During SSA, the resected complementary regions can anneal giving rise to a DNA 

intermediate with a pair of 3' non-homologous tails (3'NHTs) (Figure 1.6 A). In order to resume 

DNA synthesis, which requires an annealed 3 '-OH group, the unannealed, non-homologous 

3' ssDNA tails must be removed. In S. cerevisiae, a structure-specific endonuclease Radl-Radl 0 

(ERCCl-XPF in mammals) catalyzes the removal of 3'NHTs [419-422]. Radl-RadlO associates, 

with a 1: 1 stoichiometry, to form a stable endonuclease heterodimer that possesses high affinity 

for ds/ss junctions with 3' ssDNA tails [ 422-425]. This enzyme cleaves 2-5 nt upstream of the 

junction leaving an available 3'-0H group for DNA polymerases to extend [422]. 

The endonucleolytic functions ofRadl-RadlO are also required in other repair pathways 

that include nucleotide excision repair (NER) [ 423, 426] and inter-strand crosslink repair (ICLR) 

[427,428] (see Appendix). In each repair context, Radl-RadlO is positioned onto the DNA 

lesion through physical interactions with protein partners: Rad14 in NER [426,429], Msh2-
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Msh3 and Sawl in 3'NHTR [421, 430-432]. Radl-RadlO recruitment to ICLR intermediates, 

and its functions at multiple steps in ICLR, depends on Rad14 for NER-like steps and Sawl for 

non-NER-like steps. 

Msh2-Msh3 is a facilitator of the endonuclease activity of Radl-RadlO during the SSA 

pathway [421]. Supporting this model Sugawara and coworkers determined that Msh2-Msh3's 

activity is required when the regions of homology are less than 1 kb [421]. Surtees and Alani, 

while studying the binding properties ofMsh2-Msh3 for branched DNA intermediates, showed 

that the complex binds and forms a nucleoprotein structure with both the ss/ds junctions of 3' 

and 5' ssDNA flap intermediates [433]. Based on these biochemical properties it was originally 

proposed that Msh2-Msh3 facilitates the cleavage by either binding to stabilize the 3 'NHTs or 

participating in the recruitment ofRadl-RadlO to the intermediate [421]. 

These models were modified after the Lee lab identified, in a microarray based-screen for 

SSA mutants, two additional genes involved in SSA: SAWJ and SLX4 [430]. To characterize the 

biological relevance of these proteins in the SSA pathway, they deleted these genes in S. 

cerevisiae and evaluated the survival of the strains to an HO endonuclease-induced DSB [ 430]. 

Strains depleted of either Slx4 or Sawl 's activity showed a reduced 3 'NHTR identical to a rad] 

null strain. Moreover, through ChIP analysis, they showed that the impairments seen in sawl.d 

strains were due to the lack ofrecruitment ofRadl-RadlO to the 3'NHTs. The Lee lab also 

evaluated the role of Slx4 in SSA. The SLX4 gene encodes for one of the subunits of the 

endonuclease complex Slxl-Slx4 [434]. In vitro evidence suggests that this complex cleaves 

branch intermediates at multiple sites with a preference for the 3' sides of a migratable region 

(such as the ones formed in dHJ) [434,435]. Furthermore, biochemical studies have shown that 

Slx4 interacts with Radl [436] and this interaction is important for Radl-RadlO's 
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endonucleolytic cleavage in both SSA and ICLR [ 436-438]. However, yeast strains that lack 

either SLXJ or SLX4 genes do not display any obvious growth or recombination defects [435]. 

Thus, the function of this complex and the role that Slx4 plays in SSA remains uncertain. One 

study has shown that DNA damage triggers the phosphorylation of Slx4 in a cell cycle

dependent manner [ 439]. These modifications are required for 3 'NHTR but the mechanistic 

details remain unclear. 

The results discussed above indicate that efficient 3 'NHTR requires the collaborative 

activities ofRadl-RadlO, Sawl, Msh2-Msh3, and Slx4. Several studies have reported indirect or 

direct interactions between these complexes, but there is a gap in our knowledge about how these 

proteins are coordinated to resolve 3'NHTs. We know that Radl-RadlO interacts directly with 

Sawl and this interaction is essential for the recruitment and activation ofRadl-RadlO onto 

3'NHTs intermediates in vivo [432]. Although Msh2-Msh3 interactions with the 3'ssDNA tails 

are independent from Radl-RadlO and Sawl [432,440], interactions between Msh2-Msh3, 

Radl-RadlO and Sawl have been reported [429,430,441] (Chapter 2). In addition to these 

physical interactions, RPA interacts with the XPF-ERCCl (human homolog ofRadl-RadlO), 

and this interaction is thought to be important in positioning and activating the complex during 

NER and ICLR [ 442-446]. Despite the known interactions and functions between these proteins, 

the mechanistic roles that each play during 3 'NHTR remains unclear. How are these proteins 

coordinated to the lesion? To address this question, we utilized a combination of genetic and 

biochemical assays to study 3 'NHTR in budding yeast. In Chapter 2 we discuss our findings 

and provide a model of how Sawl, Msh2-Msh3, RPA, Slx4, and Radl-RadlO are coordinated for 

efficient 3' NHTR. 

45 



(A) Single Strand 
3' 

Annealing 

!End Resection 

3' Cleavage of non
homologous tails ! 

Strand lnvas~ 

(B) Gene conversion (C) Break-Induced Replication 

1. Synthesis-Dependent Strand 2. Gene Conversion with Crossover 
Annealing 

___/ ;:::x__ ___/ ;:::x__ 

tStrand annealing 

Figure 1. 6 Homologous Recombination 
Repair of a double-strand break through homologous recombination is initiated by the 5'-3' 
resection of the ssDNA broken ends. (A) If the double strand break occurs between direct repeats 
(orange arrows) repair takes place via single-strand annealing. In this sub-pathway, the 
complementary resected ends are annealed to generate an intermediate with a pair of 3' non
homologous tails. Removal of the 3' tails results in loss of intervening sequences and restores the 
integrity of the double helix. Alternatively, the resected ends serve as a platform for the assembly 
of filaments that are capable of invading a homologous strand. The strand invasion can generate 
different fates: gene conversion and break-induce replication. (B.1) In the synthesis-dependent 
strand-annealing model of gene conversion, strand invasion is followed by its dissociation from 
the D-loop. The strand anneals back to its complementary DNA. (B.2) In a second model of gene 
conversion, the double Holliday junction model, a second capture of the invader strand at the D
loop results in the formation of a double Holliday junction (red triangles). The resolution of the 
Holliday junction might lead to a crossing over event. (C) Break-induced replication is initiated 
from a collapsed replication fork. A single resected strand invades a homologous chromatid 
sister and is prolonged until the end of the chromosome. 
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MMR Proteins as a Source for Genomic Instability 

MMR factors are vastly known for their supporting roles during DNA replication and 

recombination. Paradoxically, both of the eukaryotic heterodimers that initiate MMR are 

implicated in mutagenic processes. This section is focused on discussing the roles of Msh2-Msh6 

and Msh2-Msh3 in antibody diversification and trinucleotide repeat expansion, respectively. 

Somatic hypermutation and class switch recombination 

An essential component of the adaptive immune system in vertebrates is to produce a 

repertoire of antibodies to combat infections. Functional antibodies pass through two distinct 

processes: (1) class switch recombination (CSR), a process where B cells randomly rearrange 

genes to produce the different antibody isotypes; and (2) somatic hypermutation (SHM), in 

which point mutations are introduced to the variable regions of antibodies to enhance their 

antigen binding capabilities. These processes require the activation-induced cytidine deaminase 

(AID) to catalyze the transformation of cytosine to uracil. The removal of uracil residues relies 

on Msh2-Msh6, uracil-DNA glycosylase (UNG), apurinic-apyrimidinic endonuclease 2 (APE2), 

and a low fidelity translesion synthesis (TLS) polymerase [447-449]. 

Antibodies are comprised of heavy and light chains that are encoded by the variable (V), 

diversity (D) and joining (J) gene segments (commonly referred to as V(D)J). Antigen 

recognition by low-affinity antibodies (e.g. IgM) serves as a signal to activate the rearrangements 

of constant genes and produce one of three classes of high-affinity immunoglobulins (lg): IgG, 

IgA, and IgE. The mechanism behind these processes has been elucidated through the analysis of 

UNG, APE2, MSH6 and EXOJ mutants or knockout mouse models [ 450-455]. Mice lacking 

Msh2-Msh6 showed a decrease ofA ➔ T substitutions. Interestingly, other MMR factors were 

also examined for possible functions during CSR and SHM, yet only the genes corresponding to 
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Msh2-Msh6 and Exol showed defects in these processes [452-457]. Based on these observations 

and the known functions of these factors models for both CSR and SHM have been proposed. 

Model for CSR 

AID participates in antibody diversification by facilitating the formation of double-strand 

breaks to change antibody isotypes [ 458]. Switching junctions are typically situated in 

mutational hotspot zones, which are enriched with XGCX sequences (where X= A or T) [ 459, 

460]. AID targets these residues and catalyzes the deamination of the cytosine at both DNA 

strands [461]. The resulting embedded uracil residues are recognized and removed by UNG. This 

enzyme catalyzes the breakage of the glycosidic bond between the pyrimidine and purine 

deaminated bases, an intermediate with abasic sites is formed. APE2, an enzyme with 3 '-5' 

exonuclease and 3 '-phosphodiesterase activities [ 462], is recruited to process the abasic sites. 

Cleavage by APE2 of one or both strands is believed to stimulate recombination events that 

allow the CSR of antibodies. Alternatively, recognition of uracil by Msh2-Msh6 initiates faulty 

DNA repair, where the removal of the residue by Exo 1 results in a single or double strand break 

and thus, promotes CSR events. 

Model for SHM 

During SHM, AID deaminates cytosine residues located at variable regions with the 

purpose of increasing the affinity of antibodies for antigens. Since there is no evidence of Mlhl

PMS 1 or Mlhl-Mlh2 participation [452-457], binding ofMsh2-Msh6 to U ➔ G mismatches is 

thought to recruit an unknown endonuclease. Exo 1 is required to remove the uracil leaving a gap 

that is filled by a specialized error-prone polymerase. Polymerase eta (Pol 11) is part of the Y

family of translesion synthesis polymerases that aids replicative polymerases to surpass bulky 

DNA roadblocks (e.g. cyclobutane pyrimidine dimers). However, while replicating a non-
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mutated DNA template Pol 11 is prone to misincorporate G and A at higher frequencies than T or 

the correct base [ 463]. Consistent with the mutational spectrum found in Msh6 null mice, Pol 11-

deficient mice show a reduction of A ➔ T substitutions [ 464, 465]. In addition, roles in SHM for 

other TLS polymerases have also been considered. Studies in S. cerevisiae have shown that 

polymerase Revl bypasses abasic sites efficiently [ 466] but mice lacking BRCT, a domain from 

Revl important for protein-protein interactions, show no significant defects in SHM [ 467]. 

Likewise, high levels of TLS polymerase theta (Pol 8) and polymerase zeta (Pol ~) in lymphoid 

tissues ( e.g. the spleen and germinal centers) or B cells have provided circumstantial evidence 

for a role in SHM [ 468-4 70]. However, mice carrying a catalytically inactive Pol 8 show normal 

levels of A ➔ T substitutions and a decrease in G ➔ C substitutions [ 4 71], while a reduction of 

REV3 transcript (one of Pol ~•s subunits) in mice showed delays in the formation of high affinity 

antibodies due to a decrease in mutations in the V genes [470]. Therefore, these polymerases 

have a role in SHM, albeit in different ways, than Pol 11. 

Trinucleotide repeat expansion 

The genome of higher eukaryotic organisms contains an abundance of microsatellite 

sequences [211]. As discussed earlier in this Chapter, simple repetitive sequences represent a 

threat to normal DNA metabolic processes. First, polymerases have reduced proofreading 

activities while replicating repetitive runs and as a consequence, several stalling events can occur 

[212-215]. During these stabilizing interruptions, polymerase can disengage from the template 

and misalign. Second, with increased length, TNR regions can adopt non-B DNA forms that are 

bypassed by the replication and repair mechanisms [216,218,472]. A property unique to tandem 

repeat sequences is their tendency to be dynamic, whereby small increments and deletions ( also 

referred to as expansions and contractions) keep the repeat units within a threshold [473,474]. 
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Through mechanisms that have yet to be elucidated, but are known to be exacerbated by Msh3, 

this delicate expansion/contraction equilibrium is shifted towards expansions. When the 

repetitive tract unit located between coding or non-coding sequences reaches a number beyond 

the threshold it can have an impact on individual gene products. Therefore, it is not surprising 

that repeat instabilities are associated with the early onset of cancer and the progression of more 

than 40 different types of neuromuscular and neurodegenerative diseases, including Huntington's 

disease, Myotonic Dystrophy, Fragile X Syndrome, and Friedreich's Ataxia [475-479]. 

The exact mechanism behind TNR expansion remains poorly understood. Nevertheless, 

extensive work in the field has led to the conclusion that factors participating in normal DNA 

metabolic processes, such as DNA replication, repair, recombination, and transcription, are 

involved in TNR expansion [480-483] . In this section, I discuss the molecular mechanisms 

behind replication- and Msh2-Msh3-mediated TNR expansion. 

Replication-dependent model 

The main contributor of TNR expansions is currently believed to be polymerase slippage 

events that take place during normal DNA replication. While replicating repetitive tracts 

polymerases can momentarily pause and disengage from the DNA template [ 484-486]. An 

alternative version of polymerase uncoupling has been suggested to be driven by differences in 

processivity between the CMG helicase and polymerase while replicating repetitive sequences 

[ 487]. When a replicative polymerase is disengaged from the replisome, the unwound ssDNA is 

given the opportunity to interact with adjacent complementary sequences, a process that occurs 

faster than the binding kinetics of single-stranded binding proteins [ 488]. Depending on their 

sequence complementarity and length, these sequences can give rise to alternative DNA 

structures such as cruciforms, hairpins or stem-loops [218]. Undetected hairpin structures are 
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presumably the culprit in mediating insertions and deletions in repetitive tracts sequences 

(Figure 1. 7). lfthe secondary structure is formed on the template strand (Figure 1. 7A), 

polymerase misaligns and resumes copying at the locus, but it does so by bypassing the un

replicated loop. In this case, the newly synthesized heteroduplex will contain one normal and one 

contracted strand at the end of the first round of replication. In a subsequent round of replication, 

the contracted strand yields DNA molecules with a shorter TNR tract. In contrast, when the 

secondary structure is formed in the nascent strand, the following rounds of replication will 

result in an expanded portion of the TNR tract (Figure 1. 7 B). 

Some replication models have also suggested that the lagging strand, due to its 

discontinuous replication, might be more prone to the formation of secondary structures [ 481]. 

According to these models, while undergoing strand-displacement synthesis of tandem repeats, a 

slippage event might allow the formation of alternative non-B structures in the ssDNA flap 

intermediate. Sequences that form secondary structures represent a barrier to DNA replication; 

they prevent the processing of 5' flap structures by inhibiting Fenl 's activity [129, 156,489, 

490]. Consistent with this hypothesis, other mutational studies have shown that loss of Fenl in S. 

cerevisiae confers a signature mutation spectrum of duplications [ 491] and an increase in the 

instability of the repeat tracts [ 492-495]. These results support a view were TNR expansions 

occur during 5' flap processing but are dependent on the length of the flap. Since short flaps are 

the predominant intermediate formed during lagging strand synthesis [135], factors that promote 

the stability of secondary structures, increase strand-displacement synthesis or lengthen the flap 

are of interest for further characterization of TNR expansion events. 

Although these polymerase slippage TNR models describe how normal DNA metabolism 

gives rise to secondary structures, they fail to explain other aspects of microsatellite instabilities. 
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For instance, according to the replication-dependent model, all repetitive sequences should be 

prone to expansions and contractions. However, of all the multiple combinations that can be 

obtained by rearranging the genetic alphabet, only a subset of tandem repeats are capable of 

expanding, including CTG/CAG, CGG/CCG, GAA/TTC, GAC/GTC, GCG/CGC, 

CCTG/CAGG, ATTCT/AGAAT, TGGAA/ACCTT, GGCCTG/CCGGAC, 

GGGGCC/GGCCCC and CCCCGCGCGCGCGCG/GGGGCGCGCGCGCGC [ 496, 497]. This 

phenomenon can be explained by the kinetics of secondary structures. Paiva et al. determined the 

stability differences between synthetic repetitive tracts in varying lengths [ 488]. Repetitive tracts 

that are associated with the development of disease showed thermodynamic properties that are 

dependent on both length and sequence context. Moreover, they determined that hairpin 

formation in TNR has a sequence stability order of CGG > CTG > CAG > CCG and a length 

dependence of 12 < 45 nucleotides. 
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Figure 1. 7 Polymerase Slippage Results in TNR Instability 

Polymerase slippage events are predicted to increase or decrease the number of TNR by two 
non-exclusive mechanisms: (A) While replicating DNA stalling events lead to polymerase 
dissociation from the template. Secondary structures, such as hairpins, can form due to the 
intrinsic complementary of TNR sequences (here showing CAG). When a hairpin is formed in 
the parental template the misalignment of the template can result in the bypass of a portion of the 
TNR sequence ( deletion, represented by the brackets). In the second round of replication, the 
recombinant strand will be used as a template to yield molecules bearing a deletion of the TNR 
sequence. (B) Polymerase slippage events can also yield expanded DNA products. Hairpins can 
also be formed in the nascent strand; as a consequence polymerase can misalign at a location that 
has already been replicated. Recombinant strands with an expanded TNR tract are used as 
template in subsequent rounds of replication resulting in the fixing of an expanded product. 
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Msh2-Msh3-dependent model 

The unusual structures that repetitive sequences adopt can cause disturbances to the 

double helix and thus, makes them potential targets for DNA repair. As opposed to regular 

mismatched loops, TNR secondary structures be stabilized by H-bonding and base pair stacking 

interactions due to sequence complementarity. Given the binding affinities for loop structures 

and the role ofMsh2-Msh3 in genomic stability processes, one might have expected TNR 

hairpins to be removed by the MMR pathway. Unexpectedly, early studies utilizing mouse 

models of Huntington disease showed reduced(CAG)n repeats in MshT1- when compared to 

Msh2+/+ mice [ 498]. Later reports provided evidence of a direct role of the MMR recognition 

protein Msh2-Msh3, but not Msh2-Msh6 in TNR expansion [499, 500]. 

Over two decades of additional research have brought new insights into this Msh2-Msh3-

mediated genome instability, some of which are still controversial. The general beliefremains 

that DNA polymerase slippage events during replication are the primary cause of TNR 

expansion. However, this model has been adapted to fit recent reports. Msh2-Msh3 has binding 

affinity for the ss/ds junctions of 5' flap intermediates that occur during Okazaki fragment 

maturation (Figure 1. 3) [433,501]. In vitro analysis of this binding property showed that Msh2-

Msh3 interferes with 5' flap processing by competing with Fenl for binding to the intermediate 

[501]. Moreover, flaps bearing either a CTG or CAG repeat showed incremental expansions in 

the presence ofMsh2-Msh3 [501]. These results are consistent with the idea that TNR 

expansions are caused by aberrant 5' flap processing during lagging strand synthesis. 

Additional biochemical analyses have shown that Msh2-Msh3 binds to CAG/CTG 

hairpin structures [502]. As discussed earlier, the crystal structure of Msh2-Msh3 with a large 

DNA loop (> 3 nt) but not smaller substrates showed additional contacts with the DNA via Msh2 
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monomer [316]. Given that the transmitter domains connect the MBD and ATPase activity, it 

seems plausible that the binding of specific substrate results in an altered nucleotide occupancy 

cycle that promotes a non-MMR cascade (Figure 1. 5B). To test this hypothesis the McMurray 

lab evaluated the occupancy states ofMsh2-Msh3 while bound to a CAG hairpin [502]. Msh2-

Msh3 showed altered binding and ATPase activities when bound to a CAG secondary structure 

compared with a loop substrate. Based on these results they proposed a TNR expansion model in 

which the binding of Msh2-Msh3 to a slippage structure causes changes in nucleotide affinity, 

and that those changes either inhibit normal MMR or promote a non-MMR signaling cascade. In 

agreement with this model, recent studies have reported a novel physical interaction between 

Msh2-Msh3 and DNA polymerase beta (Pol~) that results in TNR expansions [503, 504]. Pol~ 

is known for its role in catalyzing the removal of the 5 '-sugar phosphate intermediates that are 

generated during the repair of methylating and oxidizing DNA damage, a DNA repair pathway 

known as base excision repair. 

Alternatively, slippage structure recognition by Msh2-Msh3 might be followed by an 

aberrant activation of the latent endonuclease in Mlh complexes. To examine the biological 

relevance ofMsh2-Msh3 binding to TNR tracts, Gomes-Pereira et al. examined the expansion of 

CAG/CTG repeats in mice that were lacking Pms2 [505]. A 50% reduction in expansion of a 

CAG/CTG repeats tract was observed. Other studies utilizing MLHJ and MLH3 defective 

Huntington's disease transgenic mice reported a similar reduction in TNR expansion suggesting 

that these genes might contribute to pathogenesis [506]. Of particular interest to this discussion is 

that this study, alongside those of other researchers, has implicated altered MMR protein levels 

as a possible driving force of genomic instability (Chapter 3) [506-510]. 
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Differential ratios and expression levels of Msh complexes 

MMR complexes are differentially expressed in human tissues, including cancerous 

tumors [511-513]. To elucidate the stoichiometry of complex formation, Drummond and 

colleagues studied nuclear cell extracts from various human cancer cell lines [ 514]. Using a rapid 

fractionation protocol followed by chromatography, Drummond et al. first isolated both Msh2-

Msh3 and Msh2-Msh6 and subsequently separated the complexes into their heterodimeric 

subunits. Analysis of the fractions indicated that both Msh3 and Msh6 interact with Msh2 in a 

1: 1 stoichiometric ratio but the relative ratios of complex formation are asymmetrical. They 

found that Msh2 has a bias towards forming a heterodimer complex with Msh6 (75-90%) rather 

than with Msh3 (10-15%). 

An imbalance in the relative protein ratios can generate MMR deficiency-like 

phenotypes. For instance, when Msh3 is overexpressed the ratio of complex formation is shifted 

towards Msh2-Msh3 and results in a strong base/base mutator phenotype, presumably caused by 

the depletion of Msh2-Msh6 [514, 515]. Relatedly, it has been proposed that overexpression of 

Msh6 might result in a reduction ofMsh2-Msh3 complexes and a less dramatic mutator 

phenotype caused by the lack oflDLs repair; this remains to be tested in human cells. In S. 

cerevisiae up-regulation of Msh2-Msh6 is associated with genomic instabilities such as increased 

mutation rates, higher recombination frequency, sensitivity to DNA damaging agents and loss of 

heterozygosity [ 511, 516]. 

Several studies have reported that cancer tissues show altered expression levels of several 

MMR factors [ 511, 517-522]. A plausible explanation for this phenomenon is that MMR factors 

are expressed at higher levels due to the rapid accumulation of mutations in actively proliferating 

tumor cells. However, we cannot disregard that high expression ofMMR proteins is linked to 
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more aggressive malignant tumors, low survival and early recurrence [ 517-521]. Therefore, it 

has been suggested that elevated MMR factors might have a role in the development of genomic 

instabilities that drive primary tumor formation and carcinogenesis [511] . 

Msh3 polymorphisms are also associated with an increase in protein levels that lead to 

TNR instabilities in Huntington's disease mouse models [510]. Moreover, recent studies from 

the Lahue laboratory have utilized human MshT1
- cells to selectively add plasmids expressing 

MSH3 at various levels [507]. Using this system, Keogh et al. showed that a 1.7x higher 

expression of MSH3 over wild-type levels had a significant increase in TNR expansions, but not 

contractions. Furthermore, a msh3 mutant impaired for ATPase activity showed expansions that 

resembled a MSH3 null. Collectively, these observations suggest that polymorphisms within the 

MSH3 gene have the potential to cause differential expression patterns that drive TNR expansion 

in an ATP-dependent manner. In agreement with this prediction, a polymorphism in human 

Msh3 (Rs26279), located in the ATPase domain ofMsh3, is correlated with TNR instabilities 

observed in Myotonic dystrophy type 1 [523]. However, when Keogh et al. created the 

equivalent variant in MshT1
- cell background, which retain protein levels slightly reduced when 

compared to wild-type, results showed no statistically significant differences in expansion 

frequency when compared to a Msh3+/+ control [507]. This inconsistency between reports might 

be due to tissue-specific variations between human leukocytes [523] and SVG-A astrocytic cells 

[507]. Therefore, additional studies are needed to define the implications of highly expressed 

MMR and to identify any other specific mutator phenotypes that so far have escaped our 

attention. 
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Thesis Rationale 

The multifaceted role ofMsh2-Msh3 as a sensor of structurally distinct DNA molecules 

poses two important questions: how does Msh2-Msh3 determine the pathway of choice, and how 

are these activities regulated to prevent interference with normal DNA metabolic processes? 

Msh2-Msh3 binds to a wide range of DNA lesions that include branched intermediates with 3' or 

5' ss/ds DNA flaps [433,501]. Whereas the binding to 3' ssDNA leads to repair in the SSA sub

pathway, in vitro evidence suggest that Msh2-Msh3 binding to 5' flap structures not only 

interferes with the normal processing of the intermediate by Fenl and Ligl, but binding is the 

mediator of introducing small expansions in a TNR sequence context [ 501]. Current evidence 

suggests that structural differences between canonical and non-canonical substrates might confer 

unique changes between the MBD and the ATPase domains ofMsh2-Msh3 and, hence dictate 

the downstream interactions with protein partners. Our basic understanding of this coordination 

is still under extensive research. Nevertheless, deciphering the mechanisms that are activated 

when Msh complexes act on canonical and non-canonical MMR structures remains a pressing 

need to fully understand the molecular processes behind pathway selection and outcome. 

The current study was undertaken to examine the roles ofMsh2-Msh3 in distinct 

metabolic processes that lead to either genome stability or instability outcome. First, I focus my 

efforts on determining how Msh2-Msh3 facilitates the removal of 3 'NHTs. In Chapter 2, I 

contributed to the examination of how proper interactions among Msh2-Msh3, Radl-RadlO, 

Sawl and RPA are critical for the removal of recombination intermediates with 3' non

homologous tails. Based on our results we propose a model for how Sawl, Msh2-Msh3, RPA, 

and Radl-RadlO are coordinated for efficient 3' NHTR. Specifically, when protein-protein 

interactions among the proteins were altered, either enhanced or decreased, in the presence of a 
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separation-of-function rad] allele 3 'NHTR was disrupted. These disruptions compromised 

recruitment ofRadl-RadlO to the recombination intermediate and may also have affected its 

catalytic activity. Importantly, these data indicate a direct role for Msh2-Msh3 in coordinating 

the steps of this pathway, possibly including hand-off to the Radl-RadlO-Sawl complex. In 

Chapter 3 I focus on determining how complex abundance and ATPase activities are key drivers 

ofMsh2-Msh3-mediated genomic instability by interfering with 5' flap intermediates in vivo. In 

particular, I showed that upregulation of Msh2-Msh3 levels caused sensitivity to alkylation DNA 

damage, an accumulation of cells in S phase and as a consequence fork progression stress. These 

defects were ameliorated when ATPase binding and hydrolysis functions were compromised or 

when Mlhl or Elgl were deleted, suggesting a role of additional Msh2-Msh3 of protein partners 

in genomic instability. Together these studies provide a deeper picture of the complexity of 

replication fidelity, genome stability and the requirement for a delicate balance in these Msh2-

Msh3-mediated pathways. 
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Chapter 2: Coordination of Radl-RadlO Interactions with Msh2-

Msh3, Sawl and RPA is Essential for Functional 3' Non

Homologous Tail Removal 

This work is published as part of"Eichmiller, R.*; Medina-Rivera, M.*; DeSanto, R.; Minca, E.; 

Kim, C.; Holland, C.; Seol, J. H.; Schmit, M.; Oramus, D.; Smith, J.; Gallardo, I. F.; Finkelstein, 

I. J.; Lee, S. E.; Surtees, J. A., Coordination of Radl-RadlO interactions with Msh2 -Msh3, 

Sawl and RP A is essential for functional 3' non-homologous tail removal. Nucleic Acids 

Research 2018, 46 (10). https://doi.org/10.1093/nar/gky254" 

*Joint First Authors 

Contribution: I performed SSA assays illustrated in Figure 2.2 E and Figure 2.8 D; UV 

sensitivity assays in Supplementary Figures S. 5 and S. 7; Western blots in Figure 2. 8 A; and 

protein aggregation analysis in Supplementary Figure S. 4. In addition, I purified R/radl-RadlO 

protein complexes and performed in vitro experiments to evaluate binding and endonuclease 

activities in presence or absence of RP A (Figure 2. 11). 

60 

https://doi.org/10.1093/nar/gky254


Abstract 

Double strand DNA break repair (DSBR) comprises multiple pathways. A subset of 

DSBR pathways, including single strand annealing, involve intermediates with 3' non

homologous tails that must be removed to complete repair. In Saccharomyces cerevisiae, Radl -

Radl O is the structure-specific endonuclease that cleaves the tails in 3' non-homologous tail 

removal (3 'NHTR). Radl -Radl O is also an essential component of the nucleotide excision repair 

(NER) pathway. In both cases, Radl -Radl O requires protein partners for recruitment to the 

relevant DNA intermediate. Msh2 -Msh3 and Sawl recruit Radl-RadlO in 3'NHTR; Rad14 

recruits Radl -Radl O in NER. We created two radl separation-of-function alleles, 

rad1R203A,K205A and rad1R218A; both are defective in 3'NHTR but functional in NER. In 

vitro, rad1R203A,K205A was impaired at multiple steps in 3'NHTR. The rad1R218A in vivo 

phenotype resembles that ofmsh2- or msh3-deleted cells; recruitment of rad1R218A-Rad10 to 

recombination intermediates is defective. Interactions among rad1R218A-Rad10 and Msh2-

Msh3 and Sawl are altered and rad1R218A-Rad10 interactions with RPA are compromised. We 

propose a model in which Radl-Radl O is recruited and positioned at the recombination 

intermediate through interactions, between Sawl and DNA, Radl -RadlO and Msh2 -Msh3, 

Sawl and Msh2 -Msh3 and Radl -RadlO and RPA. When any of these interactions is altered, 

3 'NHTR is impaired. 
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Introduction 

Endogenous and exogenous DNA damage is a constant threat to genome stability. As a 

result, many distinct DNA repair pathways have evolved to cope with a wide variety of DNA 

lesions, from replication errors ( e.g. mismatch repair; MMR) to UV lesions ( e.g. nucleotide 

excision repair; NER) to double-strand DNA breaks (e.g. homologous recombination; HR) [524]. 

In addition to these apparently discrete pathways, components of different pathways will 

cooperate to allow repair of a broader range of lesions, such as DNA interstrand cross-links 

(interstrand cross-link repair; ICLR) [525]. The Saccharomyces cerevisiae structure-specific 

endonuclease Radl-RadlO (XPF-ERCCl in mammalian cells) is involved in several distinct 

DNA repair pathways, including NER, ICLR and specialized forms of HR that involves 3' non

homologous tail removal (3'NHTR) [392,405,525,526]. The regulation ofRadl-RadlO 

recruitment to these distinct DNA lesions (and subsequent activation of its endonuclease activity) 

is a critical factor in ensuring appropriate DNA repair pathway selection. 

In NER, Rad14 interacts with Radl-RadlO; this interaction is essential for recruitment of 

Radl-RadlO to NER lesions [ 426]. Radl-RadlO has specificity for double-strand/single-strand 

DNA (ds/ssDNA) junctions with 3' ssDNA [422, 527] and is therefore recruited to the 5' side of 

the bubble substrate generated around the lesion by other NER factors. Radl-Radl O then cleaves 

the DNA 2-5 deoxyribonucleotides upstream of the ds/ssDNAjunction [527]; Rad2 cleaves on 

the other side of the bubble. The intervening sequence is removed and new DNA is synthesized 

to fill in the gap [ 526]. 

In a subset of double-strand break repair (DSBR) pathways, such as single-strand 

annealing (SSA) and some instances of gene conversion, a recombination intermediate is formed 

in which there is unannealed 3' ssDNA tails (3' non-homologous tails; 3' NHTs). These tails 
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must be removed, through 3' NHTR, because DNA polymerases cannot use an unannealed 3'OH 

group to prime DNA synthesis to complete repair [392, 405]. Radl-RadlO is required to cleave 

the 3'NHTs [419,420] and Radl-RadlO recruitment to recombination intermediates is 

dependent on both Sawl and the MMR recognition complex Msh2-Msh3 [430,432]. Sawl 

interacts directly with Radl-Radl 0, stimulates its endonuclease activity and the interaction is 

required for localization ofRadl-RadlO to the DNA substrate in vivo [432]. This indicates a 

direct role for Sawl in bringing Radl-RadlO to the recombination intermediate. 

Msh2-Msh3 is also required for recruitment ofRadl-RadlO, but in contrast to Sawl, it 

has been proposed to play a more indirect role, by stabilizing the recombination intermediate 

through its interactions with the DNA, thereby making it possible for Radl-Radl 0 to locate the 

structure [421,432]. Msh2-Msh3 is a structure-specific DNA-binding protein. In MMR it 

recognizes and binds insertion/deletion loops (IDLs) [265, 433, 528], preferentially binding the 

5' side of the IDL [316,433]. Msh2-Msh3 also binds the ds/ssDNAjunction formed in 3' NHTR 

[433,529]. Msh2-Msh3 ATP binding and hydrolysis is affected by the DNA substrate to which 

it is bound, with higher nucleotide turnover observed in the presence of 3' ssDNA flap substrates 

[335]. How this impacts 3' NHTR remains unclear, but mutations in the Walker A motif of either 

Msh2 or Msh3 impair 3' NHTR [333, 530]. 

Msh2-Msh3 localization to the recombination intermediate in the chromosome is largely 

dependent on RAD52 in vivo [ 432], presumably because the DSB is not processed properly in its 

absence. RAD52 is not required for Msh2 recruitment in a plasmid-based system [529]. No other 

proteins have been implicated in Msh2-Msh3 recruitment, although the complex does interact 

with RPA [531], which could facilitate Msh2-Msh3 binding following the generation of 3' 

ssDNA flaps to which RP A would bind. Msh2-Msh3 binding to the recombination intermediate 
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is independent ofRadl-RadlO and Sawl [432]. Binding ofMsh2-Msh3 to these junctions is 

proposed to promote double-strand break repair through recombination in the presence of 

homologous sequences, but to allow unwinding of intermediates with homologous sequences, 

i.e. heteroduplex rejection [516,532]. Interactions between Radl-RadlO and Msh2-Msh3 have 

been demonstrated by yeast two-hybrid analysis and co-immunoprecipitation experiments using 

yeast cell extracts [ 429] and were proposed to aid recruitment of Radl-RadlO, although it is not 

clear whether these interactions are direct. 

Sawl and Msh2-Msh3 have also been shown to interact with each other in co

immunoprecipitation experiments using cell lysates, [ 430], although these are not necessarily 

direct physical interactions. In vitro transcription-translation experiments indicated a direct 

interaction between Sawl and Msh2 alone, supporting the idea of a direct interaction with 

Msh2-Msh3 [ 430]. Importantly, Sawl also has structure-specific DNA-binding activity with a 

preference for DNA substrates with 3' ssDNA tails [432]. Therefore, Radl-RadlO, Msh2-Msh3 

and Saw 1 have all been shown to interact with one another ( directly or indirectly) and they all 

bind similar DNA substrates, with specificity for ds/ssDNAjunctions with 3' ssDNA tails. The 

single-stranded DNA binding protein complex RP A has also been implicated in positioning 

XPF-ERCCl, the human homolog ofRadl-RadlO, on specific DNA substrates in NER and 

ICLR [ 442-446]. These observations suggest the possibility of competition and/or cooperation 

among these proteins in initiating 3 'NHTR, in which case the regulation and coordination of 

these interactions would be critical in ensuring proper function in 3' NHTR. 

In an attempt to understand the regulation ofRadl-Radl0 recruitment to 3' NHTR 

intermediates, thereby initiating removal of the 3' ssDNA tails, we focused on the N-terminal 

region ofRadl. Although the C-terminal portion ofRadl (and the mammalian homolog XPF) 
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has been well-characterized [426,432, 533-537], relatively little is known about the function of 

the N-terminal half ofRadl. One study demonstrated that the N-terminal 378 residues ofXPF, 

the mammalian homolog of Rad1, retained non-specific DNA-binding activity [538]. This region 

has been implicated in structure-specific recognition and its loss abrogated XPF-ERCCl 

endonuclease activity in vitro [539]. Point mutations in this region ofXenopus XPF exhibited 

defects in positioning on ICLR substrates; analogous mutations have been identified in human 

Fanconi anemia patients [436]. We mutated a series of conserved residues in the N-terminal 

portion of Rad I upstream of previously characterized alleles and identified two separation-of

function mutants that were functional for NER but defective in 3' NHTR. Our analysis of these 

mutations in vivo and in vitro indicate that the radl mutant proteins are compromised in the 

regulation of protein-protein interactions among Radl-RadlO, Msh2-Msh3, Sawl and RPA, 

thereby abrogating 3' NHTR function 

Materials and Methods 

Plasmids and yeast strain construction 

All yeast transformations were performed using the lithium acetate method [540]. All 

plasmids, strains oligonucleotides are listed in Supplementary Tables S 1-S3. 

Both low and high copy number RADJ plasmids were constructed. For both, the RAD] 

gene was amplified from genomic DNA (isolated from FY23) and included 500 base pairs 

upstream to encode the endogenous RADJ promoter. Xhol and BamHI sites were engineered at 

the upstream and downstream ends of the PCR product, respectively, to allow cloning into 

pRS414 (ARS CEN plasmid-low copy) to generate pJAS33 and into pRS424 (2µ plasmid

high copy) to generate pRDl (Supplementary Table SI). Both plasmids carry 

the TRP 1 nutritional marker. The PCR fragment was confirmed by DNA sequencing. 
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The rad] alleles were made by PCR-based site-directed mutagenesis (oligonucleotides used are 

listed in Supplementary Table S2), confirmed by DNA sequencing and sub-cloned into pRDl. 

For overexpression of the rad] alleles in Escherichia coli, a Bsu36I-M/,ul fragment containing 

each allele was sub-cloned into pJAS21 [ 432], a pET15-based plasmid that co-overexpresses 

His-Radl and untagged Radl 0, each behind their own T7 promoter. The plasmids 

carrying rad] alleles are listed in Supplementary Table S 1. 

The MSH2 and MSH3 overexpression plasmids (pMMR8 and pMMR20, respectively) 

have been described previously [271], as has the msh3KKAA overexpression plasmid [325]. An 

empty vector (pJAS104) was derived from pMMR20 and used as a negative control in SSA 

assays. To create this plasmid, pMMR20 was digested with Bglll and Sall to remove MSH3. The 

ends were blunted by treatment with mung bean nuclease and then ligated with T4 DNA ligase 

(all cloning enzymes were from NEB). 

SSA strains containing radl-3HA and rad1D825A-3HA were made previously as 

described in [430]. EAY1141 and YMV80 were transformed with a PCR product of rad1R218A-

3HA linked to the KANMX marker. 

Double strand break survival and mating type switching assay 

EAYl 115 encodes a double non-homology at the MAT locus and carries a galactose

inducible HO endonuclease that creates a DSB at the MAT locus [405]. This strain was 

transformed with low copy plasmids expressing RAD1 or rad] alleles and the efficiency of 

DSBR was assayed as described previously [541]. Briefly, cultures were grown to mid-log phase 

in synthetic complete media lacking tryptophan (SC-trp) in the presence of lactate as carbon 

source. DSBs were induced by the addition of galactose for 30 min. Cultures were washed, 

diluted and plated onto SC-trp plates. After incubation at 30°C for 3 days, percentage survival 
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was calculated as the ratio of number of colonies that grew following DSB induction relative to 

un-induced control. At least two independent transformants of EAYl 115 were tested for 

each rad] allele and each set was tested in triplicate. To determine mating type switching, 10-30 

individual colonies that survived DSB induction, from each transformant, were mated with FY23 

(MATa) and FY86 (MATa) on YPD and replica plated on synthetic minimal media lacking lysine 

and leucine to select for diploids. Those cells that were able to mate with FY23 (MATa) had 

switched from MATa to MATa following induction of the DSB and were therefore competent for 

DSBR. 

UV survival assays 

A radlil::KANMXwas made in Saccharomyces cerevisiae FY23. The strain was then 

transformed with high copy plasmids containing RAD 1 or the rad] alleles as well as an empty 

vector. A single colony was used to start an overnight in synthetic minimal media lacking 

tryptophan (SC -trp). The overnight was grown to saturation -12-16 h. For the qualitative 

assays, the overnight was diluted 1 in 10 and the OD6oo was determined. The OD6oo of all strains 

was made equal before starting serial dilutions. Ten microliter each of the undiluted and 10-1
, 

10-2
, 10-3

, 10-4 and 10-5 dilutions were spotted on SC -trp plates. The plates were exposed to 0, 

15 and 45 s of UV at 1 J/m2/s. Immediately after UV exposure, the plates were wrapped in foil 

and placed in a 30°C incubator for 4 days. The plates were imaged using Gel Doc (Bio Rad). For 

the assay shown, radlil, RADJ and the rad] alleles were all tested side by side on the same day. 

For the quantitative assays, cells were diluted and plated on SC -trp. For the radlil, cells were 

exposed to 0, 3, 6, 9, 15 and 30 J/m2
• All other strains were exposed to 0, 15, 30 and 45 J/m2

• 

Immediately after exposure, the plates were wrapped in foil and placed in a 30°C incubator for 

4 days. Percent survival was calculated as the ratio of the number of colonies that grew following 
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UV exposure relative to the unexposed cells. At least two independent transformants of FY23 

were tested for each rad] allele and each set was tested in triplicate. 

ICLR survival assays 

In these assays, the strains tested were the same as those used in the UV survival assays. 

The method was the same as for the quantitative UV survival assays except that the cells were 

plated on SC -trp + nitrogen mustard (HN2) or cisplatin. The concentrations used are indicated in 

the figure. DMSO was used as the control for the cisplatin assay and deionized H20 was used as 

the control for the HN2 assay. For the assay shown, radlil, RAD] and the rad] alleles were all 

tested side by side on the same day for the HN2 and cisplatin assays respectively. 

DNA substrates and protein purification 

DNA substrates were made as described previously [433]. The substrates used in this 

paper were the splayed Y (LS1/LS3) and 3' flap (LS1/LS3/LS16), representing model 3' NHTR 

DNA intermediates. 

Purification of 6XHis-Sawl, His-Radl-Radl Oand His-Radl-Radl 0/Sawl complexes 

was performed as described previously [ 432] with one alteration. In all cases, the lysates were 

cleared in an Ultracentrifuge (Beckman Coulter) at 95,000 x g for 1 h. The higher speed and 

additional time further cleared the sample and the gel filtration elution profiles were slightly 

changed although higher molecular weight fractions containing His-Radl, RadlO and Sawl 

were still observed. Purification of the radl mutant complexes were performed using the same 

procedure. 

Yeast Msh2-Msh3 was purified as described previously [335]. 

Yeast RPA was purified as described previously [542]. 
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RadlO antibody 

His-Radl0 protein was overexpressed from pJAS19 in Escherichia coli. His-Radl0 was 

purified using nickel affinity resin, as described for His-Radl-Radl 0, and eluted with 200 mM 

imidazole. The Radl 0 was injected into rabbits to generate antibodies. The antibody was tested 

for specificity, and compared with the pre-immune bleed, with cell lysates and purified proteins 

(data not shown). 

Gel mobility shift assays 

Gel mobility shift assays were performed with His-Radl /radlR203A,K205A/radlR218A 

-Rad10, as previously described [ 432]. Briefly, reactions (10 µ1) were performed in 50 mM Tris

HCl (pH 8.0), 5 mM DTT with 0.1 pmol end-labeled DNA substrates. Purified protein was 

incubated with the substrate in the absence of magnesium and in the presence of EDTA, to 

prevent any endonuclease activity. The reactions were electrophoresed through a 4% native 0.5 x 

TBE gel at 130 V for 45 min. The gels were dried and exposed to Phosphorlmager screen 

(Molecular Dynamics) and quantified by ImageQuant (GE). All of the shifted material within the 

lanes was quantified as 'bound' in these experiments, rather than a discrete product. 

Endonuclease assays 

Endonuclease assays were performed with His-Radl/radlR203A,K205A/radlR218A

Rad10 as described previously [ 432]. 

To test the effect ofRPA on endonuclease activity, reactions were performed in RPA 

binding buffer (40 mM HEPES-KOH, pH 7.5, 75 mM KCl, 5 mM MgCh, 1 mM DTT, 5% 

glycerol and 100 µg/ml BSA). Yeast RP A (80 nM) was pre-incubated with the 3' flap substrate 

for 10 min at 30°C. Radl-RadlO, rad1E349K-Rad10 or rad1E706K-Rad10 (200 nM) were then 

added and reaction mixtures were incubated at 30°C for 1 h. Reactions were deproteinized by the 
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addition of lO0µg Proteinase Kand 0.1 % SDS. After a 15 min incubation at 30°C, the reactions 

were loaded onto 10% native acrylamide gel and electrophoresed at 250 V in 1 x TBE, for 45 

min. The gels were dried and then exposed to a Phospholmager screen. Quantification of 

cleavage products was carried out using ImageQuant (GE). 

SSA assays 

EAY1141 contains two 205 bp URA repeats separated by 2.6 kb containing an HO 

recognition sequence [543]. YMV80 contains two 1.3 kb leu2 repeats separated by 25 kb 

containing an HO recognition site [ 544]. EAYl 141 and YMV80 with various iterations were 

tested. Plasmids and strains used are outlined in Supplementary Tables S2 and S3, respectively. 

Cultures were grown to mid-log phase in SC in the presence oflactate as carbon source. DSBs 

were induced by the addition of galactose for 5 h. Glucose was added to stop the induction and 

cells were diluted and plated on SC plates. Assays with strains containing plasmids used the 

appropriate SC-amino acid(s) media and plates. After incubation at 30°C for 4 days, percent 

survival was calculated as the ratio of number of colonies that grew following DSB induction 

relative to the un-induced control. At least two independent transformants ofEAYl 141 and 

YMV80 were tested for each rad] allele and each set was tested in triplicate. 

Western blotting 

To detect the levels ofRadl and rad1R218A, cells containing RADJ::3XHA, radl::3XHA 

or radlil integrated at the endogenous RAD I locus were grown to mid-log phase. Cells were 

harvested by centrifugation and resuspended in IPP150 (10 mM Tris-HCl pH 8.0, 150 mM 

NaCl, 0.1 % NP-40). The cell pellets were flash frozen in liquid nitrogen and stored -80°C. Cells 

were ground with dry ice and thawed on ice with the addition of Protease Cocktail Inhibitor Set I 

(Calbiochem) and PMSF at a final concentration of 1 mM. Lysates were cleared by 
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centrifugation at 95 000 x g at 4°C for 1 h. Equivalent amounts of protein (500 µg) from each 

lysate were incubated on ice for 20 min and then incubated with a-HA antibody at 4°C for 1 h, 

with shaking. A 50% slurry of Protein A/G-Agarose beads (Pierce) was added and reactions 

were incubated overnight with rocking at 4 °C. The beads were incubated on ice for 10 min and 

then collected by centrifugation. The beads were washed three times with ice-cold IP buffer (50 

mM HEPES, pH 7.5, 1 mM EDTA, 1% Triton X, 0.1 % NaDOC). Beads were resuspended in Ix 

Laemmli buffer (62.5 mM Tris-HCl pH 6.8, 2% SDS, 10% glycerol, 5% ~-mercaptoethanol, 

0.025% bromophenol blue) and heated to 95°C for 8 min. DTT was added to each reaction to a 

final concentration of 5 µM. The immunoprecipitated material was separated by electrophoresis 

through an 8% SDS polyacrylamide gel and then transferred to nitrocellulose. The membrane 

was blocked with 10% milk in TBS-T (20 mM Tris-HCl, 137 mM NaCl, 0.1 % Tween 20) for 1 

h. After several washes with 1x TBS-T the membrane was probed overnight with a-HA antibody 

(1:5000; Roche, CA5), washed several times with I x TBS-T and then incubated with a-mouse 

IgG-HRP (1 :5000; Promega) for 20 min. Excess antibody was removed by additional washes 

with I x TBS-T. SuperSignal West Dura Extended Duration Substrate was mixed in 1:1 ratio and 

placed on the membrane. The blot was imaged using a ChemiDoc system (BioRad). 

To detect Sawl levels, cleared lysates (as above) were electrophoresed through 12% SDS 

polyacrylamide gels and then transferred to nitrocellulose. The membrane was blocked with 10% 

milk in TBS-T for 1 h. The membrane was probed with a-Sawl antibody [ 432] (1 : 1000) 

overnight, washed and then incubated with a rabbit IgG-HRP (1 :5000; Promega) for 20 min. 

SuperSignal® West Dura Extended Duration Substrate was mixed at a 1: 1 ratio and placed on the 

membrane. Proteins were imaged with a ChemiDoc system (Bio-Rad). 
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Far western blotting 

This method was adapted from [545]. Proteins were spotted on dry nitrocellulose 

membrane (0.45 µM, Bio-Rad). After spotting, the membrane was blocked in TBS-T + 10% 

milk. The membrane was washed with TBS-T and incubated with His

Radl /radlR203A,K205A/radlR218A-Rad10 at 4°C with rocking overnight. The membrane was 

washed with TBS-T and incubated with a-RadlO antibody (1:1000) for 1 h. The membrane was 

washed with TBS-T and incubated with Goat-aRabbit (1 :4000; Thermo Scientific) for 20 min. 

The membrane was washed with TBS-T. SuperSignal®West Dura Extended Duration Substrate 

was mixed at a 1: 1 ratio and placed on the membrane. The membrane was exposed in a 

ChemiDoc (Bio Rad). Quantification was done using Image Lab™ (Bio Rad). For each 

experiment, a standard curve ofHis-Radl/radlR203 K205A/rad1R218A-Rad10 was spotted. 

The experimental spots and standard curves were incubated together at the 1° antibody step and 

were treated together for the remainder of the experiment. 

In vitro co-immunoprecipitations 

Reactions (100 µ1) were performed in Co-IP Buffer (50 mM HEPES, pH 7.5, 1 mM 

EDTA, 1% Triton X, 0.1 % NaDOC, 15 µg BSA, ±0.5 µg sonicated salmon sperm). His-Radl

RadlO, rad1R203A,K205A-Rad10 or rad1R218A-Rad10 and Msh2-Msh3 were used in 

equimolar ratios. An excess of 6xHis-Sawl was used. The proteins were incubated together on 

ice for 20 min. Antibody, 1 µ1 of a-RadlO or a-Sawl, was added and incubated at 4°C with 

rocking for 1 hour. Protein A/G Agarose (Pierce®) was added and incubated at 4°C with rocking 

for 1 h. The supernatant was removed and the beads were washed three times with Co-IP buffer 

at room temperature. I x Laemmli Buffer was added and the beads were heated to 95°C for 15 

min. The eluate was removed and analyzed by SDS-page (12%) gel followed by Coomassie or 
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Silver Staining (Bio Rad). Gels were imaged in a Gel Doc (Bio Rad) and quantified using Image 

Lab™ (Bio Rad). 

In vivo co-immunoprecipitations 

RAD] and rad1R218A were tagged with a C-terminal 3XHA tag at their genomic locus. 

Yeast lysates expressing Radl-3HA and rad1R218A-3HA were prepared by lysing cells with 

glass beads in 0.6 ml cold IP150 solution (20 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.5% NP-40) 

supplemented with protease inhibitor cocktail (Roche Life Science). Anti-HA monoclonal 

antibody (Roche Life Science) was added to pre-cleared cell lysate and incubated at 4 °C for 90 

min. A 50% slurry of Protein A/G Agarose (30 µ1) was added to the lysate to immunoprecipitate 

Radl-RadlO or rad1R218A-Rad10, and the mixture was incubated for an additional 30 min at 

4°C. The beads were collected by centrifugation and washed extensively with IP150. The bound 

protein was eluted by the addition of 1x Laemmli buffer and incubation at 95°C. The eluted 

proteins were separated by SOS-PAGE, transferred to nitrocellulose. The presence ofRPA was 

detected by immunoblotting using a-Rpal polyclonal antibody. 

Results 

Alanine mutations in the N-terminal region of Radl 

While the C-terminal portion of Radl has been well characterized [ 426], little is known 

either functionally or structurally about the N-terminal region of Radl (Figure 2. IA). This 

region is removed from the known enzymatic functions of the protein ( endonuclease activity, 

interactions with Rad IO and Rad14). The analogous region of mammalian XPF protein has been 

implicated in DNA-binding activity and correct positioning on DNA substrates [ 436, 538, 539], 

although some work suggests that this region is not likely responsible for specific ds/ssDNA 

junction interactions [533, 535]. Residues in this region may be important for protein-protein 
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interactions [ 436, 446]. An alignment ofS. cerevisiae Radl and human Xpf indicated that 

residues 179--492 ofRadl align well with residues 78-378 ofXpf (Figure 2. lB). To 

characterize this region of Radl in an unbiased manner, conserved charged residues in this 

alignment, which are more likely to be exposed and available for potential interactions with 

DNA and/or protein partners, were changed to alanine, alone or in combination, to generate 

IO rad] alleles targeting residues 203 through 456 (Figure 2. lB). 

For in vivo NER and 3' NHTR assays using these rad] alleles, all ten mutants were 

subcloned into a high copy number (2 µ) plasmid under the control of the endogenous RADJ 

promoter. We found that the high copy number plasmid more completely complemented 

the radlil background than the low copy (ARS CEN) plasmid in both NER and 3' NHTR in 

vivo assays (Supplementary Figure S. IA and data not shown). 

All IO rad] alleles were tested for their ability to complement a rad] L'.l in 3' NHTR, using 

a mating type switching assay [333,419, 541]. This assay uses a yeast strain (EAY1042) 

engineered to contain non-homology on either side of the HO endonuclease cleavage site at 

the MATa locus (Figure 2. 2 A). EAY1042 is absolutely dependent on RAD] for survival of an 

HO-induced DSB; HO is induced by galactose [541]. Therefore, survival following treatment 

with galactose is a measure of 3' NHTR. Because this strain is also deleted for HMRa, repair of 

the break can only occur using HMLa as a template, resulting in a MATa to MATa switch upon 

repair. This mating type switch can be monitored by mating galactose survivors with MATa and 

MATa strains, allowing us to account for inefficient DSB induction and possible alternative 

repair pathways (e.g. NHEJ). Only cells that have repaired the DSB via a standard pathway that 

includes 3 'NHTR will have switched mating type. 
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A K32-Sumo S613-Phospho E749/E750-Rad14-int. S1071/T1072-Phospho 

Putative helicase-like domain 

G852-Rad10-int.Coil domain 

nteracts wit 

i\sp/Glu-ricti 

B 
XPF 78 IEGVEHLPRRVTNEITSNS-----~ TQGGVIFATSmILVVDFLTDRIPSDLITGIL 132 

+E + L R N +T++s mD+Y GG++ m +VD L+ + + +TG+L 

RAD1 179 VESDDELFERPFNVVTADSLSIE.mLYISGGILSITSmILIVDLLSGIVHPNRVTGML 238 

XPF 133 VYRAHRIIESC~ ILRL$~Irn.GFIKAFTDNAVAFDTGFCHVERVMRNLFVRKLYL 192 

V A + + ~ FIL++~~ GFIKAF++ F F + M+ L ++ + L 

RADl 239 VLNADSLRHNS~ SFILEI~S~TWGFIKAFSEAPETFVMEFSPLRTKMKELRLKNVLL 298 

XPF 193 W~] FHVAVNSFLEQ- , ---EVVEIHVSMTPTMLAIQTAILDILNACLKELKCHNPSLE 248 

w~] F V v+s L +V+E+ VS+T +M IQ +++ L c+ EL NP L 

RADl 299 ~ ] FRVEVSSCLNA ,TSHNKVIEVKVSLTNSMSQIQFGLMECLKKCIAELSRKNPELA 358 

XPF 249 VEDLS:riNAIGKPFDKTIRHYLDPLWHQLGAKTKSLVQDL~ ILllTLLQYLSQYDCVTFLN 308 

++ +~]N' + F ++I + P WH++ ++K LV+D+a LI] LL+ L D VF 

RAD1 359 LD~INFIRSIDSVMVPNWHRISYESKQLVKDI~ FLllffLLKMLVTSDAVDFFG 418 

XPF 309 LLE-SLRATEKAFGQN---SGWLF SSTSMFIN~HLPDAXXXXXXXXXXXXXXX 364 

++ SL A++ + s WL +D + + AC m+++ + 

RADl 419 EIQLSLDANKPSVSRKYSESPWLLVDEAQLVISYfiIFYKNE---------------- 462 

Figure 2. 1 Conserved residues in Radl 

(A) Cartoon of the known functional regions of Radl. (B) Alignment of N-terminal portions of 
Radl and human XPF. Residues 179 to 462 of Radl were aligned with XPF by Blast (NCBI). 
Conserved and similar residues are indicated. Conserved, charged residues were mutated to 
alanine, either individually or in clusters, by site-directed mutagenesis. Mutated residues are 
indicated in color. Residues mutated as a group are shown in the same color. Ten mutations were 
created in RAD1, spanning residues 203 through 456. 
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Figure 2. 2 rad1R203A,K205A and rad1R218A are separation of function mutations. 

(A) Cartoon of mating-type switch assay for DSBR requiring 3' NHTR. Strains contain a 
galactose-inducible HO endonuclease. A KanMXcassette was inserted at the MAT locus to create 
non-homology on either side of the DSB, making mating-type switching dependent 
on RAD1 (42). (B) rad] R203A,K205A and rad] R218A are defective in the double non-homology 
mating-type switch assay. The percentage of cells that survive the induced DSB (black bars) is 
indistinguishable from the radlil. The percentage of survivors that have switched mating-type 
from a to a (white bars), indicating the cells have undergone repair involving 3'NHTR, is very 
low. (C) rad1R203A,K205A (red square) and rad1R218A (teal triangle) were tested in a 
quantitative UV survival assay. RADJ (black circle) and radlil (dark red inverted triangle) are 
also shown. Percent survival was calculated by determining the viability of cells exposed to UV 
relative to no UV exposure. Data represents the mean ± SEM of at least six independent 
experiments, with at least two independent transformants. (D) ICLR activity was tested in the 
presence of radlil, RADJ, rad1R203A,K205A, and rad1R218A. Serial dilutions of saturated 
overnights were plated on media containing nitrogen mustard (HN2) or cisplatin. 
(E) rad] R203A,K205A and rad] R218A plasmids were transformed into EAYl 042 (RAD1) and 
tested in the double non-homology mating type switch assay to determine whether the alleles are 
dominant negative. As controls, the RAD1 plasmid and the corresponding empty vector were 
also transformed into EA Yl 042. Data represents the mean ± SEM of at least three independent 
experiments. 

76 



The radl.iJ derivative ofEAY1042, EAY1115, was transformed withpRS414 orpRS414 

carrying RAD] (pRDl) or one of the 10 rad] alleles (pRD2-11) under the control of the 

endogenous RAD] promoter. In this assay, the plasmid-borne RAD] supports - 80% survival and 

-80% switching, comparable to EAY1042 (Supplementary Figure S. IA) [541], whereas the 

empty vector results in -30% survival and -0% switching. Eight of the 10 rad] alleles exhibited 

levels of survival and switching comparable to RADJ (Supplementary Figure S. lB). 

Importantly, two alleles, rad1R203A,K205A and rad1R218A, were severely compromised in both 

survival and switching, strongly indicating a defect in 3'NHTR. Survival rates were 

indistinguishable from the empty vector, while switching was slightly higher than in the absence 

ofRADJ (Supplementary Figure S. lB; Figure 2. 2 B), comparable to rates observed with msh3il 

[ 541]. 

UV sensitivity assays revealed that all IO rad] alleles retained NER activity in vivo. Spot 

assays were performed in both the EAYl 115 (used for the 3' NHTR assay; data not shown) and 

standard FY23 radlil backgrounds (Supplementary Figure S. IC) with similar results. 

Therefore rad1R203A,K205A and rad1R218A are separation of function mutations that retained 

NER activity but lost function in 3' NHTR. These phenotypes are the inverse of two rad] alleles 

identified by Guzder et al (2006) near the 3' end of rad] (Figure 2. 1 A), which are proficient in 

3' NHTR but defective in NER because they fail to interact with Radl 4 [ 426]. 

We performed more quantitative tests to determine NER activity of the two mutants 

defective in 3' NHTR, to evaluate any potentially subtle changes (Figure 2. 2 C). In these assays, 

rad] R218A was indistinguishable from RAD1 UV sensitivity, indicating that this allele is a 

complete separation-of-function mutation. The rad1R203A,K205A allele did exhibit a mild 
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sensitivity to UV light relative to RAD1, but still retained significant NER activity when 

compared to the empty vector (radlil) control. Spot assays for growth in the presence of either 

cisplatin or nitrogen mustard similarly indicated that these alleles support interstrand cross-link 

repair (Figure 2.2 D). 

To test for any dominant negative effects of these separation-of-function alleles, 

EAY1042 (RADJ) was transformed with plasmid-borne rad1R203A,K205A or rad1R218A. 

Neither allele interfered with RADJ function in 3' NHTR in this assay (Figure 2.2 E), indicating 

that these are loss-of function alleles. 

In vitro DNA binding and endonuclease activities of radl separation of function alleles 

Because both rad] alleles exhibited significant NER function in vivo, we anticipated that 

both would retain in vitro DNA-binding and endonuclease activity. To test this, both His

rad1R203A,K205A-Rad10 and His-rad1R218A-Rad10 complexes were overexpressed in E. 

coli and purified as described previously for His-Radl-Radl O [ 432] (see Materials and 

Methods). The overexpression and purification profiles of the mutant complexes were 

indistinguishable from His-Radl-Radl Oand protein yields were similar. Our previous work 

[432] demonstrated that, while His-Radl-RadlO and His-radl-RadlO mutant complexes did 

form discrete complexes with DNA substrates in gel mobility shift assays, we often observed 

smearing and some accumulation in the wells, consistent with complexes that are not completely 

stable through gel electrophoresis and/or the possibility that multiple complexes are formed. 

Both mutant complexes were able to bind splayed Y and 3' flap DNA substrates (Figure 2. 3) as 

determined by gel mobility shift assay. His-rad1R203A,K205A-Rad10 appeared to have a small 

decrease in affinity for the 3' flap substrate. With both substrates, His-rad1R203A,K205A

Radl Oexhibited two discrete shifts and a significant amount of smearing throughout the lanes, 
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consistent with complexes that are less stable as they migrate through the gel. This could be a 

result of reduced or altered affinity for DNA overall or possibly an increase in non-specific 

DNA-binding activity. 

In contrast, His-rad1R218A-Rad10 appeared to have affinity for both substrates that was 

similar to the wild-type protein; we observed 50% binding at approximately the same protein 

concentration for both complexes. Interestingly, in the presence of the splayed substrate, there 

are multiple discrete higher molecular weight shifts observed with both His-Radl-Radl 0 and 

His-rad1R218A-Rad10. These higher order complexes may be a result of non-specific protein

DNA interactions. However, the observation that these complexes form as a progression from 

the lower discrete complex, combined with the fact that the substrate is limiting and relatively 

short ( 49 bases; 31 double stranded, 18 single-stranded for splayed) suggests that there may be 

protein-protein interactions mediating these additional shifts. This will be tested in future 

experiments. 

In contrast, in the presence of the 3' flap substrate, the kinetics of the appearance of 

higher molecular weight shifts was distinct for His-Radl-RadlO and His-rad1R218A-Rad10. 

At 100 and 200 nM, the shifts observed with His-rad1R218A-Rad10 were similar to the shifts 

observed at 200-500 nM His-Radl-Radl0. These bands then appear to be more efficiently 

shifted to higher molecular weights at -300 nM rad1R218A-Rad10. Although these shifts were 

somewhat less discrete than the shifts at lower protein concentrations, there do appear to be 

distinct species formed, similar to those observed with the splayed substrate. Furthermore, 

similar higher order complexes were observed with the wild-type protein, albeit at lower levels 

through the titration. 
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Figure 2. 3 DNA binding of radl mutants. 

(A) DNA binding activity was determined by electrophoretic mobility shift assay with His
Radl-RadlO, His-rad1R203A,205A-Rad19 and His-rad1R218A-Rad10 purified from£. 
coli(see Materials and Methods). Binding to splayed (left panel) and 3' flap (right panel), 32P
labeled DNA substrates was tested. Each DNA substrate was incubated with increasing 
concentrations (100-500 nM) of protein. The bound and free DNA are indicated. For His-Radl
RadlO, the gel with the splayed substrate was electrophoresed for longer than the His
rad1R218A-Rad10 gel, resulting in greater resolution of the higher order complexes. Also for 
the splayed substrates, shifts from three different gels are shown. In the His-rad1R218A-Rad10 
panel, the middle two lanes were inverted. (B) Left panel: Percent binding to splayed Y DNA 
substrate. Right panel: Percent binding to the 3' flap DNA substrate. Quantification was 
performed using ImageQuant 5.2. Data represents the mean± SEM of at least three independent 
experiments. His-Radl-RadlO (black circle), His-rad1R203A,K205A-Rad10 (red square), or 
His-rad1R218A-Rad10 (teal triangle). 
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His-rad1R218A-Rad10 retained endonuclease activity that was similar to His-Radl

RadlO, except at the highest concentration of splayed substrate (Figure 2. 4 B, left). His

rad1R218A-Rad10 cleavage of 3' flap substrates was somewhat more efficient than His-Radl

RadlO (Figure 2. 4B, right). In contrast, His-rad1R203A,K205A-Rad10 exhibited an -4-fold 

decrease in cleavage activity with both DNA substrates. The reduced activity is surprising, given 

that the mutation is well-removed from the endonuclease active site as well as the Radl 0 

interaction region (Figure 2. lA) and did not affect DNA-binding. However, the changes to 

alanine could nonetheless impact the conformation of the nucleoprotein complex to reduce the 

efficiency of cleavage. This reduced endonuclease activity could explain the mild defect in NER. 

The stronger effect of this allele on the 3' NHTR phenotype could indicate that (a) 3' NHTR is 

more sensitive to the reduced endonuclease activity and/or (b) additional steps in 3' NHTR are 

impacted. Based on our examination of protein-protein interactions (see below), we suggest that 

it is a combination of both factors. 

Altered interactions between Sawl and mutant radl protein complexes 

We have previously demonstrated that Radl-RadlO interactions with Sawl are required 

for Radl-RadlO recruitment to SSA recombination intermediates [ 432]. We further 

demonstrated that Radl-RadlO forms a stable complex with Sawl. Our in vivo results (above) 

suggested that the interactions between Radl-RadlO and Sawl might be altered. Therefore we 

evaluated the direct interactions between Sawl and radl-R203A,K205A-Rad10 or rad1R218A

Rad10. First, we performed far western analysis, in which increasing amounts ofHis-Sawl were 

spotted on a nitrocellulose membrane. After blocking, the membrane was probed with purified 

His-Radl-RadlO, His-rad1R218A-Rad10 or His-rad1R203A,K205A-Rad10. The presence of 

His-Radl-RadlO or His-radl-RadlO complex was then detected by an a-RadlO antibody (see 
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Materials and Methods). In this assay binding was weak, but the two mutant radl-Radl 0 

complexes interacted with Sawl like Radl-RadlO (Supplementary Figure S. 2A and B). 

We also used purified His-Sawl, His-Radl-RadlO or His-radl-RadlO complexes to 

perform co-immunoprecipitation experiments, to assess interactions when His-Sawl was not 

constrained by binding to the membrane (Figure 2. 5A). When mixed with His-Sawl at 

stoichiometric concentrations, the a-Sawl antibody immunoprecipitated -3-fold more His-

rad1R218A-Rad10 than His-Radl-RadlO (Figure 2. 5B). It was not possible to perform the 

reverse experiment because Sawl bound non-specifically to the Protein A/G beads in the 

absence of a-Sawl antibody. These co-immunoprecipitation experiments indicated that both 

mutant radl-Radl Ocomplexes retained their ability to interact with Sawl but that the stability 

and/or stoichiometry of the interactions were altered with His-rad1R218A-Rad10. 
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Figure 2. 4 Endonuclease activity of His-rad1R203A,K205A-Rad10 is reduced. 

Endonuclease activity was determined by endonuclease assays with His-Radl-Radl 0, His
rad1R203A,K205A-Rad10 and His-rad1R218A-Rad10 purified from E. coli. (A) Cleavage of 
the 32P-labeled splayed (left panel) and 3' flap substrate (right panel). The DNA substrate was 
incubated with increasing concentrations (100-500 nM) of protein. The intact substrate (uncut) 
and cleaved product ( cut) are indicated. (B) Left panel: Percent endonuclease activity was 
determined with splayed Y DNA substrate. Right panel: Percent endonuclease activity was 
determined with the 3' flap DNA substrates. Quantification was performed using ImageQuant 
5.2. Data represents the mean± SEM of at least four independent experiments. His-Radl-Radl 0 
(black circle), His-rad1R203A,K205A-Rad10 (red square) and His-rad1R218A-Rad10 (teal 
triangle). 
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Radl-RadlO/Sawl complex purification is altered in presence of rad1R203A,K205A

Rad10 

His-Radl-RadlO and Sawl (untagged) co-purify through two purification steps (metal 

affinity and gel filtration) following co-overexpression in E. coli [432]. Therefore we evaluated 

the ability ofHis-radlR203A,K205A-Rad10 and His-rad1R218A-Rad10 to co-purify with 

Sawl and compared the elution profiles of these proteins following gel filtration. 

The first purification step was a Cobalt affinity resin, to which the histidine tag of each 

Radl or radl complex binds. While overexpression of all three protein complexes was 

comparable (see Cobalt load fractions,Supplementary Figure S. 3A), we consistently observed 

less rad 1, Sawl and RadlO binding and eluting from the Cobalt resin in the presence of His

rad1R203A,K205A (Supplementary Figure S. 3A). Furthermore, the relative amount of Sawl 

that co-purified with this mutant complex was significantly lower than with Radl-Radl Oor with 

rad1R218A-Rad10 (Supplementary Figure S. 3B), suggesting that the tripartite radl-RadlO

Sawl complex is destabilized. 

In support of this idea, the elution profile ofHis-radlR203A,K205A-Rad10, Sawl and 

RadlO is significantly altered compared to that ofHis-Radl, Sawl and RadlO. The elution 

fractions are indicated on the molecular weight standard profile (Figure 2. 5 C), with the void 

eluting by -7.5 ml. Radl has a molecular weight of- 126 kDa, Sawl is -30 kDa and RadlO is 

-24 kDa. First, there is less protein overall, consistent with less starting protein (Figure 2. 5 D). 

Second, the majority ofHis-radlR203A,K205A elutes in the highest molecular weight fractions, 

but there is no detectable RadlO in these fractions. Only a small amount of Sawl is present 

(Figure 2. 5 D). Third, Radl O is exclusively present in fractions 10 and 11, which corresponds to 

the molecular weights of -100 kDa, based on the standards. Saw 1 is also readily detectable in 
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these fractions but His-rad1R203A,K205A is not. Unlike the wild-type complex (or the His

rad1R218A complex) there are no fractions in which all three proteins are detectable. This 

indicates that the His-rad1R203A,K205A-Rad10/Sawl complex either does not form properly or 

is unstable such that it does not persist through gel filtration. This observation provides an 

explanation of the in vivo 3' NHTR phenotype with this allele. It is noteworthy that it appears to 

be the presence of Sawl that disrupts the His-rad1R203A,K205A-Rad10 complex. In the 

absence of Saw1, the elution profile ofHis-radlR203A,K205A-Rad10 is very similar to that of 

the wild-type, consistent with the wild-type purification of the complex used for the 

endonuclease on DNA-binding experiments (Supplementary Figure S.4 A). 
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Figure 2. 5 Radl complex interactions with Sawl 

Co-immunoprecipitation (A, B) and gel filtration (C, D). (A) His- Radl - Radl0, His
rad1R203A,K205A-Rad10, and His- rad1R218A- Rad10 in the presence of BSA were incubated with(+) 
or without(- ) 6xHis-Sawl. An a-Sawl antibody was added to each and then pulled down with Protein 
A/G agarose (Pierce®). The proteins were removed from the beads by boiling and analyzed on an SDS
page (12%) gel, followed by silver stain. His- Radl /radlR203A,K205A/radlR218A and 6xHis-Sawl are 
indicated with arrows. (B) The amount of His- Radl - Radl0, His- rad1R203A,K205A-Rad10 and His
rad1R218A- Rad10 that was pulled down by Sawl was quantified and internally normalized using Image 
Lab (Bio Rad). Any non-specific interactions in the absence of 6xHis-Sawl were also quantified and 
subtracted from the specific band. In each independent experiment, the amount of His
rad 1 R203A,K205A-Rad10 (red) and His- rad1R218A- Rad10 (teal) was set relative to His- Radl - Radl0 
(black). Data represents the mean ± SEM of four independent experiments. (C) Elution profile of broad 
range standards (Bio Rad) through the Superose 6 column (GE Lifesciences). The molecular weights of 
the standards are indicated in kDa about the curve. The gel filtration fractions from the complex profiles 
are indicated below the x-axis. The fraction numbers are the same for all three-protein complexes. (D) 
Representative analysis of gel filtration fractions . Fraction numbers start with #1 representing the highest 
molecular weight fractions following the void. Fractions were analyzed for His- Radl , His
rad1R203A,K205A, His- rad1R218A (Coomassie stain), Radl0 (western blot), and Sawl (western blot). 
The left and right panels from each gel or blot were performed at the same time, in parallel. 
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In contrast, the gel filtration profile of (His-rad1R218A+Sawl +Rad IO) is more similar to 

the wild-type profile. There are several fractions in which all three proteins co-elute, although 

these are shifted somewhat toward higher molecular weights, perhaps suggesting an altered 

complex stoichiometry. This would be consistent with enhanced co-immunoprecipitation ofHis

radlR218A-Rad10 with Sawl (Figure 2.5 A). Alternatively, there may be some aggregation of 

the protein complexes. However, the change in size appears to be specific to the presence of 

Sawl -the elution profile ofHis-radlR218A-Rad10 is similar to that of wild-type Radl-RadlO 

(Supplementary Figure S. 4 A). Furthermore, to assess any aggregation, we centrifuged partially 

purified His-Radl-RadlO and His-rad1R218A-Rad10 and analyzed the supernatant by gel 

electrophoresis. Following centrifugation, we recovered -85-90% of the protein (Supplementary 

Figure S.4 B). 

His-rad1R203A,K205A-Rad10 has reduced interaction with Msh2-Msh3 

Radl-Radl 0 recruitment to SSA intermediates is dependent on Msh2-Msh3 as well as 

on Saw1, although the mechanism is unclear. It has been proposed that Msh2-Msh3 's primary 

function in 3'NHTR is in binding and stabilizing the 3' flap DNA intermediate [421]. This is 

primarily based on the observation that Msh2-Msh3 is not required for repair involving long 

direct repeats [ 421, 432] and is consistent with the DNA-binding properties of Msh2-Msh3 

[ 433]. Consistent with this possibility, yeast two-hybrid and co-immunoprecipitation 

experiments revealed interactions between Msh2-Msh3 and Radl-Radl 0, although these were 

performed with yeast lysates and therefore could be direct or indirect interactions [429]. Either 

way, the functional significance of this interaction is not known. 

To determine whether Msh2-Msh3 and Radl-Radl 0 interact directly, we first performed 

far western blotting. Purified Msh2-Msh3 was spotted on nitrocellulose and then incubated with 
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His-Radl-RadlO. After washing, the presence ofHis-Radl-RadlO was probed with a 

polyclonal a-Radl O antibody followed by chemiluminescence. His-Radl-Radl O was readily 

detected in the presence ofMsh2-Msh3 (Supplementary Figure S. 2C, D) but not BSA 

(Supplementary Figure S. 2), indicating a direct interaction between these complexes. We 

confirmed this interaction by co-immunoprecipitation (Figure 2. 6). Purified Msh2-Msh3 and 

His-Radl-Radl O were incubated together and then protein was immunoprecipitated with 

a-RadlO antibody. Msh2-Msh3 was efficiently immunoprecipitated in the presence ofHis

Radl-Radl O (Figure 2. 6A, lanes 7 and 8); very little Msh2-Msh3 was immunoprecipitated in 

the absence of His-Radl-Radl O (Figure 2. 6A, lanes 5 and 6), although there is some interaction 

with the Protein A/G beads. a-Msh2 antibody was also able to immunoprecipitate His-Radl

Radl O when Msh2-Msh3 was present (data not shown). 

His-rad1R203A,K205A-Rad10 complex exhibited -4-fold lower binding to Msh2-

Msh3 than His-Radl-Radl O in the far western blot (Supplementary Figure S. 2C and D), 

revealing yet another defect in this protein complex. Thus His-rad1R203A,K205A has reduced 

endonuclease activity (Figure 2. 4) as well as altered interactions with Sawl in the context of the 

Radl-RadlO/Sawl ternary complex (Figure 2. 5D) and Msh2-Msh3 (Supplementary Figure S. 

2D). The altered protein-protein interactions are specific to 3 'NHTR, therefore these combined 

observations explain why this rad] allele is more defective in 3 'NHTR than NER, leading to a 

separation-of-function phenotype. We did not characterize this mutation further. 
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Figure 2. 6 Interactions between rad1R218A-Rad10 and Msh2-Msh3 by co
immunoprecipitation analysis. 

(A) His-Radl-RadlO and His-rad1R218A-Rad10 (+BSA) were incubated with or without 
Msh2-Msh3 in the presence and absence of non-specific DNA. a-RadIO antibody was added to 
each reaction followed by Protein A/G agarose (Pierce®) beads to immunoprecipitate interacting 
proteins. The proteins were removed from the beads by boiling and analyzed on an SDS-page 
(12%) gel, by silver staining. His-Radl /radlR203A,K205A/radlR218A, RadlO, Msh2 and 
Msh3 bands are indicated with arrows. We note that Radl O does not stain well with silver and is 
therefore not as intense a band as Radl. Msh2-Msh3 exhibits some background interactions with 
the Protein A/G beads. ( B) Left panel: The amount of Msh2-Msh3 that was pulled down by 
His-Radl-RadlO and His-rad1R218A-Rad10 was quantified using Image Lab (Bio Rad). Any 
non-specific interactions in the absence of His-Radl-RadlO or His-rad1R218A-Rad10 were 
also quantified and subtracted from the specific band. In each independent experiment, the 
amount of Msh2-Msh3 immunoprecipitated with His-rad1R218A-Rad10 (teal) was internally 
normalized and set relative to the amount pulled down by His-Radl-Radl O (black) with no 
DNA. Right panel: In each independent experiment, the amount of Msh2-Msh3 
immunoprecipitated with His-Radl-RadlO (black) or rad1R218A-Rad10 (teal) was internally 
normalized and compared to the amount of Msh2-Msh3 co-immunoprecipitated in the presence 
of non-specific DNA (shaded gray and teal for His-Radl-RadlO and His-Rad1R218A-Rad10, 
respectively. Data represents the mean± SEM of at least four independent experiments. 
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In contrast, His-rad1R218A-Rad10 binding to Msh2-Msh3 was similar to that ofHis

Radl-Radl 0 in the far western assay (Supplementary Figure S. 2C and D). Similarly, Msh2-

Msh3 and His-rad1R218A-Rad10 co-immunoprecipitated efficiently (Figure 2. 6A, lane 9); in 

this assay the interaction is similar to that observed with the wild-type proteins (Figure 2. 6, left 

side). Interestingly, the presence of non-specific DNA appeared to enhance the interaction 

between His-rad1R218A-Rad10 and Msh2-Msh3 by ~2-fold (Figure 2. 6A, compare lanes 9 

and 10, Figure 2. 6B, right side); DNA did not appear to affect the interaction between His

Radl-Radl 0 and Msh2-Msh3 (Figure 2. 6A, compare lanes 7 & 8, Figure 2. 6B, right side). 

This could be a result ofHis-radlR218A-Rad10 having a stronger interaction with Msh2-Msh3 

bound non-specifically to DNA; Msh2-Msh3 has relatively high affinity for non-specific DNA 

[433]. Alternatively, His-rad1R218A-Rad10 may have an enhanced or altered interaction with 

the DNA (Figure 2. 3) that increases its interaction with Msh2-Msh3. 

Msh2-Msh3 and Sawl interact directly 

Both Sawl and Msh2-Msh3 interact with Radl-RadlO and both are required for the 

coordination of 3 'NHTR. Altered interactions negatively impact 3 'NHTR, as observed 

with rad1R203A,K205A. In contrast, His-rad1R218A-Rad10 had enhanced interactions with 

these proteins in vitro. Therefore we wondered whether the regulation or coordination of these 

interactions might be affected in the presence of the rad] R218A background. 

We first examined whether Msh2-Msh3 modulates interactions between Radl-Radl0 

and Sawl and vice versa, in vitro. Previous work has indicated that Sawl and Msh2 interact 

[ 430]; we sought to demonstrate a direct interaction between Sawl and the Msh2-Msh3 complex 

using purified proteins before examining the interactions among Msh2-Msh3, Rad I -Rad10 and 

Sawl. Therefore we performed co-immunoprecipitation experiments with purified Msh2-Msh3 
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and His-Saw1. Msh2-Msh3 was efficiently immunoprecipitated in the presence of His-Sawl 

and a-Sawl antibody, indicating that these proteins interact directly (Figure 2. 7 A, lane 3). 

We then incubated stoichiometric concentrations ofHis-Radl-RadlO, Msh2-Msh3 and 

His-Sawl and immunoprecipitated with a-Sawl antibody (Figure 2. 7B). All three proteins were 

present in the immunoprecipitate, although there was substantially more Msh2-Msh3 than Radl

RadlO. A similar level ofMsh2-Msh3 was co-immunoprecipitated in the presence of His-Sawl 

with the a-Sawl antibody in the absence ofRadl-RadlO (Figure 2. 7B, compare lanes 5 and 6). 

In contrast, in the presence ofHis-radlR218A-Rad10, the amount of radl-RadlO complex 

immunoprecipitated by a-Sawl was increased ~2-fold relative to His-Radl-RadlO (Figure 2. 

7C). Because both His-Radl-RadlO and Msh2-Msh3 co-immunoprecipitate with His-Sawl, it is 

not possible to discern whether the increased capture ofHis-radlR218A-Rad10 is a result of 

increased interactions with Sawl and/or Msh2-Msh3. In either case, these results are consistent 

with altered protein-protein interactions in the presence of rad1R218A. 
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Figure 2. 7 His-Radl-RadlO or His-rad1R218A-Rad10, Msh2-Msh3 and 6xHis-Sawl 
interactions by co-immunoprecipitation analysis. 

( A) Msh2- Msh3 (+BSA) was incubated with or without 6xHis-Sawl. a-Sawl antibody was added to 
each reaction followed by Protein A/G agarose (Pierce®) beads to immunoprecipitate interacting 
proteins. (B) His- Radl - RadlO or His- rad1R218A- Rad10 and Msh2- Msh3 (+BSA) were incubated with 
or without 6xHis-Sawl. a-Sawl antibody was added to each reaction, followed by Protein A/G agarose 
(Pierce®) beads to immunoprecipitate proteins interacting with Sawl. The proteins were removed from 
the beads by boiling and analyzed on an SDS-page (12%) gel. His- Radl, His- rad1R218A, RadlO, Msh2, 
Msh3, and 6xHisSawl bands are indicated with arrows. C. The amount of His- Radl , His- rad1R218A 
and Msh2- Msh3 that were pulled down by 6xHis-Sawl was quantified using Image Lab (Bio Rad). Any 
non-specific interactions in the absence of 6xHis-Sawl were also quantified and subtracted from the 
specific band. In each independent experiment, the amount of His- Radl - RadlO, His- rad1R218A and 
Msh2- Msh3 immunoprecipitated by 6xHis-Sawl was internally normalized. Left panel: The amount of 
His- rad1R218A- Rad10 (teal) immunoprecipitated by 6xHis-Sawlin the presence of Msh2- Msh3, was 
set relative to the amount of His- Radl - RadlO immunoprecipitated under the same conditions (black). 
Right panel: The amount of Msh2- Msh3 immunoprecipitated with 6xHis-Sawl in the presence of His
Radl - RadlO (black) or His- rad1R218A- Rad10 (teal) was internally normalized and quantified. Data 
represents the mean± SEM of at least four independent experiments. 
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rad1R218A phenotype is specific to Msh2-Msh3-dependent DSBR 

For defective coordination of rad1R218A-Rad10, Sawl and Msh2-Msh3 interactions to 

interfere with 3' NHTR in the rad1R218A strain, Msh2-Msh3 must be required for a function (or 

functions) in addition to its 3' ssDNA flap binding activity. To explore this further in vivo, we 

integrated rad1R218A::3HA into the endogenous RAD] chromosomal locus; Western blots 

indicated that rad1R218A-3HA was expressed at levels comparable to Radl-3HA (Figure 2. 

8A). We then assessed the effect of rad1R218A on SSA, another DSBR pathway that requires 3' 

NHTR (Figure 2.8B). Both Msh2-Msh3 and Sawl are required for the SSA repair pathway when 

the direct repeats are short, i.e. -200 bp in length; both are required to recruit Radl-RadlO to 

SSA intermediates (Figure 2. 8B) [ 432]. However, Msh2-Msh3 is not required for either repair 

or recruitment of Radl-Radl 0 when the direct repeats are -1 kb in length [ 421, 432]. Therefore 

we evaluated the rad] R218A phenotype in SSA with both short repeat (EA Yl 141) and long 

repeat (YMV80) backgrounds. In both strains backgrounds, we compared survival (a proxy for 

repair) in RADJ, rad1D825A, which is proficient in DNA intermediate binding but inactive for 

endonuclease activity [ 432], and rad1R218A strains. With short repeats (Figure 2. 8C), 

rad1D825A exhibited very low survival similar to the radlil, as shown previously [432]. Strains 

encoding rad1R218A also had a null phenotype in this strain background (Figure 2. 8C), 

consistent with the defect we observed in the mating-type switch assay (Figure 2. 2B). This 

strain was more sensitive to UV light than wild-type (Supplementary Figure S. 5) but was still 

significantly more resistant that radlil. 

In the YMV80 background, which contains much larger direct repeats, rad] R218A 

exhibited only a minor SSA defect (Figure 2.8 D). In the rad1R218A background, we observed 

levels of repair comparable to that observed in the msh2il background [432]. This observation 
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demonstrates that the rad1R218A phenotype is specific to the Msh2-Msh3-dependent repair 

pathway. Msh2-Msh3 has been hypothesized to stabilize the 3' NHTR intermediate [421] and is 

required for recruitment ofRadl-RadlO to short recombination intermediates in vivo [432]. 

These data argue that Msh2-Msh3 is directly involved in the initiation of the 3' NHTR step of 

repair beyond simply stabilizing the SSA 3' flap recombination intermediate to enable 

localization ofRadl-RadlO/Sawl to short regions of homology. Instead we propose that Msh2-

Msh3 is part of a 'handoff mechanism to efficiently recruit Radl-RadlO to 3' non-homologous 

DNA tails. Furthermore, these data suggest that the rad] R218A repair phenotype results, at least 

in part, from a defect in the initiation step ofMsh2-Msh3-dependent 3' NHTR. 

rad1R218A recruitment to SSA intermediates is disrupted 

If the initiation step of SSA is defective in the presence of the rad] R218A allele, one 

possibility is that recruitment of rad1R218A-Rad10 to the SSA recombination intermediates is 

compromised. To test this idea, we performed chromatin immunoprecipitation experiments to 

detect recruitment (Figure 2. 9A), as described previously [ 432]. Radl is not detectable at the 

recombination intermediate, as previously noted [ 432] likely because it cleaves the 3' flap and 

then dissociates from the intermediate. In contrast, recruitment of the endonuclease-deficient 

form ofRadl, rad1D825A, is readily detectable [432]. Without cleavage activity, this protein is 

presumably trapped at the intermediate. 
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Figure 2. 8 rad1R218A function in SSA. 

(A) rad1R218A-3HA was integrated into the chromosome, replacing endogenous RADJ. To 
determine expression levels, a-HA antibody was used to immunoprecipitate HA-tagged protein 
from cell lysates grown to mid-log phase for rad1R218A-3HA, RADJ-3HA, and radlLJ w. A 
western blot of eluates was performed using a-HA antibody. radlLJ serves as a negative control. 
An arrow indicates the Radl-3HA or rad1R218A-3HA band. (B) Cartoon of SSA in the 
EAY1141 (short -250 bp ura3 repeats) and YMV80 (long - 1.3 kb leu2 repeats) strains used to 
assess 3' NHTR.(C) Msh2-Msh3-dependent SSA assays with short repeats were performed. D. 
Msh2-Msh3-independent SSA assays with long repeats were performed. Percent survival 
(induced/un-induced) was calculated by determining the viability of cells after a 5 hour induction 
of HO expression. Data represents the mean ± SEM of at least six independent experiments with 
at least two independent isolates. The following strains were used: RADJ (black), radlLJ (dark 
red), rad1D825A (orange), rad1R218A (teal) and msh2L1 (magenta). 
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Figure 2. 9 Localization of Radl and rad1R218A to SSA intermediates. 

Chromatin immunoprecipitation (ChIP) experiments to assess rad1R218A recruitment to SSA 
intermediates in the presence of short repeats. (A) Locations of the primers used are shown. The 
pJC1/pJC2 primer pair detects localization proximal to the DSB; the pJC3/pJC4 pair measures 
distal localization. (B) Localization of Rad1, rad1D825A, rad1R218A and rad1R218A,D825A to 
the DNA adjacent to the DSB (pJC1/pJC2 primer pair) at 1, 2 and 3 hours following induction of 
a DSB. (C) Localization of Radl, rad1D825A, rad1R218A and rad1R218A,D825A distal to the 
DSB (pJC3/pJC4 primer pair) at 1, 2 and 3 hours following induction of a DSB. Fold enrichment 
represents the ratio of the radl IP PCR signal before (0 h) and after HO induction, normalized by 
the PCR signal of the MAT control. Data represent the mean ± standard deviation of three or 
more independent experiments. 
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rad1R218A-Rad10 was not efficiently localized at the SSA intermediate, with or without 

a mutation in the endonuclease domain (Figure 2. 9 B, C). Gel mobility shift assays indicated 

that His-rad1R218A-Rad10 is proficient at binding 3' flap substrates (Figure 2. 4). These 

observations indicate that lack of localization of the mutant radl protein complex is a result of a 

defect in recruitment, not binding, although altered binding (Figure 2. 3) may be a factor in 

localization of rad1R218A-Rad10 in vivo. It is worth noting that there is an increase in 

rad1R218A-Rad10 compared to wild-type Radl at both the proximal and distal sites at the later 

time points. This suggests that the protein complex is recruited but is not stably established at the 

recombination intermediate with short repeats; repair is fairly efficient with longer repeat 

intermediates, even in the absence of MSH2 (Figure 2. 8). 

SAWt overexpression enhances SSA in rad1R218A background 

SA Wl is required for the recruitment of Radl-Radl O to recombination intermediates, a 

key step in initiating 3' NHTR. Therefore, we tested the effect of overexpressing SAWJ on SSA 

activity. SSA strains (short repeats) encoding RADJ or rad1R218A were transformed with a high 

copy number (2µ) plasmid carrying SA Wl under the control of its endogenous promoter, which 

led to significant overexpression of Sawl (Supplementary Figure S. 6A). It has been observed 

that sumoylated Sawl promotes UV survival [546], but we considered the possibility that SAWJ 

overexpression might interfere with NER. We observed no effect on UV sensitivity, indicating 

that excess Sawl does not interfere with NER (Supplementary Figure S. 7). 
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Figure 2. 10 Overexpression of SAWJ, MSH2, and MSH3 impacts SSA efficiency. 

SSA assays with 205 bp ura3 repeats with a high copy (HC) plasmid containing SAWJ (blue 
squares) or an empty vector (EV, orange circles) were performed in the presence of (A) RADJ, 
(B) rad1D825A, and (C) rad1R218A. (D) SSA activity was determined inRADJ-3HA strains 
transformed with empty vectors (EV; orange circles), MSH3 (green squares), MSH2+MSH3 
(blue triangles), msh3KKAA (purple inverted triangles) or MSH3+SAWJ (pink diamonds). (E) 
SSA activity was determined in rad1D825A-3HA strains transformed with empty vectors (EV; 
orange circles), MSH3 (green squares), MSH2+MSH3 (blue triangles), msh3KKAA (purple 
inverted triangles) or MSH3+SAWJ (pink diamonds). (F) SSA activity was determined in 
rad1R218A-3HA strains transformed with empty vectors (EV; orange circles), MSH3 (green 
squares), MSH2+MSH3 (blue triangles), msh3KKAA (purple inverted triangles) or 
MSH3+SAWJ (pink diamonds). Percent survival (induced/un-induced) was calculated by 
determining the viability of cells after a 5 hour induction of HO expression. Data represents the 
mean ± SEM of at least six independent experiments, with at least two independent plasmid 
trans formants. 
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It has been noted previously that Sawl is unstable in the absence of Radl [ 432], which is 

consistent with our observations (Supplementary Figure S. 6A). Notably, even when 

overexpressed from the high copy number plasmid, Saw 1 is stabilized by endogenous levels of 

Radl (or rad1D825A or rad1R218A). This suggests that stabilization of increased levels of Sawl 

does not require additional RAD1 to be expressed. Recent mass spectrometry data with 

endogenous proteins indicated that there is roughly 5 times more Sawl in the cell than Radl 

under normal growth conditions [547], consistent with the possibility that stoichiometric 

complexes ofRadl-RadlO and Sawl are not required for Sawl protein stability in vivo. 

SAWJ overexpression had no effect on SSA in the presence ofRADJ or rad1D825A 

(Figure 2. lOA, B); Mann-Whitney, P = 0.96 and 0.51, respectively). In contrast, overexpression 

of SAWJ resulted in a -2-fold increase (Mann-Whitney, P = 0.045) in survival of an induced 

DSB in the rad1R218A background (Figure 2. 10 C). This partial complementation supports the 

idea that the regulation of interactions between Radl-RadlO and Sawl impacts the efficiency of 

the pathway. 

Radl-RadlO also forms stable complexes with Rad14 in NER [548,549]. We tested the 

possibility that Sawl and Rad14 functionally compete with each other for interactions with 

Radl-Radl Oin 3' NHTR. When we performed SSA assays in the absence ofRAD14, we 

observed no difference in survival, indicating that the presence of Rad14 does not compromise 3' 

NHTR (Supplementary Figure S. 7 B). 

Overexpression of MSH3 interferes with SSA 

If Msh2-Msh3-dependent initiation of SSA is impacted in the rad]R218A background, 

we reasoned that overexpression of MSH3 might affect 3' NHTR. SSA strains (short repeats) 

encoding RADJ, rad1D825A or rad1R218A were transformed with a plasmid carrying MSH3 
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under the control of a galactose-inducible promoter. Overexpression had no effect on SSA in the 

presence of rad1D825A (Figure 2. 10 E). In both RAD] and rad1R218Astrains, we observed a 

small, but statistically significant decrease in SSA efficiency compared to the presence of the 

empty vector (Figure 2. 10 D, F), orange circles versus green squares; Mann-Whitney P = 0.05 

for RADJ, P = 0.01 for rad1R218A). This effect was enhanced by co-overexpression of MSH2 

and MSH3 (Figure 2. 10, blue triangles). This observation suggests that Msh2-Msh3 interacts 

with Radl-RadlO both on and off the DNA, otherwise excess Msh2-Msh3 should have no effect 

on SSA activity. Alternatively, the excess Msh2-Msh3 could bind to the DNA intermediate and 

occlude Radl-Radl Oaccess. To distinguish these possibilities, we overexpressed the msh3KKAA 

mutation, which abrogates specific DNA binding activity of the Msh2-msh3KKAA complex 

[325]. In the presence of RADJ, overexpression ofmsh3KKAA reduced SSA, similar to 

MSH2/MSH3 overexpression (Figure 2. lOD), purple inverted triangles; Mann-Whitney P = 

0.006), supporting the idea that the excess MSH complex need not be bound to the 

recombination intermediate in order to interfere with Radl-Radl Ofunction. In contrast, 

overexpression of msh3KKAA had no effect on the SSA phenotype in the rad1R218Abackground 

(Figure 2. lOF), purple inverted triangles; Mann-Whitney P = 0.82), suggesting that, in this case, 

it is Msh2-Msh3 bound to the recombination intermediate that is causing the enhanced SSA 

defect. 

MSH3 and SAWJ overexpression had opposite effects on SSA efficiency in the presence 

of rad1R218A in vivo (Figure 2. 10 C and F), indicating excess Msh2-Msh3 and Sawl can 

suppress or enhance SSA, respectively. Therefore we tested the impact of overexpressing both 

genes at the same time in the rad1R218A background (Figure 2. lOF, pink diamonds). Under 

these conditions, SSA efficiency was indistinguishable from that in the presence of the empty 
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vectors alone (Figure 2. 10 F, orange circles), the effect of overexpressing either gene essentially 

canceling out the effect of the other (P = 0.8433; Mann-Whitney). This suggests that a careful 

balance of protein factors is important for maximizing repair efficiency. 

RPA interacts with Radl-RadlO and stimulates its endonuclease activity; rad1R218A 

disrupts these activities 

Recent studies have indicated that interactions between the mammalian homolog of 

Radl-RadlO and RPA influence its activity in NER and ICLR [443,446]. To assess whether 

RP A plays a similar role in Radl-RadlO-mediated 3' NHTR, we first interrogated protein

protein interactions between Radl-RadlO and RPA in vivo. Using the HA-tagged version of 

Radl or rad1R218A expressed from its endogenous locus, we performed co

immunoprecipitation from cell lysates with aHA antibodies and probed a western blot with a

Rfal antibody. In the presence ofRadl-HA, Rfal co-immunoprecipitated ( Figure 2. 1lA, lane 

2), indicating that these proteins interact in vivo. 

We next tested to see if this Radl-RadlO/RPA interaction was functional in vitro. Using 

purified proteins, we tested the effect of yeast RPA on Radl-RadlO's ability to cleave a 3' 

ssDNA flap substrate in vitro. This is a sub-optimal substrate for Radl-RadlO [432]. We 

demonstrated that RPA is able to stimulate Radl-RadlO endonuclease activity on a 3' flap 

substrate by -2-fold ( Figure 2. 11 Band D). Importantly, SSB from E. coli did not stimulate 

Radl-RadlO's endonuclease activity (data not shown). These experiments were performed under 

conditions in which RP A DNA-binding efficiency was between 50 and 85% ( data not shown). 

These observations are consistent with RP A playing a role in positioning Radl-Radl 0 on the 

DNA substrate. 
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Figure 2. 11 rad1R218A disrupts interaction with RP A. 

(A) Co-immunoprecipitation experiments from cells. Radl-HA or rad1R218A-HA was 
immunoprecipitated with a-HA antibody and associated proteins were probed by western blot, 
using a-Rfal antibody. (B) A Representative gel of the endonuclease activity of purified His
Radl-RadlO (200 nM) on 3' flap substrates in the absence or presence of increasing 
concentrations of RPA. (C) Representative gel of His-rad1R218A-Rad10 endonuclease activity 
in the absence or presence of RPA. (D) Quantification of multiple RPA titration experiments, 
using multiple different preparations of His-Radl-Radl O and RPA. (E) Quantification of 
stimulation of cleavage activity by RPA. Note that while the absolute activity of Radl-RadlO 
and rad1R218A-Rad10 in the absence and presence of RPA varies, the relative levels remain 
consistent. For both panels B and C, the reactions shown were all run on the same gel; some 
unrelated lanes were cropped out of the images. 
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Notably, the interaction with RPA was lost in the presence ofrad1R218A-HA ( Figure 2. 

1lA, lane 3). Furthermore, in contrast to wild-type His-Radl-RadlO, His-rad1R218A-Rad10 

endonuclease activity was insensitive to the presence of RPA ( Figure 2. 11 C and D). These 

results indicate that the interaction between Radl-Radl Oand RPA is important for the 

stimulation of catalytic activity and that this interaction is disrupted in the rad] R218A 

background. 

Discussion 

Distinct molecular requirements for Radl in NER and 3'NHTR 

In this study we identified two rad] alleles within a poorly characterized region 

ofRAD I that exhibited separation-of-function phenotypes; both were functional for NER and 

severely impaired in 3' NHTR. These phenotypes demonstrated that there are distinct molecular 

requirements for Radl in NER vs. 3' NHTR, consistent with the different requirements of the 

two pathways (Supplementary Figure S. 8). For instance, recent work has implicated a role for 

sumoylated Sawl in NER, but not 3' NHTR [546]. Similarly, different protein partners are 

required. Our results highlight the importance ofMsh2-Msh3 in 3' NHTR. 

Several factors contributed to the 3' NHTR defect in the rad2R203A,K205A background. 

First, the His-rad1R203A,K205A-Rad10 exhibited a defect in endonuclease activity (Figure 

2.4), although this defect had a more minor effect on NER (Figure 2. 2C) than on 3' NHTR 

(Figure 2. 2B). Second, His-rad1R203A,K205A-Rad10 was impaired in its interaction with 

Msh2-Msh3 (Supplementary Figure S. 2C and D). Third, complex formation or complex 

stability between His-rad1R203A,K205A-Rad10 and Sawl was compromised, evident from the 

elution profiles of both the Cobalt and gel filtration purification steps (Figure 2. 5D, 

Supplementary Figure S. 3). This effect was specific to Sawl; His-rad1R203A,K205A-Rad10 
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purification and gel filtration elution profile was similar to that of His-Radl-Radl 0 ( 

Supplementary Figure S.4A and data not shown) .. Because there were multiple in vitro defects 

with His-rad1R203A,K205A-Rad10, it is difficult to pinpoint a single cause for the 3' NHTR 

phenotype to help define the pathway (Supplementary Figure S. 8). A less robust interaction 

between rad1R203A,K205A-Rad10 and Msh2-Msh3 could limit recruitment to recombination 

intermediates, as could the instability of the rad1R203A,K205A-Rad10 complex specifically in 

the presence of Saw1. Both observations explain the 3' NHTR phenotype of this mutation. 

In contrast, His-rad1R218A-Rad10 retained wild-type endonuclease activity (Figure 2. 

4) and was able to interact efficiently with Msh2-Msh3 (Figure 2. 6, Supplementary Figure S. 

2C, D) and form a tripartite complex with Sawl (Figure 2. 5, Figure 2. 7, and Supplementary 

Figure S. 3). Nonetheless, differences from His-Radl-RadlO were noted with respect to protein

protein interactions, which could impact biological function. First, His-rad1R218A-Rad10 

exhibited an increased interaction with Msh2-Msh3 in co-immunoprecipitation experiments in 

the presence of non-specific DNA (Figure 2. 6), indicating a change in the strength, stability 

and/or stoichiometry of binding. This change may be revealed when one or both proteins interact 

with DNA. Second, His-rad1R218A-Rad10 was more efficiently immunoprecipitated with His

Sawl in the presence ofMsh2-Msh3 than His-Radl-RadlO (Figure 2. 7B and C). Co

immunoprecipitation experiments suggest that this is due to increased interactions between His

radl R218A-Rad10 and His-Sawl (Figure 2. SA and B) compared to His-Radl-RadlO. Third, 

His-rad1R218A-Rad10 no longer interacted with RPA ( Figure 2. 11). These observations 

indicate that the rad] R218A mutation interferes with the normal regulation and coordination of 

protein-protein interactions among Radl-RadlO, Msh2-Msh3, Sawl and RPA that are required 

to mediate 3' NHTR (Supplementary Figure S. 8). 
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A more direct role for Msh2-Msh3 in recruiting Radl-RadlO? 

Msh2 has previously been shown to interact with Radl and Sawl [429,430], presumably 

via Msh2-Msh3, and these interactions have been proposed to play a role in protein recruitment 

to the intermediate [ 429, 430]. Nonetheless, models of 3' NHTR in the literature have focused on 

the role that Msh2-Msh3 plays in stabilizing the recombination intermediate (e.g. [392,421,430, 

432]. Based on our in vitro and in vivo results, we propose three distinct roles for Msh2-Msh3 at 

different steps in 3 'NHTR (Figure 2. 12): (i) Msh2-Msh3 binds and stabilizes recombination 

intermediates, perhaps blocking unwinding of the intermediate [ 516], (ii) Msh2-Msh3 interacts 

with Sawl and/or Radl-RadlO to recruit and retain the Radl-RadlO/Sawl complex to the 

recombination intermediate and (iii) Msh2-Msh3 leaves the recombination intermediate to allow 

cleavage, which we propose also involves protein-protein interactions (see next section). 

Alternatively, the interactions between Msh2-Msh3 and Radl-RadlO-Sawl could enhance 

cleavage activity prior to Msh2-Msh3 leaving the recombination intermediate. We base this 

model on the following observations. 

First, the 3' NHTR defect in rad1R218A was specific to Msh2-Msh3-dependent repair 

pathways, i.e. SSA involving short repeats (Figure 2.8). Consistent with this observation, the 

switching efficiency of both rad] alleles in the mating type switch assay was more similar to that 

of an msh3il than a radlil (-10% versus -0%) (Figure 2. 2B) [333,541]. These data indicate that 

(i) the rad1R218A mutation altered interactions with Msh2-Msh3 and/or (ii) Msh2-Msh3-

binding to the recombination intermediate, which is independent ofRadl [432], is insufficient 

for rad1R218A-Rad10 recruitment in this genetic background. Both possibilities suggest that 

Msh2-Msh3 is playing a more direct role in 3 'NHTR, in addition to stabilizing the 

recombination intermediate. 
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Second, interactions among Msh2-Msh3, Sawl and rad1R218A-Rad10 were altered in 

vitro. Specifically, His-rad1R218A-Rad10 was more efficiently immunoprecipitated by Sawl in 

the presence ofMsh2-Msh3 than wild-type His-Radl-RadlO (Figure 2. 7 Band C). These 

interactions are potentially important for recruitment of Radl-Radl 0/Saw 1 to the recombination 

intermediate and/or hand-off from Msh2-Msh3 to Radl-RadlO/Sawl, i.e. Msh2-Msh3 leaving 

the intermediate. 

Finally, overexpression of MSH3 or MSH2/MSH3 reduced SSA efficiency in both 

the RADJ-3HA and rad1R218A-3HA backgrounds. The excess MSH complex, which exhibits a 

dominant negative effect on 3' NHTR, may not be interacting with the recombination 

intermediate (it is bound by endogenous levels of complex [529, 541]). Therefore, the inhibition 

of SSA may be a result ofRadl-RadlO interacting with Msh2-Msh3 independent of the DNA, 

as demonstrated here, in vitro (Figure 2. 6). Consistent with this possibility, overexpression 

of msh3KKAA, which has lost specific DNA-binding activity [325] also reduced SSA efficiency 

in the presence of RADJ-3HA. This suggested that Msh2-msh3KKAA (not bound to DNA) can 

interfere with 3' NHTR, perhaps titrating Radl-RadlO away from the recombination 

intermediate, thus interfering with the stable recruitment of Radl-Radl O to the DNA 

intermediate, although it is possible that Msh2-Msh3 plays a role in addition to Radl-Radl 0 

recruitment. In contrast, overexpression of msh3KKAA did not negatively affect SSA efficiency 

in the rad] R218A background, suggesting that the free MSH complex does not efficiently titrate 

rad1R218A-Rad10 away from the 3' NHTR pathway. It is notable that His-rad1R218A-Rad10 

interacts with Msh2-Msh3 better than His-Radl-RadlO in the presence of DNA (Figure 2. 6), 

which may make it less titratable from the recombination DNA intermediate. 
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Figure 2. 12 Cartoon model of protein-DNA and protein-protein interactions involved in 3' 
NHTR. 

(A) Cartoon of the known protein-protein interactions among Msh2- Msh3 , Radl- Radl0, Sawl , RPA and 
Slx4 [429, 430, 432, 439, 440, 546, 550]. Please note that the illustrated interactions in this cartoon are 
not intended to indicate specific interaction domains. (B) Model for 3' NHTR. (i) Double strand break 
processing results in a recombination intermediate with 3' non-homologous single-stranded DNA tails . 
(ii) The ssDNA tails are bound by RP A. (iii) Msh2- Msh3 binds the double-strand/single-strand DNA 
junction [ 433]. This step does not require other proteins in vitro but may be facilitated by RP A, which 
interacts with Msh2- Msh3 [531], or other factors in vivo. Msh2- Msh3 stabilizes the intermediate to 
facilitate downstream steps of 3' NHTR and aids in recruitment of Rad 1- Rad 10-Saw 1. (iv) Msh2- Msh3 
interacts with Radl - Radl0-Sawl to recruit the complex to the recombination intermediate. Msh2- Msh3 
interactions with Radl - Radl0 and/or Sawl may facilitate this step. Interactions between RPA and Radl 
Radl0 aid in recruitment and/or positioning ofRadl- Radl0-Sawl at the intermediate. Slx4 may also play 
a role in positioning Radl - Radl0-Sawl at the recombination intermediate [436]. We propose that 
sequential protein-protein interactions are important for properly positioning and stabilizing Radl- Radl0 
at the intermediate. (v) Radl - Radl0- Sawl binds the DNA junction and displaces Msh2- Msh3 from the 
DNA. Alternatively Msh2- Msh3 may remain bound to the DNA and/or multi-protein complex to 
stimulate Radl - Radl0 cleavage of the 3' flap . (vi) The 3' tails are cleaved by Radl- Radl0(-Sawl) and 
Radl - Radl0-Sawl leaves the DNA to allow DNA synthesis to fill in the gap (vii) . (C) Summary of in 
vitro and in vivo activities ofRADJ, rad1R203A k205A and rad1R218A . Int. refers to interaction; Stirn. 
refers to stimulation. A more comprehensive summary is shown in Supplementary Figure S. 8* ChIP 
performed in the presence of the endonuclease deficient rad1D825A mutation, which is necessary to see 
radl localization. ++ indicates wild-type levels of activity, in vitro or in vivo; +++ indicates increased 
activity relative to wild-type, + and +/- indicate decreasing activity levels relative to wild-type; - indicates 
not detectable activity; NT indicates not tested. 
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Coordination between Radl-RadlO, Sawl, RPA and Msh2-Msh3 

A loss or reduction in the ability of proteins to interact provides a clear explanation for 

the disruption of a biochemical pathway. However, enhanced interactions can be equally 

detrimental in pathways that require transient contact and 'hand-off from one set of interactions 

to the next. We propose that the R218A change in Radl leads to altered, both decreased and 

enhanced, interactions among Radl-RadlO, Msh2-Msh3, RPA and Sawl that disrupt 3' NHTR 

(Figure 2. 12, Supplementary Figure S. 8). 

Through co-immunoprecipitation and far western analyses, we demonstrated for the first 

time that both Radl-Radl O and Sawl form direct physical interactions with Msh2-Msh3 (Figure 

2. 6, Figure 2. 7 and Supplementary Figure S. 2). These proteins could interact simultaneously 

and be part of the same complex. Alternatively, protein interactions could shift during the 

process of 3' NHTR. Direct interaction between Msh2-Msh3 and Sawl could mediate hand-off 

ofRadl-RadlO to the DNA- or hold Radl-RadlO poised for action until a further signal, e.g. 

Slx4 interactions. rad1R218A interactions with both Msh2-Msh3 and Sawl are altered in vitro, 

affecting one or more steps in 3' NHTR (Figure 2. 5 - 2.7, Supplementary Figure S. 2). Radl

Radl O interactions with RPA also appear critical for enhancing Radl-Radl O cleavage activity ( 

Figure 2. 11), similar to a role for RPA in modulating XPF-ERCCl activity in mammalian NER 

and ICLR, at least in vitro [443, 446]. It is worth noting that the integrated version of 

rad1R218A was somewhat UV sensitive (Supplementary Figure S. 5), indicating that an 

impaired interaction with RP A also impacts NER. In mammalian systems, interactions between 

RP A and XPF-ERCC1 are important for efficient NER [ 442, 443]. These observations indicate 

that the coordinated set of protein-protein interactions is disrupted in the rad] R218A 

background and is consistent with a separation-of-function phenotype that primarily affects 3' 
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NHTR. We do note that the interaction between Radl-RadlO and RPA is not required for 

recruitment of Radl-Radl Oto the recombination intermediate ( data not shown) and so may be 

acting downstream of recruitment. 

We propose a model for the initiation of the 3 'NHTR of DSBR in which Radl-Radl 0 

forms a complex with Sawl, which is critical for the recruitment ofRadl-RadlO to the 

recombination intermediate [432]) (Figure 2. 12). Msh2-Msh3 binds the recombination 

intermediate thereby stabilizing it, particularly in the presence of shorter repeats (Figure 2. 12) 

[ 421, 529]. Radl-Radl Ois physically brought to the ds/ssDNA junction and properly positioned 

for cleavage through four sets of interactions (Figure 2. 12iii, iv): (i) between Sawl and DNA 

[ 432], (ii) between Radl-Radl Oand Msh2-Msh3 (bound to the DNA) (Figure 2. 6, 

Supplementary Figure S2), (iii) between Sawl and Msh2-Msh3 (bound to the DNA) (Figure 2. 

7) and (iv) between Radl-RadlO and RPA (bound to DNA) ( Figure 2. 11). When any of these 

interactions is altered, 3' NHTR is impaired. This is supported by the following observations. 

First, in the presence of sawl mutants impaired for interactions with either the DNA or with 

Radl-Radl 0, Radl-Radl Orecruitment to the DNA intermediate is impaired and 3' NHTR is 

blocked [ 432]. Second, overexpression of msh3KKAA reduced the efficiency of SSA in the 

presence of RADJ-3HA (Figure 2. 10), suggesting interactions between Radl-RadlO and Msh2-

Msh3 OFF the DNA impair 3' NHTR. Third, His-rad1R218A-Rad10 has altered interactions 

with both Msh2-Msh3 and Sawl in vitro and with RP A in vivo; this mutation blocks 3' NHTR. 

This is consistent with a mismanagement of protein complexes in the presence of rad1R218A 

that is sufficient to disrupt the regulated coordination of protein-protein interactions to mediate 3' 

NHTR initiation. Altered interactions with the DNA itself (Figure 2. 3) may also play a role. In 

particular, enhanced interactions between, for example, rad1R218A-Rad10 and Sawl could 
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interfere with appropriate hand-off to the next step in the repair pathway, including recruitment 

to the recombination intermediate via interactions with Msh2-Msh3. Mutations that disrupt the 

Msh2-Msh3/Radl-Radl 0 interaction will be important in testing this model. 

We propose that once Radl-Radl0 is positioned, via interactions with Msh2-Msh3 and 

RP A (Figure 2. 12B iv) and its endonuclease activity is activated, Msh2-Msh3 dissociates from 

the DNA, either dissociating completely (Figure 2. 12B v) or handing Radl-RadlO (-Sawl) off 

to the DNA junction but remaining in contact with the multi-protein complex at the 

recombination intermediate. Msh2-Msh3 ATP binding and/or hydrolysis may impact these 

dynamics [333, 335]. Following cleavage, the DNA substrate for Msh2-Msh3, Radl-RadlO and 

Sawl is no longer present and these proteins leave the DNA (Figure 2. 12B vi) to allow DNA 

resynthesis to fill in the remaining gaps (Figure 2. 12B vii). 

Thus far the role of Slx4 in 3' NHTR remains unclear. It is not required for recruitment of 

Radl-RadlO to the recombination intermediate [ 432]. It is, however, required for cleavage of the 

3' ssDNA tails [437] and mammalian SLX4 stimulates XPF-ERCCl endonuclease activity in 

ICLR [438]. Mammalian SLX4 has been proposed to be critical for proper positioning ofXPF

ERCC 1 on its ICLR substrates [ 436]. These observations suggest a role for Slx4 in coordinating 

the mechanistic steps in 3' NHTR downstream of Radl-RadlO recruitment. One intriguing 

possibility is that Msh2-Msh3 and Sawl co-operate to localize Radl-RadlO to the 

recombination intermediate, where it remains poised for action until the arrival of Slx4 (Figure 2. 

12B iv) 
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Supplementary Figure S. 1 Phenotypes of radl alleles in mating-type switching and 
nucleotide excision repair 

A. High (HC; 2µ) and low (LC; ARS CEN) copy plasmids encoding RADJ were tested for their 
ability to complement a rad]/\,. in the double non-homology mating type switch assay [ 541]. 
EAYl 115 (rad]/\,.) was transformed with the RADJ plasmids and corresponding empty vectors. 
DSBR activity was compared to that of EAY1042 (RADJ). Percent survival (black bars) 
indicates the number of cells that survived induction of a DSB. Percent switching (white bars) 
indicates the percentage of survivors that switched their mating-type from MATa to MATa. Data 
represents the mean± SEM of at least three independent experiments with each isolate. B. The 
ten rad] alleles were tested for function in DSBR in EAYll 15, as described in A. C. The ten 
rad] alleles were tested for function in NER. Serial dilutions of a saturated overnight were plated 
and exposed to increasing doses of UV irradiation. 
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Supplementary Figure S. 2 Interactions between radl complexes and Sawl (A, B) or Msh2-
Msh3 (C, D) by Far Western analysis 

A. 6xHis-Sawl was spotted on a nitrocellulose membrane (0, 2, 4 pmols shown). The membrane 
was incubated with His-Radl-RadlO. a-RadlO antibody was used to probe the membrane and 
secondary antibody was used to detect aRadl 0. As a negative control, the same amounts of BSA 
were spotted and then incubated with His-Radl- RadlO, His-rad1R203A K205A-Rad10 or His
radR218A-Rad10, followed by a-RadlO antibody. B. Quantification of His-Radl-RadlO (black 
circles), His-rad1R203A K205A-Rad10 (red squares) and His-rad1R218A-Rad10 (teal triangles) 
binding to 6xHis-Sawl was done in Image Lab (Bio Rad). C. Msh2-Msh3 was spotted on a 
nitrocellulose membrane (0-2 pmols). The membrane was incubated with His-Radl-RadlO, His
rad1R203A K205A-Rad10 or His- rad1R218A-Rad10. The membrane was then probed with 
a-RadlO, then secondary antibody and exposed by ChemiDoc (Bio Rad). D. Quantification of 
His-Radl-RadlO (black circles), His-rad1R203A K205A-Rad10 (red squares) and His
rad1R218A-Rad10 (teal triangles) binding to Msh2-Msh3 was performed in Image Lab (Bio 
Rad). Standard curves of His-Radl- Rad 10, His-rad1R203A K205A-Rad10 and His-rad1R218A
Rad10 were also spotted and imaged in parallel with the 6xHis-Sawl and Msh2-Msh3 
membranes. The slopes of the standard curve were used to determine the pmols of His-Radl
RadlO, His-rad1R203A K205A- RadlO and His-rad1R218A-Rad10 binding. Data represents the 
mean ± SEM of at least four independent experiments with at least two independent protein 
preparations. 
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Supplementary Figure S. 3 Purification of His-Radl-RadlO/Sawl, His-rad1R203A K205A
Rad10/Sawl and His-rad1R218A-Rad10/Sawl from Cobalt column. 

A. The load, flow-through and elution fractions from the Cobalt column of His-Radl
RadlO/Sawl (top), His-rad1R203A K205A- RadlO/Sawl (middle) and His-rad1R218A
Rad10/Sawl (bottom) were analyzed on an SDS- page (12%) gel. The elution lane is labeled GF 
load to indicate the gel filtration load. The His- Radl, His-rad1R203A K205A, His-rad1R218A, 
RadlO, and Sawl bands are indicated with arrows. The gels shown are representative of two 
independent experiments. B. The relative amounts of His-Radl, His-rad1R203A K205A, His
rad1R218A, RadlO, and Sawl in each GF load were quantified from the gels in A, using Image 
Lab (Bio Rad). Within a lane, the signals for Radl (or radl mutant), RadlO and Sawl were 
summed. The proportion of that represented by each protein is the number shown in the Table. 
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Supplementary Figure S. 4 In vitro behavior of His-Radl-RadlO, His-rad1R203A K205A
Rad10 and His- rad1R218A-Rad10 complexes. 

A. Analysis of His-Radl /rad1R203A K205A-Rad10 gel filtration fractions following purification 
over a Cobalt column, as in the complex purification shown in Fig. 7. Fraction numbers start 
with #1 representing the highest molecular weight fractions following the void. Fractions were 
analyzed for His-Radl, His-rad1R203A K205A (Coomassie stain), His-rad1R218A (silver stain) 
and RadlO (Western). B. Analysis of partially purified His-Radl-RadlO and His-rad1R218A
Radl 0 following centrifugation. Protein was centrifuged at 16,000xg for 10 minutes to detect 
protein aggregation. An aliquot of each protein was sampled prior to centrifugation (Pre). An 
equivalent sample was sampled following centrifugation (Post). The samples were separated by 
gel electrophoresis and stained with Coomassie. Quantification was performed in ImageLab 
(Bio-Rad). 
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Supplementary Figure S. 5 UV sensitivity of strains with integrated rad1R218A 

UV sensitivity of strains with integrated radl::HA alleles, used for short repeat SSA assays in 
Fig. 10 was tested. Data represents the mean ± SEM of at least three independent experiments 
with each of at least two independent isolates. 
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Supplementary Figure S. 6 Sawl protein levels in vivo 

SSA strains with short repeats encoding RADJ-3HA, rad1D825A-3HA, radlil and rad1R218A-
3HA were transformed with a 2µ (high copy) plasmid encoding SA Wl. Cell lysates were 
prepared from strains transformed with either the SAWJ plasmid or the corresponding empty 
vector that had been grown to mid-log phase. Western Blots were performed on whole cell 
lysates using a -Sawl as a probe. The Sawl band is indicated with arrows. 
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Supplementary Figure S. 7 Effect of Radl protein partners Rad14 and Sawl on SSA and 
UV sensitivity. 

A. UV sensitivity of cells overexpressing SA Wl from a high copy (2µ) plasmid under control of 
the endogenous SAWJ promoter was determined. B. SSA (short repeats) survival assays were 
performed in the presence and absence of RAD14, to determine whether SSA efficiency 
improved in rad] 4L1 cells. 
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Pathway Summary 

Allele ·,·,·;i·u·u·t• 
RAD1 ++ ++ 

rad1 R203A K205A + ++ 

R218A ++ ++ 

D825A NT 

In vitro Summary 

Al lele Saw1 [ $table 2--3 Int. 2-3 Int. + 
Int. comp,lex DNA111111 ..++ ++ ++ ++ ++ ++ ++ 

radf R203A K205A +/, NT 'T NT+ + 
R218A ++ ++ ++ ++ ++ +++ +++ 
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In vivo Summary 
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Supplementary Figure S. 8 Summary of in vivo and in vitro phenotypes of Radl-RadlO and 
mutant radl complexes. 

The radl mutants have distinct phenotypes in the different in vivo and in vitro assays performed 
in this work. * indicates data from [ 432] ++ indicates wild-type levels of activity, in vitro or in 
vivo; +++ indicates increased activity relative to wild-type, + and +/- indicate decreasing activity 
levels relative to wild-type; - indicates not detectable activity; NT indicates not tested. 
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Abstract 

Mismatch repair (MMR) is a highly conserved repair pathway essential to safeguard the 

genome from errors that occur during genetic recombination and DNA replication. In 

Saccharomyces cerevisiae, two heterodimeric Msh complexes initiate MMR, either Msh2-Msh3 

or Msh2-Msh6. The role of these complexes is not limited to post-replicative MMR; they are 

also known to contribute to genomic stability by participating in homologous recombination, 

double-strand break repair (DSBR) and the DNA damage response. In contrast to these genome 

stability roles, Msh2-Msh3 functions are also associated with promoting genome instability 

through trinucleotide repeat (TNR) expansions. 

Msh2-Msh3 binds to a wide range of DNA structures that include branched intermediates 

with 3' or 5' single-strand/double-strand (ss/ds) DNA. Whereas the binding to 3' single-strand 

( ss) DNA tails leads to repair in a specialized form of DSBR called 3' non-homologous tail 

removal (3'NHTR), in vitro evidence suggests that Msh2-Msh3 binding to 5' flap structures 

interferes with the cleavage activity of the structure-specific endonuclease Rad27 (Fenl in 

humans). The endonucleolytic function of Rad27 promotes 5' ssDNA flap processing during 

Okazaki fragment maturation and long-patch base excision repair. Here we show that elevated 

Msh2-Msh3 levels interfere with 5' flap processing in vivo in an expression and ATP-dependent 

manner, consistent with the hypothesis that protein abundance and ATPase activities in Msh3 are 

key drivers ofMsh2-Msh3-mediated genomic instability. 
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Introduction 

MMR is a specialized repair pathway known for its role identifying and directing the 

correction of errors that evade the intrinsic fidelity mechanisms of the replication machinery, 

thereby increasing the fidelity ofreplication 100 to a 1,000 fold [187,236]. In S. cerevisiae, two 

heterodimer complexes initiate MMR with distinct but partially overlapping binding affinities 

[264,265]. Msh2-Msh6 predominantly binds single base mispairs (with the exception of C-C 

mismatches) and 1-2 nucleotides (nt) insertion deletion loops (IDLs) [265-268], whereas Msh2-

Msh3 binds some mispairs, such as A-A, C-C and T-G [269,270], and also recognizes IDLs up 

to 16 nt in length [271]. Following mismatch recognition, either one of two MutL homologs 

(Mhl) Mlhl-Mlh3 or Mlhl-Pmsl [Pms2 in humans] is recruited in an ATP dependent manner. 

The endonuclease activity of Mlh homo logs is directed to cleave distal to the mismatch, an 

activity that requires a Msh complex and the proliferating cell nuclear antigen (PCNA) [290, 

301,312]. Subsequently, factors from the replication machinery that include the eukaryotic 

sliding clamp loader (replication factor C [RFC]), the sliding clamp PCNA, and replicative DNA 

polymerase delta (Pol 8), or epsilon (Pol E) are recruited to restore the structure of the double 

helix [238, 551, 552]. 

The role of Msh2-Msh3 is not limited to correcting replication errors. Msh2-Msh3 also 

participates during 3 'non-homologous tail removal (3 'NHTR), a step that occurs in a sub-type of 

double-strand break [553]. During 3' NHTR, Msh2-Msh3 is proposed to bind to the 3' ssDNA 

junctions of non-homologous tails to stabilize the intermediate and thus facilitate cleavage of the 

tails by the structure-specific endonuclease Radl-RadlO [421,432,441]. Given these known 

functions, it is not surprising that genetic inactivation of MMR is associated with an increase in 
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genomic instabilities that can cause hereditary and sporadic cancers in humans [368-372, 388, 

391]. 

An important activity of MMR complexes is their ATPase function, which controls its 

interaction with specific DNA substrates [333, 335, 336]. In the molecular switch model of 

MMR, Msh complexes are freely diffusing on the double strand DNA in search of mispairs [317-

319, 554]. Mispair binding is thought to drive ADP-----+ATP exchange that transforms the Msh 

complexes into a molecular "sliding clamp" that rotates along the phosphodiester backbone of 

the DNA [332, 343-346, 554]. Each Msh complex harbors two composite ATP

binding/hydrolysis sites with highly conserved Walker A and Walker B adenosine nucleotide

binding sites that are essential for nucleotide binding and catalysis, respectively [313-316]. In S. 

cerevisiae, amino acid substitutions of the Walker A (G796 in Msh3) or Walker B (D870 in 

Msh3) motif abolish MMR and yields a mutator phenotype that is similar to MMR null strains 

[326-333]. The latter observation is consistent with other functional studies showing that the 

regulation of nucleotide binding and hydrolysis is essential for functional MMR but is 

dispensable for mismatch binding [246,326,329,331,332,334]. 

Biochemical studies have revealed that Msh3 and Msh6 monomers interact with Msh2 in 

a 1: 1 stoichiometric ratio [514]. However, the relative ratios of Msh2-Msh3 and Msh2-Msh6 

complex formation in vivo are asymmetric due to the relative expression amounts of each 

monomer. In human cell lines, approximately 75-90% ofMsh2 is in complex with Msh6, while 

the remainder (10-15%) forms a complex with Msh3 [507,514]. Overexpression ofMsh3 results 

in strong base-base mutator phenotype that has been attributed to an imbalance on the relative 

protein ratios between Msh2-Msh3 and Msh2-Msh6 [514,515]. In addition, various studies have 

provided evidence that cancer tissues have altered expression levels of MMR proteins [390, 511, 
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517-522]. For instance, immunohistochemistry studies of MSH2, MLHJ, PMS2, andPMSJ in 

prostate cancer cells lines and tumors tissues have shown reduced levels of expression when 

compared to normal adjacent tissues [390]. Low levels of expression are correlated with 

increased mutation rates that lead to the unpredictable behavior of tumor heterogeneity. On the 

other hand, high expression levels of MMR complexes are also associated with more aggressive 

malignant tumors, low survival and early recurrence [ 517-521]. 

Our lab previously demonstrated that Msh2-Msh3 binds to a wide range of DNA lesions 

that include branched intermediates with 3' or 5' ss/ds DNA junctions [433,501]. While the 

binding to 3' ssDNA leads to 3' NHTR, we have shown that Msh2-Msh3 binding to 5' flap 

structures interferes with the normal processing of the intermediate in vitro [501]. 5' single

strand DNA flaps occur in at least two well-known DNA metabolic pathways: long-patch base 

excision repair (BER) and DNA replication (Okazaki fragment maturation) (Figure 3. 1). In each 

pathway polymerase (Pol) ocan be recruited for synthesis. As Pol 8 extends the template, it 

eventually encounters the preceding DNA fragment. Pol 8 proceeds with synthesis and by doing 

so it displaces the 5 '-end region of the downstream segment forming a single-stranded 5' flap 

structure [129, 130, 132]. This intermediate is cleaved by endonuclease Rad27 (FENl in 

humans), leaving a nick that is sealed by DNA ligase Cdc9 (DNA Ligase 1 in humans). Since the 

processing of a 5' flap is an essential step in these pathways, Msh2-Msh3 binding to 5' flap 

intermediates poses a risk for normal DNA metabolism. 

Here we present evidence that elevated levels ofMsh2-Msh3 interfere with 5' flap 

processing in vivo. Msh2-Msh3 overexpression results in sensitivity to the alkylating drug, 

methyl methanesulfonate (MMS), which generates lesions that are normally repaired via base 

excision repair (BER). A subset of BER events involves 5' flap processing. Msh2-Msh3 
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overexpression also induces defects in cell cycle progression that may be a result of Okazaki 

fragment stress. Our results support a model in which elevated levels of Msh2-Msh3 interfere 

with normal DNA metabolism, not simply by binding DNA substrates, but by engaging in 

aberrant MMR in an ATP binding-dependent manner. Furthermore, they suggest that tight 

regulation of the Msh2-Msh3 expression levels is important to prevent interference with 5' flap 

process mg. 
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Figure 3. 1 5' Flap processing 

(A) During lagging strand synthesis DNA polymerase 8 (Pol 8) initiates strand displacement 
synthesis when it encounters the upstream Okazaki fragment. This leads to the formation of a 5' 
flap structure that is processed by the sequential work of Rad27, a structure-specific 
endonuclease, and Cdc9, a DNA ligase. (B) Base excision repair (BER) pathway is the primary 
correction mechanism for alkylation, oxidative, deamination, depurination and depyrimidination 
damage. It can occur in two ways: 1) short-patch, when a single nucleotide is removed, or 2) 
long-patch when two or more ( <10) nucleotides are removed. Long-patch BER initiates when a 
DNA glycosylase catalyzes the cleavage of the N-glycosidic bond of an altered base to generate 
an apurinic/apyrimidinic (AP) site. AP endonuclease cleaves the AP site to generate a gap 
intermediate. Then, a polymerase is recruited for gap filling synthesis and is followed by the 
removal of the 5' flap and ligation performed by Rad27 and Cdc9, respectively. 
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Materials and Methods 

Plasmids and yeast strains 

To generate low copy and high copy plasmids expressing MSH3 a Sacll-Pstl fragment 

from pEAl215 [325], which includes DNA sequence from~ 1 kb upstream of MSH3 to~ 500 bp 

downstream of MSH3 from its endogenous chromosomal location, was ligated into pRS423 

[555] digested with Saeli and Pstl to generate pSP 1. This is a high copy 2µ plasmid with a LEU2 

marker. From this plasmid, a Sacll-SalI fragment was excised, containing the entire MSH3 

sequence from pEAl215, and ligated into pRS424 [555] and pRS414 [556] digested with Saeli 

and Sall to generate pSP15 and pSP18, respectively. Both carry a TRP 1 marker; pSP15 is a 2µ 

plasmid while pSP 18 is a single copy ARS CEN plasmid. Plasmids were transformed into a 

msh3~ yeast strain background using the lithium acetate method [540]. 

Galactose-inducible overexpression plasmids of MSH2 (pMMR8), MSH3 (pMMR20), 

MSH6 (pEAE218), msh3G796A (pCK42), msh3Y925A (pCK94) and empty vector (pJAS104) are 

described previously [271,333,441, 557]. To generate msh3Y925A and msh3D870A plasmids 

under the control of the GAL 10 promoter (pMME2 or pMME3 ), a Bsu3 61-M/,ul fragment 

containing the msh3 allele was sub-cloned into pMMR20 [271]. Plasmids were co-transformed 

into a msh3~ yeast strain background using the lithium acetate method [540]. See Table 3.1 and 

3.2 for plasmid details. 

RNA isolation and quantitative Real-Time PCR 

Total RNA was isolated from cultured yeast cells utilizing the RN easy Mini Kit from 

QIAGEN. As recommended by the manufacturer, residual DNA was removed by on-column 

DNase I digestion was carried out for 15 minutes. One µg of total RNA was reverse transcribed 

using a mix of oligo( dT) and random hexamer primers following manufacturer's instructions of 
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the iScript™ cDNA synthesis kit (BioRad). Primers to detect endogenous transcript levels of 

MSH2, MSH3, MSH6 and PDAJ are described in Supplementary Table 3. 3. The RT-PCR was 

performed at 95 °C for 3 minutes, forty cycles of amplification consisting of denaturation at 95 

°C for 15 s, annealing at 55 °C for 30 s, extension at 72 °C for 30 s, followed by melting curve 

analysis. Each RNA extraction was performed a minimum of three times. Each PCR included a 

standard curve with genomic DNA, and the levels of target transcripts were normalized to that of 

reference gene that encodes Pyruvate Dehydrogenase Alpha 1 (PDAJ). 

Galactose inducible overexpression 

Cultures of a msh3L1 background (JSY1505 or JSY905) carrying both pMMR8 (MSH2) 

and pMMR20 (MSH3) [271] were grown to mid-log phase in synthetic complete (SC) medium in 

the presence of 2% lactate and 2% glycerol as carbon sources. Protein expression was induced by 

the addition of 2% galactose for 17 hours. Cells were harvested for flow cytometry, washed with 

sterile deionized water, fixed in 70% ethanol. They were stored for up to one week at 4 °C before 

flow cytometry analysis. Yeast cells for RNA extraction were washed with UltraPure™ 

DNase/RNase-Free Distilled Water (lnvitrogen), harvested by centrifugation and resuspended in 

~-Mercaptoethanol/Buffer RLT solution as described by RNeasy Mini Kit (QIAGEN) 

guidelines. Aliquots from each time point were snap-frozen in liquid nitrogen and stored at 

-80°C until ready for processing. 

Methyl methanesulfonate survival assays 

For assays performed with high and low copy plasmids, cultures were grown to mid-log 

phase in SC(-Trp ). Cells were diluted and plated on appropriate SC-Trp plates or SC-Trp plates 

containing 0.0175, 0.01 or 0.005% MMS. To avoid degradation ofMMS, cells were plated 

within hours of pouring the plates. After incubation at 30°C for 4 days, percent survival was 
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calculated as the ratio of the number of colonies that grew in presence of MMS relative to the no 

MMS control. Assays were repeated for a minimum of three times with independent isolates. 

For assays performed with overexpression strains, cultures were grown to mid-log phase 

in SC in the presence of lactate and glycerol as carbon sources. Protein expression was induced 

by as described above. Cells were diluted and plated into appropriate SC-amino acid(s) plates or 

SC-amino acids plates containing 0.005% MMS. 

Cell cycle analysis 

Yeast cells were washed with sodium citrate/EDTA solution (50mM sodium citrate and 

lmM EDTA [pH 8.0]) and treated with 0.06mg RNase A (Invitrogen) at 50°C for 2 hours. This 

was followed with the addition of 0.25mg of Proteinase K (Sigma-Aldrich) and an incubation at 

50°C for 2 hours. Cells were mixed with a sodium citrate/EDTA solution containing lµM 

SYTOX® Green. Stained DNA was then analyzed for chromosomal content using a BD Fortessa 

Flow Cytometer (CMFC Facilities at University of Buffalo, Buffalo, NY) at an excitation 

wavelength of 488nm. Data shown was analyzed using BD F ACSDIV A TM software. 

Detection of PCNA modification by Western blot 

Total proteins from yeast strains overexpressing Msh2-Msh3 were TCA precipitated as 

described in [558, 559]. His-tagged PCNA was purified using Ni-NTA conjugated agarose. 

Bound protein was eluted with Buffer A (6M guanidine HCl, 100 mM sodium phosphate, pH 

8.0, 10 mM Tris-HCl, pH 8.0) and analyzed by Western blot with an anti-PCNA antibody as 

described in [558, 559]. 
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Results 

Characterization of MSH3 expression levels 

Previous work demonstrated that Msh2-Msh3 binding to 5' flap substrates interferes with 

the processing of this intermediate by Rad27 and Cdc9 in vitro, likely through competition with 

Rad27 for binding the DNA intermediate [501]. Since this intermediate occurs in multiple DNA 

metabolic pathways, such as long-patch BER and lagging strand synthesis, we were intrigued the 

by the possibility that Msh2-Msh3 might interfere in these processes in vivo, potentially leading 

to genome instability and replication stress. Notably, altered levels of Msh2-Msh3 are a key 

driver of genome instability in eukaryotes [507,510,514,560]. Based on these results we set out 

to test the hypothesis that Msh2-Msh3 abundance and ATPase function are also drivers of 

genomic instability in processes with 5' flap DNA intermediates. 

To address the above hypothesis, we established a series of plasmids to express MSH3 at 

different levels. First, we generated a single copy ARS CENplasmid (pSP18, low copy [LC]) 

carrying MSH3 under the control of its endogenous promoter. Second, we constructed a 2µ 

plasmid (pSP15, high copy [HC]) carrying MSH3 under the control of its endogenous promoter. 

Finally, MSH2 and MSH3 were co-overexpressed in a msh3l1 background strain; MSH2 

(pMMR8) expression was under the control of the constitutive ADCl promoter, and MSH3 

(pMMR20) was expressed under the control of an inducible GAL-PGK promoter [271]. 

We carried out qR T-PCR analysis to assess MSH3 expression levels, since the 

endogenous Msh3 protein levels and msh3l1 cells bearing a MSH3 LC plasmid are too low to be 

reliably detectable by Western blot [269, 324, 333]. RNA was extracted from wild-type and 

msh3l1 background strains in the presence or absence of the LC or HC MSH3 plasmids, or both 

the MSH2 (pMMR8) and MSH3 (pMMR20) plasmids, as indicated below. For co-overexpression 
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experiments, sample aliquots were taken at different time points following induction with 

galactose to extract the RNA. 

Consistent with previous studies reporting that endogenous Msh3 protein levels are not 

readily detectable levels [269, 324, 333] , we observed endogenous MSH3 mRNA levels to be six 

times lower than MSH2 expression levels (Figure 3. 2). To increase expression levels we 

transformed either a LC or HC plasmid, carrying MSH3 under the control of its endogenous 

promoter, into the msh3il strain. Strains were grown to mid-log phase and mRNA levels were 

quantified by qRT-PCR. Notably, the MSH3 mRNA levels were four and sixty-four times higher 

than MSH3 endogenous levels when expressed from the LC and HC plasmids, respectively 

(Figure 3.3A and B). To determine ifupregulation of MSH3 transcript levels influences the 

expression of MSH2 or MSH6, we compared mRNA levels in the presence of the MSH3 HC and 

LC plasmids; no significant differences were observed (Figure 3. 3 C and D). 

To increase the expression levels even further, a msh3il strain was co-transformed with a 

plasmid-borne copy of MSH2, expressed constitutively and at elevated levels, and a second 

plasmid bearing either a galactose-inducible copy of MSH3 or an empty vector control. 

Galactose was added at mid-log phase to induce the overexpression of MSH3. Aliquots of 

several time points (0, 7, 14 and 17 hours after induction) were collected for qRT-PCR analysis. 

Prior to induction, we observed an increase in MSH3 mRNA of approximately ~2,300-fold over 

MSH3 endogenous levels (Figure 3. 2 Band Figure 3. 4A), indicating that the plasmid has some 

read-through transcription even in the absence of galactose. In addition, we had a qRT-PCR 

signal in the strain co-expressing MSH2-empty vector control, but these values are less than one 

and can only be visualized when using a log scale. Upon induction by galactose for 17 h, MSH3 

expression levels increase up to ~14-fold when compared to the Oh time point, or up to ~32,000-
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fold when compared to endogenous levels of MSH3 (Figure 3. 2 B Figure 3. 4 A). Interestingly, 

the transcript levels of MSH2 were reduced upon induction of the MSH3 overexpression with 

galactose (Figure 3. 4 B), although they were still well above endogenous levels because MSH2 

was constitutively expressed from an ADC promoter in the pMMR8 plasmid. 
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Figure 3. 2 Differential endogenous MSH2 and MSH3 mRNA levels 

RNA was isolated from MSH3 or msh3l1 yeast cells at mid-log phase. RNA was used as template 
in a reverse transcribed reaction and endogenous mRNA levels of MSH2 (pink) and MSH3 (blue) 
were determined by qRT-PCR. mRNA levels of a msh3l1 were used as a negative control for 
MSH3 expression levels. All expression levels were normalized to the reference gene PDAJ. 
Plotted numbers represent the mean of at least three independent determinations. Error bars 
represent the standard error. 
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Figure 3. 3 Expression levels of MSH2, MSH3 and MSH6 on msh3A strains carrying a high 
copy or low copy MSH3 plasmid 

RNA was isolated at mid-log phase from a msh3iJ strains that were transformed with either a low 
copy (LC) or high copy (HC) number plasmid bearing MSH3 under an ARS CEN or 2-micron 
promoters, respectively. mRNA expression levels of (A and B) MSH3, (C) MSH2, and (D) 
MSH6 were determined by qRT-PCR. (A) Direct comparison of endogenous MSH3 expression 
levels with MSH3 cloned into HC or LC-based plasmids. RNA levels were normalized to the 
reference gene PDAJ. Numbers represent the mean of at least three independent experiments. 
Error bars represent the standard error. 
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Figure 3. 4 mRNA levels when MSH2 and MSH3 are co-overexpress 

qRT-PCR analysis of MSH3 (blue, A) and MSH2 (pink, B) co-overexpression mRNA levels in a 
msh3iJ background. Culture aliquots were collected at indicated hours after induction with 
galactose. RNA was extracted, and mRNA levels were quantified utilizing qRT-PCR. All data 
are expressed as the relative starting quantity normalized to the reference gene PDAJ. RNA 
extraction was repeated at least three times. Values represent the average of triplicate samples. 
Error bars represent the SEM. 
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Co-overexpression of Msh2-Msh3 leads to MMS sensitivity 

The monofunctional alkylation agent MMS methylates DNA on the N7-deoxyguanine 

and N3-deoxyadenine [ 561 ], a lesion typically repaired by the BER pathway. Given the potential 

ofMsh2-Msh3 to interfere with 5' flap processing we tested whether or not overexpression of 

MSH3 or the co-expression of MSH2 and MSH3 could sensitize the cells to MMS treatment. 

msh3il yeast cells carrying a MSH3 cloned into either a LC or a HC number plasmid were grown 

into mid-log phase, serial diluted and exposed to agar plates with or without MMS. At 0.0175, 

0.01 or 0.005% ofMMS concentration, neither one of the strains carrying MSH3 in a LC or HC 

plasmid showed sensitivity to MMS (Figure 3. 5 A). 

Yeast strains carrying pMMR8 (MSH2) and pMMR20 (MSH3) or empty vector 

(pJAS104) plasmids were grown to mid-log phase. Upon addition of galactose, cultures were 

incubated for 17 h, serial diluted and plated onto agar plates with 0.005% MMS or without 

MMS. Co-overexpressed Msh2-Msh3 yeast cells showed sensitivity to MMS (compare Msh2-

Msh3 and Msh2-empty vector, Figure 3. 5 B). Our observations suggest that when the expression 

of MSH2 and MSH3 is upregulated the survival to alkylation damage is reduced. Thus, an 

increase in levels of Msh2-Msh3 interferes with BER in vivo, potentially by impeding with 

normal 5' flap metabolism. 

Overexpression of Msh2-Msh3 interferes with cell cycle progression 

Okazaki fragment maturation requires a 5' flap processing step, interference with this 

process is associated with delays in cell cycle progression [491, 559, 562-565]. To determine 

whether Msh2-Msh3 has the potential to interfere with cell cycle progression and 5' flap 

processing during Okazaki fragment maturation, we co-overexpressed MSH2 and MSH3 as 

described above, because these were the overexpression conditions that resulted in MMS 
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sensitivity. We monitored cell cycle progression at different time points following induction of 

MSH3 overexpression to determine both mRNA expression levels and cell cycle defects in an 

asynchronous population of budding yeast. Fourteen hours after induction with galactose, with a 

~9-fold increase of MSH3 mRNA levels compared to no induction (Figure 3. 4 A), we observed 

cell cycle progression defects, with an apparent accumulation of cells in early S phase (Figure 3. 

6 A). To quantify the populations in GI, Sor G2/M phase cell cycle profiles were gated (see 

Supplementary Figure 3. 1 ). When quantified, the percentage of cells in both G 1 (1 DNA 

content, Cl) and G2/M (2 DNA content, C2) phase decreased when MSH2 and MSH3 were 

overexpressed (compare time points 14 and 17.5 hours, Figure 3. 6 Band C). This observation is 

indicative of an accumulation of cells in S-phase, a phenotype that is associated with slow fork 

progression and/or DNA damage [566-568]. As a control, we also overexpressed Msh2-Msh6 

(Figure 3. 6A). Overexpression of this complex did not show an accumulation of cells in S

phase. These data suggest that overexpression ofMsh2-Msh3, but not Msh2-Msh6, interferes 

with normal DNA metabolism. In vitro experiments indicate that Msh2-Msh3 out-competes 

Rad27 for binding to the ds/ssDNAjunctions at 5' flaps [501]. Therefore, in vivo, excess Msh2-

Msh3 binding to 5' flaps may simply sterically interfere with Okazaki fragment maturation or 

contribute to a signaling cascade that causes genome instability. 
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Figure 3. 5 Co-expression of Msh2-Msh3 Renders Sensitivity to Alkylation DNA Damage 

(A) MMS sensitivity of msh3iJ strains carrying either MSH3 high or low copy plasmid were 
grown in presence of indicated percentages of MMS. Plotted graphs represent an N = 2 for 
0.0175%, and N=3 for 0.0100 and N=3 for 0.005% MMS. Error bars were calculated by SEM. 
(B) MMS sensitivity of msh3iJ strains co-overexpressing MSH2 and MSH3 under endogenous 
and galactose promoter, respectively. Cultures were grown to mid-log phase and protein 
expression was induced by the addition of galactose. Time point 17 hours after induction was 
collected, serial diluted, and plated onto SC agar plates with 0.005% MMS or no MMS (control). 
Plotted data represents the results of at least three independent experiments. Error bars represent 
the SEM. 
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Figure 3. 6 Overexpression of Msh2-Msh3 Causes Delays in Cell Cycle Progression 

MSH2 and MSH3 overexpressed in a msh3iJ background. Culture aliquots were collected at 
indicated hours after induction. (A) Harvested cells were fixed, stained with SYTOX Green and 
processed using BD Fortessa flow cytometer. Histograms of the asynchronous population are 
illustrated. All flow cytometry experiments were repeated at least three times, with more than 
one strain isolate. (Band C) Percentage of cells during Gl (one DNA content [lC]), Sor G2/M 
(two DNA content [2C]) phase was determined using Diva 8.0 software (see Supplementary 
Figure 3. 1 for details). Plotted values correspond to data collected from two independent 
experiments. Error bars represent the standard deviation. 
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msh3 alleles that disrupt ATP-binding and hydrolysis activities suppress disruption of cell 

cycle progression when overexpressed 

ATP plays essential roles in the function and regulation of Msh complexes when bound 

to specific DNA substrates [333, 335, 336, 433, 530, 557]. Previous reports have suggested that a 

functional ATPase activity in Msh2-Msh3 is required to drive genomic instability processes (i.e. 

TNR expansions) [507, 569]. Thus, we reasoned that ATP binding and/or hydrolysis could also 

have a role in mediating cell cycle progression delays when MSH2 and MSH3 are co

overexpressed. To test this possibility, we overexpressed msh3 mutant alleles that bind DNA but 

disrupt ATP binding and/or hydrolysis. Since ATP is an important regulator of the function and 

the turnover ofMsh complexes on DNA specific substrates [433,530,557]. lfDNA-binding is 

sufficient to interfere with 5' flap processing, then these msh3 mutant complexes should also 

disrupt cell cycle progression. 

We monitored cell cycle progression while overexpressing two previously characterized 

msh3 alleles: msh3G796A and msh3D870A [333, 507]. These mutations disrupt the highly 

conserved Walker A motif (Msh3G796), which mediates ATP binding, or the Walker B motif 

(Msh3D870), which mediates ATP hydrolysis [316,333]. Notably, cell cycle defects were 

abrogated when either one of these msh3 alleles was overexpressed (Figure 3. 7A). Similarly, 

disruption of the Msh2 Walker A motif, msh2G693D-Msh3, suppressed the cell cycle defects 

when overexpressed (Figure 3. 7A), indicating the ATP binding to both Msh2 and Msh3 is 

required to disrupt cell cycle progression, likely via replication stress. It is worth noting that 

msh2G693D-Msh3 retains wild-type DNA binding activity in vitro [433], suggesting that DNA

binding alone is not sufficient to disrupt the cell cycle. 
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To determine whether normal regulation of ATP binding/hydrolysis was required to 

disrupt cell cycle progression, we overexpressed msh3Y925A, a separation-of-function allele that 

is defective in MMR but functional in 3'NHTR [333]. Based on the human Msh2-Msh3 crystal 

structure, Y925 is predicted to regulate nucleotide occupancy of the nucleotide-binding pocket 

by pushing a conserved phenylalanine (F940) into the nucleotide-binding pocket [316]. In vitro 

Msh2-msh3Y925A retains ATP hydrolysis activity but the kinetics of hydrolysis is significantly 

altered, indicating a defect in regulation of ATP binding, ATP hydrolysis and/or nucleotide 

turnover (C. Kumar, unpublished data). When overexpressed, the msh3Y925A allele conferred 

cell cycle defects similar to the wild-type overexpression profile, consistent with the hypothesis 

that ATP binding/hydrolysis by Msh2-Msh3 is required for conferring cell cycle defects. 

However, regulation of this activity is apparently less important, as described for 3' NHTR 

[333]. Combined, these data further indicate that Msh2-Msh3 DNA-binding alone is not 

sufficient for the disruption of cell cycle progression. 

MSH3 overexpression enhances PCNA post-translational modification 

Previous studies have shown that interference with Okazaki fragment processing leads to 

the cell cycle delays and DNA damage responses [558, 559, 564], signaling cascades that are 

mediated in part by post-translational modifications in PCNA (Figure 3. 7B). We examined 

whether overexpression of MSH3 or msh3 alleles could trigger a DNA damage response via post

transcriptional modification of PCNA. Following MSH3 or msh3G796A or msh3Y925A 

overexpression, HA-tagged PCNA was immunoprecipitated from cell lysates and analyzed by 

Western blot [558, 559]. When MSH3 was overexpressed, a PCNA-specific band was observed 

near the bottom of the gel, consistent with the size of the unmodified PCNA (~29 kDa). In 

addition, a PCNA band with slower mobility was observed just below 49 kDa, consistent with a 
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modified form of the protein subunits (Figure 3. 7C). This modified PCNA band was enhanced 

in the presence of MSH3 overexpression compared to the empty vector (compare lanes 1 and 4). 

Notably, the modified band was not enhanced in the presence of msh3G796A overexpression, 

which disrupts the Walker A motif and therefore ATP binding. This correlates with the failure of 

this allele to perturb cell cycle progression (Figure 3. 7 A). In contrast, overexpression of 

msh3Y925A, which retains ATPase activity, led to PCNA modification that is indistinguishable 

from that in the presence of MSH3 overexpression, again correlating with the cell cycle 

progression phenotype. These observations indicate that overexpression of the ATPase 

proficient Msh2-Msh3 alters cell-cycle progression and also induces posttranslational 

modification of PCNA that might indicate replication stress and/or activation of a DNA damage 

response. 
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Figure 3. 7 Msh2-Msh3-mediated cell cycle defects induces a PCNA DNA damage signal in 
that depends on ATP binding and hydrolysis. 

MSH2, MSH6, and MSH3 or msh3 alleles were overexpressed in a msh3iJ background. Protein 
expression was induced with galactose and aliquots were collected at 0, and 17 hours after 
induction. (A) Harvested cells were fixed and processed using BD Fortessa flow cytometer. 
Histograms of the asynchronous population are shown. (B) 5' flap processing is a step essential 
in various DNA metabolic processes including Okazaki fragment maturation and long-patch base 
excision repair. In both pathways, strand displacement synthesis by polymerase delta (Pol 8) 
leads to the formation of a 5' single-stranded DNA intermediate. This intermediate is processed 
by the collaborative work of Rad27 and Cdc9, which cleave and seal de nicks, respectively. 
Failure of this process leads to post-translational modifications of PCNA that trigger distinct 
DNA damage and repair responses. (C) MSH2 and MSH3 or msh3 alleles were overexpressed in 
a msh3iJ background, as previously described. His-tagged version ofPol30 (PCNA) was isolated, 
ran in a 10% SOS-PAGE, transferred into a membrane and then probe with anti-PCNA. 
Modified PCNA is marked as M-PCNA. The asterisk indicates non-specific bands. 
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Downstream steps in MMR are required for cell cycle progression defects when MSH3 is 

overexpressed 

Msh2-Msh3 ATP binding and hydrolysis activities are required to observe defects in cell 

cycle progression and apparent modification of PCNA. These observations indicated that 

downstream steps in MMR might also be required to observe these phenomena. In MMR, Msh 

complex binding to specific DNA structures leads to the recruitment of Mlh complexes and 

activation of their latent endonuclease activity [289, 300, 310, 311]. To determine whether 

Msh2-Msh3-mediated cell cycle defects require the functions ofMlh complexes, we created a 

mlhl L1 strain, eliminating both Mlhl-Pmsl and Mlhl-Mlh3 complexes. We first compared the 

cell cycle progression profiles of the mlhl L1 strain with an MSH3 background strain in the 

absence of overexpression (Figure 3. 8 A). The asynchronous population of cells in the mlhl L1 

strain showed a cell cycle progression profile in which the G2/M peak dominated the population 

(Figure 3. 8 A). Interestingly, this G2/M dominance was not seen in the overexpression strain at 

0 h. Upon induction ofMsh2-Msh3 overexpression, the cell cycle profile in the mlhLd 

background largely resembles that in the presence of the empty vector (Figure 3. 8 B). However, 

overexpression ofMsh2-Msh3 in absence ofMlhl resulted in a peak to the left of normal GI 

(sub-G 1 ). The sub-G 1 peak is presumably the result of cells having reduced or lost DNA content 

during the cell cycle and is often associated apoptosis [566-568]. These results indicate that Mlh 

complexes are required to observe the defects in cell cycle progression in the presence of MSH3 

overexpression. This observation suggests that one or both Mlh complexes contribute to Msh2-

Msh3-mediated replication stress that disrupts the cell cycle. 
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A possible role of the clamp un-loader, Elgl RFC-Like complex, in Msh2-Msh3-mediated 

genomic instability 

The Elgl RFC-like complex (Elgl-RLC), the PCNA un-loader, predominantly interacts 

with SUMOylated PCNA to unload the clamp. This process is essential for PCNA recycling 

during Okazaki fragment maturation [570-573]. Interference with PCNA recycling results in an 

accumulation of SUMOylated PCNA on the DNA [570] and as a consequence might result in an 

enhancement of a post-translationally modified PCNA. Accumulated SUMOylated PCNA on the 

DNA could interfere with replication progression and lead to cell cycle defects and replication 

stress. To address this hypothesis, we constructed an elglLJ strain and monitored cell cycle 

defects with and without co-overexpressing MSH2 and MSH3. In Figure 3. 9 A, we compared 

cell cycle progression in non-induced populations of wild-type, msh3L1 or elglLJ cells. As 

previously reported by others [574, 575], we observed a slight delay in S phase and G2/M phase 

in an elglLJ strain background. Surprisingly, when we overexpress MSH3 (Figure 3. 9 B) our 

preliminary data shows that a deletion of Elgl alleviates cell cycle progression defects observed 

in the wild-type background strains, although a notable sub-G 1 peak is observed. These results 

suggest that Elgl is playing a role in Msh2-Msh3-mediated genome instability. 
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A. MSH3 msh3Ll mlhlLl 

MSH3 mlhlLl , Oh MSH3 mlhlLl, 17h 

Gl G2/M Gl G2/M 

Figure 3. 8 Cell cycle Defect is Abrogated in a mlhlA. Background Strain 

(A) MSH3, msh3A and mlhlA strains were grown into mid-log phase, fixed and processed using 
BD Fortessa flow cytometer. Histograms of the asynchronous population are shown. (B) 
Overexpression plasmids bearing MSH2 and MSH3 were co-transformed into a mlhlA 
background strain. Protein expression was induced as previously described and aliquots were 
collected at 0, and 17 hours after induction. Harvested cells were fixed and processed using BD 
Fortessa flow cytometer. Histograms of the asynchronous population are shown. 

A. MSH3 msh3Ll elglLJ 

B. MSH3 elglLJ, Oh MSH3 e/glLJ, 17h 
sub-G l 

G2/M Gl G2/MGl 

Figure 3. 9 Cell cycle Defect is Abrogated in an elglA. Background Strain 

(A) MSH3, msh3A and elgl A strains were grown into mid-log phase, fixed and processed using 
BD Fortessa flow cytometer. Histograms of the asynchronous population are shown. (B) 
Overexpression plasmids carrying MSH2 and MSH3 were co-transformed into an elglA 
background strain. Protein expression was induced and aliquots were collected at 0, and 17 hours 
after induction. Harvested cells were fixed and processed using BD Fortessa flow cytometer. 
Histograms of the asynchronous population are shown. 
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Discussion 

Maintaining the "right" amount of Msh2-Msh3 is important for genome stability 

To define the number of Msh molecules per yeast cell, previous studies have utilized 

mass spectrometry [547] or quantitative immunoblotting [576] approaches. Based on these 

studies the order of relative amounts of Msh complexes is believed to be either 

Msh6>Msh2>Msh3 or Msh2>Msh6>Msh3 (Table 3. 1). In this study, we assessed the transcript 

levels of endogenous MSH2, MSH6, and MSH3 by qRT-PCR. Our results indicate that a wild

type yeast strain has a relative endogenous mRNA expression level ofMsh6=Msh2>Msh3. An 

imbalance in this distribution, by overexpressing Msh3, was previously linked with strong 

mutator phenotypes in human cells [514, 515], presumably caused by a reduction in the 

formation ofMsh2-Msh6 protein complexes. When we co-overexpressed Msh2-Msh3 in 

budding yeast, we observed additional genomic instability phenotypes that include sensitivity to 

alkylating DNA damage (Figure 3. 5), cell cycle delays (Figure 3. 6) and an enhancement of 

post-translational modified PCNA (Figure 3. 7). Our results suggest that controlling the 

abundance ofMsh3 is a mechanism by which a cell limits Msh2-Msh3 interactions with specific 

DNA structures (e.g. 5' flaps). Consistent with this idea, Msh complexes are differentially 

expressed among organisms and tissues [510-513, 515]. For instance, analysis of Msh complexes 

abundance in actively proliferating murine tissues (including testis, spleen, and thymus) showed 

a higher expression ofMsh6, but no Msh3 [512]. In the same study, low proliferative tissues 

such as muscle, heart, and brain showed higher MSH3 expression levels [512]. 

An imbalance ofMsh2-Msh3 expression can also be problematic to the organism. 

Downregulation of Msh2-Msh3 is linked to tumorigenesis and cancer [391, 577], while an 

upregulation of Msh2-Msh3 is associated with microsatellite instabilities that promote TNR 
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expansions [507, 510]. Therefore, the "right" balance among Msh complexes seems to be 

regulated in a tissue-specific manner. Cells produce enough Msh2-Msh3 to participate in genome 

stability processes (e.g. MMR and 3 'NHTR) but may keep Msh3 in relatively low levels, when 

compared with Msh2 and Msh6, to prevent interference with other DNA metabolic processes. 

Table 3.1 Estimated Abundance of Msh Complexes in Eukaryotes 

Protein Msh2 Msh3 Msh6 
1230 736 5330 [576]

Molecules/Cell 
1885 230 769 [547] 

ATP binding and hydrolysis are crucial for Msh2-Msh3-mediated genome instability 

In this study, we investigated the ATP binding and hydrolysis requirements for Msh2-

Msh3 in 5' flap mediated genomic instability. The function of the ATPase domain in Msh3 is 

essential for both MMR and 3 'NHTR pathways [251, 326, 329, 343, 346, 350, 530, 557] but the 

coordination of nucleotide binding within the Msh3 subunit in these pathways is different [333]. 

As described above, only co-overexpression of MSH2 alongside the msh3 alleles that retained 

ATP binding and hydrolysis led to cell cycle progression defects (Figure 3. 6). In addition, the 

accumulation of cells in S-phase was also abolished by a Walker A mutant in Msh2 (Figure 3. 7 

A) and, thus the coordination of ATP in the Msh2 monomer is also important for this role. 

Complexes that retain functional ATPase activity also displayed an enhancement of a post

translational modified PCNA (Figure 3. 7 C), suggesting that Msh2-Msh3 causes cell cycle stress 

in an ATP dependent manner. 

Notably, in a TNR context, Msh2-Msh3-mediated genomic instability is associated with 

altered nucleotide (ADP and ATP) affinity [357, 502, 507]. Since nucleotide binding and 

hydrolysis are important for downstream events in the in the MMR pathway, we acknowledge 

the possibility by which the binding ofMsh2-Msh3 to certain DNA structures (e.g. 5' flaps) 
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might tum DNA repair into an error-prone process. Therefore, we envision a mechanism in 

which the binding ofMsh2-Msh3 to a 5' flap structure sterically blocks the processing of the 

intermediate and also alters the nucleotide turnover interphases of the Msh complex. As a 

consequence, the initial substrate recognition might initiate an MMR-like response that 

transforms into error-prone process, which leads to replication stress, potentially DNA damage, 

and ultimately genome instability. 

An MMR-like response is required for Msh2-Msh3-mediated cell cycle genomic 

instabilities 

The role of Msh2-Msh3 as an MMR initiator factor is to bind to a mismatched lesion and 

recruit Mlh complexes, either Mlhl-Mlh3 or Mlhl-Pmsl, to coordinate the removal of the 

mismatch. Recruitment and activation of the Mlh protein complex depend on direct physical 

contacts [290, 312] and functional ATP binding and hydrolysis activities of Msh complexes 

[251, 309, 342]. Moreover, previous biochemical and genetic reports have implicated Mlh as one 

of the requirements in Msh2-Msh3-mediated TNR expansion [505, 506, 578]. Although the 

mechanism by which Mlh complexes are contributing to genome instability is still not well 

understood, Mlh complexes appear to promote TNR expansions in both mouse [505, 506] and 

yeast models (our unpublished data). Therefore, we evaluated whether Mlh complexes also play 

a direct role in 5' flap-mediated genome instability in the presence of MSH2/MSH3 

overexpression. In the absence of MLHJ, we observed a cell cycle progression profile that 

resembles that of the strain bearing the empty control with a sub-G 1 peak (Figure 3. 8). Based on 

our data we suggest a model in which the activity of Mlh complexes is misdirected by an altered 

nucleotide cycling ofMsh2-Msh3 bound to a 5' flap intermediate, similar to what has been 

proposed in TNR expansion studies. Future analysis of the precise effects of how Msh2-Msh3 
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bound to 5' flaps alter Mlh complexes activation and function should shed some light on the 

mechanisms behind this genomic instability. 

A possible role of SUMOylated PCNA in Msh2-Msh3-mediated genome instability 

Given the possibility of altered nucleotide turnover when Msh2-Msh3 is binding to 5' 

flaps and the molecular requirement of Mlh complexes to observe cell cycle delays, we 

suggested an activation of the MMR pathway that turns awry. The possible mechanism of this 

action may be due to an aberrant activation of Mlh proteins, where the complex embarks in 

repeated rounds of nicking ( futile cycles of repair) resulting in replication stress and ultimately 

double-strand breaks. Although additional experiments are needed to determine if this is actually 

the case, we do observe replication stress that correlates with an enhancement of post

translational modified PCNA (Figure 3. 7). 

PCNA can be modified by a variety of post-translational marks that expand the range of 

interactions with protein partners allowing to induction of signaling cascades for checkpoint 

activation, DNA repair or apoptosis [579]. In eukaryotes, highly conserved lysine residues of 

PCNA are modified by the ubiquitin and the small ubiquitin-related modifier SUMO in response 

to replication stress or DNA damage. Depending on the Lys residue and the type of post

translational modification that occurs a different DNA damage tolerance response is triggered 

(Figure 3. 10). For instance, monoubiquitination of PCNA at Lys164 catalyzed by Rad6-Rad18 

complex signals for the recruitment low fidelity translesion synthesis polymerases (such as Pol 

77 , Revl and Pol ( ), which participate in an error-prone lesion bypass pathway [580-583]. 

PCNA can be further poly-ubiquitinated by Ubc13-Mms2 and Rad5, which catalyze the 

formation ofLys63-linked ubiquitin chains on the Lys164 residue to yield recombination-based 

error-free outcome [392, 582, 584]. Alternatively, PCNA can be SUMOylated on residues 
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Lys127 and Lys164, by the Ubc9-Sizl enzyme complex, to prevent unwanted recombination 

during S phase via the recruitment of the anti-recombinase Srs2 [582, 585-587]. 

SUMOylated PCNA is also associated with the recruitment ofElgl [570], a protein that 

substitutes for the large subunit in the RFC complex that is referred to as Elgl-RLC. In contrast 

to the clamp loader a function of RFC, Elgl-RLC is thought to facilitate the unloading of 

SUMOlyated PCNA and hence, performs an important function in PCNA recycling during 

lagging strand synthesis [570-573]. Therefore, we reasoned that if Msh2-Msh3 is interfering cell 

cycle progression via 5' flap processing it might also be interrupting with the normal cycling of 

PCNA. Such events would result in an accumulation of SUMOylated PCNA at the replication 

fork, which would explain the enhancement of modified PCNA in Figure 3. 7. To investigate this 

possibility, we co-overexpressed MSH2 and MSH3 in an elgl L1 strain. Instead of exacerbating the 

S phase accumulation phenotype, as we predicted, we observed that the absence of Elgl 

mitigates the accumulation of cells in S-phase; suggesting that it might be playing a direct or 

indirect role in Msh2-Msh3-mediated genome instability. Since Elgl also participates in 

triggering the intra-S phase checkpoint to prevent firing of late replication origins when DNA is 

damage [588], we speculate that in the absence of Elgl cells are unable to delay entry into 

mitosis in response to defects in DNA replication and thus, resulting in daughter cells with 

under-replicated DNA. This function might explain the lack of accumulation of cells in S phase 

and the presence of a significant sub-G 1 peak, a signal of reduced or lost DNA content during 

the cell cycle. Alternatively, the lack of Elg I may lead to an accumulation of SUMOylated 

PCNA and Srs2 in the DNA [570] that might elicit additional cellular responses that are not fully 

understood. Additional experiments are required to define which and where PCNA is being 

modified during Msh2-Msh3-mediated genome instability. These results will give some insights 
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into the mechanisms that are being employed by the cell to surpass Msh2-Msh3 associated 

genomic instability. 
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Figure 3. 10 PCNA modifications and prospective outcomes 

In response to replication stress or DNA damage PCNA is post-translationally modified by either 
ubiquitin (U) or SUMO (S). Rad6 and Rad18 catalyze the ubiquitination on residue K164 to 
facilitate the lesion bypass via the recruitment of translation synthesis polymerases. Residue 
K164 can be further polyubiquitinated by the Ubc13- Mms2-Rad5 complex to form K63-linked 
chains. This modification is associated with an alternatively template switching outcome in 
which recombination is believed to drive the DNA damage response. Alternatively, PCNA can 
also be SUMOylated on residues K164 and K127 when interacting with DNA in S phase. 
SUMOylated PCNA interacts with the anti-recombinase Srs2 to prevent recombination at stalled 
replication forks. The Elgl-RFC like complex is also known to interact with SUMOylated 
PCNA, this interaction is essential to prevent the accumulation of PCNA and Srs2 in the DNA. 
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Model of how Msh2-Msh3 mediates 5' flap processing genome instability 

In this study, we addressed the question of whether Msh2-Msh3 can interfere with normal 

DNA metabolism through pathways containing 5' flap intermediates in vivo. We demonstrated 

that overexpression of the budding yeast Msh2-Msh3 complex can induce alkylation sensitivity 

(Figure 3. 5), cell cycle progression delays (Figure 3. 6), and a putative PCNA-mediated DNA 

damage response (Figure 3. 7). While we acknowledge the possibility that overexpression might 

be allowing Msh2-Msh3 to sequester important proteins away from other pathways, as both 

DNA replication and long-patch BER contain 5' flap intermediates, our results are consistent 

with the idea that the upregulation ofMsh2-Msh3 levels actively interfere with 5' flap processing 

in vivo. Both the Msh2-Msh3-mediated cell cycle defects and the PCNA modification required 

functional ATPase activity in the Msh2-Msh3 complex (Figure 3. 7). The cell cycle defects were 

abrogated in a mlhl L1 and elgl L1 strain backgrounds (Figure 3. 8 and Figure 3. 9). These findings 

further support the idea that Msh2-Msh3 binding on its own is not sufficient to determine 

between genome stability or instability outcomes. Notably, these features are similar to the 

requirements ofMsh2-Msh3 in promoting TNR expansions [476,501,502,589,590], possibly 

suggesting a common mechanism for promoting genomic instability. 

Based on our results and the known functions of these proteins we propose the model 

illustrated in Figure 3. 11. (i) The disruption of the delicate balance ofMsh2-Msh3 abundance 

(e.g. altered protein levels caused by polymorphisms) increases the chances that the complex will 

bind to the single-strand/double-strand junctions of the 5' flaps intermediates that occur during 

Okazaki fragment maturation or long-patch BER. (ii) Upon binding to the flap Msh2-Msh3 

recruits an Mlh complex, either Mlhl-Pmsl or Mlhl-Mlh3, to initiate repair. (iii) However, 

altered nucleotide coordination within the ATPase domain ofMsh2-Msh3 misdirects the 
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initiation step of the DNA repair response. One possibility is that binding to a 5' flap by Msh2-

Msh3 results in an aberrant activation of the Mlh. Potentially the Mlh complex endonuclease 

activity is unregulated resulting in repeated rounds on nicking while trying to draw forth a repair 

response. This futile cycle of Mlh complexes might be contributing to replication stress and the 

enhancement of modified PCNA that triggers the intra-S phase checkpoint, mediated by Elg1, 

and perhaps the activation of DNA damage tolerance pathways to cope with the DNA damage. 
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Figure 3. 11 Model for the role of Msh2-Msh3 in promoting 5' flap genomic instability 

(i) Overabundance of Msh2-Msh3 results in binding to a 5' flap intermediate that occurs during 
Okazaki fragment maturation or long-patch BER. (ii) Msh2-Msh3 recruits an Mlh complex to 
initiate repair. (iii) Altered nucleotide cycling within the Msh2-Msh3 protein yields an aberrant 
activation of Mlh causing these factors to get into a futile cycle of repair. This event results in 
fork progression stress and cell cycle delays. 
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Supplementary Figure 3. 1 Representation of flow cytometry gating 

Following induction with galactose cells were fixed and prepared for cell cycle analysis as 
described previously. Graphical representation of each time point accounts for ten thousand 
events recorded during the flow cytometry analysis. For an individual strain, gating on the cell 
cycle profile was defined on aliquots collected at zero hours ( as illustrated) and kept constant in 
remain time points. Vertical gating P4, PS and P6 represent the distribution of cells in G 1, S and 
G2, respectively. Plotted data in Figure 3.6 contains error bars that were calculated by SEM for 
at least three independent analyses at the indicated time points. 

156 



Supplementary Table 3. 1 Plasmids used in this study 

Plasmid Allele 
pMMR8 MSH2 
pMMR20 MSH3 
pJAS104 Empty Vector 
pEAE218 MSH6 
pMME3 msh3D870A 
pCK94 or pMME2 msh3Y925A 
pCK42 msh3G796A 
pSP15 MSH3 
pEAO32 Empty vector 
pSP18 MSH3 
pEAO37 Empty vector 

Supplementary Table 3. 2 Strains used in this study 

Endogenous levels 
Strain Number Genotype I 

FY23 (S288C ura3-52, leu2.t11, trpl.'163, his3.t1200, 
background) lys2.t1202, ura3.t1, leu2.t1, trpl .t1 

JSY905 msh3.t1 derivative ofFY23 
JSY3971-3972 Msh3Y925A derivative ofFY23 
JSY3977-3979 Msh3G796A derivative ofFY23 
JSY4418-4420 FY23 elg 1 L1: :KanMX 
JSY4421-4424 FY23 mlhlL1::KanMX 

HC and LC Levels 
Strain Number Genotype I 
JSYl 789-1791 
JSY 4488-4490 

FY23 + LC Empty Vector 

JSY4183-4185 FY23 + LC MSH3 
JSYl 786-1788 FY23 + HC Empty Vector 
JSY4180-4182 FY23 + HC MSH3 
JSY4491-4493 JSY905 + LC Empty Vector 
JSY 4174-4176 JSY905 + LC MSH3 
JSY 4384-4386 JSY905 + HC Empty Vector 
JSY4171-4173 JSY905 + HC MSH3 

Copy number 
2µ 
O/E (Gal) 
O/E (Gal) 
O/E (Gal) 
O/E (Gal) 
O/E (Gal) 
O/E (Gal) 
2µ 
2µ 
ARSCEN 
ARSCEN 

Reference 
[271] 
[271] 
[441] 
[516,557] 
This study 
[333], This study 
[333] 
This study 
[556] 
This study 
[556] 

Plasmid I Reference 
[591] 

This study 
[333] 
[333] 
This study 
This study 

Plasmid 

pEAO37 

Reference 
This study 

pSP18 
pEAO32 
pSP15 
pEAO37 
pSP18 
pEAO32 
pSP15 

This study 
This study 
This study 
This study 
This study 
This study 
This study 
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Strain Number 
JSY 1 (EA Y33) 

JSY 430 
JSY 4387-4389 
JSY1439-4141 
JSY4136-4138 
JSY 4133-4135 
JSY4130-4132 
JSY 1505 
JSY 2329-2331 
JSY 2520-2522 
JSY 4402-4404 
JSY4399-4401 
JSY4396-4398 
JSY4166-4168 
JSY4390-4392 
JSY4151-4153 
JSY4148-4150 
JSY4145-4147 
JSY4142-4144 
JSY4393-4395 
JSY4163-4165 
JSY4160-4162 
JSY4157-4159 
JSY4153-4156 

Oligo number 
so 351 
so 352 
so 355 
so 356 
so 317 
so 318 

so 319 
so 320 

Galactose inducible 
I Genotype I Plasmid 

ura3-52, trpl , leu2~1 , his3~200, pep4:: HIS3 , 
prb1Dl.6R, canl , GAL 
JSYl pMMR8, pMMR20 
JSYl pMMR8, pMME3 
JSYl pMMR8, pMME2 
JSYl pMMR8, pCK42 
JSYl pMMR8, pMMR20 
JSYl pMMR8, pEAO32 
msh3.t1 derivative of EAY33 
JSY1505 pMMR8, pCK42 
JSY1505 pMMR8, pCK94 
JSY1505 pMMR8, pCK42 
JSY1505 pMMR8, pMMR20 
JSY1505 pMMR8, pMME3 
JSY1505 pMMR8, pMME2 
JSY126 pMMR8, pMME3 
JSY126 pMMR8, pMME2 
JSY126 pMMR8, pCK42 
JSY126 pMMR8, pMMR20 
JSY126 pMMR8, pEAO33 
JSY905 pMMR8, pMME3 
JSY905 pMMR8, pMME2 
JSY905 pMMR8, pCK42 
JSY905 pMMR8, pMMR20 
JSY905 pMMR8, pEAO33 

Supplementary Table 3. 3 Oligonucleotides used for qRT-PCR 

Gene Sequence (5'-3')I 
GACAAGCAACAATCGGCTCTGGTT

MSH2 
TCCATGGGATGCAACTTGGGTCTA 
TGCGTACTGTTCTTTCCCGGATGT

MSH3 CTTGATTTGCTGGCACCTGGATCA 
TACCTTCTGGCACACCGTCAAAGA

MSH6 
TGCCTGTCTTTCCTCCTTGTGGAT 
AACGCCAACCATCACAATTGGTCC

PDAJ 
ACGACTCGAAGGAAGATTCAGGCA 
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Chapter 4: General Discussion and Future Directions 
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Msh2-Msh3: A Key Player in Both Genome Stability and Instability Processes 

Overview 

DNA mismatch repair (MMR) is a conserved mechanism that helps maintain the integrity 

of the genome by removing errors that occur during DNA synthesis. MMR deficiency that arises 

through mutations, transcriptional silencing or imbalanced expression in MMR genes is 

associated with an increase in mutation rates, microsatellite instability and a strong 

predisposition to cancer. Unexpectedly, MMR proteins are also implicated in genome instability 

processes such as trinucleotide repeat (TNR) expansions, the leading cause of multiple 

neurological and neuromuscular diseases. Deciphering the molecular basis of an error-free versus 

an error-prone outcome is of interest to comprehend how MMR factors may promote genomic 

instability and ultimately pathogenesis. 

This dissertation was aimed at providing new insights into the multifaceted role of the 

MMR recognition complex, Msh2-Msh3, in pathways with similar DNA intermediates but with 

distinct genome stability outcomes. In vitro, Msh2-Msh3 binds to the double-strand/single-strand 

(ds/ss) DNA junctions of 3' or 5' single-stranded (ss) DNA intermediates [433,501]. While 

binding to 3' ssDNA recombination intermediates results in repair of a double-strand break, 

binding to 5' ssDNA flaps has the potential to interfere with normal DNA metabolism during 

Okazaki fragment processing and base excision repair [501]. The work presented here has 

contributed to the DNA repair field by increasing our understanding of the protein interactions 

required in early steps of 3' non-homologous tail removal (Chapter 2) and by further defining 

the functions of Msh2-Msh3 in both genome stability (Chapter 2) and instability processes 

(Chapter 3). An understanding of these processes will enable us not just predict how Msh2-
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Msh3 responses to specific DNA intermediates, but also utilize this knowledge for the future 

development of therapeutics that inhibit or modulate Msh2-Msh3 's mutagenic activities. 

Msh2-Msh3 binding to 3' ssDNA substrates leads to a genome stability outcome 

3' ssDNA recombination intermediates occur in an early step of a subset of double-strand 

break repair pathways including gene conversion and single-strand annealing. In this processes, 

Msh2-Msh3 binding to 3' ssDNA non-homologous tail substrates, primarily at the ds/ss DNA 

junction, facilitates Radl-RadlO-dependent removal of non-homologous sequences before gap 

repair DNA synthesis can be initiated, a step referred to as 3' non-homologous tail removal 

(3'NHTR). Prior to this study, the interactions among Msh2-Msh3, Sawl, and Radl-RadlO were 

known and some had been shown to be essential in the early stages of 3'NHTR [ 430, 432, 541]. 

RPA was also known to interact with XPF-ERCCl (human homolog ofRadl-RadlO), and this 

interaction was thought to be important in positioning and activating the complex during NER 

and ICLR [ 442-446]. A role for RP A in 3 'NHTR had not been characterized. However, the 

regulation and coordination of these protein-protein interactions remained poorly understood. 

In Chapter 2, I contributed to the analysis of protein interactions between Msh2-Msh3, 

Saw1, Radl-RadlO, and RPA to coordinate the removal of 3' ssDNA overhangs via 3'NHTR. 

To define the mechanistic roles of these proteins we performed genetic and biochemical analyses 

of two rad] separation-of-function mutants, rad1R203A,K205A and rad1R218A. Both mutants 

were functional in two distinct DNA repair pathways that require the endonuclease activity of 

Radl-Radl 0, nucleotide excision repair and interstrand cross-link repair, but were defective in 

3'NHTR. The rad] mutants exhibited altered interactions among Msh2-Msh3, Sawl and RPA, 

providing an explanation for 3'NHTR. Moreover, our results suggest that Msh2-Msh3 function is 

not limited to stabilizing the DNA recombination intermediate, but also has additional functions 

161 



that require interactions with Rad 1-Rad 10. Altogether, these results suggest that the regulation 

and coordination of these proteins are essential to ensure proper 3 'NHTR. Based on this work 

and previous studies, we proposed a model for the coordination of RPA, Msh2-Msh3 , Saw 1, and 

Radl-RadlO during 3'NHTR (Chapter 2, Figure 2. 12). 

Future directions 

Our model predicts that direct physical contacts among RP A, Msh2-Msh3 and Saw 1 are 

required to coordinate the recruitment and/or positioning of Radl-RadlO into the 3 'NHTs 

intermediate. Where are the interaction interphases of Radl-RadlO with protein partners 

involved in the initiation step of 3 'NHTR? Currently, is known that Radl interacts with both 

RadlO and Radl4 through its C-terminal domain [426,537, 592-594]. However, the structural 

basis for the interaction ofRadl-RadlO with other protein partners (Msh2-Msh3 and Sawl) for 

the most part remains unknown. To define the structural domains that mediate the interaction 

between Radl-RadlO and Msh2-Msh3, Sawl and RPA in the initiation of 3'NHTR, a 

crosslinking mass spectrometry approach can be utilized. In this approach, each protein is 

incubated with Radl-RadlO and then is cross-linked to introduce covalent links between the 

reactive side chains. For instance, we could utilize a homobifunctional cross-linker (e.g. 

dithiobis( succinimidyl propionate)) that contains a N-hydroxysuccinimide-ester that targets 

primary amines in the side chain of lysine residues and the N-terminus of the polypeptides. The 

cross-linked polypeptides are isolated, digested with proteases and identified by mass 

spectrometry analysis. The predicted interactions can then be tested by the construction and 

expression of radland/or radlO mutant proteins to assess interactions with Msh2-Msh3, Sawl 

and potentially RP A. Specific residues will be mutated and deletion constructs could also be 

tested. After mapping these domains we can utilize computational modeling approaches to create 
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a structural model of how these proteins physically interact. This can be use to determine if the 

interacting domains are the same for different protein partners, predict the effects of mutations 

and ultimately help to establish a protein-protein interaction network. Protein networks can be 

used to identify possible new protein interactions and to predict domain interactions with known 

protein partners. In the case of Msh2-Msh3, a complex known to physically interact with at least 

twenty-two proteins, creating a protein-protein interacting network might useful to identify 

whether more than one protein-interacting domain defines the set of proteins that is recruited to a 

specific DNA substrate and to assess coordination among protein-protein interactions. 

Another unexplored subject in our model is the coordination of nucleotide binding states 

ofMsh2-Msh3 during efficient 3'NHTR. The Msh2-Msh3 complex harbors two ATPase sites 

with highly conserved Walker A and B motifs [313-316]. The coordination and regulation of 

nucleotide binding and hydrolysis in these sites are essential for the function of the MMR 

pathway but are dispensable for mismatch binding (Reviewed in [187]) [246,326,329,331,332, 

334]. Although many of the same structural and molecular features ofMsh2-Msh3 are required 

for both 3'NHTR and MMR, mutational studies have demonstrated that the ATP/ADP 

nucleotide binding requirements differ between these two pathways [333, 335]. Given that ATP 

has a key role in promoting conformational changes that allow Msh complexes to interact with 

the Mlh complex and then promote turnover, it is important to investigate how the coordination 

of binding states of ATP/ADP differ between these two pathways, especially in the presence of 

different DNA substrates. To determine nucleotide occupancy states within Msh2 and Msh3, one 

could take an in vitro approach to study ATP/ADP binding affinity ofMsh2-Msh3 in the 

presence of specific DNA substrates ( e.g. a loop versus a 3' or 5' flap); similar to the 

experimental design used by Owen et al who studied occupancy states ofMsh2-Msh3 bound to 
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homoduplex and hairpin DNA substrates [357]. In this approach, the Msh2-Msh3 complex is 

bound to the DNA substrate in the presence of hydrolyzing or non-hydrolyzing forms of 

radiolabeled ATP or ADP. Reactions are treated with UV-light to crosslink the nucleotide to the 

protein and the resulting Msh2-Msh3 products is resolved on an SDS-PAGE gel and assessed 

using the Phosphoimager to determine whether Msh2 and/or Msh3 is radioactively labeled and to 

what extent. In addition, we could utilize previously characterized separation of function alleles 

(msh3Y925A, msh3F940A, and msh3Y942A) [333], which are functional for 3'NHTR but 

impaired for MMR, and a Walker B mutant (msh3D870A) to determine how nucleotide binding 

profiles are change and to determine how these mutations affect the interaction ofMsh2-Msh3 

with protein partners. Understanding the differences between nucleotide binding states may 

reveal insight into how Msh2-Msh3 can interacting with structurally similar DNA intermediates 

and elicit distinct DNA repair responses. 

Part of our model for 3 'NHTR posits the function of Slx4. This protein is known to 

interact with several structure-specific endonucleases including Slxl and Radl [ 434, 435, 550, 

595]. Slx4 functions as a scaffold protein to regulate and modulate multiple DNA damage 

responses and error-free lesion bypass mechanisms in a way that is not fully understood [ 437, 

439]. Previous reports have shown that phosphorylated Slx4 has a regulatory role for the 

function ofRadl-RadlO during SSA [436-438, 596]. However, neither Slx4 nor phosphorylated 

Slx4 are required for the early steps of 3 'NHTR. Specifically, Slx4 is not required for the 

recruitment ofRadl-RadlO to the recombination intermediate [432,439,597]. What are the 

functions of Slx4 with respect to 3 'NHTR? Since Slx4 stimulates the endonuclease activity of 

the mammalian homolog ofRad-RadlO during ICLR [438], it seems feasible to propose that 

Slx4 has a regulatory role in authorizing the cleavage of 3 'NHTs, perhaps via providing 
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structural support to the multiprotein complex or by allowing subsequent disassembly of the 

complex. Phosphorylated Slx4 could potentially modulate this activity. In our model, we propose 

that the Radl-Radl O complex is recruited to the 3 'ssDNA intermediate and its activity remains 

inactive waiting for further interaction or function of Slx4. Given that the mammalian form of 

Radl-RadlO (ERCC4(XPF)-ERCC1) and Msh2-Msh3 physically interact with the N-terminal of 

Slx4 (residues 1-669) [595], before evaluating the function of these proteins with respect of 

3'NHTR, we need to determine if the interactions between Slx4, Radl-RadlO and Msh2-Msh3 

are conserved between species. To evaluate direct physical interaction we can utilize pull-down 

assays, co-immunoprecipitation or Far-western blot analysis using purified protein components, 

in the presence and absence of DNA substrates. 

In response to DNA damage, Mecl /Tell phosphorylate Slx4 [437,597]. At least four 

residues (Thr72, Thr 113, Ser289, and Ser329) of Slx4 are known to be phosphorylated in vivo 

[437, 597]. Point mutations of these Ser/Thr sites are viable but showed reduced SSA, suggesting 

that phosphorylated Slx4 might have a role in regulating this pathway [597]. To determine 

whether Slx4 phosphorylation has a regulatory role in the activity ofRadl-RadlO during 

3 'NHTR, phosphorylated residues in Slx4 can be mutated to generate phosphorylation-deficient 

(e.g. Thr to Ala) or phosphomimetic (e.g. Thr to Asp) mutants. If phosphorylated Slx4 is acting 

to disassemble the protein complex we might see altered interactions among Radl-Radl 0, Msh2-

Msh3 and Sawl in presence of the phospho-mutants. In the case that phosphorylated Slx4 is 

acting as an activator ofRadl-RadlO's activity we might see changes in protein activity when 

performing binding or endonuclease assays in vitro. The results obtained from these experiments 

would further define the role of phosphorylated Slx4 during 3 'NHTR. 
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Msh2-Msh3 binding to 5' ssDNA leads to genome instability 

5' ssDNA intermediates occur in various DNA metabolic pathways including DNA 

replication (Okazaki fragment maturation) and long-patch base excision repair (BER). Both of 

these processes require the strand-displacement DNA synthesis of polymerase (Pol) 8, which 

generates the 5' ssDNA flap intermediate. This intermediate is processed through the 

collaborative action ofRad27 (FENl in humans) and Cdc9 (DNA ligase 1) that cleaves the flap 

and seals the resulting nick, respectively. In contrast to other Msh2-Msh3 's anti-mutagenic 

functions, in vitro work suggests that this MMR recognition complex binds to 5' flaps, prevents 

its normal processing by Rad27 and Cdc9 and by doing so promotes TNR expansions [501]. 

These observations led to the hypothesis that Msh2-Msh3 can interfere in pathways involving 5' 

ssDNA flap intermediates in vivo, which was an unexplored avenue. Given that in vivo studies, 

utilizing mouse models and human cell lines, have also suggested that the upregulation of MSH3 

expression, a functional ATPase activity within Msh2-Msh3, and other downstream MMR 

factors are key drivers in Msh2-Msh3-mediated genome instability via TNR expansions [505-

507], we set out to determine if these requirements also were key drivers of genomic instabilities 

caused by Msh2-Msh3 interference with 5' flap processing. 

In Chapter 3, to the best of my knowledge, I provide the first evidence of how an 

overabundance ofMsh2-Msh3 results in sensitivity for alkylation DNA damage (typically 

repaired by BER), replication fork progression stress, and defects in cell cycle progression. 

Taken together these results suggest that elevated levels of Msh2-Msh3 contribute to genome 

instability, presumably by interfering with 5' flap DNA metabolism in vivo. Interestingly, this 

genome instability phenotype is dependent on functional Msh2-Msh3 's ATPase activity, Mlhl 

and Elgl. These results are consistent with the requirements for MMR-mediated TNR 
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expansions [357, 502, 505-507, 589], with the exception of the Elgl-dependence, which has not 

been tested. Based on our results, I proposed an updated model of how Msh2-Msh3 is mediating 

genomic instability that is not limited to a TNR sequence context. In this model, Msh2-Msh3 

binding to distinct DNA substrates ( e.g. hairpins or 5' flaps) induces conformational changes that 

alter downstream signaling, lead to an error-prone repair and culminates in a genome instability 

outcome (Chapter 3, Figure 3. 11). Additional experiments are necessary to further define the 

interactions and roles of PCNA, Elgl and Mlh complexes in Msh2-Msh3-mediated genomic 

instabilities. 

Future directions 

In Chapter 3 we presented evidence suggesting that Msh2-Msh3 interferes with normal 

DNA metabolism in vivo. While we predict that Msh2-Msh3 is mediating this genome instability 

via interference of 5' flap processing, this remains to be confirmed. Our model predicts that the 

first step in interfering with 5' flap processing requires Msh2-Msh3 to bind 5' ssDNA flap 

intermediates, outcompeting Rad27 and blocking processing. One way of validating our 

hypothesis is to determine if increasing amounts of Rad27 mitigate cell cycle defects when 

Msh2-Msh3 is co-overexpressed. To this end, I designed primer sets to PCR amplify and clone 

wild-type RAD27 into a high copy number plasmid. I predict that if Msh2-Msh3 is indeed 

outcompeting Rad27 for binding to a 5' flap, overexpression ofRad27 alongside Msh2-Msh3 

might alleviate the cell cycle defects. However, overexpression of Rad27 is also associated with 

genome instabilities that result in accumulation of cells in S phase [565] and so it is possible that 

the cell cycle progression phenotype will be exacerbated. 

Another way that Msh2-Msh3 could gain access to 5' flap substrates is through the 

formation of a longer 5' flap intermediate, which requires a long-flap processing pathway. In this 

167 



pathway, extensive strand displacement leads to the formation of a long 5' flap (>10 nt). The 

eukaryotic single-stranded binding protein, RPA, can coat the ssDNA of the flap and thus, 

preventing Rad27's activity [86, 153-156]. To overcome this obstacle, cells utilize a 

multifunctional enzyme with intrinsic endonuclease and helicase activities [139, 157], Dna2, to 

displace RPA and trim the flap until it becomes a suitable substrate for Rad27 [132, 139, 158]. 

Currently, no direct physical interactions have been identified between Msh2-Msh3 and either 

RPA or Dna2. Therefore, we will first test for direct interactions between these set of proteins 

(Msh2-Msh3, Dna2 and RPA) by utilizing pull-down assays, Far-western blot analysis or co

immunoprecipitation experiments, in presence and absence of DNA substrates, using purified 

components. To determine whether Msh2-Msh3 is interfering with 5' flap processing via the 

long-flap pathway we will determine whether or not Msh2-Msh3 binding affinity is altered in the 

presence of 5' flap substrates with increasingly long flap lengths. We will also determine 

whether Msh2-Msh3 5' ssDNA flap substrate binding is enhanced or reduced in presence of 

RP A and/or Dna2. One possible outcome is that RP A-Msh2-Msh3 interactions enhance Msh2-

Msh3 binding affinity for the 5' flap substrates, while Dna2 displaces both protein complexes. 

Alternatively, both RPA and Dna2 interactions with Msh2-Msh3 might prevent Msh2-Msh3 

binding to 5' flaps. To differentiate between these two pathways one could perform order of 

addition experiments in which one protein can be pre-incubated with a 5' flap substrate prior to 

the addition of the other two proteins. In parallel experiments, we could also evaluate if 

overexpressing DNA2 alongside MSH2 and MSH3 alleviates the phenotype of accumulation of 

cells in S phase. Defining these protein-protein interactions in vitro will provide insights into 

potential mechanisms by which the cell copes with Msh2-Msh3's ability to bind to 5' flaps and 

interfere with their proper metabolism. 
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In Chapter 3, we showed that a deletion of MLHJ relieves the cell cycle progression 

defects (Figure 3. 8). In the MMR pathway, mismatch recognition is followed by the recruitment 

of an Mlh complex. The recruitment of either Mlhl-Mlh3 or Mlhl-Pmsl depends on direct 

physical interactions with Msh2-Msh3 and possibly PCNA [298, 300, 301]. Although both Mlh 

complexes can participate in MMR, Mlhl-Mlh3 appears to be specific for Msh2-Msh3-mediated 

MMR and has also been implicated in trinucleotide repeat expansion of Huntington's disease 

mouse models [506]. In the same study, Mlhl-Pms2 (Mlhl-Pmsl in yeast) was not required for 

TNR expansion. Nevertheless, other reports suggest that the Mlhl-Pms2 complex also promotes 

TNR expansion [505]. In our model system, we did not determine which Mlh complex is 

required to observe cell cycle progression defects when MSH2 and MSH3 are co-overexpressed. 

Unpublished work from our lab indicates that both Mlh complexes are required to promote TNR 

expansions in yeast. Therefore we will delete either PMSJ or MLH3 in our wild-type background 

and co-overexpress MSH2 and MSH3. Ifboth of the complexes are required to generate cell 

cycle progression defects, both pmsl L1 and mlh3L1 strains will exhibit a cell cycle profile similar 

to a mlhLd strain. Ifonly P MSJ is playing a role, deletion of MLH3 will exhibit a cell cycle 

progression profile that resembles a wild-type strain with co-overexpression of MSH2 and MSH3 

and vice versa. In addition, we will determine whether Mlh endonuclease activity is required. 

Previous studies have shown that the endonuclease activity of Mlh complexes is essential for 

MMR [298, 300, 301] and our unpublished data indicate that at least Mlh3 endonuclease activity 

is required for TNR expansion in yeast. Moreover, some TNR expansion models suggest that 

Msh2-Msh3 binding to a hairpin substrate alters the ATP/ADP binding within Msh2 and/or 

Msh3 in a way that could have direct effects in the endonuclease activity of Mlh complex [357, 

502, 589]. We demonstrated that functional ATPase activity ofMsh2-Msh3 is required to 
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observe cell cycle progression defects and an enhancement of modified PCNA (Figure 3. 7). This 

finding suggests that our Msh2-Msh3 mediated-genomic instability has similar requirements as 

previously seen in a TNR expansion. We can evaluate the role of Mlh complexes' endonuclease 

activity in cell cycle progression defects by co-overexpressing MSH2 and MSH3 in vivo in a 

mlh3D523N or pms1E707K strain backgrounds, which encode endonuclease deficient alleles of 

Mlhl-Mlh3 and Mlhl-Pmsl, respectively. These results could further define whether either one 

or both Mlh complexes are required and their contribution to Msh2-Msh3-mediated genome 

instability is structural or if their endonuclease activity is required. 

Our results also showed that the co-overexpression ofMsh2-Msh3 induces an enrichment 

of post-translational modified PCNA (Chapter 3, Figure 3. 7) suggesting a possible activation of 

a DNA damage response. Among possible PCNA modifications that are induced during 

replication stress or DNA damage (Figure 3. 10), I only indirectly evaluated whether 

SUMOylated PCNA accumulation led to the cell cycle defects by deleting ELG] (Figure 3. 9). 

To specifically identify the post-translational modifications I could perform PCNA pull-down 

assays and look for the presence of ubiquity lated or SUMOylated PCNA by W estem blotting 

using modification-specific antibodies. As an alternative to the pull-down assays, I could use 

liquid affinity chromatography-tandem mass spectrometry to identify post-translational 

modification on PCNA. Defining these PCNA modifications will be important to understand 

what mechanisms are being activated in response to Msh2-Msh3 interference with 5' flap 

processing (Figure 3. 10). For instance, mono- or poly-ubiquitination ofLys164 also serves a 

signal of fork progression stress by fork stalling [564, 598, 599]. Mono-ubiquitination on Lys164 

triggers the DNA damage tolerance pathway via an error-prone mechanism that requires the 

recruitment of translesion synthesis polymerases to bypass roadblocks in the DNA. PCNA can 
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also be poly-ubiquitinated on Lys164 to facilitate an error-free DNA damage tolerance pathway, 

which involves template switching and recombination [582, 600, 601]. Additional DNA damage 

post-translational modifications might also be occurring. For example, PCNA ubiquitination of 

residues Lys107 and Lys164 are associated with an increase ofunligated Okazaki fragments 

[558, 559, 564, 582, 602]. Identifying this modification would be a direct indication of aberrant 

Okazaki fragment processing. Therefore, it is imperative to also identify the residue(s) that is 

being modified. To determine the position of the post-translational modification I will mutate the 

putative lysine residues to alanine (e.g. Lys164, Lys127 or Lys107) and probe for ubiquitin or 

SUMO PCNA signals utilizing specific antibodies. If a loss of the modification were observed 

when a particular lysine is mutated, this would indicate that lysine is normally modified upon 

MSH2 and MSH3 overexpression. 

We also acknowledge that the roles of PCNA in genome instability might not be 

restricted to cellular signaling. With respect to PCNA's functions in MMR, previous reports have 

shown that PCNA and Msh complex interactions are essential in mediating the latent 

endonuclease activity ofMlhl-Pmsl [290,310,311]. This fact poses the possibility of PCNA 

having a direct role Msh2-Msh3-mediated genomic instability. To test this idea I designed site

directed mutagenesis primers to mutate the highly conserved PCNA-interactive protein (PIP) 

motif (QxxlL/IlxxFF) located near the N-terminus of the Msh3. When these conserved residues 

are mutated to alanines, the Msh2-Msh3 complex shows reduced binding to PCNA and strains 

carrying the mutation show an increase in mutation rates [306]. Thus, if PCNA-Msh2-Msh3 

interactions are essential for genome instability I predict that mutations in the PIP motif will 

suppress the cell cycle defects that are observed when Msh2-Msh3 is being co-overexpressed. 

However, PIP box mutations on human Msh2-Msh3 also disrupt protein-protein interactions with 
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human Mlh-Pms2 [603], which could complicate the interpretation of these results if this 

mutation eliminates the Msh2-Msh3-dependent cell cycle defects. To avoid this difficulty we can 

test cell cycle profiles in the presence ofMMR-deficient PCNA mutants (po/30-52, -104, -108 

and -126) [604] and utilize the mutants that retain Mlh interactions to analyze cell cycle 

progression defects when MSH2 and MSH3 are co-overexpressed. 
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Factors that may have a direct or indirect role in determining the outcome of a Msh2-

Msh3-mediated response 

Earlier in this dissertation, I asked which properties of Msh2-Msh3 might define the 

choice between an error-prone or error-free genome stability pathway? Based on current 

literature and present data, I propose that at least three factors contribute to the outcome of a 

Msh2-Msh3-mediated response. First, the DNA structure that is recognized by the Msh2-Msh3 

protein complex causes unique structural changes within the complex. This idea is supported by 

studies that analyzed DNA-Msh2-Msh3 interactions with synthetic DNA intermediates. In 

general, upon recognition of a specific DNA structure, an Msh complex halts and bends the 

DNA to allow interaction with specific residues within the DNA mispair domain [313,316,318, 

320]. Based on the crystal structure of human Msh2-Msh3, the protein complex alters the degree 

of bending in a loop substrate depending on the length of the loop [316]. Variations in structure 

can result in additional contacts within the Msh complex to stabilize the intermediate [316]. In 

addition, Msh complexes are selective of their DNA interactions. For instance, Msh2-Msh3 

mispair binding affinity varies with size and sequence context [269-272]. Although there is a 

binding affinity difference between a 3' and 5' ssDNA (lower Ko value for 3'ssDNA [433, 

501]), the dissociation constants for hairpins composed of CAG or CTG repeats (Ko 4- 35 nM) 

are similar to the values obtained with small loops (Ko 2 - 24 nM) [348, 502, 578, 590, 603, 

605]. These observations suggest that while Msh2-Msh3 might be able to discern between some 

DNA structures, the mode that the protein complex utilizes to recognize loops is independent on 

their sequence composition. Therefore, we favor a model in which a DNA structure generates a 

combination of bending and internal contacts within the Msh2-Msh3 mispair-binding domain 

that elicits a unique response to a given DNA substrate. These responses might include but are 
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not limited to, altering nucleotide binding and hydrolysis, and facilitating the appropriate protein 

partner interactions to initiate a specific pathway (e.g. 3'NHTR and MMR). Further analysis is 

needed to understand which protein interactions are favored upon binding to a specific DNA 

substrate. 

Second, DNA-protein interactions have direct effects on the outcome ofMsh2-Msh3 

mediated responses by triggering signals that regulate the interaction and activity of downstream 

effectors. The mispair-binding domain of an Msh complex is at one end of the complex while its 

ATPase domain is at the other end; the two are connected via transmitter regions [313-316]. 

Binding to a DNA structure is communicated internally to the ATPase domain and results in an 

ATP/ADP binding and turnover [246,326,329,331,332,334]. ATP binding and hydrolysis is 

believed to generate an appropriate signaling for the recruitment of Mlh complexes and promote 

the dissociation of Msh complexes. This ATP-driven response is essential for events downstream 

oflesion recognition. Interestingly, biochemical analyses of Msh2-Msh3 interactions with CAG 

hairpin DNA structure showed a reduction in the catalytic activity of the complex, with respect 

to ATPase activity [502]. Altered nucleotide binding states have the potential to promote an 

error-prone cascade in which interacting partners such as Mlh complexes participate [505, 506]. 

How the altered nucleotide turnover affects the interaction with and activity of downstream 

proteins remains a compelling question in the field. One possible explanation is that these 

proteins are recruited in an attempt at repairing such DNA extrusions. However, the molecular 

signaling mediated by the Msh2-Msh3 complex leads to the unregulated function ofMlh 

complexes. Consistent with this idea our observations and TNR expansion studies suggest that 

Mlh complexes are required to generate genomic instability [505, 506, 578] [Chapter 3]. Future 
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studies should focus on further defining the roles of Mlh complexes in genome instability 

processes. 

Third, maintaining an overall low expression level of MSH3 restricts the amount of 

Msh2-Msh3 in a cell and hence, minimizes possible interactions with specific DNA substrates. 

The amount ofMsh2-Msh3 varies in a tissue- and organism-specific manner [510-513, 515]. In 

budding yeast, there is still some uncertainty about the relative levels of each Msh protein, 

although Msh3 levels are always lowest [547, 576]. Our study is consistent with these reports; in 

our hands, MSH3 is expressed at low levels within the cell. What is the biological relevance of 

keeping this low level of expression? In eukaryotic organisms, correction of replication errors is 

predominantly mediated by the Msh2-Msh6 repair complex, which explains why actively 

proliferating tissues have a higher expression of MSH6 but not MSH3 [512]. Maintaining these 

ratios in replicating cells might be a strategy employed to efficiently correct both mismatches 

and insertion-deletion loops that arise during DNA replication. Genetic inactivation of MSH2, 

MSH6 and MSH3, by mutations and transcriptional silencing, is associated with genomic 

instabilities that lead to tumorigenesis and cancer [391, 577, 606]. Moreover, an imbalance in the 

relative amounts ofMsh6 and Msh3 can also give rise to genome instability [507, 510-512, 514-

516]. Our data ( Chapter 3) extend these findings to include that Msh2-Msh3 overexpression also 

causes genome instability in pathways containing 5' flap intermediates. These observations 

suggest that a delicate balance exists to keep MSH3 expression at relatively low levels to control 

heterodimer formation. Moreover, organisms have also developed various ways of modulating 

the functions of Msh complexes that include direct protein inhibition [607], transcriptional [608] 

and post-translational regulation [609-611]. The net effect of these mechanisms is that the 
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appropriate relative abundance exists between Msh complexes for proper surveillance of the 

genome and to prevent Msh-Msh3 's roles in genomic instability. 

Why would organisms evolve to have a repair protein that participates in both genome 

stability or instability processes? The Msh2-Msh3 complex has evolved to be the guardian of the 

genome with functions in DNA damage signaling, repair and recombination. Moreover, the 

abundance of the Msh2-Msh3 complex seems to be tightly and efficiently regulated in a tissue

specific level. Therefore, the benefits of having this complex seem to be greater than the risks of 

potential interactions with specific DNA substrates. While current evidence suggests DNA

Msh2-Msh3 interactions influence the outcome of the pathway, we have yet to test how specific 

DNA structures affect the interaction of proteins partners among redundant pathways. The 

potential difference in these interactions might be key determinants between an error-free or 

error-prone pathway, and whether the outcome is genomic stability or instability. 

How does an organism prevent the interaction ofMsh2-Msh3 with these non-canonical 

substrates, while allowing functional genome stability processes ( e.g. MMR and 3 'NHTR)? The 

data gathered so far indicates that organisms maintain a tight control of the formation of the 

Msh2-Msh3 complex by limiting the amount of MSH3 that is expressed. In mice tissues, Msh 

complexes are differentially expressed, with a lower expression of Msh3 in high proliferating 

tissues, while non-proliferating neuronal cells express much higher levels ofMsh3 [512]. With 

low Msh3 levels in replicating cells, Msh2-Msh3 has a higher affinity for loops than for 5' 

ssDNA flaps [433] and hence, the complex will be preferentially recruited to IDLs over 5' flaps 

at the replication fork. In neuronal cells, there are no replication forks and so elevated Msh3 

levels may be allowed for efficient repair of DNA damage in these cells. The unfortunate 

consequence of this may be an interaction with slipped-strand substrates that lead to TNR 
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expansions. Therefore, studying how Msh2-Msh3 complexes interact with non-canonical 

substrates might give us a better picture of the molecular mechanisms behind Msh2-Msh3's 

multifaceted roles in DNA metabolism. 
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Appendix: Distinct Roles of XPF-ERCCl and Radl-RadlO-Sawl in 

Replication-Coupled and Uncoupled Inter-Strand Crosslink Repair 

This work is published as part of"Seol, J. H.*; Holland, C.*; Li, X.*; Kim, C.; Li, F.; Medina

Rivera, M.; Eichmiller, R.; Gallardo, I. F.; Finkelstein, I. J.; Hasty, P.; Shim, E. Y.; Surtees, J. 

A.; Lee, S. E., Distinct roles ofXPF-ERCCl and Radl-RadlO-Sawl in replication-coupled and 

uncoupled inter-strand crosslink repair. Nature Communications 2018, 9 (1) 

https://doi.org/10.1038/s41467-018-04327-0". 

*Joint First Authors 

Contribution: I purified R/radl-RadlO protein complexes and performed in vitro experiments to 

evaluate binding and endonuclease activities in presence or absence of RP A. 
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Introduction 

Bi-functional alkylating compounds covalently link the two strands of the DNA double 

helix together, forming inter-strand crosslink lesions (ICLs), preventing the separation of the two 

strands and interfering with essential DNA transactions [612]. As a result, these compounds 

preferentially kill proliferating cells and have been widely administered as primary 

chemotherapeutic treatments for numerous types of cancers [612]. 

In eukaryotic cells, the repair of ICLs depends on the collective actions of multiple DNA 

damage response and repair pathways: nucleotide excision repair (NER), translesion synthesis 

(TLS), and homologous recombination (HR) pathways, and operates differently depending on 

phase of the cell cycle (reviewed in ref. [613], [614]). In vertebrate cells, most inter-strand 

crosslink repair (ICLR) is coupled to replication fork blockage (replication-coupled ICLR), 

although ICLR still occurs in G 1 at a substantial level (replication-independent or replication

uncoupled ICLR)[615-618]. In yeast, ICLR may occur during both GI and S phase [619]. ICLR 

in mammalian cells also depends on the Fanconi Anemia (FA) pathway. To date, twenty-one FA 

genes have been identified from FA patient-derived cell lines that are hypersensitive to ICL

inducing DNA-damaging agents [620]. The FA pathway modulates DNA repair mechanisms 

during the resolution of DNA inter-strand cross-links (ICLs) [621]. In yeast, FA pathway is 

largely absent, although a subset of these components is conserved [435,622,623]. 

The yeast Radl-RadlO heterodimer (XPF-ERCCl in metazoans) is a structure-specific 

endonuclease that plays a critical role in multiple DNA repair pathways. Radl-Radl O (XPF

ERCC 1) was originally identified as part of the NER pathway and is essential for the removal of 

UV-induced lesions by nicking 5' of the DNA lesion and triggering downstream NER events 

[624-626]. Radl -RadlO and XPF -ERCCl also remove abasic sites and 3' blocked ssDNA ends 
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in the absence of AP endonucleases as an alternative, sub-pathway of long-patch base excision 

repair (BER) [627]. In double-strand DNA break repair, Radl - RadlO resolves DNA 

intermediates that contain 3' non-homologous single-strand DNA tails in single-strand annealing 

(SSA) and non-allelic recombination through 3' non-homologous tail removal [ 628-631]. 

Notably, the BER and recombination functions of Radl-RadlO and XPF-ERCCl can be 

distinguished from their NER function, although each of these pathways relies on the complex's 

structure-specific endonuclease activity that recognizes the presence of 3' ssDNA at a double

strand single-strand ( ds/ss) DNA junction as a common feature. In each case specific protein 

partners recruit Radl -Radl O to the DNA intermediate and dictate the substrate specificity of the 

XPF -ERCCl complex: during NER, ERCCl interacts with XPA and directs the complex to 

NER substrates [592]. XPF-ERCCl also interacts with Slx4 in higher eukaryotes to mediate ICL 

unhooking [438, 596]. In yeast, Rad14 (the yeast XPA ortholog) recruits Radl-RadlO to NER 

substrates [ 426, 526, 632], whereas Sawl directs Radl -Rad IO to 3' flaps by physical interaction 

in HR [432]. 

Both XPF -ERCCl and Radl -RadlO have been proposed to incise 5' to the ICL lesion 

and initiate the unhooking step of ICLR analogous to their roles in NER. Consistent with this 

premise, rad] 4L1 NER defective yeast cells are extremely sensitive to ICL to a level 

indistinguishable from that in radl or radl O deleted cells. Surprisingly, however, mammalian 

cells deficient in XP A ( the homo log of RAD 14), which recruits XPF -ERCC 1 to the 5' junction 

at photoproducts during NER, is only mildly sensitive to ICL damage [633]. Furthermore, an 

ERCCl mutation that disrupts the interaction of XPF-ERCCl complex with XPA does not 

confer sensitivity to ICL [535, 634]. Most recently, FA-causing XPF mutants were shown to be 

deficient in ICLR but proficient in NER, an indication of separation of function with respect to 
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DNA repair pathway [635, 636]. In vertebrate cells, the FA pathway operates in conjunction with 

replication and enables ICL unhooking by XPF-ERCCl [637]. The available evidence thus 

indicates that the NER pathway is dispensable for ICL unhooking in replication-dependent ICLR 

in higher eukaryotes [633] and that XPF -ERCCl has activity in ICLR that is distinct from its 

role in NER. Consistent with this, XPF -ERCC 1 has been implicated in the 3' flap removal 

during replication fork re-establishment that follows initial unhooking steps, a non-NER step in 

ICLR [638]. 

In budding yeast, non-NER contributions ofRadl-RadlO to ICLR have not been defined, 

which led to suggestions that ICLR functions differently in lower eukaryotes. However, we 

hypothesized that there are non-NER steps in yeast ICLR that require Radl-RadlO but that they 

are masked by the more dominant functions of NER. We thus set out to establish a genetic 

system in which Radl-RadlO's non-NER activities in ICLR might be revealed. Here, we 

provide genetic evidence that Radl-RadlO has non-NER roles in replication-coupled ICLR. We 

also identified single amino acid point mutations in the RAD 1 gene that selectively impair 3' 

NHTR and non-NER functions of the endonuclease while NER remains intact. These mutations 

compromise Radl - RadlO's interaction with the single-strand DNA-binding RPA protein 

complex, which in tum impacts Radl-RadlO catalytic activity in vitro. Finally, we provide 

evidence that analogous XPF mutations are deficient in interacting with Rpal and Slx4 and result 

in reduced recombination between dispersed repeat sequences but proficient in UV lesion repair. 

The results suggest that non-NER function in ICLR is conserved from yeast to human and yeast 

will provide a tractable system with which to dissect this critical repair pathway. 

181 



Materials and Methods 

Purification of Radl-RadlO and radl-RadlO 

Purifications were performed usmg column chromatography [ 432]. The rad] alleles were 

subcloned into pJAS21 [432] to generate plasmids that co-overexpress either 6xHis-radl-E349K 

and RadlO (pEMl) or 6xHis-radlE706K and RadlO (pEM2) in E. coli. Protein expression was 

induced with IPTG to a final concentration of 0.5 mM for 7 h. Induced cells were passed through 

a French press 3 times to lyse the cells and the lysates were cleared by centrifugation at 

95,000xg for 1 h. The cleared lysate was loaded onto phosphocellulose (Whatman), followed by 

Ni-NTA (Qiagen) and SP-Sepharose (GE Lifesciences). Fractions containing His-Radl-RadlO 

or His-Radl-RadlO were concentrated (Amicon) and flash frozen as aliquots and stored at 

-80 °C. RPA was purified by column chromatography [542]. 

Endonuclease assays 

Splayed (LS1/LS3) and 3' flap (LS1/LS3/LS16) substrates were end-labeled and assembled by 

annealing [433]. Reactions (10 µ1) were performed in 50 mM Tris-HCl (pH 8.0), 5 mM MgCh, 

50 mM NaCl, 5 mM DTT with 0.1 pmol (10 nm) end-labeled substrates and the indicated protein 

concentrations. The mixture was incubated at 3 7 °C for 1 h. The reaction was deproteinized by 

the addition of 100 mg Proteinase K and 0.1 % SDS followed by incubation at 3 7 °C for an 

additional 15 min. The resulting DNA products were electrophoresed through 10% native Ix 

TBE gels at 250 V for 90 min. The gels were dried and exposed to Phosphorlmager screen 

(Molecular Dynamics) and quantified by ImageQuant (GE). 

To test the effect of RP A on endonuclease activity, reactions were performed in RPA binding 

buffer (40mM HEPES-KOH, pH 7.5 , 75 mM KCl, 5 mM MgCh, 1mM DTT, 5% glycerol, and 
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100 µg/ml BSA). Yeast RP A (80 nm) was pre-incubated with the 3' flap substrate for 10 min at 

30 °C. Radl-RadlO, rad1E349K-Rad10, or rad1E706K-Rad10 (200 nm) were then added and 

reaction mixtures were incubated at 30 °C for 1 h. Reactions were deproteinized by the addition 

of 100 µg Proteinase Kand 0.1 % SDS. After a 15 min incubation at 30 °C, the reactions were 

loaded onto 10% native acrylamide gel and electrophoresed at 250 Vin Ix TBE, for 45 min. The 

gels were dried and then exposed to a Phospholmager screen. Quantification of cleavage 

products was carried out using ImageQuant (GE). 

Results 

We determined whether the purified mutant radl-Radl0 complexes were proficient in 

binding and cleaving a branched DNA substrate [ 432]. The purification profiles of each mutant 

complex were similar to that of the wild-type protein complex and we observed no differences in 

expression level in E.coli. The extent of binding of both radl- E349K/Rad10 and radl

E706K/Rad10 to a splayed Y DNA substrate was similar to that of wild-type Radl /Radl0 

binding in an electrophoretic mobility shift assay, although both mutant protein complexes 

bound better to the splayed substrate than wild-type at 100 nM (Figure A. la). Notably, the 

pattern of the shifts in these assays were distinct, particularly the smeary pattern of rad1E349K

Radl 0. Radl-Radl 0 and radl-Radl 0 complexes often exhibit smeary shifts, although 

rad1E349K-Rad10 is particularly so, consistent with either complexes that are unstable as they 

migrate through the gel or the formation of multiple complexes. As a result, we quantified all of 

the shifted material to determine binding activities. Nonetheless, both mutant complexes were 

able to cleave splayed Y or 3' flap DNA substrates at least as efficiently as wild- type 

Radl/RadlO in vitro (Figure A. 1.b.c). rad1E706K-Rad10 cleavage activity was enhanced 

relative to the wild-type in the presence of both substrates. In contrast, the cleavage activity of 
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rad1E349K-Rad10 is more similar to the wild-type activity. Therefore, our in vitro data indicate 

that the non- NER and recombination defects observed in strains carrying these mutations cannot 

be explained simply by defects in biochemical affinity and cleavage toward branched DNA 

molecules. We examined the interaction between radl mutants and Rpal, the large subunit of the 

single-strand binding replication protein A (RP A) complex. RP A has been implicated in 

positioning XPF-ERCCl for 5' incision and thereby stimulates UV lesion repair [ 442, 446]. 

Similarly, we observed that RPA stimulated the 3' flap cleavage by purified Radl-Radl Oin vitro 

(Figure A. 2). In the presence ofRPA, the efficiency ofRadl-RadlO on its sub-optimal 3' flap 

substrate (with no gap) improved ~2-fold. Titration ofRPA led to increasing cleavage efficiency 

[ 441]. In contrast, titration ofE. coli single-strand binding protein (SSB) did not stimulate Radl

RadlO cleavage activity (Figure A. 3). This observation indicates that the RP A stimulation of 

Radl-Radl Ois specific and that the interaction between Radl-Radl Oand RP A is important for 

the stimulation of catalytic activity toward 3' flap substrate. 
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Figure A. 1 DNA-binding and endonuclease activities of His-rad1E349K/Rad10 and His
rad1E706K/Rad10 are intact. 

A) Gel mobility shift assays of His-Radl/RadlO, His-rad1E349K/Rad10 and His
rad1E706K/Rad10 were performed with splayed Y substrates. While the overall binding 
affinities are similar to His-Radl/RadlO, the binding patterns are more variable. Quantification 
of percent binding activity in gel mobility shift assays is shown in the upper panel. B) 
Endonuclease activity was determined by endonuclease assays with His-Radl/RadlO, His
rad1E349K/Rad10 and His-rad1E706K/Rad10 purified from E. coli. The splayed DNA substrate 
(B) or the 3' flap DNA substrates (C) was incubated with increasing concentrations (25-700 nM) 
of protein. Percent endonuclease activity was determined. Representative endonuclease assays 
are shown on the right of each panel. Both mutant complexes retain endonuclease activity. His
rad1E706K/Rad10 appears to have higher cleavage activity that His-Radl/RadlO, although the 
cleavage activity is variable. For each set, quantification was performed using ImageQuant 5.2. 
Data represents the mean ± SEM of at least four independent experiments with multiple protein 
preparations. His-Radl/RadlO (blue), Hisrad1E349K-Rad10 (coral) and His-rad1E706K-Rad10 
(magenta). Curves shown in (B) and (C) were based on Michaelis-Menten equations in Prism 5. 
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Figure A.2 Endonuclease activity of Radl-RadlO for 3' flap substrate is stimulated in 
presence of RP A. 

Endonuclease activity of His-Radl-RadlO (200 nM) on a 3' flap substrate was measured in the 
presence of yeast RPA (80 nM). Endonuclease activity of His-rad1E349K-Rad10 and His
rad1E706K-Rad10 is unaffected by RPA. Percent endonuclease activity was determined. 
Quantification was performed using ImageQuant 5.2. Data represents the mean ±SEM of at least 
four independent experiments with multiple protein preparations. HisRadl-RadlO (dark gray), 
His-rad1E349K-Rad10 (light gray), and His-rad1E706K-Rad10 (white). 

186 



A 

B 

C 

_,,,,.-.... 

Figure A. 3 Radl/radl-RadlO Cleavage in Presence of RPA 

(A) Titration of RP A into endonuclease assay of His-Rad I/Rad 10. Increasing RP A 
concentrations stimulate endonuclease activity. (B) Representative gels showing the 
endonuclease activity of His-Radl/RadlO, His-rad1E349K-Rad10 and His-rad1E706K- RadlO 
(200 nM) in the absence or presence of purified yeast RP A (80 nM). Buffer only controls 
demonstrate that the buffer alone is not sufficient to cleave the DNA. Similarly, RP A alone has 
no endonuclease activity. 
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