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ABSTRACT OF THE DISSERTATION

Mechanisms of Initiation of DNA Mismatch Repair in

Saccharomyces cerevisiae

by

Scarlet Sara Shell

Doctor of Philosophy in Biomedical Sciences

University of California, San Diego, 2008

Professor Richard Kolodner, Chair

DNA mismatch repair (MMR) is a conserved pathway that ensures replication

fidelity by repairing errors that occur during replication of the genome. In eukaryotes

MMR is initiated by two heterodimeric MutS homologue (MSH) complexes, Msh2-

Msh3 and Msh2-Msh6, which recognize and bind mispairs and transmit signals to

downstream components that effect repair. In this work we have investigated several
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aspects of the mechanisms by which the MSHs locate and recognize mispairs and

initiate the downstream events in MMR. We have found that the N-terminal regions

(NTRs) of Msh6 and Msh3 in Saccharomyces cerevisiae are long unstructured linkers

that tether the MSH complexes to the sliding clamp PCNA. A second region of the

Msh6 NTR is functionally partially redundant with the PCNA interacting region, and

in the absence of the entire NTR MMR is severely impaired. The NTRs of Msh3 and

Msh6 can be exchanged to create functional chimeric proteins, and the Msh6 NTR is

functional when fused to Msh2.

Here we also describe a chimeric S. cerevisiae MSH in which the mispair-

binding domain of Msh6 is replaced by that of Msh3. The chimera is functional for

MMR and the mispair-binding domain confers Msh3-like mispair recognition

specificities. The chimera retains Msh6-like interactions with the MutL homologues,

indicating that the mispair-binding domains and the type of mispair recognized do not

contribute to the specificity of subsequent interactions. These findings suggest that the

mispair-binding domains of Msh3 and Msh6 are modules that confer distinct mispair

specificities but communicate signals of recognition to other domains in the same

fashion.

Additional studies described here demonstrate that a dominant negative

mutation in the ATPase domain of Msh6 is sufficient to cause cancer in mice.

However, cells from these mice do not show the increased resistance to drugs that is

seen in MMR knock-out cells. Experiments in S. cerevisiae demonstrate that the

mutation in these mice is equivalent to a previously described yeast mutation and a

mutation in a human cancer case.
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CHAPTER 1

Overview of DNA mismatch repair
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1.1 SUPPRESSION OF MUTATION AND HUMAN DISEASE

Suppression of mutations is important for most organisms. Mutations can arise

from a variety of sources of DNA damage, both endogenous and exogenous.

Endogenous sources of mutations include replication errors and damage to nucleotides

or bases by reactive oxygen species that are present as by-products of metabolism.

Exogenous sources of DNA damage such as methylating agents and radiation can also

result in mutations. Numerous DNA repair pathways have evolved to repair various

types of DNA damage and thereby suppress mutation rates. This work will focus on

the DNA mismatch repair (MMR) pathway, which suppresses mutation rates by up to

several orders of magnitude by correcting replication errors that result in

misincorporated bases (Kolodner, 1996; Kolodner and Marsischky, 1999).

The importance of suppressing mutation rates is clear from the clinical

consequences that result from the absence of MMR. Humans with germline mutations

that result in the absence of non-redundant components of the MMR pathway have a

cancer-predisposition syndrome called Lynch syndrome (also called hereditary non-

polyposis colorectal cancer [HNPCC]). Patients with Lynch syndrome develop early-

onset cancers, most frequently in the gastrointestinal tract and endometrium, that are

characterized by the presence of frequent insertions and deletions in di- and tri-

nucleotide repeat sequences, termed microsatellite instability (Bronner et al., 1994;

Fishel et al., 1993; Leach et al., 1993; Peltomaki, 2003). Germline mutations that

cause partial defects in MMR may result in later-onset cancer susceptibility syndromes
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(Akiyama et al., 1997; Berends et al., 2002; Kolodner et al., 1999; Miyaki et al.,

1997). Additionally, somatic inactivation of MMR genes is a common feature of many

different types of sporadic cancers (Kane et al., 1997; Veigl et al., 1998).

In addition to contributing to cancer susceptibility and development, defects in

the MMR pathway appear to reduce sensitivity of tumors to certain chemotherapeutic

agents (Carethers et al., 2004; Ribic et al., 2003). MMR status may therefore have

implications for prognosis and appropriate treatment of some cancers. More work is

needed to understand the mechanisms by which MMR affects sensitivity to

chemotherapeutics, and how treatment strategies can be optimized based on MMR

status.

There may also be implications for loss of MMR in human pathogens. Variants

of Pseudomonas aeruginosa that have lost key components of the MMR pathway have

been found to be associated with persistent infection and drug resistance in cystic

fibrosis patients, and the high mutation rates in these strains have been proposed to

give them an advantage in immune evasion and allow for accelerated development of

drug resistance (Oliver et al., 2000).
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1.2 OVERVIEW OF THE PROKARYOTIC MISMATCH REPAIR PATHWAY

MMR was first described in prokaryotes, and subsequently found to be

conserved in all eukaryotic species examined (Iyer et al., 2006). The prokaryotic

pathway is simpler, and after over 20 years of research is relatively well understood

and can be reconstituted in vitro from purified components (Lahue et al., 1989).

Prokaryotic MMR is initiated by recognition of mispaired DNA sequences by

MutS, which is active as a homodimer. MutS can recognize base:base mispairs

resulting from nucleotide misincorporations by the replicative polymerases, as well as

loops of between one and several unpaired nucleotides resulting from insertion or

deletion events caused by polymerase slippage (Modrich, 1991). MutS is a multi-

domain protein (Figure 1-1, panel A) (Lamers et al., 2000; Obmolova et al., 2000).

The most N-terminal domain is responsible for direct interaction with mispairs, while

domain IV facilitates DNA binding by forming a clamp that contacts the DNA

backbone in a non-sequence-specific manner. Mispair-binding results in conformation

changes that are transmitted throughout the protein and affect nucleotide binding and

hydrolysis by domain V (Blackwell et al., 2001; Lamers et al., 2004). The details of

mispair-binding and nucleotide interactions will be considered in greater detail in

subsequent sections.

Following recognition of a mispair, MutS becomes competent to bind another

homodimer called MutL, forming the so-called ternary complex of MutS, MutL, and

mispair-containing DNA (Grilley et al., 1989). MutL then becomes activated and is
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able to subsequently activate the endonuclease MutH and DNA helicase II (Au et al.,

1992; Welsh et al., 1987; Yamaguchi et al., 1998). MutH recognizes hemi-methylated

Dam (GATC) sites that are transiently present following replication and prior to

methylation of the nascent strand (Iyer et al., 2006). Upon activation by MutL, MutH

selectively cleaves the unmethylated daughter strand. Hemi-methylated Dam sites

upstream or downstream of the mispair can be utilized, and unwinding of the daughter

strand by DNA helicase II occurs in the appropriate direction toward the mispair in

either case (Au et al., 1992; Cooper et al., 1993; Grilley et al., 1993; Lahue et al.,

1987). One of several exonucleases then degrades the mispair-containing strand,

which is subsequently re-synthesized by DNA polymerase III (Burdett et al., 2001;

Iyer et al., 2006; Viswanathan et al., 2001).
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Figure 1-1.  Structure of Thermus aquaticus MutS bound to a single nucleotide
insertion mispair (Protein Data Bank ID 1ewq).
A.  Domain structure of MutS. The non-mispair-contacting subunit of the homodimer
is colored in light blue, while the mispair-contacting subunit is colored by domain,
from N-terminus: Domain I (red), Domain II (orange), Domain III (yellow), Domain
IV (green), and Domain V (blue).  B.  Interaction with the unpaired thymine by
stacking of Phe39. For clarity, only Domain I of the mispair-contacting subunit is
shown (red). The unpaired thymine is in bold black and the side-chain of Phe39 is
shown. The figure was generated with PyMOL (DeLano, 2002).

Domain I:
mispair-binding

Domain IV:
lever/clamp

Domain II:
connecter

Domain III:
connecter

Domain V:
ATPase

A

B
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1.3 RECOGNITION OF MISPAIRS BY THE EUKARYOTIC MUTS

HOMOLOGUES

In eukaryotes, three MutS Homologues (MSHs) form two heterodimeric

complexes that recognize partially overlapping subsets of mispairs and together are

responsible for initiation of MMR (Acharya et al., 1996; Marsischky et al., 1996).

Msh2 is the common subunit that is present in both complexes, while the unique

subunits are Msh3 and Msh6. The unique subunits are responsible for determining

mispair specificity. The Msh2-Msh6 complex, also called MutSα, recognizes most

base:base mispairs and small insertion/deletion mispairs, while the Msh2-Msh3

complex, MutSβ, recognizes both large and small insertions and deletions

(Marsischky et al., 1996). The specificity of mispair recognition is heavily influenced

by sequence context, and in certain contexts MutSα can recognize loops of up to 10

nucleotides (Marsischky and Kolodner, 1999), while in other contexts MutSβ has been

shown to initiate repair of base:base mispairs (Harrington and Kolodner, 2007).

The partially overlapping functions of MutSα and MutSβ result in a situation

where losses of either Msh3 or Msh6 individually have small to moderate effects on

overall mutation rates, while loss of Msh2 causes a much more dramatic increase in

the accumulation of mutations (Marsischky et al., 1996). Mutations in MSH2 are

therefore a common cause of HNPCC and result in tumors with a high degree of

microsatellite instability, while mutations in MSH6 appear to cause milder cancer-

predisposition syndromes, and inherited MSH3 mutations have not been found in
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association with cancer susceptibility (Fishel et al., 1993; Huang et al., 2001;

Kolodner et al., 1999; Peltomaki, 2003).

Initial clues to the mechanism of mispair recognition were given by cross-

linking and mutagenesis studies that implicated a conserved phenylalanine residue in

domain I of MutS, which is also present in eukaryotic Msh6. Mutation of this Phe39 to

alanine in Thermus aquaticus was found to dramatically decrease mispair specificity

in vitro (Malkov et al., 1997), and mutation of the equivalent Phe36 residue in

Escherichia coli to alanine was also shown to decrease mispair binding in vitro as well

as abolish MMR activity in vivo (Yamamoto et al., 2000). Crystal structures of E. coli

MutS bound to a G:T mispair and T. aquaticus MutS bound to an insertion mispair

subsequently demonstrated that the aromatic ring of Phe36 or 39, respectively, from

one of the subunits in each homodimer stacks with the mispaired or unpaired thymine

base (Figure 1-1, panel B) (Lamers et al., 2000; Obmolova et al., 2000). Similar

stacking of Phe36 was seen with adenine and guanidine bases in subsequent structures

solved with substrates containing C:A, A:A, and G:G mispairs (Natrajan et al., 2003).

Another important feature of these crystal structures was that in each case, the

MutS homodimer binds DNA in an asymmetric manner such that one subunit makes

direct contact with the mispair while the other subunit only contacts the DNA

backbone. This asymmetric mode of binding has evolved in eukaryotes into

specialized roles performed by different proteins; Msh2 contacts only the DNA

backbone, while Msh3 and Msh6 make direct contact with mispairs and thereby

determine mispair specificity (Habraken et al., 1996; Marsischky et al., 1996; Warren

et al., 2007).
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The mispair-binding domain of eukaryotic Msh6 retains the conserved

phenylalanine, and mutation of this Phe337 to alanine in Saccharomyces cerevisiae

causes loss of function in vivo and defects in mispair binding in vitro (Bowers et al.,

1999). Mutation of the equivalent phenylalanine in human Msh6 to alanine causes a

substantial MMR defect in vitro (Dufner et al., 2000). In contrast, mutation of the

phenylalanine or tyrosine present at the equivalent position of human or yeast Msh2,

respectively, does not cause any discernible defect, consistent with Msh2 not

interacting directly with mispairs (Bowers et al., 1999; Dufner et al., 2000). A crystal

structure of human MutSα confirms that Phe432 indeed stacks with mispaired bases in

a variety of different types of mispairs (Warren et al., 2007).

In contrast to Msh6, Msh3 lacks the conserved phenylalanine in its mispair-

binding domain, and the mechanism by which it mediates mispair recognition is

therefore poorly understood. The recent finding that domain I of Msh2 is dispensable

for activity of MutSα but necessary for function of MutSβ further implies that there

are significant differences in how mispairs are recognized by these two complexes

(Goldfarb and Alani, 2005; Lee et al., 2007). Mechanisms of interaction of prokaryotic

MutS and eukaryotic MutSα with loops of greater than one nucleotide are also

unknown, as no crystal structures containing such mispairs have been reported.

Crystals structures showed that mispair-containing DNA is bent at an angle of

approximately 60o when bound by MutS or MutSα, leading to the suggestion that the

presence of a mispair makes DNA easier to kink, and that this bendability may be a

component of mispair recognition (Wang et al., 2003).
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1.4 TRANSMISSION OF SIGNALS FROM THE MUTS HOMOLOGUES TO

DOWNSTREAM FACTORS

Mispair binding by MutS and its eukaryotic homologues causes

conformational changes throughout the dimer that affect its activities in a number of

ways. Interaction with mispairs stabilizes the structure of the mispair-binding domain,

and is in fact required for this domain to be ordered in reported crystal structures

(Obmolova et al., 2000). Mispair-binding also affects the affinity of MutS and its

homologues for adenine nucleotides as well as rates of ATP hydrolysis (Antony and

Hingorani, 2003; Bjornson et al., 2000; Gradia et al., 1997; Hess et al., 2002; Junop et

al., 2001; Lamers et al., 2003). Finally, the changes in conformation and nucleotide

binding state of the MutS proteins are required for interaction with the MutL proteins

and the subsequent steps of the MMR pathway (Grilley et al., 1989; Habraken et al.,

1998; Hess et al., 2006; Mendillo et al., 2005).

A notable feature of the crystal structures of prokaryotic MutS is their

modularity. Each of the five domains forms a discrete unit that resembles another

known structure, and domains I and IV fold independently and are connected to the

rest of the protein mainly by flexible peptide linkers (Obmolova et al 2000). The

structure of T. aquaticus MutS demonstrated that while domains II, III, and V

maintain similar conformations in the presence and absence of mispaired DNA,

domains I and IV, which represent the mispair-binding domain and DNA backbone-

clamping domains, respectively, are too flexible in the absence of DNA to be
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discerned crystallographically (Figure 1-1). Mispair-binding therefore induces

stabilization of the domains of MutS that are directly involved in interaction with

DNA.

Transmission of the mispair-induced conformational changes throughout the

MutS dimer is indicated by changes in nucleotide affinity and hydrolysis in domain V

at the C-terminal end of the protein. Domain V is a member of the ABC superfamily

of ATPases and hydrolyzes ATP by a Walker A motif (Haber et al., 1988). This region

is highly conserved between prokaryotic MutS and its eukaryotic homologues, and

mutations that disrupt nucleotide binding and/or hydrolysis cause dramatic MMR

defects (Alani et al., 1997; Das Gupta and Kolodner, 2000; Dufner et al., 2000; Fishel

and Wilson, 1997; Haber and Walker, 1991; Wu and Marinus, 1994). Residues from

both subunits contribute to each of the two ATP-binding sites (Lamers et al., 2000;

Obmolova et al., 2000).

The asymmetry of the MutS homodimer is also evident in the ATPase

domains, where one nucleotide-binding site has higher affinity for ATP than the other

(Antony and Hingorani, 2004; Lamers et al., 2003). This asymmetry is also present in

the eukaryotic homologues; the nucleotide-binding site that is composed mainly of

Msh6 residues has higher affinity for ATP than the nucleotide-binding site that is

composed mainly of Msh2 residues, while the Msh2 site has higher affinity for ADP

(Mazur et al., 2006). Furthermore, nucleotide binding seems to induce conformational

changes that allow communication between the two sites, since ATP-binding by the

Msh6 site causes a decrease in the affinity of the Msh2 site for ADP (Mazur et al.,

2006).
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The presence of mispair-containing DNA has been shown to increase the

ATPase activity of MutS and its homologues, while detailed kinetic studies have

indicated that an initial burst phase of activity is inhibited by interaction with mispairs

(Antony and Hingorani, 2003; Bjornson et al., 2000; Gradia et al., 1997; Hess et al.,

2002). As interaction with DNA affects the ATPase domain, ATP-binding

subsequently affects interaction with DNA. In the presence of ATP, affinity for

mispairs appears to be lower (Alani, 1996; Gradia et al., 1997). Studies over the past

several years have revealed that ATP-binding converts the MutS proteins into sliding

clamps that diffuse freely along the DNA while remaining closely associated with it,

and dissociating from the DNA only at free ends (Acharya et al., 2003; Gradia et al.,

1999; Mendillo et al., 2005). In this sliding clamp state, MutS and its homologues do

not remain associated with mispairs.

Recent studies have provided a model for the relationship between mispair

binding and events at the ATPase domains of MutSα (Mazur et al., 2006). Mispair

binding seems to occur when ADP is present in the Msh2 site or when both sites are

empty. Upon mispair binding, the Msh6 site binds ATP and in the mispair-binding-

induced conformation hydrolysis is inhibited. The stable presence of ATP in this site

induces a conformational change that decreases the affinity of the Msh2 site for ADP

and allows it to bind ATP. In the dual-ATP-bound state, the complex is competent to

form a sliding clamp and to interact with the MutL homologues.
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1.5 THE ROLES OF THE MULTIPLE MUTL HOMOLOGUE COMPLEXES

IN EUKARYOTIC MISMATCH REPAIR

In eukaryotes, three MutL Homologue (MLH) proteins form two heterodimeric

complexes that are functionally equivalent to the MutL homodimer in prokaryotes.

The Mlh1-Pms1 complex in S. cerevisiae (called Mlh1-Pms2 in mammalian systems)

seems to be the predominant MutL homologue complex in MMR, as evidenced by

high mutation rates in pms1 mutants that are indistinguishable from those of msh2

mutants (Li and Modrich, 1995; Prolla et al., 1994a; Prolla et al., 1994b). The Mlh1-

Mlh3 complex plays a role that is smaller but may be highly significant, particularly in

mammals (Chen et al., 2005; Flores-Rozas and Kolodner, 1998).

Prokaryotic MutL is functional as a dimer. It stably dimerizes through

interactions between globular C-terminal domains (Drotschmann et al., 1998; Guarne

et al., 2004; Kosinski et al., 2005). A central region of approximately 100 residues is

an unstructured linker joining the C-terminal dimerization domain to the globular N-

terminal domain, which contains a nucleotide-binding site and forms a second site of

dimerization upon ATP binding (Ban and Yang, 1998; Guarne et al., 2004). The

nucleotide-binding sites are very weak ATPases but are required for MMR

(Aronshtam and Marinus, 1996; Ban and Yang, 1998; Spampinato and Modrich,

2000). This structure is generally conserved in eukaryotes, which have globular N-and

C-terminal domains connected by linkers of between 100 and 300 residues in length

that are predicted to be unstructured (Pang et al., 1997). The C-terminal domain of
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Pms1 has been recently shown to contain endonucleolytic activity that is required for

MMR (Kadyrov et al., 2006). The active site residues are also conserved in Mlh3, but

are not present in MutL sequences from MutH-containing prokaryotes.

All biochemical characterization of eukaryotic MutL homologues reported to

date has been performed with Mlh1-Pms1 (or the equivalent human Mlh1-Pms2). Like

MutL, this complex interacts with MutS homologue complexes upon mispair binding

in the presence of ATP (Habraken et al., 1998; Mendillo et al., 2005). Mutations in

Msh2 and Msh6 that prevent dual occupancy by ATP also fail to interact with Mlh1-

Pms1 (Hess et al., 2006). Interaction with Mlh1-Pms1 appears to moderate the sliding

of Msh2-Msh6 along DNA, but studies have been confounded by the affinity of Mlh1-

Pms1 for DNA ends (Mendillo et al., 2005). The N-terminal region of Mlh1 has been

implicated in interaction with MutSα, but the site of interaction on the MutSα

complex is unknown (Plotz et al., 2003; Plotz et al., 2006).

The events following ternary complex formation in eukaryotes therefore

remain obscure. In MMR reactions performed with purified human proteins in vitro, a

mispair-containing circular DNA substrate that also contains a single nick either 3’ or

5’ to the mispair can be repaired by the combined activities of MutSα, Mlh1-Pms2,

ExoI, RPA, PCNA, RFC, and DNA polymerase δ (Constantin et al., 2005; Zhang et

al., 2005). Excision of the mispair-containing strand is performed by the 5’ to 3’

exonuclease activity of ExoI, starting either at the pre-existing nick if it is located 5’ to

the mismatch, or at a nick introduced by the endonuclease activity of Mlh1-Pms1 at a

position 5’ to the mismatch when the pre-existing nick is located 3’ to the mismatch

(Kadyrov et al., 2006). Closed circular DNAs that do not contain pre-introduced nicks
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are refractory to MMR in these reactions. It is not known how the nuclease activities

of Mlh1-Pms1 and ExoI are regulated to produce appropriately directed degradation of

the mispair-containing strand from the nick to the mispair. Furthermore, ExoI is not

essential for MMR in yeast or mice and EXOI mutations have not been clearly linked

to cancer susceptibility in humans, indicating that other nucleases perform partially

redundant functions (Peltomaki, 2003; Tishkoff et al., 1997; Wei et al., 2003). While

nicks provide effective strand-discrimination signals in vitro, the mechanism of

discrimination in vivo remains unknown. The transient presence of nicks following

replication of the lagging strand could direct MMR to the nascent strand in vivo, but it

is not clear whether nicks occur frequently enough on the leading strand for this to be

the sole mechanism of discrimination.

The Mlh1-Mlh3 complex was initially shown to have a role in MMR by

genetic studies of S. cerevisiae (Flores-Rozas and Kolodner, 1998). Despite the fact

that pms1 mutants have mutation rates as high as those of mlh1 mutants, mlh3 mutants

do have small but significant increases in mutation rate that are equivalent to rates

seen in msh3 mutants. An mlh3 msh3 double mutant is not any more defective than

either of the single mutants, but an mlh3 msh6 double mutant shows a synergistic

increase in mutation rate. This finding indicated that the Mlh1-Mlh3 complex may be

required for repair of some mispairs that are detected by Msh2-Msh3, but does not

play a significant role in repair of mispairs detected by Msh2-Msh6. The determinants

of use of the Mlh1-Pms1 complex versus the Mlh1-Mlh3 complex by Msh2-Msh3

were unclear.
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Experiments in mice have confirmed a role for Mlh3 in MMR in mammals.

Mice with defects in Pms2 have different tumor spectra than mice deficient in Mlh1

(Prolla et al., 1998). Mice with mlh3 mutations have milder but still significant

increases in tumorigenesis and microsatellite instability, and pms2 mlh3 double mutant

mice are phenotypically comparable to mlh1 mice (Chen et al., 2005). A role for Mlh3

in suppression of mutation in humans is also suggested by the relative lack of HNPCC

cases found to have defects in Pms2, although detection of Pms2 defects is

complicated by a large number of related pseudogenes (Peltomaki, 2003).
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1.6 ROLES OF PCNA AND THE N-TERMINAL REGIONS OF MSH6 AND

MSH3 IN MISMATCH REPAIR

Proliferating Cell Nuclear Antigen (PCNA) is a homotrimeric sliding clamp

involved in a number of processes related to DNA replication and repair. It is a

processivity factor required for efficient activity of the replicative DNA polymerases,

and also interacts with DNA ligase, helicases, the flap endonuclease Fen1/Rad27,

chromatin assembly factors, and components of nucleotide excision repair, base

excision repair, and mismatch repair pathways (Burgers, 1991; Chen et al., 1996;

Clark et al., 2000; Flores-Rozas et al., 2000; Gary et al., 1997; Haracska et al., 2001;

Johnson and O'Donnell, 2005; Li et al., 1995; Otterlei et al., 1999; Prelich et al., 1987;

Schmidt et al., 2002; Shibahara and Stillman, 1999; Subramanian et al., 2005; Unk et

al., 2002; Zhang et al., 2000). PCNA is required for the completion of MMR in

eukaryotes because of its role in helping the polymerase to perform the resynthesis

step, and it plays a second role earlier in the pathway as well (Gu et al., 1998; Umar et

al., 1996).

Most of PCNA’s binding partners interact through a conserved sequence motif

called the PIP-box, which associates with a groove created by the loop that connects

the two domains of each PCNA subunit (Gulbis et al., 1996; Warbrick, 2000).

Canonical PIP-boxes were found located near the N-termini of eukaryotic Msh3 and

Msh6 (Clark et al., 2000; Flores-Rozas et al., 2000). Both Msh3 and Msh6 have

additional regions of sequence that lie N-terminally to their mispair-binding domains,
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while in Msh2 and prokaryotic MutS the mispair-binding domain is the most N-

terminal portion of the protein. The N-terminal regions of the known eukaryotic Msh3

and Msh6 sequences are between approximately 100 and 400 residues in length and

share relatively little sequence homology aside from the PIP-boxes located near their

N-termini.

Mutations replacing two key phenylalanine residues of the PIP-box on S.

cerevisiae Msh6 with alanines have been shown to cause a mild defect in MMR in

vivo and eliminate interaction with PCNA in vitro, and similar effects have been

reported for Msh3 (Clark et al., 2000; Flores-Rozas et al., 2000). Studies of human

cells expressing an Msh6 deletion mutant missing the PIP-box suggested that

interaction with PCNA might facilitate sub-nuclear localization to replication foci, and

found that extracts from these cells had a modest defect in MMR reactions in vitro

(Kleczkowska et al., 2001). It has been reported that interaction with mispaired DNA

may disrupt the Msh6-PCNA interaction, although this finding was seemingly

contradicted by another report that instead indicated that PCNA disrupts interaction

between MutSα and Mlh1-Pms1 (Bowers et al., 2001; Lau and Kolodner, 2003). A

direct interaction between PCNA and Mlh1 has also been reported, although it appears

to be much weaker than the Msh6-PCNA interaction and to occur through a different

mechanism (Lee and Alani, 2006). The significance of this proposed interaction in

vivo is unclear.

Aside from their role in facilitating interaction with PCNA, little is known

about the N-terminal regions of eukaryotic Msh3 and Msh6. Because no homologous

regions exist in prokaryotic MutS, the reported MutS crystal structures did not provide
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any information on the eukaryotic N-terminal regions. The recently reported crystal

structure of human MutSα also failed to shed light on the N-terminal region of Msh6

because the crystallized protein was a truncated form missing the first 340 amino acids

(Warren et al., 2007).
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1.7 MISMATCH REPAIR AND APOPTOSIS

The earliest suggestions that mismatch repair played a role in drug sensitivity

came from studies of bacteria that showed increased sensitivity to the alkylating agent

N-methyl-N’-nitro-N-nitrosoguanidine (MNNG) in a dam methylation mutant, and

rescue of the phenotype when MutS or MutL were deleted (Jones and Wagner, 1981;

Karran and Marinus, 1982). Studies with human cell lines later suggested that loss of

MMR resulted in low-level resistance to cisplatin (Aebi et al., 1996; Fink et al., 1996)

and significantly increased tolerance to MNNG (Koi et al., 1994; Umar et al., 1997).

In S. cerevisiae, loss of MMR has no effect on the sensitivity of otherwise wild-type

strains to MNNG but rescues the increased sensitivity of strains that have defects in

both methylguanine methyltransferase activity (mgt1) homologous recombination

(rad52) as well (Cejka et al., 2005).

These findings led to two different models to explain how MMR could lead to

drug sensitivity. Since alkylating agents create adducts such as O6-methylguanine that

cause nucleotide misincorporations, one model suggests that futile cycles of MMR

that could ensue and ultimately result in strand breaks and cell death (Karran and

Bignami, 1994; Modrich, 1997). Another model suggests that components of the

MMR pathway could have direct signaling functions that activate cell cycle

checkpoints and lead directly to cell death by apoptosis when the DNA damage is too

extensive to be repaired (Duckett et al., 1996; Modrich, 1997).

These concepts also led to questions about how MMR defects lead to the

development of cancer. An early proposal suggested that increased rates of
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accumulation of mutations could underlie cancer by leading to mutations in genes

such as tumor suppressor genes and proto-oncogenes, and that these secondary

mutations are ultimately the cause of tumorigenesis; the subsequent finding that MMR

mutations are the cause of HNPCC was highly consistent with this theory (Loeb,

1991; Loeb, 2001). However, the idea that MMR components could also have

checkpoint signaling functions led to a competing model in which the loss of these

activities rather than increased mutagenesis per se is the cause of cancer susceptibility

(Fishel, 2001). In the second model, loss of MMR would provide a selective

advantage to pre-cancerous cells in of itself, prior to facilitating the acquisition of

further mutations.
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1.8 SUMMARY AND AIMS

The work described in this dissertation addresses several aspects of the

initiation of MMR. Chapter 2 is an investigation of the effects of a dominant-negative

mutation in the ATPase domain of Msh6 in mice, with additional experiments in S.

cerevisiae that relate the mouse work with a mutation found in a human cancer case.

The findings have implications for both the mechanism of cancer development in

mammals with MMR defects and the mechanism by which MMR activity affects drug

sensitivity. Chapter 3 describes a thorough analysis of the structure and function of the

N-terminal region of Msh6, and also provides insight into the role of the N-terminal

region of Msh3 and the role of PCNA interaction with MutSα and MutSβ. In Chapter

4 we describe a chimeric MutS homologue protein that contains the mispair-binding

domain of Msh3 placed within Msh6. The chimera demonstrates the modularity of the

MutS homologues and is also used to examine the determinants of differential use of

the MutL homologues and the role of domain I of Msh2.
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CHAPTER 2

Dominant effects of an Msh6 missense mutation on DNA repair and

cancer susceptibility
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2.1 SUMMARY

Mutations in DNA mismatch repair (MMR) genes cause hereditary

nonpolyposis colorectal cancer (HNPCC), and MMR defects are associated with a

significant proportion of sporadic cancers.  MMR maintains genome stability and

suppresses tumor formation by preventing the accumulation of mutations and by

mediating an apoptotic response to DNA damage.  We describe the analysis of a

dominant MSH6 missense mutation in yeast and mice that causes loss of DNA repair

function while having no effect on the apoptotic response to DNA damaging agents.

Our results demonstrate that MSH6 missense mutations can effectively separate the

two functions, and that increased mutation rates associated with the loss of DNA

repair are sufficient to drive tumorigenesis in MMR-defective tumors.
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2.2 SIGNIFICANCE

Tumors that develop in HNPCC patients or sporadic cancers associated with

MMR deficiency show increased genomic instability, which can be diagnosed by

microsatellite instability (MSI) analysis, and also display resistance to a wide variety

of chemotherapeutic agents.  A substantial number of HNPCC cases result from

missense mutations in MMR genes; however, the functional consequences of such

mutations in normal and tumor cells are not well understood.  By modeling a human

MSH6 missense mutation in yeast and mice, we demonstrate that MMR missense

mutations can differentially affect individual MMR functions.  Our results provide

new molecular insights into the anticancer functions of MMR and indicate that

genotype-phenotype correlations can provide valuable information for the diagnosis

and treatment of tumors with MMR mutations.
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3.3 INTRODUCTION

DNA mismatch repair (MMR) functions to repair misincorporation errors that

occur during DNA replication and acts on mispaired bases formed in recombination

intermediates (Buermeyer et al., 1999; Kolodner, 1996; Kolodner and Marsischky,

1999; Modrich and Lahue, 1996).  As a consequence of the role of MMR in DNA

replication, MMR-defective cells have high mutation rates.  MMR acts to prevent

recombination between divergent DNA sequences, and as a consequence, MMR may

also act to prevent some types of genome rearrangements (Evans and Alani, 2000;

Harfe and Jinks-Robertson, 2000; Myung et al., 2001).  MMR proteins also play a role

in some cellular responses to DNA damage, and consequently, MMR-defective

mammalian cells are resistant to killing by DNA-damaging agents, including some

types of chemotherapeutic agents (Aebi et al., 1996; Bignami et al., 2003; D'Atri et al.,

1998; Li, 1999; Modrich, 1997).  MMR defects can underlie the development of

cancer.  HNPCC is an inherited cancer susceptibility syndrome where, in many cases,

the tumors show microsatellite instability (MSI) indicative of a MMR defect

(Peltomaki, 2003).  The majority of these HNPCC cases are due to inherited mutations

in two MMR genes, MSH2 and MLH1 (Peltomaki, 2003; Peltomaki and Vasen, 1997;

Yan et al., 2000).  A small number of HNPCC cases are due to inherited mutations in

MSH6, whereas a larger number of later onset familial atypical-HNPCC cases are due

to mutations in MSH6 (Akiyama et al., 1997; Berends et al., 2002; Kolodner et al.,

1999; Miyaki et al., 1997; Wagner et al., 2001).  Sporadic MMR-defective cancers are

largely due to somatic silencing of the MLH1 gene (Kane et al., 1997; Kuismanen et
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al., 2000; Veigl et al., 1998).  Defects in other MMR genes have been implicated in no

more than a small proportion of inherited and sporadic cancers.  These differences

between MMR genes have been attributed to the fact that some MMR proteins have

unique functions in MMR, whereas others play partially redundant roles (Harfe and

Jinks-Robertson, 2000; Kolodner and Marsischky, 1999; Marsischky et al., 1996).

However, some MMR proteins could have different functions, such as, for example, a

unique role in DNA damage responses.

Mouse models have provided insight into the relationship between MMR

defects and cancer susceptibility (Buermeyer et al., 1999; Wei et al., 2002).  Mice that

are homozygous for null mutations in Msh2 or Mlh1 develop a broad spectrum of

tumor types at early ages, and these tumors show MSI; in many regards, these mice

mimic HNPCC caused by MSH2 and MLH1 mutations (de Wind et al., 1998;

Edelmann et al., 1999; Prolla et al., 1998; Reitmair et al., 1996).  Mice that are

homozygous for Msh6 mutations are similar to Msh2 and Mlh1 mutant mice in regard

to tumor spectrum.  However, the Msh6 mutant mice develop cancers at later ages, and

the tumors show little or no MSI (Edelmann et al., 1997).  Studies of Msh6 mutant

mice were the first to implicate MSH6 as a late onset cancer susceptibility gene, a

result that has been extended to human populations.  Pms2 defects in mice cause the

development of tumors with MSI at early ages, although the tumor spectrum is distinct

from that of Msh2, Msh6 or Mlh1 mutant mice (Baker et al., 1995).  This difference in

tumor spectrum correlates with the limited involvement of PMS2 defects in HNPCC.

Mutations in Msh3 and Exo1 only cause the development of tumors at very old ages,

which parallels the limited involvement of these genes in HNPCC.  However, Msh3
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mutations accelerate the development of tumors when combined with Msh6 mutations,

similar to the interaction between msh6 and msh3 mutations in S. cerevisiae (de Wind

et al., 1999; Edelmann et al., 2000; Kolodner et al., 1999; Marsischky et al., 1996; Sia

et al., 1997; Wei et al., 2003).

Mismatch recognition in eukaryotic MMR involves three proteins, MSH2,

MSH6 and MSH3, which are homologs of the bacterial MutS protein.  These three

proteins form two heterodimeric complexes, the MSH2-MSH6 and MSH2-MSH3

complexes, that each have different mismatch recognition properties (Acharya et al.,

1996; Drummond et al., 1995; Genschel et al., 1998; Guerrette et al., 1998;

Marsischky et al., 1996; Palombo et al., 1995).  The MSH2-MSH6 complex is the

major mismatch recognition complex and recognizes both base:base and single base

insertion/deletion mismatches, whereas the MSH2-MSH3 complex appears to

primarily recognize insertion/deletion mismatches.  This difference is also reflected in

their relative abundance with MSH2-MSH6 complexes occurring in excess of MSH2-

MSH3 complexes in yeast, human, and mouse (Marsischky and Kolodner 1996;

Genschel et al. 1998; deWind et al. 1999).  It is this difference in mismatch

recognition spectrum that has been suggested to underlie the genetic differences

between MSH2, MSH6 and MSH3 (Marsischky et al., 1996; Umar et al., 1998).

When the MSH complexes bind a mismatch, they form a ring around the DNA, and

upon ATP binding, this ring can move along the DNA away from the mismatch

(Blackwell et al., 1998; Gradia et al., 1999; Hess et al., 2002).  The importance of the

ATP binding-mediated release from mispairs has been in part established by the

isolation of dominant mutations in MSH6 in yeast (Das Gupta and Kolodner, 2000).
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These mutations strongly interfere with MMR when present on a single copy plasmid

in a wild-type strain.  At the chromosomal locus, they cause high rates of base

substitution and frameshift mutations, in contrast to only high rates of base

substitution mutations caused by MSH6 deletion mutations, and the increased rate of

frameshift mutations is suppressed by overexpression of MSH3.  The mutant MSH2-

MSH6 complexes hydrolyze ATP in the absence of DNA, but have a much longer

half-life bound to a mispair in the presence of ATP than the wild-type complex; the

reduced turnover from mispairs may be responsible for preventing MSH2-MSH3

dependent MMR from acting on insertion/deletion mispairs and accounts for the

dominant phenotypes caused by these msh6 mutations (Hess et al., 2002).

Currently, there are two views on how MMR defects lead to increased

development of cancer.  In one view, increased mutation rates increase the rate of

accumulation of mutations in tumor suppressor genes and proto-oncogenes, which

results in the development of cancer (Kinzler and Vogelstein, 1996; Loeb, 2001).  In

the other, defects in DNA damage responses and DNA damage induced apoptosis

provides a selective advantage to tumor cells (Fishel, 2001; Nowell, 1976; Tomlinson

and Bodmer, 1999).  To gain insight into these two possible mechanisms, we have

investigated the properties of specific single nucleotide changes in MSH6 in S.

cerevisiae and mouse models.  We describe a dominant mouse Msh6 mutation that

causes a strong mutator phenotype and increased cancer development but no defect in

DNA damage induced apoptosis and provide evidence for such mutations in humans.

These results indicate that the increased mutation rates resulting from MMR defects

are capable of driving the development of cancer, and that certain heterozygous MMR
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missense mutations can act in a dominant negative manner to increase mutation rates

in normal tissue.
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2.4 RESULTS

Analysis of MSH6 missense mutations in S. cerevisiae.

Previous studies described three dominant mutations in the S. cerevisiae MSH6

gene that cause high rates of both base substitution and frameshift mutations, in

contrast to an msh6 deletion mutation, which only causes high rates of base

substitution mutations.  Two of the affected amino acids (S. cerevisiae codons

Ser1036 and Gly1142) are conserved in the human and mouse MSH6 proteins

whereas in one case, Gly1067Asp, the amino acid at the equivalent residue in the

human and mouse protein is a Thr (residues 1219 and 1217, respectively).  Although

the Gly1067Asp substitution is not located in the P-loop domain, which is required for

ATP binding and processing, molecular modeling indicates that it is situated at the

MSH2-MSH6 heterodimer interface close to the P-loop of the MSH2 protein (Hess et

al., 2002).  A recent study reported an MSH6 mutation causing a Thr to Ile change at

codon 1219 in an HNPCC case with a tumor with MSI, although little information was

presented supporting the pathogenic effects of this mutation (Berends et al., 2002).  To

study the effect of the Thr and Ile residues on MSH6 function, mutations altering S.

cerevisiae MSH6 codon 1067 to either a Thr or Ile codon were studied on both an

ARS CEN plasmid and at the chromosomal MSH6 locus.  On an ARS CEN plasmid in

a wild-type strain, the wild-type MSH6 control and the 1067Thr substitution did not

alter the rate of reversion of the lys2-A10 frameshift mutation (detects deletions in a

run of 10 As) whereas the 1067Ile substitution caused a large increase in mutation rate

seen in a patch test (Figure 1A).  Similar results were obtained using the CAN1
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forward mutation assay (detects gene-inactivating frameshift and base substitution

mutations) and the hom3-10 frameshift reversion assay (detects deletions in a run of 7

Ts) (data not shown).  When these plasmids were tested for their ability to

complement an msh6 msh3 double mutant, the wild-type MSH6 control and the MSH6

1067Thr substitution reduced the rate of reversion of the hom3-10 frameshift mutation

similarly, whereas the vector and the MSH6 1067Ile substitution had no effect (Figure

1B).  Similar results were obtained using the CAN1 forward mutation assay and the

lys2-A10 frameshift reversion assay (data not shown).  Finally, the MSH6 1067Asp,

Thr and Ile substitutions were introduced at the chromosomal MSH6 locus and tested

for their effects on the CAN1 forward mutation rate and the hom3-10 frameshift

mutation reversion rate (Figure 1C).  The MSH6 1067Thr substitution did not

significantly increase the mutation rate in either assay compared to the wild type

strain.  In contrast, the MSH6 1067Asp and MSH6 1067Ile substitutions had

essentially the same effect and increased the hom3-10 frameshift reversion rate 8 to

10-fold more that the msh6 deletion mutation and increased the CAN1 mutation rate

about 2-fold more than the msh6 deletion mutation; these mutation rates are about

50% of that seen in an msh2 deletion mutant.  These results demonstrate that

substituting a Thr for Gly1067 has no effect on MSH6 function, whereas substitution

of an Ile at this residue results in loss of MSH6 function and a strong dominant defect

in the repair of frameshift mutations as observed for the original dominant msh6

mutations.
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Figure 2-1.  Genetic analysis of msh6 mutations in yeast.
A:  The indicated plasmids were transformed into the wild type strain RDKY 3686
and the presence of a dominant mutator phenotype was detected by determining the
relative rate of reversion of the lys2::InsE-A10 allele by replica plating the strains onto
SD plates lacking lysine.
B:  The indicated plasmids were transformed into the RDKY 4234 msh6Δ::hisG
msh3Δ::hisG  strain and complementation of the msh6Δ::hisG mutation was detected
by determining the relative rate of reversion of the hom3-10 allele by replica plating
the strains onto SD plates lacking threonine.
C:  Fluctuation analysis was used to determine the hom3-10 reversion rate and the
CAN1 forward mutation rate of the indicated strains.  The numbers given are the
mutation rate followed by the fold increase in mutation rate relative to the wild type
rate in parentheses.
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Generation of Msh6T1217D mutant mice.

We previously generated a mouse line carrying an Msh6 null allele (Msh6-)

(Edelmann et al., 1997).  Msh6-/- mice are viable and highly predisposed to the

development of tumors.  The tumor spectrum in these mice resembles that of MMR-

deficient human patients and includes lymphoid tumors, gastrointestinal tumors and

tumors of the skin. Msh6 deficiency causes a defect in the repair of base substitution

mutations but not of 2 bp insertion/deletion mutations.  Consequently, the tumors

derived from these mice do not display an MSI phenotype.  However, a large

proportion of MSH6 mutations in human patients represent missense mutations, whose

functional consequences remain unknown (Berends et al., 2002; Kolodner et al., 1999;

Wijnen et al., 1999; Wu et al., 1999).  We therefore created a mouse line carrying the

Msh6T1217D mutation to assess the effect of an Msh6 missense mutation on MMR

function and cancer susceptibility (Figures 2A and 2B); the Msh6T1217D allele is

referred to as Msh6TD throughout the manuscript.  The Msh6TD allele is transmitted in a

normal Mendelian ratio, and both heterozygous and homozygous mutant mice develop

normally.  RT-PCR and Western blot analysis showed that the Msh6TD mutation did

not interfere with normal gene expression or the stability of the mutant protein

(Figures 2C and 2D).  In human cells, MSH6 forms a complex with MSH2 to initiate

the repair of mispairs and loss of MSH6 affects the stability of the MSH2 protein (de

Leeuw et al., 2000; Palombo et al., 1995).  Consistent with this we detected a

reduction of Msh2 protein in Msh6-/- MEF cells.  However, we did not detect a similar

reduction in the Msh2 protein levels in Msh6TD/+ or Msh6TD/TD cell extracts indicating

that the mutation had no effect on the stability of Msh2 protein (Figure 2D).



46

Figure 2-2.  Generation of Msh6T1217D mice
A:  Gene targeting strategy for the generation of Msh6T1217D mice showing the
pMsh6T1217D knock-in targeting vector, the wild-type and targeted genomic Msh6
locus before and after Cre-loxP mediated deletion of the resistance cassette.
B:  Representative Southern-blot analysis of NdeI-digested tail genomic DNA from
Msh6 wild-type (WT), heterozygous (TD/+), homozygote (TD/TD) and heterozygote
undeleted (TDhyg/+) mice.
C:  RT-PCR analysis of total RNA isolated from Msh6 wild-type (WT), heterozygous
(TD/+) and homozygous (TD/TD) mutant ES cells.  The TD mutation creates an
SfaNI site in the mutant transcript.  The RNA transcript in WT mice is resistant to
SfaNI digestion (246bp fragment) while the mutant transcripts in TD/+ and TD/TD
mice can be digested into 221bp and 25 bp (not shown) restriction fragments.  The
presence of the TD mutation in the RT-PCR products of Msh6TD/+ and Msh6TD/TD mice
was further verified by DNA sequencing.
D:  Western blot analysis shows expression of stable Msh2 and Msh6 protein in WT,
heterozygous (TD/+) and homozygous (TD/TD) mutant MEF cell extracts, while no
Msh6 protein and reduced amounts of Msh2 is detected in Msh6-deficient (-/-)
extracts.
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Immunohistochemical analysis also showed that the subcellular distribution of the

mutant Msh6TD or Msh2 protein was not affected (data not shown).

Mismatch repair activities in Msh6TD mutant extracts.

We next analyzed the effect that the mutant Msh6TD protein had on mismatch

recognition and repair in ES cell extracts.  Using gel mobility shift assays, we found

that extracts of Msh6TD/+ and Msh6TD/TD embryonic stem cells contained a G•T

mismatch binding activity that was similar to that observed in Msh6+/+ extracts (Figure

3A); the activity present in all of the extracts also bound homoduplex DNA, albeit to a

lower extent.  However, in contrast to Msh6+/+ extracts the G•T binding activity

present in both Msh6TD/+ and Msh6TD/TD extracts was resistant to ATP-dependent

mismatch release, even at high ATP concentrations (see Figure 3A).  These results are

consistent with previous studies of the corresponding msh6 mutation in yeast and

indicate that the mutant Msh2-Msh6TD complex displays a defect in the modulation of

mispair binding and dissociation by ATP (Hess et al., 2002).

To determine the impact of the Msh6TD mutation on DNA repair, we measured

the in vitro DNA mismatch repair activity in ES cell extracts using a variety of

substrates containing G•G mismatches, single-base insertion or two-base insertion

mismatches with a nick either 5’ or 3’ to the mismatched base (Figure 3B).  The

Msh6+/+ and Msh6TD/+ extracts were proficient in the repair of all substrates tested

whereas the Msh6TD/TD extracts did not repair any of these substrates.  The repair

defect in the Msh6TD/TD extracts differs from the defect previously found in Msh6-/-

extracts, which are defective in the repair of base-base mismatches but not single-base
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Figure 2-3.  Mismatch repair activities in Msh6 mutant cell extracts.
A:  Mismatch binding activities of Msh6+/+, Msh6TD/+ and Msh6TD/TD nuclear extracts.
Gel mobility shift assay in Msh6 mutant nuclear extracts was performed by incubating
nuclear protein extracts isolated from Msh6+/+ (+/+), Msh6TD/+ (TD/+) and Msh6TD/TD

(TD/TD) ES cells with either GC- containing homoduplex or G/T-containing
heteroduplex oligonucleotides.  The position of the MutSα-DNA complex and the
unbound free probe are indicated by the arrows.  Unlabeled (cold) G/T-containing
heteroduplex competitor oligonucleotide or ATP was included in the reaction mixture
in the molar ratio or concentration indicated.
B:  MMR defects in Msh6TD mutant cell extracts. DNA mismatch repair activity was
assayed in Msh6TD/TD, Msh6TD/+ and Msh6+/+ cell extracts as described (Thomas et al.,
1995).  Substrates designated with a Ω contain the number of extra nucleotides that
accompany the symbol. Substrates are designated 3’ or 5’ indicating the position of
the nick relative to the mismatch.  The 3' nick is in the (-) strand at the Ava II site
(position -264). The 5' nick is in the (-) strand at the Bsu36 I (position +276). The
nucleotide position of the mismatch or unpaired bases in the lacZ complementation
gene is indicated after the @, where position +1 is the first transcribed base of the lacZ
complementation gene.  The (-) sign designates the strand containing the extra
nucleotide(s).  The results are averages based on counting over 500 plaques per
variable in at least three independent experiments.
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insertion and dinucleotide insertion mispairs (Edelmann et al. 1997, Edelmann et al.

2000).  Furthermore, addition of increasing amounts of Msh6TD/TD extracts to Msh6+/+

extracts inhibited the repair of dinucleotide insertion mutations compared to control

assays in which the same amounts of Msh6-/- extracts were added to Msh6+/+ extracts

(data not shown).  These results demonstrate that in homozygous mutant extracts the

mutant Msh6TD protein interferes with the ability of Msh2-Msh3 complexes to act in

repair of dinucleotide insertion/deletion mutations.

Microsatellite Instability in Msh6TD mutant mice.

The repair defect observed in Msh6TD/TD cell extracts suggested that the in vivo

mutator phenotype in Msh6TD mutant mice would differ from wild-type and also Msh6-

mice.  To assess this, the MSI phenotype was analyzed in tail genomic DNA of

Msh6+/+, Msh6-/-, Msh6TD/+ and Msh6TD/TD mice at a mononucleotide repeat locus

(U12235) and two dinucleotide repeat loci (D7Mit91 and D17Mit123) (Figures 4A and

4B).  The Msh6TD/TD mice displayed a significant increase in MSI at all three loci as

compared to Msh6+/+ mice (Figure 4B).  The increase in MSI in the Msh6TD/TD was also

significant compared to the MSI observed in Msh6-/- mice.  In addition, the MSI at

these loci in Msh6TD/TD was comparable to the MSI previously found in Mlh1-/- mice

(Wei et al., 2003).  Interestingly, we also noted a significant increase in MSI in

Msh6TD/+ mice at the U12235 locus as compared to wild-type mice.  The increase in

MSI in Msh6TD/+ mice at the D7Mit91 locus was of borderline significance and not
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Figure 2-4.  MSI in genomic DNA of Msh6 mutant mice.
A:  Genomic DNA from wild-type (Msh6+/+), Msh6 null (Msh6-/-) and Msh6TD

homozygous mutant mice (Msh6TD/TD) was analyzed for MSI at marker D7Mit91.
Asterisks indicate unstable alleles.
B:  Comparison of MSI in Msh6 mutant mouse lines.
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significant at the D17Mit123 locus as compared to wild-type mice.  These results

demonstrate that the Msh6TD mutation results in a significant MSI phenotype.

In vivo mutation frequencies and spectra in Msh6 mutant mice.

The analysis of MSI only allows the detection of insertion/deletion mutations

and might not reflect all of the features of the mutator phenotype in the Msh6 mutant

mice.  Therefore, we analyzed the mutation frequency at the cII locus in spleenocytes

using the Big Blue transgene system, which allows the analysis of insertion/deletion

mutations and base substitutions (Andrew et al., 2000; Kohler et al., 1991).  There was

a significant increase in mutation frequency in the Msh6TD/TD mice and also to a

slightly lesser extent in the Msh6-/- mice (Figure 5A).  The difference between

Msh6TD/TD and Msh6-/- was significant (P < 0.0001).  Interestingly, this analysis also

revealed a 2- to 3- fold increase in the mutation frequency in Msh6TD/+ mice as

compared to wild type mice (P < 0.0001), which was not observed in the Msh6+/-

mice.

The analysis of the mutation spectra showed that the mutations in Msh6+/+,

Msh6+/- and Msh6-/- mice were predominantly base substitutions with a majority of

mutations being transitions and only some transversions (Figure 5B).  The mutation

spectrum in Msh6TD/+ mice largely resembled the spectrum found in wild type or Msh6

null mutant mice.  In contrast, in Msh6TD/TD mice almost half of the mutations were

single base deletions or insertions.  The difference between the mutation spectra in

Msh6TD/TD and Msh6+/+ or Msh6-/- mice is highly significant (P values < 0.0001) and
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Figure 2-5.  Increased mutation frequencies in Msh6 mutant mice.
A: Comparison of mutation frequencies at the cII locus in Msh6 mutant mice.
B:  Comparison of cII mutation spectra in Msh6 mutant mice.
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indicates that the Msh6TD mutation interferes with the repair of insertion/deletion

mispairs.

Survival and cancer phenotype in Msh6TD mutant mice.

To study survival and cancer susceptibility, we followed a cohort of Msh6TD

mutant mice for a period of up to 24 months.  The Msh6TD/TD mice had a significantly

reduced survival compared to Msh6TD/+ or wild-type mice (P values < 0.0001; log rank

test) (Figure 6).  The 50% survival of Msh6TD/TD mice was at 12 months of age and all

of the mice died by 20 months of age.  Although the overall reduction in survival of

Msh6TD/TD mice was comparable to Msh6-/- mice (P = 0.91), there was a significant

difference in survival during the first 10 months of life.  At this age more than 80% of

Msh6TD/TD mice were still alive compared to only 60% of Msh6-/- mice (P < 0.05).

There was also a significant reduction in the survival of Msh6TD/+ mice compared to

their wild-type littermates (P < 0.004).  While 50% of the Msh6TD/+ mice died by 20

months of age, more than 80% of wild-type mice were still alive.

The reduction in survival in Msh6TD/TD mice was caused by increased cancer

susceptibility.  To examine the types of tumors present in the Msh6TD/TD mutant mice,

we analyzed the tumor spectrum in 12 mice that were between 7 and 14 months of

age.  This showed that similar to Msh6-/- mice, the majority of Msh6TD/TD mice had

developed B- or T-cell non-Hodgkin’s lymphomas (11/12 mice) (Figures 7A and 7B)

(Edelmann et al., 1997).  We also found tumors in the small intestines of the mice,

including tubular adenomas (2/12 mice), a tubulovillous adenoma (1/12 mice), and
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Figure 2-6.  Reduced survival of Msh6TD mutant mice.
The time of death or the time when the mice became moribund was recorded.  The
survival curves were generated by using GraphPad Prism 3.0 software.  Statistical
analysis was performed according to log-rank test.  Solid green line: Msh6+/+ mice
(n=25); solid blue line: Msh6TD/+ mice (n=29); solid red line: Msh6TD/TD mice (n=25);
solid black line: Msh6-/- mice (n=25).
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focal areas of dysplasia (4/12 mice) (Figure 7C).  Some of the mice also developed

basal cell carcinomas of the skin (2/12).  We analyzed several of the tumors for the

presence of Msh6TD protein either by immunohistochemical analysis (Figure 7D) or

Western blot analysis of micro-dissected tumor tissue (not shown).  We found that in

all tumors (n=4) that were analyzed, Msh6TD protein could readily be detected.

Similarly, immunohistochemical analysis of intestinal tumors showed that while Msh3

was absent in the tumor cells in Msh3-/- mice (Figure 7E), Msh3 could readily be

detected at normal levels in the tumor cells in Msh6TD/TD mice (Figure 7F).

To assess whether the reduction in survival of Msh6TD/+ mice was associated

with increased tumorigenesis, we sacrificed 11 Msh6TD/+ mice and 10 Msh6+/+

littermates that were still alive between 17 and 22 months of age.  A majority of

Msh6TD/+ mice had developed non-Hodgkin’s lymphoma (7/11 mice) at this age while

none of the wild-type mice had detectable tumors.  This analysis did not include the

Msh6TD/+ mice that had died previously and therefore is probably an underestimate of

the tumor phenotype.  Some of the tumors in the heterozygous mice were also

analyzed for the status of the wild-type Msh6 allele by loss of heterozygosity (LOH)

analysis.  This showed that in all tumors (n=5) tested the wild-type allele was retained

indicating that tumor formation in Msh6TD/+ mice is not associated with LOH at the

wild-type allele (data not shown).

The MMR defect observed in Msh6TD/TD extracts and the mutator phenotype

observed in normal tissue of Msh6TD mutant mice suggested the tumors in Msh6TD
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Figure 2-7.  Tumors in Msh6TD mutant mice.
A:  Section of mesenteric lymphoma in an Msh6TD/TD mouse.  Histologically it was
classified as diffuse non-Hodgkin’s lymphoma, mixed large non-cleaved and cleaved
cell type. (200 X).
B:  Section of mesenteric lymphoma stained with a B cell-specific antibody (400 X).
C:  Adenoma in the small intestine of an Msh6TD/TD mouse. Histological features
showed that the tumor was composed of glandular structures (40 X).
D:  Section of intestinal tumor in an Msh6TD/TD mouse stained with an Msh6 specific
monoclonal antibody. The Msh6 protein expression was mostly detected in nuclei of
tumor cells (400 X).
E:  Section of intestinal tumor in an Msh3-/- mouse stained with an Msh3 specific
monoclonal antibody. The Msh3 protein expression was absent in tumor cells (400 X).
F:  Section of intestinal tumor in an Msh6TD/TD mouse stained with an Msh3 specific
monoclonal antibody. The Msh3 protein expression was mostly detected in the nuclei
of tumor cells (400 X).
G – H:  MSI at dinucleotide marker D7Mit91 in an Msh6TD/TD GI adenoma (G) and an
Msh6TD/+ lymphoma (H).
I – J:  MSI at mononucleotide marker U12235 in an Msh6TD/TD GI adenoma (I) and an
Msh6TD/TD lymphoma (J).
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mice would show MSI.  Indeed, we found that tumors in both Msh6TD/TD homozygous

and Msh6TD/+ heterozygous mice displayed an MSI phenotype (Figures 7G-J).  In

Msh6TD/TD mice 5 of 9 (5/9) tumors analyzed were unstable at D7Mit91, 3/9 tumors

were unstable at D17Mit123 and 7/9 tumors were unstable at U12235.  A similar

analysis in Msh6TD/+ mice showed that 2/5 tumors were unstable at D7Mit91, 1/5

tumors at D17Mit123 and 1/5 tumors at U12235.

DNA damage response in Msh6TD/TD MEF cells.

Numerous studies have indicated that MMR not only repairs mismatched

bases, but also mediates an apoptotic response after exposure of cells to DNA

damaging agents (Buermeyer et al., 1999; Li, 1999; Modrich, 1997).  In addition,

tumor cell lines or mouse cell lines that are deficient in either MSH2 or MSH6 display

increased resistance to the cytotoxic effect of a variety of genotoxic agents (de Wind

et al., 1999; Drummond et al., 1995; Fink et al., 1997; Umar et al., 1997; Zhang et al.,

1999).  To study the effect of the Msh6TD mutation on this MMR function, we

established Msh6+/+, Msh6-/- and Msh6TD/TD MEF strains and analyzed their response to

exposure to several DNA damaging agents.  Msh6-/- cells were resistant to the

genotoxic effects of cisplatin at the drug levels tested.  In contrast, Msh6TD/TD cells

were as sensitive to cisplatin treatment as Msh6+/+ cells (Figures 8A and 8B).  The

difference in cisplatin sensitivity between Msh6-/- and Msh6+/+ or Msh6TD/TD cells was

highly significant (P < 0.0001).  Similarly, Msh6-/- cells were largely resistant to
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Figure 2-8.  Drug sensitivity and apoptosis in Msh6 mutant cells.
MEF strains of the different Msh6 genotypes were exposed to cisplatin, MNNG and 6-
TG at varying concentrations and for different time periods.
A:  Survival of cells after 48h exposure at different cisplatin concentrations.
B:  Survival of cells after exposure to 80 µM cisplatin at different time intervals.
C:  Apoptotic response to cisplatin treatment (20 µM cisplatin for 24h).
D:  Survival of cells after 48h exposure at different MNNG concentrations.
E:  Survival of cells after exposure with 1.0 µg/ml MNNG at different time intervals.
F:  Apoptotic response to MNNG treatment (1.0 µg/ml MNNG for 24h).
G:  Survival of cells after 72h exposure at different 6-TG concentrations.
H:  Survival of cells after exposure with 20 µM 6-TG at different time intervals.
I:  Apoptotic response to 6-TG treatment (10 µM 6-TG for 24h).
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treatment with MNNG or 6-TG, while Msh6TD/TD cells remained as sensitive to

treatment with these agents as Msh6+/+ cells (Figures 8D–E and Figures 8G–H,

respectively).  Furthermore, the sensitivity of the Msh6+/+ and Msh6TD/TD cells to all

three DNA damaging agents was associated with a significant increase in the number

of apoptotic cells as compared to untreated cells (P values < 0.0001) (Figures 8C, 8F

and 8I).  In contrast, no significant increase in the number of apoptotic cells was seen

with Msh6-/- cells under these conditions.  These results indicate that although the

Msh6TD mutation causes DNA repair deficiency, it does not affect the apoptotic

response to DNA damage.
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2.5 DISCUSSION

Previous studies in yeast have defined a number of novel dominant missense

mutations in MSH6 that cause a stronger mutator phenotype than deletion of MSH6

(Das Gupta and Kolodner, 2000).  We have investigated whether the equivalent of one

such mutation, resulting in the amino acid substitution Thr1217Asp, would be

dominant in the mouse and what the phenotypic consequences of such a mutation

might be.  Extensive analysis of both ES cells and normal mouse tissues containing

this mutation indicate that it causes dominant defects in MMR similar to those caused

by the yeast mutation.  The mouse Thr1217Asp amino acid substitution resulted in an

MSH2-MSH6 complex that could bind mispaired bases but was resistant to ATP-

induced release.  In vitro, the homozygous mutation resulted in a defect in the repair of

dinucleotide insertion/deletion mispairs in contrast to an Msh6 deletion mutation,

which does not cause such defects.  In addition, in normal mouse tissues, the

homozygous Msh6TD mutation caused both dinucleotide repeat instability and

increased frameshift mutations in a reporter transgene in contrast to the weaker

mutator phenotype caused by an Msh6 deletion mutation.  Normal tissues that were

heterozygous for the Msh6TD mutation also showed increased MSI and accumulation

of mutations in the reporter transgene.  The homozygous mutant Msh6TD mice had a

cancer susceptibility phenotype which was similar to that caused by an Msh6 deletion

mutation, except that the tumors showed dinucleotide repeat instability in contrast to

an absence of dinucleotide repeat instability in tumors from Msh6 deletion mutant
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animals (Edelmann et al., 1997).  Importantly, the heterozygous Msh6TD missense

mutant mice had significantly increased cancer susceptibility predicted to result from a

dominant mutation.  Consistent with this, a human MSH6 mutation resulting in the

substitution of Ile at the equivalent amino acid reported in a suspected HNPCC case

associated with dinucleotide repeat instability was a dominant mutation when modeled

in yeast.  These results illustrate the complementary insights that can be obtained

through the analysis of yeast, mouse and human systems.

The analysis of microsatellite instability in human tumors indicates that in

contrast to tumors with MSH2 or MLH1 mutations, mutations in MSH6 are often

associated with a low microsatellite instability phenotype (MSI-L) at dinucleotide

markers (Akiyama et al., 1997; Kolodner et al., 1999; Verma et al., 1999; Wijnen et

al., 1999; Wu et al., 1999).  However, in recent studies of suspected HNPCC cases

with MSH6 missense mutations, several tumors have been identified that display high

microsatellite instability (MSI-H) (Berends et al., 2002).  Our studies with Msh6-/- and

Msh6TD/TD mutant mice provide an explanation for these differences and indicate a

genotype–phenotype correlation for this type of genetic instability in MSH6 mutant

tumor cells.  In Msh6-/- tumors, the lack of Msh6 protein does not interfere with the

function of the Msh2-Msh3 heterodimer, while the presence of the mutant Msh6TD

protein in tumor cells apparently interferes with the Msh2-Msh3 mediated repair of

dinucleotide insertion/deletion mutations, paralleling the impairment of the repair of

insertion/deletions in nuclear extracts.  This predicts that in Msh6 mutant tumors that

display an MSI-H phenotype, the mutant Msh6 protein will be retained.  In addition,

loss of MSH3 protein is not required for the MSI phenotype.  Indeed, we observed that
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all of the tumors tested in the mouse remained positive for Msh6 and Msh3

immunostaining.  Our results are consistent with a recent study of MSH6 tumors in

human HNPCC and HNPCC-like patients that documented MSI-H colorectal and

endometrial tumors that were positive for MSH6 staining and MSI-L tumors that were

negative for MSH6 staining (Berends et al., 2002).  Furthermore, the human MSH6

Thr1219Ile mutation found to be a dominant mutation in yeast was identified in a

suspect HNPCC case with an MSI-H tumor.  It is therefore likely that the MSI

phenotype in MSH6 mutant tumors is a function of the type of MSH6 mutation and the

stability of the mutant MSH6 protein present in the tumor cells.  It should be noted

that in cases where MSH6 is not expressed, an MSI-H phenotype can occur due to a

secondary mutation in MSH3, a phenomenon seen in both yeast and a small number of

suspected HNPCC cases (Akiyama et al., 1997; Marsischky et al., 1996; Sia et al.,

1997).

Other important roles for MMR in addition to the correction of mispaired bases

have been recognized.  One of these functions is the processing of DNA damage and

the subsequent induction of an apoptotic response.  As a consequence, mammalian

cells deficient in MSH2, MSH6, MLH1 and PMS2 display resistance to DNA-

damaging agents such as 6-TG, cisplatin and MNNG (Buermeyer et al., 1999; de

Wind et al., 1999; Drummond et al., 1995; Duckett et al., 1996; Fink et al., 1997;

Fishel, 2001; Koi et al., 1994; Li, 1999; Modrich, 1997; Umar et al., 1997).

Complementation by chromosome transfer of MSH2, MSH6 and MLH1 reversed the

resistance phenotype in mammalian cells and clearly implicated the MMR system in

this response (Koi et al., 1994; Umar et al., 1997).  Because the Msh2-Msh6 complex
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recognizes DNA adducts such as O6-methylguanine and cisplatin adducts, it has been

suggested that MMR proteins may act in sensing DNA damage and also directly

participate in the processing of damaged DNA residues (Fishel, 2001; Li, 1999;

Modrich, 1997).  Several different models have been developed to explain the role of

MMR proteins in DNA damage responses.  In one model, DNA repair-competent cells

engage in futile repair cycles after treatment with alkylating agents, and these futile

repair cycles lead to the formation of double strand breaks that signal cell cycle arrest

and apoptosis (Karran and Bignami, 1994).  Alternatively, it has been suggested that

MMR proteins may function as damage sensors directly linked to apoptotic responses

via a signal transduction cascade or indirectly linked by binding to damaged bases,

which subsequently blocks DNA replication or other processes, such as transcription

and repair, leading to cell death (Fishel, 2001; Li, 1999; Modrich, 1997).  The finding

that the mutant Msh2-Msh6TD complex does not function in MMR but is still capable

of mismatch binding and of initiating apoptosis in response to cisplatin, MNNG and 6-

TG exposure supports the idea that Msh2-Msh6 complexes can function as DNA

damage sensors and suggest that excision of DNA lesions is not required for the DNA

damage response function of MMR.

While it is generally accepted that an increase in mutation rate due to MMR

defects is an important factor underlying tumorigenesis, the importance of defects in

MMR-mediated DNA damage-induced apoptosis remains unclear.  It has been

proposed that mutations in MMR genes, which result in resistance to DNA damage

induced apoptosis, provide a selective advantage in the initial stages of tumorigenesis

(Fishel, 2001).  In this model, inactivation of MMR and the resulting increased
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mutation rates accelerate tumorigenesis but are not the origin of it.  The observation

that Msh6-/- ES cells, but not Msh3-/- ES cells, display resistance to MNNG is

consistent with the unique involvement of Msh2-Msh6 (but not Msh2-Msh3) in DNA

damage response (de Wind et al., 1999), and it was suggested that this difference in

function may explain the prevalence of mutations in MSH2 and MSH6 but not MSH3

in HNPCC tumors (Heinen et al., 2002).  In addition, it was suggested that the tissue

selectivity of HNPCC tumors might be traced to exposure to certain types of DNA

damaging processes such as alkylation or oxidation in target tissues (Fishel, 2001).

The analysis of Msh6-/- and Msh6TD/TD mice indicates that the apparently normal DNA

damage response in Msh6TD/TD mutant mice did delay the onset of tumorigenesis

during the first 10 months of life.  However, it did not alter either the overall survival

or tumor spectrum of Msh6TD/TD mice as compared to Msh6-/- mice.  This suggests that

the increased mutator phenotype in the mice is sufficient to drive tumorigenesis

regardless of the status in DNA damage response function.  In a similar analysis of

mice with an Msh2G674A missense mutation, which were MMR-deficient but retained

normal apoptotic signaling, we also observed a strong cancer phenotype (Lin et al.,

2004).  Like the Msh6TD/TD mice, the Msh2G674A/G674A mice also showed a delayed tumor

onset as compared to Msh2-/- mice, suggesting that the DNA damage response function

in these mice could inhibit tumorigenesis at an early stage.  However, the age of tumor

onset of both Msh6TD/TD and Msh6-/- mice is delayed compared to Msh2-/- and

Msh2G674A/G674A mice, which is possibly due to a stronger mutator phenotype in the

Msh2 mutant mice.  A similar relative mutator phenotype is seen in yeast (Das Gupta

and Kolodner, 2000).  Based on these studies in mice, it seems likely that the MMR
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functions in DNA repair and apoptosis cooperate in tumor suppression but that the

increase in mutation rates resulting from MMR defects is sufficient to drive

tumorigenesis.  Unfortunately, it has not yet been possible to identify mutations in

MMR genes that inactivate apoptosis but not DNA repair to evaluate whether defects

in MMR-induced apoptosis also can drive tumorigenesis.  One implication of the

observation that MMR missense mutations can differentially affect DNA repair and

MMR-induced apoptosis is that the clinical characteristics of HNPCC caused by

missense mutations may be more heterogeneous than that caused by complete loss of

function mutations.  In addition, human tumors with certain MSH6 missense mutations

will display MSI and may remain responsive to treatment with chemotherapeutic

agents.  Therefore, determining the genotype/phenotype correlations of MSH6

missense mutations may provide valuable information for prevention, treatment and

prognosis of individuals with such mutations.



66

2.6 EXPERIMENTAL PROCEDURES

Yeast procedures.

All yeast genetics methods have been described in detail (Amin et al., 2001;

Das Gupta and Kolodner, 2000; Marsischky et al., 1996).  Yeast cells were grown in

YEPD or synthetic drop-out (SD) medium with or without 2% bactoagar.  SD medium

was supplemented with the appropriate drop out mix of amino acids (BIO101, Inc.,

Vista, CA) and canavanine plates were SD arginine medium supplemented with 60

mg/L of canavanine (SIGMA, St Louis, MO).  Transformations were performed using

standard procedures.  Mutations were placed at the chromosomal MSH6 locus using

standard pop-in, pop-out procedures and then the MSH6 gene present in each strain

was amplified by PCR and sequenced to verify the presence of the desired mutation

and the lack of additional mutations.  Patch tests to identify mutator phenotypes were

performed as described (Amin et al., 2001) and mutation rates were determined by

fluctuation analysis using at least 14 independent cultures as described (Amin et al.,

2001; Das Gupta and Kolodner, 2000; Lea and Coulson, 1948; Marsischky et al.,

1996).

The yeast strains used in patch tests were isogenic derivatives of S288C (Amin

et al., 2001).  The wild type strain was RDKY 3686 MATα ura3-52 leu2Δ1 trp1Δ63

his3Δ200 hom3-10 lys2::InsE-A10 and the msh3 msh6 double mutant was a derivative

RDKY 4234 that also contained the msh6Δ::hisG msh3Δ::hisG mutations

(Marsischky et al., 1996).  The strain background used for analysis of the effect of
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chromosomal msh6 mutations on mutation rates is RDKY 2311 MATa trp1 ura3-52

ade2-1 hom3-10 leu2-3112.  RDKY 2311 and the mutant derivatives RDKY 3519

msh6Δ::hisG and RDKY 3660 msh6-G1067D have been described (Das Gupta and

Kolodner, 2000).  The derivatives RDKY 5054 msh6-G1067T and RDKY 5022 msh6-

G1067I were constructed for this study using URA3 integrative plasmids containing

the msh6-G1067T and msh6-G1067I mutations, respectively.

The plasmids used were constructed as follows.  pRS315 is a standard ARS

CEN LEU2 cloning vector and pRDK439 is a derivative from our lab collection

containing a genomic MSH6 fragment spanning the BamHI site upstream of the MSH6

promoter to the first HindIII site downstream of MSH6 inserted into BamHI, HindIII-

cut pRS315 (Das Gupta and Kolodner, 2000).  The msh6-G1067T and msh6-G1067I

mutations were introduced with the QuickChangeTM Site Directed Mutagenesis kit

(Stratagene) and the resulting plasmids were fully sequenced.  URA3 integrative

plasmid derivatives were then constructed by subcloning the BamHI, HindIII fragment

into pRS306.

Generation of Msh6TD mutant mice.

A 10 kb EcoRI fragment containing the Msh6 region surrounding exon 8 was

isolated from a 129SvEv BAC genomic library and subcloned into pBluescript.  A

mutation was introduced that changed codon 1217 from threonine (ACC) to aspartic

acid (GAT) by site directed mutagenesis (Stratagene Quick Change Kit) and verified

by sequencing.  A 5.0 kb NotI fragment containing two loxP sites flanking a

neomycin-PGKhygromycin resistance cassette was sublconed into a single Bsu36I site
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in intron 7.  The targeting vector was linearized by NotI restriction digestion and

electroporated into WW6 embryonic stem cells (Edelmann et al., 1997).  Four

correctly targeted ES cell lines were injected into C57BL/6J blastocysts.  Male

chimeras that resulted form these injections were mated to C57BL/6J females and

transmitted the mutant allele through their germ line.  F1 males carrying the mutant

allele were mated to Zp3Cre transgenic females (C57BL/6J) to remove the resistance

cassette by LoxP-mediated recombination.  Male and female mice carrying the

modified allele were intercrossed to generate Msh6+/+, Msh6TD/+ and Msh6TD/TD mutant

mice.

RT-PCR analysis.

Total RNA was isolated from Msh6TD mutant ES cell lines using the RNeasy

purification Kit (Qiagen).  RT-PCR was performed using forward primer:  5’-

AAGACAGGCTGGTCTGTTGG-3’and reverse primer: 5’-GCTGTCCCATCAAAA

GTTGC-3’ using the Titan One Tube-RT-PCR reaction kit (Roche) according to the

manufacturers instruction.  The resulting 246 bp fragment was digested with SfaNI to

detect the presence of the mutant RNA transcript.

Western blot analysis.

MEF cell extracts were prepared according to standard procedures and 50µg

protein of each cell lysate was separated on a 10% SDS-PAGE gel.  Protein was

transferred onto PROTRAN membranes and the membranes were subsequently

incubated with monoclonal antibodies directed against Msh2 (Ab-2, Oncogene), Msh6



69

(clone 44, BD Biosciences) and rabbit polyclonal antibody directed against β-tubulin

(H-235, Santa Cruz).

Gel mobility shift assays.

Nuclear extracts were prepared as described (Dignam et al., 1983).  The

invariant sense oligonucleotide 5’GGGAAGCTGCCAGGCCCCAGT

GTCAGCCTCCTATGCTC-3’ was end-labeled with γ32-ATP and annealed in 1 x

DNA binding buffer (12 % glycerol, 20 mM HEPES pH 7.9, 100 mM KCl, 1 mM

DTT, and 5 mM MgCl2) with 3 x molar ratios of antisense oligonucleotide:  5’-

GAGCATAGGAG

GCTGACACTGGGGCCTGGCAGCTTCCC-3’ to form a GC homoduplex probe or

with 3 x molar ratios of antisense oligonucleotide:  5’-

GAGCATAGGAGGCTGACATTG

GGGCCTGGCAGCTTCCC-3’ to form a GT mismatch-containing heteroduplex

probe.  Ten µg of nuclear extract was pre-incubated in 1 x DNA binding buffer, 1 µg

dIdC and 20 ng unlabeled homoduplex for 5 minutes on ice in a total volume of 19 µl.

Twenty ng of radio-labeled DNA probe was subsequently added and the binding

mixture was incubated on ice for 30 minutes.  For reaction using cold probe

competition, cold competitor (100ng) was included in the preincubation mixture.  For

adenine nucleotide exchange experiments, ATP (0.1 to 60 mM) was added 15 minutes

after addition of the DNA probe.  The reaction mixture was then subjected to

electrophoresis in a 5 % polyacrylamide gel in 0.5 x TBE buffer containing 2.5%

glycerol.  The gels were dried and autoradiographed.
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Cell-free extracts and mismatch repair assay.

Procedures for extract and heteroduplex substrate preparation and for

measuring repair activity were as described (Thomas et al., 1995).  The substrates used

are described in the legend to Figure 3B.

MSI Analysis.

Mutations in microsatellite sequences were assayed by PCR of single target

molecules.  Equal amounts of tail DNA from ten mice per mouse strain (Msh6+/+.

Msh6-/-, Msh6TD/+ and Msh6TD/TD) were pooled and diluted to 0.5 to 1.0 genome

equivalents.  Cycling reactions for the three markers analyzed, U12235, D7Mit91 and

D17Mit123 were performed as described previously (Wei et al., 2003).

In vivo mutation analysis.

The in vivo mutation frequency in spleenocytes of WT and Msh6 mutant mice

was assessed using the target cII transgene in the Big Blue Transgenic Rodent

Mutagenesis Assay System (Stratagene) according to the manufacturer’s guidelines.

Three mice each from Msh6+/+/Big Blue, Msh6+/-/BigBlue, Msh6-/-/Big Blue,

Msh6TD/+/Big Blue and Msh6TD/TD/Big Blue mouse strains were sacrificed at 10 weeks

of age and analyzed.  To characterize the cII locus in mutant phage particles, the entire

cII gene was PCR amplified and sequenced.  Statistical analysis was performed using

the Fisher’s exact.
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Analysis of tumors.

Tumors from sacrificed mice were removed and fixed in 10% neutral buffered

formalin.  All tumors were processed for paraffin embedding and sections were

prepared for staining with Hematoxylin and Eosin according to standard procedures.

For immunohistochemical analysis the tumor sections were deparaffinized and stained

with antibodies for immunotyping (B lymphocyte CD45R/B220 (Pharmingen) and T

lymphocyte CD3 (Vector and Zymed)) or antibodies directed against Msh6 (clone 44,

BD Biosciences) and Msh3 (clone 52, BD Transduction Laboratories).  Statistical

analyses of tumor incidence was performed using the Fisher’s exact.

MEF survival analysis.

MEF cells (5 x 104) of each Msh6 genotype were exposed to cisplatin, 6-TG or

MNNG at different drug concentrations or for different time periods.  After drug

exposure the cells were washed once with PBS, once with PBS:Methanol (1:1), fixed

in 0.5 ml 100% methanol.  The cells were air dried and stained with 0.1 % crystal

violet, extensively washed with PBS and the dye extracted in 10 % acetic acid.  The

dye concentration was determined by measuring absorption at A600nm and the

percentage cell survival was calculated as (treated cells/untreated cells) x 100.  The

apoptotic response to drug exposure was measured by TUNEL (DeadEnd

Fluorometric TUNEL System, Promega).  All experiments were performed for three

different MEF strains for each Msh6 genotype and repeated at least three times for

each strain. Cisplatin (Bedford Laboratories), 6-TG (Sigma) and MNNG (Sigma)
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dilutions in culture medium were prepared fresh before use.  For the exposure to

MNNG, 20 µM O6-benzylguanine (Sigma) was added to the medium.



73

2.7 ACKNOWLEDGEMENTS

This work was supported by the National Institutes of Health (CA76329 and

CA93484 to W.E., GM50006 to R.D.K., ES11040 and CA84301 to R.K. and center

grant CA13330 to the Albert Einstein College of Medicine), a Deutsche Krebshilfe

fellowship (to S.J.S.) and an Irma T. Hirschl Career Scientist Award (to W.E.).

Chapter 2, in full, is a reprint of the material as it appears in Yang, G., Scherer,

S. J., Shell, S. S., Yang, K., Kim, M., Lipkin, M., Kucherlapati, R., Kolodner, R. D.,

and Edelmann, W. (2004). Dominant effects of an Msh6 missense mutation on DNA

repair and cancer susceptibility. Cancer Cell 6, 139-150. The dissertation author was a

secondary investigator and author of this paper and was responsible the work

displayed in Figure 2-1 and described in the corresponding sections of the text.



74

2.8 REFERENCES

Acharya, S., Wilson, T., Gradia, S., Kane, M. F., Guerrette, S., Marsischky, G. T.,
Kolodner, R., and Fishel, R. (1996). hMSH2 forms specific mispair-binding
complexes with hMSH3 and hMSH6. Proc Natl Acad Sci U S A 93, 13629-13634.

Aebi, S., Kurdi-Haidar, B., Gordon, R., Cenni, B., Zheng, H., Fink, D., Christen, R.
D., Boland, C. R., Koi, M., Fishel, R., and Howell, S. B. (1996). Loss of DNA
mismatch repair in acquired resistance to cisplatin. Cancer Res 56, 3087-3090.

Akiyama, Y., Sato, H., Yamada, T., Nagasaki, H., Tsuchiya, A., Abe, R., and Yuasa,
Y. (1997). Germ-line mutation of the hMSH6/GTBP gene in an atypical hereditary
nonpolyposis colorectal cancer kindred. Cancer Res 57, 3920-3923.

Amin, N. S., Nguyen, M. N., Oh, S., and Kolodner, R. D. (2001). exo1-Dependent
mutator mutations: model system for studying functional interactions in mismatch
repair. Mol Cell Biol 21, 5142-5155.

Andrew, S. E., Xu, X. S., Baross-Francis, A., Narayanan, L., Milhausen, K., Liskay,
R. M., Jirik, F. R., and Glazer, P. M. (2000). Mutagenesis in PMS2- and MSH2-
deficient mice indicates differential protection from transversions and frameshifts.
Carcinogenesis 21, 1291-1295.

Baker, S. M., Bronner, C. E., Zhang, I., Plug, A., Robatzek, M., Warren, G., Elliott, E.
A., Yu, J., Ashley, T., Arnheim, N., et al. (1995). Male mice defective in the DNA
mismatch repair gene PMS2 exhibit abnormal chromosome synapsis in meiosis. Cell
82, 309-320.

Berends, M. J., Wu, Y., Sijmons, R. H., Mensink, R. G., van der Sluis, T., Hordijk-
Hos, J. M., de Vries, E. G., Hollema, H., Karrenbeld, A., Buys, C. H., et al. (2002).
Molecular and clinical characteristics of MSH6 variants: an analysis of 25 index
carriers of a germline variant. Am J Hum Genet 70, 26-37.

Bignami, M., Casorelli, I., and Karran, P. (2003). Mismatch repair and response to
DNA-damaging antitumour therapies. Eur J Cancer 39, 2142-2149.

Blackwell, L. J., Martik, D., Bjornson, K. P., Bjornson, E. S., and Modrich, P. (1998).
Nucleotide-promoted release of hMutSalpha from heteroduplex DNA is consistent
with an ATP-dependent translocation mechanism. J Biol Chem 273, 32055-32062.

Buermeyer, A. B., Deschênes, S. M., Baker, S. M., and Liskay, R. M. (1999).
Mammalian mismatch repair. Annu Rev Genet 33, 533-564.



75

D'Atri, S., Tentori, L., Lacal, P. M., Graziani, G., Pagani, E., Benincasa, E.,
Zambruno, G., Bonmassar, E., and Jiricny, J. (1998). Involvement of the mismatch
repair system in temozolomide-induced apoptosis. Mol Pharmacol 54, 334-341.

Das Gupta, R., and Kolodner, R. D. (2000). Novel dominant mutations in
Saccharomyces cerevisiae MSH6. Nat Genet 24, 53-56.

de Leeuw, W. J., Dierssen, J., Vasen, H. F., Wijnen, J. T., Kenter, G. G., Meijers-
Heijboer, H., Brocker-Vriends, A., Stormorken, A., Moller, P., Menko, F., et al.
(2000). Prediction of a mismatch repair gene defect by microsatellite instability and
immunohistochemical analysis in endometrial tumours from HNPCC patients. J Pathol
192, 328-335.

de Wind, N., Dekker, M., Claij, N., Jansen, L., van Klink, Y., Radman, M., Riggins,
G., van der Valk, M., van't Wout, K., and te Riele, H. (1999). HNPCC-like cancer
predisposition in mice through simultaneous loss of Msh3 and Msh6 mismatch-repair
protein functions. Nat Genet 23, 359-362.

de Wind, N., Dekker, M., van Rossum, A., van der Valk, M., and te Riele, H. (1998).
Mouse models for hereditary nonpolyposis colorectal cancer. Cancer Res 58, 248-255.
Dignam, J. D., Lebovitz, R. M., and Roeder, R. G. (1983). Accurate transcription
initiation by RNA polymerase II in a soluble extract from isolated mammalian nuclei.
Nucleic Acids Res 11, 1475-1489.

Drummond, J. T., Li, G. M., Longley, M. J., and Modrich, P. (1995). Isolation of an
hMSH2-p160 heterodimer that restores DNA mismatch repair to tumor cells [see
comments]. Science 268, 1909-1912.

Duckett, D. R., Drummond, J. T., Murchie, A. I., Reardon, J. T., Sancar, A., Lilley, D.
M., and Modrich, P. (1996). Human MutSalpha recognizes damaged DNA base pairs
containing O6-methylguanine, O4-methylthymine, or the cisplatin-d(GpG) adduct.
Proc Natl Acad Sci U S A 93, 6443-6447.

Edelmann, W., Umar, A., Yang, K., Heyer, J., Kucherlapati, M., Lia, M., Kneitz, B.,
Avdievich, E., Fan, K., Wong, E., et al. (2000). The DNA mismatch repair genes
Msh3 and Msh6 cooperate in intestinal tumor suppression. Cancer Res 60, 803-807.

Edelmann, W., Yang, K., Kuraguchi, M., Heyer, J., Lia, M., Kneitz, B., Fan, K.,
Brown, A. M., Lipkin, M., and Kucherlapati, R. (1999). Tumorigenesis in Mlh1 and
Mlh1/Apc1638N mutant mice. Cancer Res 59, 1301-1307.

Edelmann, W., Yang, K., Umar, A., Heyer, J., Lau, K., Fan, K., Liedtke, W., Cohen,
P. E., Kane, M. F., Lipford, J. R., et al. (1997). Mutation in the mismatch repair gene
Msh6 causes cancer susceptibility. Cell 91, 467-477.



76

Evans, E., and Alani, E. (2000). Roles for mismatch repair factors in regulating
genetic recombination. Mol Cell Biol 20, 7839-7844.

Fink, D., Zheng, H., Nebel, S., Norris, P. S., Aebi, S., Lin, T. P., Nehme, A., Christen,
R. D., Haas, M., MacLeod, C. L., and Howell, S. B. (1997). In vitro and in vivo
resistance to cisplatin in cells that have lost DNA mismatch repair. Cancer Res 57,
1841-1845.

Fishel, R. (2001). The selection for mismatch repair defects in hereditary nonpolyposis
colorectal cancer: revising the mutator hypothesis. Cancer Res 61, 7369-7374.

Genschel, J., Littman, S. J., Drummond, J. T., and Modrich, P. (1998). Isolation of
MutSbeta from human cells and comparison of the mismatch repair specificities of
MutSbeta and MutSalpha. J Biol Chem 273, 19895-19901.

Gradia, S., Subramanian, D., Wilson, T., Acharya, S., Makhov, A., Griffith, J., and
Fishel, R. (1999). hMSH2-hMSH6 forms a hydrolysis-independent sliding clamp on
mismatched DNA. Mol Cell 3, 255-261.

Guerrette, S., Wilson, T., Gradia, S., and Fishel, R. (1998). Interactions of human
hMSH2 with hMSH3 and hMSH2 with hMSH6: examination of mutations found in
hereditary nonpolyposis colorectal cancer. Mol Cell Biol 18, 6616-6623.

Harfe, B. D., and Jinks-Robertson, S. (2000). DNA mismatch repair and genetic
instability. Annu Rev Genet 34, 359-399.

Heinen, C. D., Schmutte, C., and Fishel, R. (2002). DNA repair and tumorigenesis:
lessons from hereditary cancer syndromes. Cancer Biol Ther 1, 477-485.

Hess, M. T., Gupta, R. D., and Kolodner, R. D. (2002). Dominant Saccharomyces
cerevisiae msh6 mutations cause increased mispair binding and decreased dissociation
from mispairs by Msh2-Msh6 in the presence of ATP. J Biol Chem 277, 25545-25553.

Kane, M. F., Loda, M., Gaida, G. M., Lipman, J., Mishra, R., Goldman, H., Jessup, J.
M., and Kolodner, R. (1997). Methylation of the hMLH1 promoter correlates with
lack of expression of hMLH1 in sporadic colon tumors and mismatch repair-defective
human tumor cell lines. Cancer Res 57, 808-811.

Karran, P., and Bignami, M. (1994). DNA damage tolerance, mismatch repair and
genome instability. Bioessays 16, 833-839.

Kinzler, K. W., and Vogelstein, B. (1996). Lessons from hereditary colorectal cancer.
Cell 87, 159-170.



77

Kohler, S. W., Provost, G. S., Fieck, A., Kretz, P. L., Bullock, W. O., Sorge, J. A.,
Putman, D. L., and Short, J. M. (1991). Spectra of spontaneous and mutagen-induced
mutations in the lacI gene in transgenic mice. Proc Natl Acad Sci U S A 88, 7958-
7962.

Koi, M., Umar, A., Chauhan, D. P., Cherian, S. P., Carethers, J. M., Kunkel, T. A.,
and Boland, C. R. (1994). Human chromosome 3 corrects mismatch repair deficiency
and microsatellite instability and reduces N-methyl-N'-nitro-N- nitrosoguanidine
tolerance in colon tumor cells with homozygous hMLH1 mutation. Cancer Res 54,
4308-4312.

Kolodner, R. (1996). Biochemistry and genetics of eukaryotic mismatch repair. Genes
Dev 10, 1433-1442.

Kolodner, R. D., and Marsischky, G. T. (1999). Eukaryotic DNA mismatch repair.
Curr Opin Genet Dev 9, 89-96.

Kolodner, R. D., Tytell, J. D., Schmeits, J. L., Kane, M. F., Gupta, R. D., Weger, J.,
Wahlberg, S., Fox, E. A., Peel, D., Ziogas, A., et al. (1999). Germ-line msh6
mutations in colorectal cancer families. Cancer Res 59, 5068-5074.

Kuismanen, S. A., Holmberg, M. T., Salovaara, R., de la Chapelle, A., and Peltomaki,
P. (2000). Genetic and epigenetic modification of MLH1 accounts for a major share of
microsatellite-unstable colorectal cancers. Am J Pathol 156, 1773-1779.

Lea, D. E., and Coulson, C. A. (1948). The distribution of the numbers of mutants in
bacterial populations. J Genet 49, 246-285.

Li, G. M. (1999). The role of mismatch repair in DNA damage-induced apoptosis.
Oncol Res 11, 393-400.

Lin, D. P., Wang, Y., Scherer, S. J., Clark, A. B., Yang, K., Avdievich, E., Jin, B.,
Werling, U., Parris, t., Kurihara, et al. (2004). An Msh2 point mutation uncouples
DNA mismatch repair and apoptosis. Cancer Res in press.

Loeb, L. A. (2001). A mutator phenotype in cancer. Cancer Res 61, 3230-3239.
Marsischky, G. T., Filosi, N., Kane, M. F., and Kolodner, R. (1996). Redundancy of
Saccharomyces cerevisiae MSH3 and MSH6 in MSH2-dependent mismatch repair.
Genes Dev 10, 407-420.

Miyaki, M., Konishi, M., Tanaka, K., Kikuchi-Yanoshita, R., Muraoka, M., Yasuno,
M., Igari, T., Koike, M., Chiba, M., and Mori, T. (1997). Germline mutation of MSH6
as the cause of hereditary nonpolyposis colorectal cancer [letter]. Nat Genet 17, 271-
272.



78

Modrich, P. (1997). Strand-specific mismatch repair in mammalian cells. J Biol Chem
272, 24727-24730.

Modrich, P., and Lahue, R. (1996). Mismatch repair in replication fidelity, genetic
recombination, and cancer biology. Annu Rev Biochem 65, 101-133.

Myung, K., Datta, A., Chen, C., and Kolodner, R. D. (2001). SGS1, the
Saccharomyces cerevisiae homologue of BLM and WRN, suppresses genome
instability and homeologous recombination. Nat Genet 27, 113-116.

Nowell, P. C. (1976). The clonal evolution of tumor cell populations. Science 194, 23-
28.

Palombo, F., Gallinari, P., Iaccarino, I., Lettieri, T., Hughes, M., D'Arrigo, A., Truong,
O., Hsuan, J. J., and Jiricny, J. (1995). GTBP, a 160-kilodalton protein essential for
mismatch-binding activity in human cells [see comments]. Science 268, 1912-1914.

Peltomaki, P. (2003). Role of DNA mismatch repair defects in the pathogenesis of
human cancer. J Clin Oncol 21, 1174-1179.

Peltomaki, P., and Vasen, H. F. (1997). Mutations predisposing to hereditary
nonpolyposis colorectal cancer: database and results of a collaborative study. The
International Collaborative Group on Hereditary Nonpolyposis Colorectal Cancer.
Gastroenterology 113, 1146-1158.

Prolla, T. A., Baker, S. M., Harris, A. C., Tsao, J. L., Yao, X., Bronner, C. E., Zheng,
B., Gordon, M., Reneker, J., Arnheim, N., et al. (1998). Tumour susceptibility and
spontaneous mutation in mice deficient in Mlh1, Pms1 and Pms2 DNA mismatch
repair. Nat Genet 18, 276-279.

Reitmair, A. H., Redston, M., Cai, J. C., Chuang, T. C., Bjerknes, M., Cheng, H., Hay,
K., Gallinger, S., Bapat, B., and Mak, T. W. (1996). Spontaneous intestinal
carcinomas and skin neoplasms in Msh2-deficient mice. Cancer Res 56, 3842-3849.

Sia, E. A., Kokoska, R. J., Dominska, M., Greenwell, P., and Petes, T. D. (1997).
Microsatellite instability in yeast: dependence on repeat unit size and DNA mismatch
repair genes. Mol Cell Biol 17, 2851-2858.

Thomas, D. C., Umar, A., and Kunkel, T. A. (1995). Measurement of heteroduplex
repair in human cell extracts. METHODS:  A Companion to Methods in Enzymology
(ed EC Friedberg) Academic Press 7, 187-197.

Tomlinson, I., and Bodmer, W. (1999). Selection, the mutation rate and cancer:
ensuring that the tail does not wag the dog. Nat Med 5, 11-12.



79

Umar, A., Koi, M., Risinger, J. I., Glaab, W. E., Tindall, K. R., Kolodner, R. D.,
Boland, C. R., Barrett, J. C., and Kunkel, T. A. (1997). Correction of hypermutability,
N-methyl-N'-nitro-N-nitrosoguanidine resistance, and defective DNA mismatch repair
by introducing chromosome 2 into human tumor cells with mutations in MSH2 and
MSH6. Cancer Res 57, 3949-3955.

Umar, A., Risinger, J. I., Glaab, W. E., Tindall, K. R., Barrett, J. C., and Kunkel, T. A.
(1998). Functional overlap in mismatch repair by human MSH3 and MSH6. Genetics
148, 1637-1646.

Veigl, M. L., Kasturi, L., Olechnowicz, J., Ma, A. H., Lutterbaugh, J. D., Periyasamy,
S., Li, G. M., Drummond, J., Modrich, P. L., Sedwick, W. D., and Markowitz, S. D.
(1998). Biallelic inactivation of hMLH1 by epigenetic gene silencing, a novel
mechanism causing human MSI cancers. Proc Natl Acad Sci U S A 95, 8698-8702.

Verma, L., Kane, M. F., Brassett, C., Schmeits, J., Evans, D. G., Kolodner, R. D., and
Maher, E. R. (1999). Mononucleotide microsatellite instability and germline MSH6
mutation analysis in early onset colorectal cancer. J Med Genet 36, 678-682.

Wagner, A., Hendriks, Y., Meijers-Heijboer, E. J., de Leeuw, W. J., Morreau, H.,
Hofstra, R., Tops, C., Bik, E., Brocker-Vriends, A. H., van Der Meer, C., et al. (2001).
Atypical HNPCC owing to MSH6 germline mutations: analysis of a large Dutch
pedigree. J Med Genet 38, 318-322.

Wei, K., Clark, A. B., Wong, E., Kane, M. F., Mazur, D. J., Parris, T., Kolas, N. K.,
Russell, R., Hou, H., Jr., Kneitz, B., et al. (2003). Inactivation of Exonuclease 1 in
mice results in DNA mismatch repair defects, increased cancer susceptibility, and
male and female sterility. Genes Dev 17, 603-614.

Wei, K., Kucherlapati, R., and Edelmann, W. (2002). Mouse models for human DNA
mismatch-repair gene defects. Trends Mol Med 8, 346-353.

Wijnen, J., de Leeuw, W., Vasen, H., van der Klift, H., Moller, P., Stormorken, A.,
Meijers-Heijboer, H., Lindhout, D., Menko, F., Vossen, S., et al. (1999). Familial
endometrial cancer in female carriers of MSH6 germline mutations. Nat Genet 23,
142-144.

Wu, Y., Berends, M. J., Mensink, R. G., Kempinga, C., Sijmons, R. H., van Der Zee,
A. G., Hollema, H., Kleibeuker, J. H., Buys, C. H., and Hofstra, R. M. (1999).
Association of hereditary nonpolyposis colorectal cancer-related tumors displaying
low microsatellite instability with MSH6 germline mutations. Am J Hum Genet 65,
1291-1298.



80

Yan, H., Papadopoulos, N., Marra, G., Perrera, C., Jiricny, J., Boland, C. R., Lynch,
H. T., Chadwick, R. B., de la Chapelle, A., Berg, K., et al. (2000). Conversion of
diploidy to haploidy. Nature 403, 723-724.

Zhang, H., Richards, B., Wilson, T., Lloyd, M., Cranston, A., Thorburn, A., Fishel, R.,
and Meuth, M. (1999). Apoptosis induced by overexpression of hMSH2 or hMLH1.
Cancer Res 59, 3021-3027.



81

CHAPTER 3

The N terminus of Saccharomyces cerevisiae Msh6 is an unstructured

tether to PCNA
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3.1 SUMMARY

The eukaryotic MutS homolog complexes, Msh2-Msh6 and Msh2-Msh3,

recognize mismatched bases in DNA during mismatch repair (MMR).  The eukaryote-

specific N-terminal regions (NTR) of Msh6 and Msh3 have not been characterized

other than by demonstrating that they contain an N-terminal PCNA-interacting motif.

Here we have demonstrated genetically that the NTR of Msh6 has an important role in

MMR that is partially redundant with PCNA binding.  Small angle X-ray scattering

(SAXS) was used to determine the solution structure of the complex of PCNA with

Msh2-Msh6 and with the isolated Msh6 NTR, revealing that the Msh6 NTR is a

natively disordered domain that forms an extended tether between Msh6 and PCNA.

Moreover, computational analysis of PCNA-interacting motifs in the S. cerevisiae

proteome indicated that flexible linkers are a common theme for PCNA interacting

proteins that may serve to localize these binding partners without tightly restraining

them to the immediate vicinity of PCNA.
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3.2 INTRODUCTION

Mismatch repair (MMR) is a conserved DNA repair pathway that increases the

fidelity of DNA replication by repairing mispairs that occur during DNA replication

(Harfe and Jinks-Robertson, 2000a; Iyer et al., 2006; Kolodner, 1996; Kolodner and

Marsischky, 1999).  Defects that inactivate this pathway result in mutation rate

increases of up to several thousand-fold (Harfe and Jinks-Robertson, 2000b;

Marsischky et al., 1996).  In humans, germline MMR defects lead to hereditary non-

polyposis colorectal cancer (HNPCC), and somatic defects in MMR are observed in

sporadic tumors as well (Jacob and Praz, 2002).

MMR is best understood in Escherichia coli, where both the early steps in

mispair detection and later steps in discrimination between the newly synthesized and

template DNAs, strand nicking and resynthesis are understood (Iyer et al., 2006).  The

bacterial MutS homodimer that binds and recognizes mismatches is conserved in

eukaryotes in the form of two partially redundant heterodimeric MutS homolog

complexes with overlapping substrate specificities: Msh2-Msh6 and Msh2-Msh3

(Harfe and Jinks-Robertson, 2000a; Kolodner and Marsischky, 1999).  The bacterial

MutL homodimer, which subsequently binds to the MutS/mismatch complex, is also

conserved as multiple heterodimeric complexes of MutL homologs (Harfe and Jinks-

Robertson, 2000a; Kolodner and Marsischky, 1999).  Later steps in eukaryotes are not

as well understood; however, partial MMR reactions can be reconstituted in vitro

using purified human proteins and mispaired DNA substrates with pre-introduced
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nicks to direct mispair excision and resynthesis (Constantin et al., 2005; Zhang et al.,

2005).  How the nascent strand is recognized in eukaryotes in vivo is not understood.

PCNA was first implicated in eukaryotic MMR through genetic analysis of

PCNA mutants in S. cerevisiae (Johnson et al., 1996), which had mutator phenotypes

due to both replication and MMR defects (Chen et al., 1999; Merrill and Holm, 1998).

PCNA is a conserved homotrimeric sliding clamp controlling processivity of DNA

polymerases δ and ε (Burgers, 1991; Johnson and O'Donnell, 2005).  PCNA functions

in MMR prior to mispair excision as well as during resynthesis of the excised strand

(Gu et al., 1998; Umar et al., 1996).  PCNA is now implicated in many aspects of

DNA replication and repair and interacts with translesion polymerases, the flap

endonuclease Rad27/Fen1, DNA ligase, the chromatin assembly factor Cac1, DNA

helicases, base-excision repair proteins Ung1/Ung2 and Apn2, the nucleotide-excision

repair factor XPG, and the MMR proteins Msh6 and Msh3 (Burgers, 1991; Chen et

al., 1996; Clark et al., 2000; Flores-Rozas et al., 2000; Gary et al., 1997; Haracska et

al., 2001; Johnson and O'Donnell, 2005; Li et al., 1995; Otterlei et al., 1999; Prelich et

al., 1987; Schmidt et al., 2002; Shibahara and Stillman, 1999; Subramanian et al.,

2005; Unk et al., 2002; Zhang et al., 2000).  Most PCNA-interacting proteins bind

PCNA through a conserved sequence motif termed the PIP box (Warbrick, 2000).

The early role for PCNA in MMR may be related to interactions with Msh6

and Msh3.  Mutations affecting the PIP box binding site on PCNA or the PIP box in

Msh6 disrupt PCNA-Msh6 interactions in vitro and cause varying degrees of MMR

defects in vivo (Chen et al., 1999; Clark et al., 2000; Flores-Rozas et al., 2000).

Deletion of the PIP box in human Msh6 causes partial defects in MMR reactions in
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vitro, and PCNA has been proposed to localize MMR factors to regions of newly

replicated DNA (Kleczkowska et al., 2001).  Additionally, PCNA may hand off Msh2-

Msh6 to mispairs in newly replicated DNA (Lau and Kolodner, 2003);  however, the

in vivo effects of mutations that disrupt in vitro Msh6-PCNA interactions are small,

and the genetic analysis performed to date does not fit with simple models whereby

these mutations result in more MMR substrates or cause general MMR defects (Lau et

al., 2002).

To understand the Msh2-Msh6-PCNA interaction, we have analyzed the role

of the uncharacterized N-terminal region (NTR) of Msh6, which contains the PIP box

and precedes the MutS homology (Sup. Fig. 1).  Genetic analysis demonstrates that

the NTR consists of at least two functional regions, one involved in PCNA interaction

and one of unknown function, either one of which is sufficient for most MMR.  The

NTRs of Msh3 and Msh6 were interchangeable, and the Msh6 NTR was functional

when located on Msh2.  In addition we determined the solution structure of PCNA in

complex with the Msh6 NTR as well as full-length and truncated versions of Msh2-

Msh6 by small-angle X-ray scattering (SAXS).  These data show that the NTR is a

long, flexible linker even in the Msh2-Msh6-PCNA complex, and genetic analysis

indicated that a minimum length of unstructured linker is required for functional

interaction between PCNA and Msh2-Msh6.  Furthermore, flexible linkers may

represent a common theme for PCNA-interacting regions, supporting a scenario in

which PCNA helps localize repair proteins to newly replicated DNA.
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3.3 RESULTS

The Msh6 NTR is hypersensitive to proteolysis.

We initially identified the NTR/mispair-binding domain boundary by partial

trypsin digestion.  In titration experiments, the 140 kDa Msh6 was digested to a 112

kDa fragment under conditions where Msh2 was resistant to proteolysis (Fig. 1, upper

arrow).  Mass spectrometric analysis revealed that this Msh6 product was an N-

terminal truncation; the most N-terminal peptide consistently identified by mass

spectrometry included residues 252-265, whereas peptides including the C-terminal

residue of Msh6 were recovered.  No smaller proteolysis products were visible in the

gel, indicating extensive digestion of the NTR.  The next stable Msh6 proteolysis

product (Fig. 1, lower arrow) was a N-terminal truncation of the first 441 residues,

corresponding to loss of the mispair-binding domain.  Thus, the Msh6 NTR is

hypersensitive to cleavage by trypsin.

N-terminal deletions of Msh6 define two mutation classes.

The Msh6 NTR contains a canonical PIP box (27-QSSLLSFF-34).  Mutation

of Phe33 and 34 to Ala (msh6 F33F34AA) eliminates co-immunoprecipitation of

PCNA but only causes a moderate MMR defect (Flores-Rozas et al., 2000).  As

residues surrounding the PIP box also contact PCNA in other proteins (Bruning and

Shamoo, 2004; Chapados et al., 2004; Gulbis et al., 1996; Kontopidis et al., 2005;

Matsumiya et al., 2002; Sakurai et al., 2005), we constructed a series of N-terminal
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Figure 3-1.  Partial proteolysis of Msh2-Msh6 and the Msh6 NTR.
Increasing amounts of trypsin were incubated with 1 µg purified Msh2-Msh6 or Msh6
NTR and analyzed by SDS-PAGE and silver staining or western blotting with
antibodies against Msh2 or Msh6.  Both Msh6 in the Msh2-Msh6 complex and the
isolated Msh6 NTR were sensitive to levels of exposure to trypsin that did not digest
Msh2.



88

deletions to investigate the contribution of residues surrounding the PIP box as well as

the role of the rest of the NTR in vivo.  Deletions were tested for complementation of

the high mutation rates of an MMR-defective msh3∆ msh6∆ double mutant strain by

expression from the native MSH6 promoter on a low copy-number plasmid.

Short N-terminal deletions (msh6∆2-50 and msh6∆2-123) caused modestly

increased mutation rates equivalent to the PIP box mutation msh6 F33F34AA (Table

1; p > 0.1 for all pair-wise comparisons, Mann-Whitney test).  In contrast, the

msh6∆2-294 allele had a null phenotype indistinguishable from the empty vector

control (p > 0.2); GFP-tagging this mutant at its C-terminus to assess expression by

western blotting revealed that it was not present at detectable levels (data not shown).

Intermediate deletions (msh6∆2-143, msh6∆2-163, msh6∆2-183, msh6∆2-201,

msh6∆2-251, and msh6∆2-271) caused mutation rates substantially higher than msh6

F33F34AA, msh6∆2-50 and msh6∆2-123 (p < 0.0001 for all comparisons between the

two groups) but lower than the empty vector in at least one assay.  Western blotting

analysis of a GFP-tagged version of msh6∆2-251 showed that it was present at higher

levels than tagged wild-type MSH6, indicating that the defect in this mutant was not

due to protein expression or stability problems (data not shown).  Thus, mutants fell

into two groups: the msh6 F33F34AA, msh6∆2-50 and msh6∆2-123 mutants had

minor MMR defects, while deletions of 143 or more codons caused substantial MMR

defects.

The increased mutation rates caused by deletions extending past codon 123

suggested that the region between residues 123 and 251 has a role in Msh6 function
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 (Table 1).  The internal deletion allele msh6∆51-251, in which PIP box is retained,

complemented the msh3∆ msh6∆ strain similarly to wild-type MSH6.  Thus, the 51-

251 region is only important in the absence of residues 2-50.  Interestingly, combining

the internal deletion with the PIP box mutations resulted in an allele (msh6∆51-251

F33F34AA) that had a more serious defect than either msh6∆51-251 or msh6

F33F34AA alone, but still complemented better than the N-terminal deletions that

extend past residue 123 (p < 0.006 for all comparisons).  Given that there are residues

in addition to F33 and F34 that participate in PCNA-PIP box interactions (Gulbis et

al., 1996), we suspect that the functionality of this mutant may be due to residual

interaction with PCNA (see below).

In contrast to the mostly functional msh6∆51-251 allele, deletion of codons 51-

271 (msh6∆51-271) caused a dramatic increase in mutation rate.  To assess whether

there was an important region between residues 251 and 271, we made an msh6∆252-

271 mutant, which was similar to wild-type MSH6 (Table 1).  Together with results

described below, this suggests that the defect caused by msh6∆51-271 is due to the

NTR being too short for productive interaction with PCNA.  In contrast to the

msh6∆252-271 allele, deletion of codons 252-284, 252-294, or 252-304 caused severe

defects (Table 1 and Sup. Fig 2); taken together with the NTR-swap experiment

described below, this suggests that the boundary between the NTR and the mispair-

binding domain probably lies between residues 272 and 284.
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Deletion of the N-terminal 123 residues of Msh6 completely abrogates interactions

with PCNA.

To assess the possibility that the mildness of the defects caused by msh6

F33F34AA, msh6∆2-50 and msh6∆2-123 was due to residual interaction of the

encoded proteins with PCNA, we tested the binding of purified Msh2-Msh6

F33F34AA and Msh2-Msh6∆2-123 to immobilized PCNA by surface plasmon

resonance.  Wild-type Msh2-Msh6 bound PCNA with a KD of 2.5 nM (Sup. Fig. 3),

consistent with published reports (Lee and Alani, 2006).  In contrast, Msh2-Msh6

F33F34AA had greatly reduced binding, and Msh2-Msh6∆2-123 lacked measurable

interaction.  Thus, complementation by the alleles encoding these proteins is not due

to significant interactions with PCNA, although the low level of interaction seen with

the F33F34AA mutant may allow partial function in the context of the msh6Δ51-251

F33F34AA mutant described above.

The Msh6 NTR is not required for nuclear localization, DNA binding, or mispair

discrimination.

To ensure that MMR-defective NTR deletions do not disrupt Msh6

localization, we examined an msh3∆ msh6∆ strain expressing GFP-tagged wild-type

Msh6 or Msh6∆2-251 by fluorescence microscopy.  The tagged wild-type Msh6 was

functional for MMR in vivo and both proteins were localized to the nucleus, in

contrast to GFP expressed alone from the Msh6 promoter, which was cytoplasmic

(data not shown); the defect of Msh6∆2-251 is therefore not due to loss of nuclear

localization.  Furthermore, purified wild-type Msh2-Msh6 and Msh2-Msh6∆2-251
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complexes bound similarly to DNA substrates containing a GT mispair or a +1

insertion, and both complexes discriminated mispairs from fully base-paired DNA

(Sup. Fig. 4) and dissociated from DNA upon addition of ATP.  The defects caused by

deletion of residues 2-251 are therefore not due to failure to recognize DNA or

discriminate between mispairs and homoduplex DNA.

The Msh3 and Msh6 NTRs are interchangeable and the Msh6 NTR can function when

placed on Msh2.

Both Msh3 and Msh6 have NTRs with N-terminal PIP boxes.  A chimeric

Msh3 in which the first 154 residues were replaced with residues 1-304 of Msh6

complemented the msh3∆ msh6∆ strain nearly as well as wild-type MSH3 (Table 2).

Similarly, a chimeric Msh6 in which the first 251 residues were replaced with residues

1-154 of Msh3 was functional, as was a version in which the first 271 residues were

replaced with 1-154 of Msh3.  However, shifting the fusion position in the Msh6

chimera to residue 285, 295 or 305 resulted in strongly MMR defective phenotypes

(Table 2 and Sup. Fig. 2).  Combined with our partial proteolysis and deletion results,

the properties of these chimeric constructs suggest that Msh6 residues between 272

and 304 may stabilize Msh6 or be part of the mispair-binding domain.  The functional

chimeras demonstrate that the Msh3 and Msh6 NTRs perform similar functions,

consistent with the NTRs lacking (or functionally replacing) interactions with the rest

of the Msh2-Msh3 and Msh2-Msh6 heterodimers.
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If the primary role of the Msh6 NTR is to localize Msh2-Msh6 within the

nucleus, an Msh6 NTR-Msh2 fusion might restore function to a complex containing

Msh6∆2-251.  A chimeric MSH2 gene encoding residues 1-251 of Msh6 fused onto its

N-terminus caused a slight increase in mutation rate relative to wild-type MSH2 when

expressed from a plasmid along with wild-type MSH6 in an msh2∆ msh3∆ msh6∆

strain, but significantly decreased the mutation rate of a strain expressing Msh6∆2-251

(Table 2).  Thus the Msh6 NTR is functional when fused to either Msh2 or Msh6.

The Msh6 NTR is an unstructured peptide that can interact with PCNA trimers at a

3:1 ratio.

We cloned and expressed the first 304 residues of Msh6 for biochemical and

biophysical characterization.  A similar Msh3 construct (residues 1-154) expressed

poorly and was not studied further.  The isolated Msh6 NTR (34 kDa) showed similar

trypsin sensitivity to the NTR in the Msh2-Msh6 heterodimer (Fig. 1).  It also eluted

in size-exclusion chromatography earlier (Stokes radius 45.7 Å) than predicted for a

compact-globular protein (Stokes radius 26.7 Å; Fig. 2A), consistent with

oligomerization or an extended conformation.  The NTR bound PCNA and formed

complexes that eluted at one of three retention volumes prior to PCNA or NTR alone

(Fig. 2B), with the earlier eluting species forming at the higher molar ratios of NTR to

PCNA.  Thus, each PCNA trimer bound one, two, or three Msh6 NTR molecules.

Statistical analysis of the amino acid composition of the NTR showed

hydrophilic Ser, Thr, and Asn residues were overrepresented and hydrophobic Val, Ile,
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Figure 3-2.  Size exclusion chromatography of Msh6 NTR, PCNA, and their
complex.
A.  The Msh6 NTR eluted from a Superose 6 column more rapidly than PCNA
trimers, indicating that the NTR either oligomerizes or has an extended structure.  B.
Various molar ratios of PCNA monomers to NTR monomers resulted in the formation
of complexes that migrated at three separate positions.  A PCNA to NTR ratio of 3:1
or 3:2 gave a peak at the first position with some free NTR.  Ratios of 3:2 and 3:3
gave a peak at the second position with some components at the first position as well,
and ratios of 3:4.5, 3:6, and 3:9 gave a third peak with increasing amounts of unbound
NTR.  C.  Heating PCNA at 100 C for 10 min caused the protein to form a high
molecular weight aggregate.  D.  Similar heat treatment of the NTR did not change its
elution profile.
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and Leu residues were underrepresented (in the top and bottom 95% quantiles of all S.

cerevisiae proteins, respectively; (Brendel et al., 1992)).  This amino acid bias is

characteristic of intrinsic disorder (Romero et al., 2001; Tompa, 2002), consistent with

the protease accessibility and aberrant size exclusion chromatography.  Additionally,

boiling PCNA for ten minutes resulted in formation of a large aggregate (Fig. 2C), but

the elution profile of NTR was unchanged by boiling (Fig. 2D).

SAXS can directly monitor protein folding and solution conformations, so we

collected x-ray scattering data for the NTR, PCNA, and the PCNA-NTR complex

(Fig. 3A).  Consistent with gel filtration results, the radius of gyration (Rg) for the

NTR was much larger than that observed for similarly sized globular proteins and the

NTR-PCNA complex was larger than PCNA or the NTR alone (Fig. 3B).

The Kratky plot measures the overall compactness of proteins.  Folded proteins

follow Porod’s law (I(S) is proportional to S-4, where S is reciprocal resolution) and

have a bell-shaped curve as seen for both PCNA and the complex (Fig. 3C).  In

contrast, the NTR curve was flat, similar to proteins denatured by chemicals or heat

(Doniach, 2001).  Thus, the NTR does not fold into a compact domain.

SAXS can provide structural information for unfolded polymers by fitting to

equation 1 (see methods; Fig 3D).  The polypeptide length of 1078 Å matched the

expected length of 1091 Å (304 residues x 3.78 Å/residue x 0.95, where 0.95 is a

factor due to non-linearity of an extended polypeptide chain (Cantor, 1980)).  The

fitted parameter b=18.7 Å agrees well with the observed range of 19-25 Å (Perez et

al., 2001), corresponding to a persistence length, the length for which the polypeptide
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Figure 3-3.  SAXS of Msh6 NTR, PCNA, and their complex.
A.  Scattering curves for 10 mg/mL Msh6 NTR, PCNA, and the PCNA-MSH6 NTR
complex.  The NTR and complex curves were scaled by 100 and 0.001 to eliminate
overlap.  The solid line through PCNA represents the fitting of the S. cerevisiae PCNA
trimer (PDB id 1PLQ; (Krishna et al., 1994)) to the experimental data with the
program CRYSOL (Svergun, 1995), and the dashed line represents the fit
corresponding to the ab initio PCNA model in panel F.  B.  Rg of PCNA, NTR, and
the PCNA-NTR complex were calculated at various concentrations with average
values of 34.1±0.1 A, 56±2 A, and 70.2±0.4 A respectively shown by horizontal lines.
The linear relationship of concentration to I(0) and consistency of Rg indicate the
samples did not aggregate or dissociate during the experiment.  C.  Kratky plots of the
samples show that, unlike the PCNA-containing samples, the NTR shows no globular
fold.  D.  Plot illustrating the fits of the functional form for an unfolded polymer
(equation 1, methods) to the experimental scattering curves for 2.5, 5, and 10 mg/mL
NTR.  The global parameters used for all of the curves are L=1078 A, b=18.7 A,
Rc=6.99 A.  I(0) was fit independently for each curve and was found to be 461, 242,
and 106 intensity units for the 10, 5, and 2.5 mg/mL samples, respectively.  E.  Pair-
distribution functions for PCNA, NTR, and the PCNA-NTR complex.  F.  PCNA and
NTR scattering curves were fitted with GASBOR (Svergun et al., 2001).
Representative solutions from multiple runs are displayed as spheres at the positions
of the "dummy residues" from the fitting.  The reconstruction of PCNA (blue) was
robust, whereas the shape of the extended NTR polypeptide (red) varied dramatically
from run to run.
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tends to act as a rigid unit, of 9.35 Å or roughly 3 amino acids.  The Rg of 57.2 Å

calculated from these parameters (equation 2, see methods) is quite close to the

observed Rg of 56±2 Å calculated by the inverse Fourier transform method (Fig.3B).

PCNA does not induce substantial structure in the Msh6 NTR.

X-ray scattering of the PCNA-NTR complex suggests that PCNA binding does

not induce substantial structure, as can be inferred by comparing the pair-distribution

functions (P(r)’s) calculated from the scattering curves for all of the samples (Fig. 3E).

The P(r) function is a histogram of all distances within the scattering particle and can

be calculated from atomic models.  The overall shape of the PCNA P(r) function was

similar to those observed for well-folded proteins, and the double peak was due to the

presence of a hole in the center of the PCNA ring, which could be reconstructed from

the SAXS curve by ab initio calculations (Fig. 3F).  The “tail” of the P(r) function for

the PCNA-NTR complex (r>100 Å) was consistent with the presence of a long

unstructured addition to PCNA.  The maximum intra-particle distance in the P(r)

function (Dmax, where the P(r) function returns to zero) of the PCNA-NTR was 250 Å.

The free NTR and free PCNA, on the other hand, had maxima of only 185 and 89 Å,

respectively.  The difference between the Dmax of the complex and the Dmax of the

NTR, 70 Å, was almost the same as the Dmax of PCNA alone.  In fact, the P(r) function

of the complex closely resembled that of the NTR once the contributions from PCNA,

including the double peak with the maximum at 55 Å and the shift of the scattering

from the NTR tail by 70 Å, were excluded (Fig. 3E).  These data indicate that binding



100

PCNA did not dramatically change the overall unfolded nature of most of the length of

the NTR.

These SAXS results were supported by partial proteolysis experiments in

which trypsin was added to NTR-PCNA complexes or NTR mixed with equivalent

amounts of BSA (Fig. 4A).  The NTR was cleaved by a concentration of trypsin too

low to have any visible effect on PCNA, consistent with the results seen for the NTR

of full-length Msh6 described above (Fig. 1) and with the observed lack of secondary

structure.  Furthermore, PCNA did not affect the cleavage of the NTR, consistent with

the NTR binding PCNA primarily via the PIP box.

Solution structure of the Msh2-Msh6-PCNA complex

Since the Msh6 NTR lacks structure alone, when bound to PCNA, or in the

context of full-length Msh2-Msh6, we tested the protease sensitivity of the NTR in the

Msh2-Msh6-PCNA complex (Fig.4B).  PCNA conferred only a very slight degree of

protection to the NTR relative to BSA controls, and did not alter the proteolytic

products produced.  The lack of protection is consistent with the NTR remaining

unstructured, proteolytically accessible, and not having significant regions of

interaction with PCNA outside of the PIP box.

An unstructured NTR could be consistent with Msh2-Msh6-PCNA complexes

where folded domains of Msh2-Msh6 and PCNA make direct contacts and the NTR is

looped out.  To assess this possibility, we collected SAXS data on full-length Msh2-
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Figure 3-4.  Partial proteolysis of the NTR and full length Msh2-Msh6 complexed
to PCNA and solution structure of the Msh2-Msh6 complex with PCNA.
A.  Tryptic digestion of Msh6 NTR was essentially unaffected by the addition of
PCNA to the reaction at a 1:1 monomer ratio when compared to a BSA control as
observed in coomassie blue stained gels and western blots using antibodies against
Msh6.  B.  Similarly, proteolysis of Msh6 in the Msh2-Msh6 heterodimer showed no
substantial change when PCNA was added at a 1:1 monomer ratio as compared to the
BSA control.  C.  Pair distribution functions for PCNA, Msh2-Msh6, and the ternary
complex.  D.  Pair distribution functions for Msh2-Msh6Δ51-251 and Msh2-
Msh6Δ51-251 F33F34AA with and without PCNA.  E. P(r) functions calculated for
randomly generated models of MutS dimers linked to PCNA via random peptides
reveals that no single conformer can account for the observed P(r) curve of the Msh2-
Msh6-PCNA complex.



102



103

Msh6 alone and in complex with PCNA (Fig. 4C).  The Msh2-Msh6-PCNA complex

was detected by size-exclusion chromatography (data not shown); however, the P(r)

function of Msh2-Msh6-PCNA complex differed only subtly from Msh2-Msh6 alone,

with the long extended tail (r>100 Å) in the P(r) function of the complex having a

stronger signal.  These results are inconsistent with a substantial population of

complexes having close contacts between the folded domains of Msh2-Msh6 and

PCNA.  However, these results could be explained if the domains are connected by

with a flexible, ~1000 Å long NTR, which would average out the positions of the

intermolecular vectors between the folded domains of PCNA and Msh2-Msh6.

To confirm this hypothesis, we used the deletion mutant Msh6∆51-251 to

shorten the tether to PCNA and decrease the NTR flexibility, thereby decreasing the

conformations that average out the inter-molecular components in the P(r) function.

We collected SAXS data on Msh2-Msh6∆51-251 alone and in complex with PCNA

(Fig. 4D).  As predicted, the shorter tethering of the Msh2-Msh6∆51-251-PCNA

complex resulted in larger differences in the tail of the P(r) function when comparing

the complex to Msh2-Msh6∆51-251 alone.  Moreover, SAXS data collected on the

Msh2-Msh6∆51-251 F33F34AA complex with and without PCNA demonstrated that

these changes were lost when the Msh6-PCNA interaction was eliminated (Fig. 4D).

Calculation of the P(r) curves using atomic models of the complex confirmed that no

single conformation could account for the observed scattering (Fig. 4E), while the

average of the scattering from many complexes might approximate the observed data.

Thus in the absence of DNA and MutL homologs, the NTR is a flexible molecular

leash between Msh2-Msh6 and PCNA.
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Figure 3-5.  Disorder predictions for PIP-box containing proteins.
A.  IUPRED long-range disorder predictions for S. cerevisiae Msh2, which lacks an
extended NTR region, Msh6, and Msh3.  Black boxes indicate the positions of the
PIP-box consensus.  Note the disorder tendency parameter is substantially lower in the
regions with homology to Msh2 and MutS.  B.  Averaged disorder tendency for
consensus PIP-box residues and 10 residues on either side for all S. cerevisiae proteins
containing a PIP-box consensus.  Individual proteins are plotted as points in groups
based on whether they bind PCNA, do not bind PCNA, or are not known to bind
PCNA.  Horizontal lines represent the median disorder tendency.
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Most functional PIP boxes in S. cerevisiae proteins are located in disordered regions.

Our results show the PIP box-containing NTR of Msh6 is unstructured.  Long-

range disorder predictions by IUPRED (Dosztanyi et al., 2005) for yeast (Fig. 5A) and

human (Sup. Fig 5) Msh2, Msh3, and Msh6 are consistent with our experimental

results and indicate that Msh6 and Msh3 have unstructured NTRs whereas Msh2 does

not.  To determine how representative these results are of other functional PIP boxes,

we investigated the predicted flexibility of PIP box sequences (Fig. 5B).  We

calculated the IUPRED long-range disorder parameters for all S. cerevisiae proteins

with the consensus PIP box sequence Qxx[LIV]xx[FY][FY] as well as known PCNA

interacting proteins with non-canonical PIP boxes such as Rfc1.  A PIP box disorder

score was assigned as the average disorder tendency of the PIP box and ten residues

surrounding it on both sides (if present).  The scores were divided into three groups:

proteins that bind PCNA, proteins that do not bind PCNA, and proteins with unknown

binding status (Burgers, 1991; Clark et al., 2000; Flores-Rozas et al., 2000; Gary et al.,

1997; Haracska et al., 2001; Li et al., 1995; Otterlei et al., 1999; Schmidt et al., 2002;

Subramanian et al., 2005; Unk et al., 2002; Zhang et al., 2000).  The median disorder

tendency for the 13 known PCNA binding proteins was high at 0.4886.  This IUPRED

prediction suggests that the PIP boxes of many PCNA binding proteins lie in flexible

tails, sometimes of substantial length, and are strongly reminiscent of Msh6 and Msh3

(Sup. Fig 6).  These disorder tendencies were different (p<0.001, Mann-Whitney test)

from those of PIP box regions of proteins known not to bind to PCNA (median

0.0827) and those with unknown binding status (median 0.0836), which were

indistinguishable from each other (p>0.75).
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3.4 DISCUSSION

Here we have shown that the N-terminal region (NTR) of Msh6 comprises an

unstructured peptide of approximately 270 residues that behaves as a flexible tether in

the context of the Msh2-Msh6-PCNA complex.  In vivo, the Msh6 NTR could be

functionally exchanged with a similar N-terminal region of Msh3 or fused to Msh2 to

restore MMR proficiency to an msh6∆2-251 strain.  N-terminal truncations of up to

123 residues caused only modest MMR defects and were indistinguishable from point

mutations in the PIP box.  However, N-terminal deletions of 143 or more residues

caused more substantial MMR defects that approached the null phenotype in some

assays.  The Msh6∆2-251 protein was defective for MMR in spite of the fact that it

was expressed stably, entered the nucleus, showed normal mispair binding and

discrimination, and dissociated from mispairs when challenged with ATP.  A deletion

of residues 51-251 was only slightly defective, indicating that the region between

residues 123 and 251 was only important for MMR in the absence of normal PCNA

interactions.  These data strongly suggest that the region between residues 123 and

251 of the NTR plays a second role in MMR in addition to contributing to the length

of the PCNA tether, and that this second role is functionally partially redundant with

PCNA interaction.

Analysis of the deletion and chimeric fusion proteins defined the probable

junction between the NTR and the mispair-binding domain (MBD) of Msh6 and

indicated a minimal length requirement for the NTR.  The NTR/MBD junction likely

lies between residues 272 and 284, as the internal deletion msh6Δ252-271 and the
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chimeric allele msh3(1-154)-msh6(272-1242) were largely functional for MMR, while

the msh6Δ252-284 internal deletion and chimeric Msh3-NTR fusion to residue 285 of

Msh6 resulted in strong MMR defects.  Analysis of fusions that do not encroach upon

the MBD allowed us to define the minimal distance between the PIP box and the

NTR/MBD junction required for efficient MMR function.  The msh6∆51-251 allele

encodes the most truncated protein that retained most of its function, indicating that a

length of approximately 37-49 residues between the PIP box and the domain boundary

is sufficient for productive interaction with PCNA; however, the msh6Δ51-271 allele

was severely defective, indicating that a distance of approximately 17-29 residues is

not long enough for efficient interaction.  The minimum length required for NTR

function therefore seems to be between approximately 80 and 150 Å when fully

extended.

Our findings indicate that the NTR of Msh6 is intrinsically unstructured (or

natively unfolded) and does not fold into a single conformation for its function (Dyson

and Wright, 2005).  The genetically defined minimal length and apparent lack of

sequence requirements, as well as the functionality of the NTR when located on Msh2

instead of Msh6, is consistent with the NTR functioning as a tether.  One possibility is

that this tether recruits Msh2-Msh6 and Msh2-Msh3 to the general region of newly

replicated DNA by interaction with PCNA.  Remarkably, the 80-150 Å minimum

tether length, which is ~1000 Å in wild-type Msh6 and even larger in human Msh6,

may allow Msh2-Msh6 complexes to be recruited to PCNA trimers and then reach

around complexes involved in replication or Okazaki fragment processing in order to

bind mispairs.
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The intriguing finding that there is a second region of the NTR that is

functionally redundant with the PCNA-interacting site suggests that the unstructured

sequence between residues 123 and 251 may mediate additional interactions with

other components of the replication machinery, thereby providing an alternative

mechanism for localizing MMR factors to sites of active replication.  This redundancy

would be consistent with the finding that the PCNA-Msh6 interaction is not strictly

required for most Msh6-mediated MMR (Table 1; (Clark et al., 2000; Flores-Rozas et

al., 2000; Kleczkowska et al., 2001)); however, the possibility for redundancy of the

two NTR regions in MMR steps after mispair recognition cannot be ruled out by the

experiments presented here.  Future studies will be required to identify the putative

interacting protein(s) and conclusively determine the functional significance of the

interaction.

Although not all S. cerevisiae PIP boxes are likely linked to their cognate

proteins through tethers as long as those found in Msh6, the use of a flexible linker to

associate with PCNA appears to be quite common.  This finding is consistent with the

recently reported solution structure of the Sulfolobus solfataricus DNA ligase-PCNA

complex, in which the interaction occurs via a PIP box located in a flexible loop

(Pascal et al., 2006).  This type of interaction not only allows the PIP box access to its

binding site on PCNA, but an adjacent linker may be required to allow for

simultaneous interactions with PCNA and nearby DNA substrates.  Furthermore,

flexible linkers could allow multiple proteins to interact simultaneously with a single

PCNA trimer to coordinate various aspects of replication and repair.  This type of

interaction fits well with the established role of PCNA as a sliding clamp that interacts
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with many different factors involved in DNA transactions, and suggests that the

function of PCNA interaction with some of these other DNA-processing proteins may

be also be related to localization to specific regions within the nucleus.
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3.5 EXPERIMENTAL PROCEDURES

Strains and plasmids.

The msh2∆ msh3∆ msh6∆ S. cerevisiae strain RDKY5963 was made by

disrupting MSH2 with HIS3 in RDKY4234 (MATa ura3-52 leu2∆1 trp1∆63 his3∆200

hom3-10 lys2-10A msh3::hisG msh6::hisG).  Strains were propagated in YPD or

complete synthetic medium (CSM) lacking specified amino acids to select for plasmid

markers.  Deletion and domain swap alleles were made from MSH2-, MSH3-, or

MSH6-bearing plasmids by recombination of linear fragments in yeast or by PCR with

primers diverging from the region to be deleted and containing homology tails to

allow reassembly in E. coli (Sup. Table 1).  Point mutations were made by site-

directed mutagenesis.

Genetic assays.

MSH2, MSH3 and MSH6 alleles were tested for complementation of

RDKY4234 or RDKY5963 by fluctuation analysis (Lea, 1948) to determine rates of

hom3-10 and lys2-10A reversion (Marsischky et al., 1996; Tran et al., 1997) and CAN1

inactivation.  For each strain, at least 14 independent 10 mL cultures were grown in

CSM –leu or CSM –leu –ura for 24-30 hours, harvested by centrifugation, washed,

resuspended in water, serially diluted, and plated on CSM missing leu or leu and ura

for plasmid selection and thr, lys or arg +60 µg/ml canavanine (Sigma, St. Louis,

MO).  P-values were calculated by two-tailed Mann-Whitney test

(http://faculty.vassar.edu/lowry/utest.html).
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Protein overexpression and purification.

The his-tagged NTR expression vector pRDK1136 was constructed by

inserting codons 1-304 of S. cerevisiae MSH6 between the NcoI and XhoI sites of

pET28b resulting in the addition of Ala-Leu-Glu-6His after residue 304.  Protein was

expressed in the E. coli Rosetta(DE3) strain (Novagen, Madison, WI) and purified by

sequential chromatography on Ni-NTA (Qiagen, Valencia, CA) and Source 30S

(Amersham, Piscataway, NJ) columns (Supplement).  Wild-type and mutant Msh2-

Msh6 complexes and PCNA were purified using modifications of previously

published protocols (Supplement).

Analytical gel filtration.

Analytical gel filtration was performed on a SMART machine (Pharmacia)

using a Superose 6 column and buffer containing 25 mM Tris pH 8, 0.1 mM EDTA, 1

mM DTT and 300 mM NaCl.  PCNA-NTR complexes were generated by mixing

various molar ratios of the proteins followed by incubation on ice for one hr.  Stokes

radii were calculated with a linear regression of retention time versus Stokes radius

using standards:  bovine serum albumin (35.5 Å), aldolase (48.1 Å), ferritin (61.0 Å),

and thyroglobulin (85.0 Å).

Partial proteolysis and mass spectrometry.

Partial proteolysis was carried out in 10 µL reactions containing 1 µg Msh6

NTR or Msh2-Msh6 in 25 mM Tris pH 8, 100 mM NaCl, 10% glycerol, and 5 mM
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MgCl2.  When indicated, Msh6 NTR and Msh2-Msh6 were premixed with 2.5 µg and

1 µg, respectively, of PCNA or BSA (Sigma) and incubated 1 hr on ice before adding

trypsin as indicated and shifting the reactions to room temperature for 1 hr before

stopping them by adding PMSF to 10 mM.  Western blotting was performed with

rabbit polyclonal antibodies to S. cerevisiae Msh2 or Msh6 raised in this laboratory.

For mass spectrometry analysis, individual bands were excised from silver-stained

gels, cut into pieces and soaked in acetonitrile for 30 min before drying.  Gel pieces

were rehydrated in 50 mM NH4HCO3 containing 7 ng/µL trypsin, incubated overnight

at 37 C and then washed 3 times for 30 min each with 2% acetic acid 50% acetonitrile.

The wash liquid was dried and peptides resuspended in 2% acetic acid and purified by

ZipTip (Millipore, Billerica, MA) before analysis by mass spectrometry (Zhou et al.,

2004).

SAXS data collection and processing.

SAXS data were collected at beamline 12.3.1 at the Advanced Light Source at

Lawrence Berkeley National Laboratories using a silver behenate calibration standard

(diffraction maxima 0.107633 and 0.215266 Å-1).  Buffer and sample were collected

alternately with short exposures bracketing a longer exposure, typically 10 and 100 sec

in length.  Short exposures were compared to ensure no radiation damage had

occurred, and data were merged with the program PRIMUS.  Msh2-Msh6 and Msh2-

Msh6-PCNA complexes were dialyzed into the following buffer for all SAXS

experiments: 50 mM Tris pH 8.0, 0.5 mM EDTA, 1% glycerol, 5 mM DTT, and 200

mM NaCl.  Msh6 NTR and NTR-PCNA complexes were dialyzed into buffer
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consisting of 25 mM Tris pH 8, 0.1 mM EDTA, 1 mM DTT, and 100 mM NaCl.  For

each sample, data were collected at several different protein concentrations and the

scattering was fit by the indirect Fourier transform method (Moore, 1980) as

implemented in GNOM (Svergun, 1988).

For unfolded polymers with a persistence length of b/2 and a length of L, the

observed scattering in the range S<3/b has the following functional form (Brulet,

1996):

I(S)/I(0) = [ 2/y2(y-1+e-y) + b/L(4/15+7/(15y)-(11/15+7/(15y)))e-y] exp(-S2Rc
2/6)

[equation 1]

where y = S2 Lb/6, I(0) = the scattering intensity at zero angle (forward transfer

momentum), S = the reciprocal resolution, and Rc = radius of gyration of the cross

section.  Scattering curves from Msh6 NTR were fit to this equation in the S range of

[0 Å-1, 0.115Å-1] using gnuplot (Williams, 1990).

Using these parameters, the expected Rg for the unfolded polypeptide can be

calculated with the equation:

(Rg)2 = b2  [  y/6 -1/4 -1/(4y) + 1/(8y2) ], where y=L/b  [equation 2]

Computational Msh2-Msh6-PCNA complex modeling.

Models of bacterial MutS bound via a flexible tether to the PIP box binding

site in PCNA were generated by first generating the Cα positions of 304 residue

random polypeptide.  The geometry of the Cα trace was constrained through random
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sampling of pseudoangles and pseudotorsion angles (Oldfield and Hubbard, 1994) in 5

degree increments weighted by their frequency in Nh3D version 3.0, a non-

homologous subset of the protein database (Thiruv et al., 2005).  Cα-Cα distances of

3.80 A in adjacent residues and pseudosteric Cα-Cα clashes of 5.0 Å used during the

generation of the random polypeptide were derived from statistics calculated from the

Nh3D database.  The final residues of the p21 PIP box sequence in the PCNA-p21

structure (PDB id 1axc; (Gulbis et al., 1996)) were superimposed with the first

residues of the polypeptide and the first residues of one of the MutS subunits (PDB id

1fw6; (Junop et al., 2001)) were superimposed with the last residues of the

polypeptide.  The superimposed PCNA and MutS structures were rotated about the

overlapping Cα-Cα bond and accepted if conformations with less than 10 Cα-Cα

contacts closer than 4.0 Å were obtained.
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3.7 SUPPLEMENTARY MATERIALS
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Supplemental table 3-1.  Plasmids used for complementation and expression
experiments.

Low copy-number yeast plasmids
Plasmid name Allele presenta Construction commentsb

pII-2 MSH2 In YCp50 (Reenan and Kolodner, 1992)
pRDK1088 MSH3 BamHI-HindIII fragment in

pRS315
pRDK439 MSH6 BamHI-HindIII fragment in pRS315
pRDK827 msh6 F33F34AA Derived from pRDK439 (Flores-Rozas et al.,

2000)
pRDK1129 msh6Δ2-50 Derived from pRDK439
pRDK1141 msh6Δ2-123 Derived from pRDK439
pRDK1203 msh6Δ2-143 Derived from pRDK439
pRDK1204 msh6Δ2-163 Derived from pRDK439
pRDK1205 msh6Δ2-183 Derived from pRDK439
pRDK1143 msh6Δ2-201 Derived from pRDK439
pRDK1145 msh6Δ2-251 Derived from pRDK439
pRDK1247 msh6Δ2-271 Derived from pRDK439
pRDK1095 msh6Δ2-294 Derived from pRDK439
pRDK1197 msh6Δ51-251 Derived from pRDK439
pRDK1210 msh6Δ51-251 F33F34AA Derived from pRDK1197 by QuikChange
pRDK1248 msh6Δ51-271 Derived from pRDK439
pRDK1256 msh6Δ252-271 Derived from pRDK439
pRDK1257 msh6Δ252-284 Derived from pRDK439
pRDK1258 msh6Δ252-294 Derived from pRDK439
pRDK1259 msh6Δ252-304 Derived from pRDK439
pRDK1120 MSH6(1-304)-MSH3(155-1047) Derived from pRDK439 and pRDK1088
pRDK1181 MSH3(1-154)-MSH6(252-1242) Derived from pRDK439 and pRDK1088
pRDK1198 MSH3(1-154)-MSH6(272-1242) Derived from pRDK439 and pRDK1088
pRDK1260 MSH3(1-154)-MSH6(285-1242) Derived from pRDK439 and pRDK1088
pRDK1261 MSH3(1-154)-MSH6(295-1242) Derived from pRDK439 and pRDK1088
pRDK1122 MSH3(1-154)-MSH6(305-1242) Derived from pRDK439 and pRDK1088
pRDK1217 GFP GFP replaces coding sequence of pRDK439
pRDK1213 MSH6-GFP C-terminal GFP inserted into pRDK439
pRDK1215 msh6Δ2-251-GFP C-terminal GFP inserted into pRDK1145
pRDK1255 msh6Δ2-294-GFP C-terminal GFP inserted into pRDK1095
pRDK1221 MSH6(1-251)-MSH2(2-964) Derived from pII-2
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Supplemental table 3-1.  Plasmids used for complementation and expression
experiments, continued.

Bacterial overexpression plasmids
Plasmid name Allele present Construction commentsb

pRDK1135 MSH3(1-54)-6X HIS NcoI-XhoI fragment in pET28b
pRDK1136 MSH6(1-304)-6X HIS NcoI-XhoI fragment in pET28b
pRDK1211 msh6 F33F34AA Derived from pET11a-Msh6 by QuikChange

(Antony and Hingorani, 2003)
pRDK1222 msh6Δ2-123 Derived from pET11a-Msh6 (Antony and

Hingorani, 2003)
pRDK1224 msh6Δ2-251 Derived from pET11a-Msh6 (Antony and

Hingorani, 2003)
pRDK1225 msh6Δ51-251 Derived from pET11a-Msh6 (Antony and

Hingorani, 2003)
pRDK1212 msh6Δ51-251 F33F34AA Derived from pRDK1225
aAll genes retain native promoter; for chimeric alleles the promoter of the N-terminal gene segment is
retained, with the exception of pRDK1221, which retains the MSH2 promoter.
bRelevant markers are Ampr ARS-CEN LEU2 for pRS315-derived plasmids (Sikorski and Hieter, 1989),
Ampr URA3 for YCp50, Ampr for pET11a-derived plasmids, and Kanr for pET28b-derived plasmids.
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Supplemental Figure 3-1.  Alignment of yeast and human MutS homologs.
A.  E. coli MutS was aligned with human and yeast Msh2, Msh3, and Msh6.  Identical
amino acids in the alignment are shaded gray.  The consensus PIP box at the N-termini
of the Msh6 and Msh3 homologs are boxed.  The division between  the NTRs of the
Msh6 and Msh3 homologs and the beginning of the MutS homology are indicated
with lines.  Sequence alignment performed using SEQUOIA (Bruns et al., 1999).  B.
Structure of bacterial MutS [PDB id 1fw6; (Junop et al., 2001)] displayed with the
mismatch-recognizing monomer colored from blue (N-terminus) to orange (C-
terminus).  The N-terminus that is extended in the eukaryotic MutS homologs is
indicated.  Molecular image generated with PyMOL (DeLano, 2002).
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Supplemental Figure 3-1.  Alignment of yeast and human MutS homologs,
continued.
A.  E. coli MutS was aligned with human and yeast Msh2, Msh3, and Msh6.  Identical
amino acids in the alignment are shaded gray.  The consensus PIP box at the N-termini
of the Msh6 and Msh3 homologs are boxed.  The division between  the NTRs of the
Msh6 and Msh3 homologs and the beginning of the MutS homology are indicated
with lines.  Sequence alignment performed using SEQUOIA (Bruns et al., 1999).  B.
Structure of bacterial MutS [PDB id 1fw6; (Junop et al., 2001)] displayed with the
mismatch-recognizing monomer colored from blue (N-terminus) to orange (C-
terminus).  The N-terminus that is extended in the eukaryotic MutS homologs is
indicated.  Molecular image generated with PyMOL (DeLano, 2002).
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Supplemental Figure 3-1.  Alignment of yeast and human MutS homologs,
continued.
A.  E. coli MutS was aligned with human and yeast Msh2, Msh3, and Msh6.  Identical
amino acids in the alignment are shaded gray.  The consensus PIP box at the N-termini
of the Msh6 and Msh3 homologs are boxed.  The division between  the NTRs of the
Msh6 and Msh3 homologs and the beginning of the MutS homology are indicated
with lines.  Sequence alignment performed using SEQUOIA (Bruns et al., 1999).  B.
Structure of bacterial MutS [PDB id 1fw6; (Junop et al., 2001)] displayed with the
mismatch-recognizing monomer colored from blue (N-terminus) to orange (C-
terminus).  The N-terminus that is extended in the eukaryotic MutS homologs is
indicated.  Molecular image generated with PyMOL (DeLano, 2002).
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Supplemental Figure 3-2.  Complementation of the mutator phenotype of an
msh3Δ msh6Δ strain by low-copy number plasmids bearing MSH6 alleles
indicated.
A.  An internal deletion of residues 51-251 complements well, while deletions of 51-
271, 51-284, 51-294, and 51-304 have moderate to severe mutator phenotypes.  B.  An
internal deletion of residues 252-271 is similar to wild-type MSH6, while deletions of
252-284, 252-294, and 252-304 have strong mutator phenotypes.  C.  Chimeras in
which residues 1-154 of Msh3 are fused to different positions of Msh6.  Fusion to
residue 272 of Msh6 produces a chimera fully proficient for MMR, while fusion to
residue 285, 295, or 305 produces chimeras that are increasingly defective.
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Supplemental Figure 3-3.  PCNA interaction with protein constructs
corresponding to complementing MSH6 alleles.
Msh2-Msh6 (red curve), Msh2-Msh6 F33F34AA (green curve), and Msh2-Msh6Δ2-
123 (blue curve) were flowed over a PCNA-coated surface at 100 nM and association
and dissociation monitored by surface plasmon resonance.  A horizontal bar indicates
the time during which protein was being injected.  The KD of the Msh2-Msh6
interaction with PCNA is 2.5 nM; affinity constants were not determined for the two
mutant complexes due to the weakness of their interactions.
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Supplemental Figure 3-4.  Mispair binding by Msh2-Msh6 and Msh2-Msh6Δ2-
251.
5 nM Msh2-Msh6 (A) or Msh2-Msh6Δ2-251 (B) was flowed over surfaces coated
with 236 bp DNAs containing a central GT mispair (black curve), +1 insertion (red
curve), or GC base pair (green curve), and association and dissociation monitored by
surface plasmon resonance.  A horizontal bar indicates the time during which protein
was being injected, and addition of 250 µM ATP is indicated by a vertical arrow.
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Supplemental Figure 3-5.  Disorder predictions indicate that human and yeast
NTRs are similar.
Disorder predictions of yeast and human Msh2, Msh3, and Msh6 calculated by
IUPRED (Dosztanyi et al., 2005) are roughly aligned on the basis of the start position
for the beginning of the MutS homology.  PIP boxes (if present) are indicated by a
dark box.  In each case, the human homologs are quite similar to the yeast homologs;
hMsh2 lacks an NTR, hMsh6 has an extensive NTR, and hMsh3 has an intermediate
NTR.  These graphs suggest that the results from the yeast studies presented here will
be applicable to the human homologs as well.
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Supplemental Figure 3-6.  Disorder predictions for other PIP box-containing
yeast proteins.
Long-range IUPRED disorder predictions (Dosztanyi et al., 2005) for Cac1, Rfc1,
Apn2, Rrm3, Pol32, Ung1, Rad27, Cdc9, Rad2, Pol2, and Rad30, all of which have
PIP box consensus sequences (dark boxes) and are known to interact with PCNA.
Like in Msh6 and Msh3, most of these PIP boxes are located in regions of the proteins
that are predicted to be disordered, and frequently in disordered N- and C-terminal
tails.
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Supplemental methods

Purification of Msh2-Msh6 and Msh6 mutant complexes.

Msh2 was overexpressed  in E. coli BL21-CodonPlus(DE3)-RIPL (Stratagene)

from PLANT-2-B-MSH2 (Antony and Hingorani, 2003) for all complexes.  Wild-type

Msh6 was overexpressed from pET11a-MSH6 (Antony and Hingorani, 2003) and

mutants were overexpressed from derivations of this plasmid listed in the

supplementary table.  Lysis was performed as described (Antony and Hingorani,

2003).  All purification steps were performed in buffer A3 (25 mM Tris pH 8, 1 mM

EDTA, 10% glycerol, 5 mM DTT, 0.02% igepal) containing inhibitor mix I1 (1 mM

PMSF, 1 mM benzamadine, 0.5 mg/L bestatin, and 1 mg/L each chymostatin,

pepstatin A, aprotinin, and leupeptin).  Cells were lysed in 500 mM NaCl, and

supernatants were diluted to 100 mM NaCl and loaded on a 30 mL SP sepharose

column.  The column was washed with 100 mM NaCl and eluted with a 300 mL linear

gradient from 100 mM to 800 mM NaCl.  Msh2-Msh6-containing fractions were

diluted to 200 mM NaCl and loaded onto a 10 ml ssDNA cellulose column, washed

with 200 mM NaCl and step eluted at 600 mM NaCl.  Eluted proteins of interest were

diluted to 150 mM NaCl and loaded onto a 5 mL Hi-Trap heparin column

(Pharmacia), washed with 150 mM NaCl and eluted with a 50 mL linear gradient from

150 to 900 mM NaCl.  Msh2-Msh6-containing fractions were diluted to 100 mM

NaCl, and loaded onto a 5 mL HP Q column (Pharmacia).  The column was washed

with 100 mM NaCl and eluted with a 50 mL linear gradient from 100 to 800 mM

NaCl.
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Purification of PCNA.

PCNA was overexpressed in E. coli BL21-CodonPlus(DE3)-RIPL (Stratagene)

and purified as described (Ayyagari et al., 1995), with the following modifications.

After lysis and ammonium sulfate precipitation, the pellet was resuspended in, and

subsequently dialyzed against, buffer A4 (50 mM HEPES pH 7.5, 1mM DTT, 1 mM

EDTA, 10% glycerol and inhibitor mix I1), which was used in all subsequent steps.

The dialyzed sample was loaded onto a 5 mL HiTrap DEAE FF column (Pharmacia),

washed with 20 mM NaCl, and eluted with a 100 mL linear gradient from 20 mM to

600 mM NaCl.  Fractions of interest were then flowed through two 5 ml HiTrap SP

HP columns (Pharmacia) at 100 mM NaCl and loaded onto a 5 mL HiTrap Q HP

column, where it was eluted with a 50 mL gradient from 100 mM to 1M NaCl.

Surface plasmon resonance.

200 response units of biotin-labeled 236 bp DNA substrates containing a

central GT mispair, a central +1 insertion, or no mispair were bound to an SA Biacore

chip coated with immoblized avidin.  Substrate construction has been described (Lin et

al., 1998; Mendillo et al., 2005).  5 nM wild-type Msh2-Msh6 and Msh2-Msh6∆2-251

were flowed over the chip for 2 min. at a rate of 30 µl/min. in running buffer

consisting of 25 mM Tris pH 8, 2% glycerol, 4 mM MgCl2, 110 mM NaCl, 0.01%

igepal and 2 mM DTT.  ATP-induced disassociation was measured by flowing 60 µl

of running buffer containing 250 µM ATP over the chip.  The DNA surface was

regenerated with a 30 sec. pulse of 3 M NaCl. PCNA interaction was assessed by
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binding 20 ng of biotinylated PCNA to an SA chip and flowing 100 nM Msh2-Msh6,

Msh2-Msh6 F33F34AA, or Msh2-Msh6∆2-123 over the surface at 30 µl/min. in

running buffer.  The PCNA surface was regenerated by a 20 sec. pulse of running

buffer containing 0.05% SDS.  For KD determination a series of Msh2-Msh6

concentrations were used and the results analyzed in BIAevaluation version 3.1.

Reference subtraction was made from an unmodified flow cell on the SA chip for all

Biacore experiments.
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CHAPTER 4

A chimeric Saccharomyces cerevisiae Msh6 protein with an Msh3

mispair-binding domain combines properties of both proteins
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4.1 ABSTRACT

Msh2-Msh3 and Msh2-Msh6 are two partially redundant mispair-recognition

complexes that initiate mismatch repair (MMR) in eukaryotes. Crystal structures of

the prokaryotic homolog MutS suggest the mechanism by which Msh6 interacts with

mispairs, since key mispair-contacting residues are conserved in these two proteins.

As Msh3 lacks these conserved residues, we constructed a series of mutants to

investigate the requirements for mispair interaction by Msh3. We found that a

chimeric protein in which the mispair-binding domain (MBD) of Msh6 was replaced

by the equivalent domain of Msh3 was functional for MMR. This chimera possessed

the mispair-binding specificity of Msh3 and revealed that communication between the

MBD and the ATPase domain is conserved between Msh2-Msh3 and Msh2-Msh6.

Further, the chimeric protein retained Msh6-like properties with respect to genetic

interactions with the MutL homologues and an Msh2 MBD deletion mutant, indicating

that Msh3-like behaviors beyond mispair specificity are not features controlled by the

MBD.
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4.2 INTRODUCTION

Mismatch repair (MMR) is an important mechanism for repair of base

misincorporations and insertions or deletions of one or more nucleotides that occur

during DNA replication. MMR has been conserved from bacteria to humans, and

MMR defects cause increased mutation rates and contribute to cancer susceptibility

and development (Fishel et al., 1993; Iyer et al., 2006; Kane et al., 1997; Marsischky

et al., 1996). While many of the components of MMR have been identified, gaps

remain in our understanding of how mispairs are recognized and how this recognition

is converted into signals for repair.

Recognition of mispairs by MutS or its eukaryotic homologs is required for

recruitment and activation of downstream factors and thereby initiates MMR. In

bacteria, both base-base mispairs and insertion/deletions are recognized by the MutS

homodimer (Iyer et al., 2006). Crystal structures of MutS in complex with mispaired

DNA have shown that the homodimer interacts with DNA in an asymmetric manner,

such that only one subunit directly contacts the mispair while the other contacts only

the backbone of the DNA (Lamers et al., 2000; Natrajan et al., 2003; Obmolova et al.,

2000). In eukaryotes, three MutS Homologs (MSH) form two heterodimers that

participate in MMR. The Msh2-Msh6 complex recognizes both base-base and small

insertion/deletion mispairs, while the Msh2-Msh3 complex primarily recognizes both

small and large insertion/deletion mispairs (Acharya et al., 1996; Marsischky and

Kolodner, 1999); the two complexes are thus partially redundant. Specificity in the

eukaryotic heterodimers is mediated by the Msh6 and Msh3 subunits (Marsischky et
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al., 1996), which correspond to the mispair-contacting subunit in the asymmetric MutS

homodimer (Iyer et al., 2006).

An N-terminally located mispair-binding domain (MBD) mediates mispair

recognition. Structures of MutS complexed with DNA containing G/T, G/A, A/A or

G/G mispairs or an insertion of a single thymidine demonstrate a single mechanism for

mispair recognition by the MBD (Lamers et al., 2000; Natrajan et al., 2003; Obmolova

et al., 2000). In all cases a highly conserved phenylalanine residue (Phe36 in E. coli,

Phe39 in T. aquaticus) stacks with a mispaired base (Figure 1B), consistent with the

key role indicated for this residue by genetic studies (Drotschmann et al., 2001;

Schofield et al., 2001). The stacking Phe, a glutamate residue two positions

downstream that hydrogen-bonds with the mispaired bases in the crystal structures,

and multiple residues that appear to contact the DNA backbone in the crystal

structures are conserved between MutS and Msh6 sequences from a number of

eukaryotes, suggesting a conserved mechanism of mispair interaction. Mutation of the

stacking Phe creates a non-functional protein that is unable to bind mispairs (Bowers

et al., 1999; Dufner et al., 2000; Lamers et al., 2000; Natrajan et al., 2003; Obmolova

et al., 2000). In contrast, while several of the putative backbone-contacting residues

are conserved in eukaryotic Msh3 sequences, all known Msh3 sequences lack the two

conserved residues implicated in mispair recognition by MutS and Msh6. Moreover,

individual mutations altering some of the conserved backbone-contacting residues

cause more severe defects in Msh6 than in Msh3 (Drotschmann et al., 2001; Lee et al.,

2007). Consequently, the interaction of Msh2-Msh3 with insertions and deletions

likely has important differences from that of both Msh2-Msh6 and MutS (Lee et al.,
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2007). Remarkably, Msh3 is non-functional when complexed with a Msh2 deletion

that lacks the domain homologous to the MutS MBD (Msh2ΔMBD), whereas the

Msh2ΔMBD-Msh6 heterodimer is almost fully functional (Goldfarb and Alani, 2005;

Lee et al., 2007).

Mispair recognition by MutS as well as the Msh2-Msh6 and Msh2-Msh3

complexes induces exchange of ADP for ATP at the distant ATPase domains, likely as

a result of coupled conformational changes within the mispair recognition proteins

(Iyer et al., 2006). ATP binding by MutS is required for interaction with the MutL

homodimer, which induces downstream factors to cleave, unwind, and degrade the

nascent DNA strand (Iyer et al., 2006). In eukaryotes, MutL is conserved in the form

of multiple heterodimers containing common and unique subunits. The Mlh1-Pms1

complex in S. cerevisiae (Mlh1-Pms2 in higher eukaryotes) is required for the

majority of MMR, as pms1Δ mutants have high mutation rates like those of mlh1Δ or

msh2Δ mutants (Flores-Rozas and Kolodner, 1998). The Mlh1-Mlh3 complex, on the

other hand, appears to be required for a subset of Msh3-dependent MMR, as

evidenced by the finding that mlh3Δ msh6Δ double mutants have a considerably

higher mutation rate than mlh3Δ or msh6Δ single mutants, while mlh3Δ msh3Δ double

mutants have a mutation rate similar to mlh3Δ or msh3Δ single mutants (Flores-Rozas

and Kolodner, 1998). It is not clear whether the ability of Mlh1-Mlh3 to participate in

Msh3-dependent MMR depends on the types of mispairs being recognized or on other

factors. Furthermore, it is not known which domains of MutS or its eukaryotic

homologs interact with the MutL complexes or how mispair and ATP binding

facilitate the interaction.
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Since mispair recognition by the Msh2-Msh3 and Msh2-Msh6 complexes

clearly differs but the complexes seem to have similar functions overall, we

investigated whether point mutations or swapping portions of the Msh3 sequence

homologous to the MutS MBD into Msh6 could produce functional chimeric alleles.

We found that a version of Msh6 in which the MBD was replaced by the MBD of

Msh3 was functional for MMR, and genetic and biochemical characterization

demonstrated that the chimeric protein had the mispair-recognition specificities of

Msh3. The finding that the chimera was fully functional for MMR indicated that

transmission of mismatch recognition into signals for downstream repair events were

not compromised, suggesting that Msh3 and Msh6 retain conserved mechanisms

mediating communication between domains. Like Msh6, the chimeric protein did not

appear to significantly interact with Mlh1-Mlh3, indicating that the regions of the

MSHs dictating specificity toward the MutL homologs lie outside of the MBD, and

that recruitment of MutL homologs is not strongly influenced by the types of lesions

being recognized. Surprisingly, the chimeric allele was functional in combination with

the Msh2 ΔMBD mutant, indicating that the MBD of Msh3 is in itself competent to

recognize mispairs without the function of the MBD of Msh2.
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4.3 RESULTS

Generation of chimeric MSH6-MSH3 alleles that function in vivo.

We sought to understand how Msh3 recognizes mispairs by investigating

whether selective mutations in the MBD could convert the normal mispair recognition

properties of Msh6 into those of Msh3 or vice versa. Alignments of Msh6 and Msh3

sequences from a variety of organisms show a number of residues in the MBD that are

strongly conserved amongst the Msh6 sequences or amongst the Msh3 sequences, but

are different between the Msh6 and Msh3 sequences (data not shown). These residues

likely contribute to mispair specificity and include the Msh6-conserved mispair-

contacting Phe residue as well as a number of residues nearby in the linear sequence.

We therefore made MSH3 mutants in which sequence encoding two, three, or seven

conserved residues was changed to encode the equivalent Msh6 residues (Y186K and

K187F; Y186K, K187F and K189E; Y186K, K187F, K189E, C190L, F191Y, A192E,

and E193K) as well as the reciprocal Msh6 mutants to test the effect of exchanging

these homolog-specific residues between Msh6 and Msh3 (Fig. 1). The engineered

alleles were tested by patch test for their ability to complement the high mutation rate

of an msh3Δ msh6Δ strain when present on low copy-number plasmids, and we none

were able to complement (data not shown).

The failure of the point mutations to yield Msh3 and Msh6 derivatives that

were functional for MMR in vivo might have been due to defects altering the stability,

affinity or mispair discrimination of the resulting chimeric MBD-containing proteins
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Figure 4-1.  Mispair-binding domain structure and sequence alignments.
A.  Ribbon diagrams illustrating the overall fold and recognition of a DNA substrate
with a G:T mispair (DNA backbone in black, bases in grey) by the E. coli MutS
homodimer (PDB id 1w7a;(Lamers et al., 2004). The Msh2-like MutS subunit that
does not contact the mispair is yellow, while Msh6-like mispair-interacting subunit is
depicted in orange with the MBD in red.  B. Interactions of the MBD with the DNA
mispair. The mispaired thymidine (blue) stacks with Phe36. Small spheres and
changes in ribbon coloring (green at the N-terminus and red and the C-terminus)
indicate Cα positions of residues at junctions in the subdomain swap constructs.
Panels A and B generated with PyMOL(DeLano, 2002). C.  Sequence alignment of E.
coli and T. aquaticus MutS and human and yeast Msh6 and Msh3. Secondary
structural elements derived from the E. coli MutS structure are shown above the
alignment. Absolutely conserved positions are indicated with a star, Phe36 is boxed
and the seven residues examined by site-directed mutagenesis are underlined. Vertical
lines indicate the beginning and end of the region swapped in Msh6(3-MBD).
Alignments generated by SEQUOIA (Bruns et al., 1999).
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or possible failure of the chimeric constructs to properly signal mispair recognition to

induce subsequent repair steps. To avoid these potential problems, we created an

MSH6 allele termed msh6(3-MBD) in which Msh6 residues 305 through 421, which

correspond by homology to the MBD of MutS, were replaced by the homologous

Msh3 sequence, residues 155 through 285 (Fig 1C & 2). Patch tests showed that the

plasmid-borne msh6(3-MBD) allele complemented the msh3Δ msh6Δ strain to a

degree similar to that seen for wild-type MSH3 and MSH6 (Sup. Fig. 1). The

exchanged sequence could be successfully extended into the non-conserved N-

terminal region by replacing residues 1-421 of Msh6 with residues 1-285 of Msh3 in

the msh6(3-1-285) allele (Fig. 2). However, minimizing the size of the replaced MBD

region by creating several MSH6 alleles containing portions of the Msh3 MBD did not

yield chimeric genes capable of complementing the msh3Δ msh6Δ mutator phenotype

(Fig. 2). Breakpoints for the sub-domain swaps were chosen based on analysis of the

MutS crystal structure in order to exchange portions of the MBD directly involved in

mispair recognition with junctions at conserved boundaries between secondary

structural elements within the domain (Fig. 1). We conclude that either the mode of

mispair binding found in Msh3 requires the entire Msh3 MBD, or the sub-domain

swaps disrupted the overall structure or function of the chimeric MBDs.

In contrast to the successful swap of the MBD of Msh3 into Msh6, an Msh3

construct encoding the reverse swap (codons 155-285 of MSH3 replaced with codons

305-421 of MSH6) failed to complement the msh3Δ msh6Δ strain (Fig. 2). Since the

msh6(3-1-285) allele that swapped both the N-terminal region and the MBD was

functional, we also tested MSH3 alleles that encoded variants containing both the N-
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Figure 4-2.  Properties of point mutants and chimeric alleles.
Black bars indicate sequence derived from Msh3 and gray bars indicate Msh6
sequence. Numbering refers to amino acid positions of the wild-type proteins.
“Complementation” indicates ability (+) or failure (-) of a plasmid bearing the
indicated allele to decrease the high mutation rate of an msh3Δ msh6Δ strain in patch
tests.
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terminal region and MBD of Msh6 to eliminate the possibility of an incorrect chimeric

junction between the MBD and the N-terminal region. Neither the msh3(6-1-421)

allele nor others with different junctions between the MBD of Msh6 and the C-

terminal portion of Msh3 [msh3(6-1-421), msh3(6-1-455), msh3(6-1-466), msh3(6-1-

483), msh3(6-1-370), msh3(6-1-441a) and msh3(6-1-441b)] were able to complement

the msh3Δ msh6Δ strain (Fig. 2). These results suggest either that the chimeras

disrupted key aspects of the Msh3 protein, that the MBD of Msh6 fails to make

appropriate contacts with other domains of Msh3 for signaling, or that subtle

differences exist in the function of the Msh3 and Msh6 MBDs such that the Msh6

MBD cannot functionally replace the Msh3 MBD.

The mutations suppressed by the msh6(3-MBD) allele are similar to those suppressed

by MSH3.

To extend these above results, the msh6(3-MBD) allele was placed at the

MSH6 chromosomal locus of wild-type and msh3Δ strains. Fluctuation analysis was

performed to determine the rates of reversion of the hom3-10 and lys2-10A alleles,

which primarily result from single nucleotide deletions, and the rates of inactivation of

the CAN1 gene, which reflect the accumulation of both frameshift and base

substitution mutations (Marsischky et al., 1996; Tran et al., 1997).

The reversion rates of the msh6(3-MBD) msh3Δ strain were similar to those of

the msh6Δ MSH3 strain in the hom3-10 and lys2-10A assays (Table 1), suggesting that

the msh6(3-MBD) allele was similar to wild-type MSH3 in the repair of frameshift

mispairs. Consistent with this, the Canr mutation rate of the msh6(3-MBD)
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Table 4-1. Mutation rate analysis of msh6(3-MBD).

Mutation rate (fold increase)a

Relevant
genotype

Strain Thr+ Lys+ CanR

MSH3 MSH6 3686 2.0 [1.2-3.7] x 10-9 (1) 1.5 [1.0-3.6] x 10-8 (1) 7.4 [4.6-13.5] x 10-8 (1)

MSH3 msh6 4151 3.0 [1.9-3.9] x 10-8 (15) 9.8 [8.4-15.3] x 10-7 (67) 9.4 [6.1-14.9] x 10-7 (13)

msh3 MSH6 4149 2.2 [1.6-3.5] x 10-8 (11) 1.3 [0.87-1.9] x 10-7 (9) 1.1 [0.55-1.3] x 10-7 (2)

msh3 msh6 4234 3.1 [1.9-4.8] x 10-6 (1548) 4.8 [3.9-10.6] x 10-5 (3272) 3.1 [1.7-4.6] x 10-6 (42)

MSH3 msh6(3-
MBD)

5153 2.7 [1.7-4.0] x 10-9 (1) 3.7 [1.8-5.9] x 10-8 (3) 9.9 [8.1-17.4] x 10-7 (13)

msh3 msh6(3-
MBD)

5249 6.6 [5.7-8.5] x 10-8 (33) 1.0 [0.88-1.3] x 10-6 (70) 9.8 [7.9-14.6] x 10-7 (13)

aMedian rate of 18-35 cultures per strain, with 95% confidence intervals in square brackets and fold
increase in rate relative to the wild-type strain in parentheses.
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msh3Δ strain was approximately 13-fold higher than wild-type, similar to both the

msh6Δ MSH3 and the msh6(3-MBD) MSH3 strains (Table 1). These Canr rates are

consistent with the idea that the msh6(3-MBD) allele, like wild-type MSH3, can

support the repair of frameshifts in the CAN1 gene, but not the base substitutions

normally recognized by the wild-type Msh2-Msh6 complex. Thus, substitution of the

Msh3 MBD for the Msh6 MBD in the msh6(3-MBD) allele likely changed the

mispair-recognition specificity from that of MSH6 to that of MSH3. Intriguingly, the

msh6(3-MBD) MSH3 strain had hom3-10 and lys2-10A reversion rates that were

similar to those of the wild-type strain, indicating that a functional copy of MSH3

combined with the chimeric allele was sufficient for wild-type levels of repair of

frameshift mispairs; this result suggests that the small defect seen in msh3Δ and

msh6Δ single mutants in these assays may be due to decreased gene dosage rather than

loss of non-redundant activities.

To confirm the results of the mutation rate analysis, we analyzed the spectra of

mutations in the CAN1 gene in the same six strains. Base substitutions made up the

majority of mutations found in the wild-type strain, and the rate at which base

substitutions accumulated increased approximately 20-fold in all strains lacking wild-

type MSH6 (Table 2). The msh6(3-MBD) allele, like MSH3, was unable to suppress

these high base substitution rates, consistent with the absence of normal MSH6-like

recognition of base-base mispairs (Table 2). In contrast, MSH3, MSH6, and msh6(3-

MBD) all suppressed the accumulation of ±1 frameshift mutations to a similar extent.

We did not observe sufficient numbers of larger insertion/deletion events to reliably
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Table 4-2. CAN1 mutation spectra.

Base substitutions +/- 1 Frameshifts Larger deletions or
duplications

Strain %a Rate (fold
increase)b

%a Rate (fold
increase)

%a Rate (fold
increase)

Wild-type 80 3.9 x 10-8 (1) 14 6.9 x 10-9 (1) 6 2.9 x 10-9 (1)

msh6Δ 93 6.2 x 10-7 (16) 5 3.4 x 10-8 (5) 0 N/A

msh3Δ 51 3.2 x 10-8 (1) 24 1.5 x 10-8 (2) 24 1.5 x 10-8 (5)

msh6Δ msh3Δ 33 6.9 x 10-7 (18) 65 1.4 x 10-6 (203) 2 4.2 x 10-8 (14)

msh6(3-MBD) 98 8.9 x 10-7 (24) 2 1.8 x 10-8 (3) 0 N/A

msh6(3-MBD)
msh3Δ

92 8.4 x 10-7 (22) 4 3.6 x 10-8 (5) 4 3.6 x 10-8 (12)

aPercent of total mutations that fall into the category indicated (n = 49-59 per strain).
bRate of CAN1 inactivation via mutation type indicated. Fold increase over wild-type rate in
parentheses.
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 discern differences between MSH3, MSH6, and msh6(3-MBD) with respect to repair

of these types of mispairs. Together, the mutation rate and spectrum data suggest that

the mispair recognition properties of the MBD encoded by MSH3 are maintained

when this domain is transferred into Msh6.

The Msh2-Msh6(3-MBD) chimera shows specificity for insertion/deletion loops in

vitro.

To assess the ability of the Msh2-Msh6(3-MBD) chimera complex to

recognize larger insertion/deletion mispairs, we purified the chimeric Msh6(3-MBD)

protein as a heterodimer with Msh2 for biochemical analysis. Surface plasmon

resonance was used to assess the interaction of Msh2-Msh6(3-MBD) and wild-type

Msh2-Msh6 with 236 bp DNAs harboring centrally-located mispairs (Fig 3). The

wild-type complex bound strongly to DNA substrates with a GT or +1 insertion

mispair, but interacted more weakly with +3 and +4 insertions (Fig. 3A). In contrast,

the Msh2-Msh6(3-MBD) chimera did not bind the GT mispair better than the fully

base-paired DNA, and bound to the +1, +3, and +4 insertions more strongly than wild-

type Msh2-Msh6, with the +3 insertion showing the strongest relative interaction (Fig.

3B). These findings indicate that the Msh6(3-MBD) chimera was compromised

relative to Msh6 in its ability to recognize base-base mispairs, but had an increased

ability to recognize the larger insertions that have been shown to be recognized by

Msh3 (Iyer et al., 2006).
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Figure 4-3.  Surface plasmon resonance analysis of DNA binding.
10 nM wild-type Msh2-Msh6 or Msh2-Msh6(3-MBD) complexes were flowed over
sensor chips pre-conjugated with 75-85 response units of 236 bp DNAs containing
central GT, +1, +3, or +4 mispairs as indicated or no mispairs (GC).
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The msh6(3-MBD) allele functions with an msh2 MBD deletion mutant.

Recent reports have indicated that Msh3 but not Msh6 requires the Msh2

domain homologous to the MutS MBD for in vivo MMR activity (Goldfarb and Alani,

2005; Lee et al., 2007). To determine whether this requirement was intrinsic to the

Msh3 MBD or was due to other features of the Msh2-Msh3 heterodimer, we assessed

complementation of an msh2Δ msh3Δ msh6Δ strain by plasmid-encoded MSH3,

MSH6, and msh6(3-MBD) alleles in combination with plasmids encoding either wild-

type Msh2 or Msh2 missing residues 2-133 (msh2ΔMBD), which correspond to the

entire MBD-like domain (Goldfarb and Alani, 2005; Lee et al., 2007). Consistent with

previous reports, coexpression of MSH3 and msh2ΔMBD did not complement the

triple mutant, but coexpression of MSH6 and msh2ΔMBD complemented well (Table

3). Surprisingly, msh6(3-MBD) in combination with msh2ΔMBD complemented the

triple mutant just as well as msh6(3-MBD) in combination with wild-type MSH2,

suggesting that the MBD-like domain of Msh2 is not required for mispair recognition

by the MBD of Msh3 per se, but rather that the MBD-like domain of Msh2 may be

required for some other aspect of Msh3 function.

Unlike Msh3, Msh6(3-MBD) does not mediate significant repair through the Mlh1-

Mlh3 complex.

The basis of the specificity of Mlh1-Mlh3 for Msh2-Msh3-bound mispairs is

not known. In principle, both protein-protein interactions and protein-mispair

interactions could influence which MutL-related complex is recruited. The Msh6(3-

MBD) chimera contains the MBD of Msh3 placed within a scaffold of Msh6 and thus
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Table 4-3.  Complementation of msh2Δ msh3Δ msh6Δ
strain by MSH3/6 alleles and msh2ΔMBD.

Mutation rate (fold increase)a

Plasmid allelesb Thr+ rate x 107 Lys+ rate x 106

None 55 [32-120] (103) 130 [86-220] (338)

MSH2 MSH6 0.54 [0.34-1.3] (1) 0.38 [0.17-0.68] (1)

MSH2 MSH3 0.29 [0.16-0.56] (1) 1.5 [0.92-2.3] (4)

MSH2 msh6(3-MBD) 1.7 [1.2-5.3] (3) 2.6 [1.8-4.2] (7)

msh2ΔMBD MSH6 1.4 [0.90-2.3] (3) 0.62 [0.35-0.97] (2)

msh2ΔMBD MSH3 95 [72-220] (176) 140 [99-190] (377)

msh2ΔMBD msh6(3-MBD) 1.7 [1.2-4.8] (3) 2.3 [1.7-2.9] (6)
aMedian rate of 14-20 cultures. 95% confidence intervals in square
brackets, fold increase over MSH2 MSH6-complemented strain in
parentheses.
bOn low copy-number plasmids in msh2Δ msh3Δ msh6Δ strain.
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recognizes the same types of substrates as Msh3; we therefore used the msh6(3-MBD)

allele to test the roles of the MBD and mispair recognition in the recruitment of Mlh1-

Mlh3. Consistent with previous studies (Flores-Rozas and Kolodner, 1998), deletion

of MLH3 in an msh6Δ background, in which MMR is initiated only by Msh2-Msh3,

caused a substantial increase in mutation rate, while deletion of MLH3 in an msh3Δ

background caused only a small increase in mutation rate, indicating that Mlh1-Mlh3

is not important in repair events initiated by Msh2-Msh6 (Table 4). Interestingly, the

small increase in mutation rate in the msh3Δ mlh3Δ double mutant relative to the

msh3Δ mutant was significant in all three assays (p < 0.01, two-tailed Mann-Whitney

test), although the mutation rate of the msh3Δ mlh3Δ double mutant was only

significantly higher than that of the mlh3Δ mutant in the lys2-10A and CAN1 assays.

These data suggest that an Mlh3-dependent pathway could be involved in a small

fraction of Msh2-Msh6-mediated repair events; however, the increases in the mutation

rates were small when compared to the effect of an MLH3 deletion in an msh6Δ

background. As in the msh3Δ background, deletion of MLH3 in the msh6(3-MBD)

msh3Δ background only resulted in small increases in mutation rate in the lys2-10A

and CAN1 assays, whereas the hom3-10 reversion rate was not significantly changed

(Table 4). Thus msh6(3-MBD) behaved like MSH6 with respect to genetic interaction

with MLH3 rather than like MSH3. This suggests that interactions between the MutS

homologs and the MutL homologs are not specified by the types of mispairs

recognized or by physical contacts involving the MBD, but rather by other features of

the MutS homologs.
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4.4 DISCUSSION

Here we show that a chimera in which the MBD of Msh6 was replaced by that

of Msh3 was functional for MMR and had Msh3-like mispair recognition properties in

vivo and in vitro. However, the chimera retained MSH6-like genetic interactions with

MLH3 and retained the ability of Msh6 to function in complex with an Msh2 mutant

lacking its MBD.

The ability of the Msh2-Msh6(3-MBD) complex to bind larger insertions in

vitro and of msh6(3-MBD) to complement an msh3Δ msh6Δ strain in vivo leads to two

interesting conclusions about Msh3 and Msh6. First, these proteins are modular, with

a discrete MBD conferring mispair recognition properties without apparent

contribution by the other domains of the protein. Second, the mechanisms by which

Msh3 and Msh6 communicate mispair binding at the MBD to the C-terminal ATPase

domain must be similar, such that the Msh3 MBD can replace functions normally

performed by the Msh6 MBD within the Msh2-Msh6 complex. It is not known how

mispair binding leads to conformational changes in the ATPase domain, but this result

suggests that the underlying molecular mechanisms are highly conserved.

By recognizing the same types of substrates as Msh3, Msh6(3-MBD) allowed

us to distinguish between aspects of Msh3 function that are driven by interactions of

the Msh3 MBD with mispaired DNA and protein partners and aspects of Msh3

function that are due to the protein scaffold in which the Msh3 MBD is inserted. In

addition to a preference for recognizing large insertions and deletions, MSH3 differs

from MSH6 with respect to interaction with the msh2ΔMBD deletion mutant (Goldfarb
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and Alani, 2005; Lee et al., 2007), interaction with specific MutL homologs (Flores-

Rozas and Kolodner, 1998), suppression of interchromosomal crossover

recombination between homeologous substrates (Nicholson et al., 2006), and removal

of non-homologous ends during gene conversion (Sugawara et al., 1997) and single-

stranded annealing (Sugawara et al., 2000). In the cases of both gene conversion and

single-stranded annealing, specific recognition of double-stranded/single-stranded

junctions of branched DNA structures by Msh2-Msh3 has been implicated as the basis

of MSH3 specificity (Surtees and Alani, 2006).

The inability of Msh3 to function in complex with Msh2ΔMBD (Goldfarb and

Alani, 2005; Lee et al., 2007) could be due to defects in recognition of mispairs or

defects in downstream steps. Our results showed that the combination of the msh6(3-

MBD) and msh2ΔMBD alleles was functional for MMR, indicating that the MBD of

Msh3 lacks an inherent requirement for the MBD of Msh2 for mispair recognition.

This suggests that the defects in the Msh2ΔMBD-Msh3 complex causing reduced

mispair affinity (Lee et al., 2007) result from something subtler about the interaction

between the two subunits. We note that insertions of more than one nucleotide

modeled into the known MutS structures (Lamers et al., 2000; Obmolova et al., 2000)

would probably be positioned such that the unpaired, extrahelical nucleotides could

make physical contact with the MBD of the Msh2-like subunit. If this potential

interaction were important in activating the Msh2-Msh3 complex, it would explain

both the defect of the Msh2ΔMBD-Msh3 complex and the failure of the reverse swap

constructs where the Msh6 MBD was placed into the Msh3 protein.
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The msh6(3-MBD) allele also allowed us to investigate the interactions

involved in recruitment of specific MutL homolog complexes during MMR. Deletions

of, and mutations in, the N-terminal domain of Mlh1 disrupt the Mlh1-Pms1

interaction with Msh2-Msh3/6; however, the interfaces of the MutL homologs with

Msh2, Msh3 and Msh6 have not been defined (Kadyrov et al., 2006; Plotz et al., 2003;

Plotz et al., 2006). Previous work indicated that the Mlh1-Mlh3 complex functions

primarily in the Msh2-Msh3 pathway, while the Mlh1-Pms1 complex functions

through both Msh2-Msh3 and Msh2-Msh6 (Flores-Rozas and Kolodner, 1998). We

found that the msh6(3-MBD) allele is equivalent to MSH6, not MSH3, in regard to

utilization of the Mlh1-Mlh3 complex, despite the ability of the Msh2-Msh6(3-MBD)

complex to recognize the types of mispairs recognized by Msh2-Msh3. These

differences suggest that neither the lesion being recognized nor the MBD are sufficient

to impart MutL homolog complex specificity and that the interactions between the

MutS homologs and the MutL homologs are mediated by other domains of the MutS

homologs.
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4.5 MATERIALS AND METHODS

Strains, media and plasmids.

S. cerevisiae were grown on standard media, either yeast

extract/peptone/dextrose (YPD), or complete supplement mixture (CSM) medium (US

Biological) lacking specific amino acids. 60 mg/L canavanine was added to CSM –arg

medium to select for canavanine resistance.

All yeast strains were isogenic derivatives of S288C. The wild-type strain

RDKY 3686 (Amin et al., 2001) has the genotype MATα ura3-52 leu2Δ1 trp1Δ63

his3Δ200 hom3-10 lys2::InsE-A10. Derivatives RDKY 4149, 4151, 4234 and 5249

have msh3::hisG and/or msh6::hisG mutations (Table 1). In RDKY 5153, 5249 and

5882 MSH6 was replaced by msh6(3-MBD) by a popin-popout strategy (Scherer and

Davis, 1979). Strains RDKY 5296, 5298, 5882, and 5974 were made from 3686, 4151,

5249, and 4149, respectively, by replacing nucleotides +26 through +2094 of MLH3

with a PCR fragment of pRS303 containing the HIS3 gene. RDKY 5963 was made

from 4234 by replacement of nucleotides +10 through +2885 of MSH2 with HIS3.

Wild-type MSH2 was present on the plasmid pII-2 (Reenan and Kolodner,

1992), and msh2ΔMBD was present on a derivative of this plasmid missing codons 2-

133, pRDK1250. Other plasmids used for complementation assays were based on the

ARS CEN LEU2 vector pRS315 (Sikorski and Hieter, 1989). In pRDK439, MSH6 is

present on a genomic fragment extending from the BamHI site at position –806

relative to the MSH6 start site to the HindIII site at position +4626, which is 897 bp
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downstream of the stop codon, cloned into pRS315. In pRDK1088, MSH3 is present

on a genomic fragment bordered by the same two sites (positions –1632 to +4633) and

cloned into pRS315. Other plasmids were made from pRDK439 and pRDK1088 by

site-directed mutagenesis or PCR and recombination (Fig. 2). Those with the N-

terminal domain of MSH6 had the native MSH6 promoter, while in pRDK1103 and

pRDK1126 the native MSH3 promoter was present.

Qualitative and quantitative evaluation of mutator phenotypes.

Patch tests were performed by patching colonies onto YPD or CSM –leucine

plates and replica-plating onto –threonine, -lysine, –arginine +canavanine, and YPD or

–leucine media after 2-3 days of growth. Fluctuation analysis was performed on 14-35

independent cultures for each strain as follows. 10 ml YPD or CSM –leucine cultures

were inoculated with whole colonies, grown 12 hours (24 hours for drop-out media),

serially diluted, and plated on CSM and CSM –threonine, -lysine, and –arginine

+canavanine and grown 3 days before counting colonies. Amino acids were omitted

from all media used for plasmid-bearing strains as necessary to maintain plasmid

selection in both patch-testing and fluctuation analysis. Yeast was grown at 30o in all

experiments. Rates of hom3-10 reversion, lys2-10A reversion and CAN1 inactivation

were determined by the method of the median (Lea, 1948; Marsischky et al., 1996;

Tran et al., 1997). P-values were calculated using the two-tailed Mann-Whitney test

(http://faculty.vassar.edu/lowry/utest.html). CAN1 mutation spectra were determined

by sequencing the CAN1 gene in 49-59 independent isolates per strain as described

(Marsischky et al., 1996).
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Protein purification.

Msh2 was coexpressed with wild-type Msh6 or Msh6(3-MBD) in the E. coli

strain BL21 CodonPlus (DE3)-RIL (Stratagene) from the plasmids PLANT-2-B-

MSH2 (Antony and Hingorani, 2003), pET11a-Msh6 (Antony and Hingorani, 2003),

and pRDK1231 which was derived from pET11a-Msh6. Lysis was performed as

described (Antony and Hingorani, 2003) and purification was performed by sequential

chromatography over SP sepharose, ssDNA cellulose, heparin and  HP Q (Pharmacia)

columns (details in supplement).

Surface plasmon resonance analysis

Surface plasmon resonance experiments were performed with a Biacore 3000

instrument. 236-bp DNA substrates with a biotin conjugated to one end and a

centrally-located GT mispair or no mispair were constructed as described (Lin et al.,

1998; Mendillo et al., 2005). DNAs harboring insertions of 1, 3, or 4 nucleotides were

constructed in the same way. See supplement for details. Between 12 and 14 ng of

DNA (75-85 response units) was conjugated to each flow cell of an avidin-coated SA

Biacore chip. 10 nM protein was flowed over the chip at 30 µl/min in running buffer

(25 mM Tris pH 8, 2% glycerol, 4 mM MgCl2, 110 mM NaCl, 0.01% igepal, 2 mM

DTT). The DNA-coated surface was regenerated with a 15 µl pulse of 3 M NaCl. Data

was analyzed with BIAevaluation 3.1 software. Reference subtraction was made from

an unmodified flow cell.
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4.7 SUPPLEMENTARY MATERIALS
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Supplemental Figure 4-1. Example of a patch test experiment to assess
functionality of msh3/6 mutants.
The msh3Δ msh6Δ strain RDKY 4234 was transformed with low copy-number
plasmids bearing wild-type MSH3, MSH6, or two different MBD-swap mutants as
indicated, patched on –leu media and replica-plated onto –thr, -lys, and –leu. MSH3,
MSH6, and msh6(3-MBD) complemented the high mutation rate of the strain, while
msh6(3-185-233) did not complement any better than the empty vector.
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Supplemental Figure 4-2. Plasmids for making heteroduplex DNA substrates.
The polylinker sequences as shown were inserted into BamHI, ApaI-digested pBS-SK.
The strand displayed on top for each plasmid corresponds to the biotinylated strand in
the heteroduplexes (see Sup. Table 1 and methods below). Each polylinker contains a
restriction site as shown.
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Supplemental Table 4-1.  Top and bottom strand combinations for mispaired
substrates.

Mispaira Top strandb Bottom strandc Enzyme resistanced

G/T pRDK505 pRDK506 XhoI, NsiI

A/C pRDK506 pRDK505 NsiI, XhoI

G/G pRDK507 pRDK508 XhoI, PstI

C/C pRDK508 pRDK507 PstI, XhoI

C/T pRDK509 pRDK510 SalI, NsiI

A/G pRDK510 pRDK509 NsiI, SalI

A/A pRDK511 pRDK512 NsiI, ClaI

T/T pRDK512 pRDK511 ClaI, NsiI

+1 (A) pRDK1253 pRDK1252 NspI, PstI

+2 (CG) pRDK1254 pRDK1252 FspI, PstI

+3 (GTC) pRDK514 pRDK508 AatII, PstI

+4 (GCGT) pRDK513 pRDK508 MluI, PstI
aMispair present in product derived from annealing two indicated strands. Sequences of insertions are
indicated in parentheses for insertion/deletion mispairs.
bPlasmid used for amplification with upstream 5’biotinylated and downstream 5’ phosphorylated
primers.
cPlasmid used for amplification with upstream 5’ phosphorylated and downstream unphosphorylated
primers.
dMispaired product is resistant to the enzymes indicated while each fully base-paired PCR product is
sensitive to one of the enzymes listed.
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Supplemental methods

Protein purification

Msh2 was coexpressed with wild-type Msh6 or Msh6(3-MBD) in the E. coli

strain BL21 CodonPlus (DE3)-RIL (Stratagene) from the plasmids PLANT-2-B-

MSH2 (Antony and Hingorani, 2003), pET11a-Msh6 (Antony and Hingorani, 2003),

and pRDK1231, which was derived from pET11a-Msh6. All purification steps were

performed in buffer A (25 mM Tris pH 8, 1 mM EDTA, 10% glycerol, 5 mM DTT,

0.02% igepal, 1 mM PMSF, 1 mM benzamadine, 0.5 mg/L bestatin, and 1 mg/L each

chymostatin, pepstatin A, aprotinin, and leupeptin) with NaCl as indicated. Cells were

lysed in 500 mM NaCl, and supernatants were diluted to 100 mM NaCl and loaded on

a 30 mL SP sepharose column. The column was washed with 100 mM NaCl and

eluted with a 300 mL linear gradient from 100 mM to 800 mM NaCl. Msh2-Msh6-

containing fractions were diluted to 200 mM NaCl and loaded onto a 10 ml ssDNA

cellulose column, washed with 200 mM NaCl and step eluted at 600 mM NaCl. Eluted

proteins of interest were diluted to 150 mM NaCl and loaded onto a 5 mL Hi-Trap

heparin column (Pharmacia), washed with 150 mM NaCl and eluted with a 50 mL

linear gradient from 150 to 900 mM NaCl. Msh2-Msh6-containing fractions were

diluted to 100 mM NaCl and loaded onto a 5 mL HP Q column (Pharmacia), which

was washed with 100 mM NaCl and eluted with a 50 mL linear gradient from 100 to

800 mM NaCl. All columns were run on a Bio Logic DuoFlo instrument (BioRad).

Msh2-Msh6(3-MBD) was purified in the same way as the wild-type complex with the
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exception that the ssDNA cellulose column was washed with buffer containing 300

mM NaCl.

Construction of mispaired DNA substrates

Plasmids as listed in Sup. Fig. 2 were constructed by annealing pairs of

oligonucleotides as shown and inserting them into BamHI, ApaI-digested pBS-SK

(Lin et al., 1998). Each inserted sequence contains a key restriction site as indicated.

pBS-SK is a phagemid, so single-stranded DNA derived from it can be packaged into

M13 phage if necessary by infection with helper phage VCSM13. For the present

study, 236 bp heteroduplex substrates were made by a PCR-based strategy (Mendillo

et al., 2005) as follows. The plasmid indicated in Sup. Table 1 as “top strand” was

used as a template for amplification with an upstream primer with a 5’ biotinylation

(5'-Biot-ACCATGATTACGCCAAGCTC) and a downstream primer with a 5’

phosphate and a 36 nt Lac operator (5'-Phos-

TCACACATCAATTGTTATCCGCTCACAATTGGGTAACGCCAGGGTTTTC).

The plasmid indicated in Sup. Table 1 as “bottom strand” was used as a template for

amplification by an upstream primer with the sequence shown above and a 5’

phosphate, and an unmodified version of the downstream primer shown above. The

PCR products produced were 236 bp, with the variable polylinker sequence shown in

Sup. Fig. 2 located roughly in the center. PCR products were then subject to digestion

by lambda exonuclease to eliminate the strands with 5’ phosphates. The resulting

single-stranded DNAs were mixed as indicated in Sup. Table 1, heated to 95 degrees

C for five min and allowed to cool slowly to anneal the complementary strands. To
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eliminate contamination by any remaining homoduplex DNA, annealed substrates

were subject to digestion by the two restriction enzymes indicated in Sup. Table 1,

which cleave the two homoduplexes that can potentially be found but are unable to

cleave heteroduplex DNA containing the desired mispair. Full-length substrates were

then separated from the shorter contaminants by HPLC using a Gen-Pak FAX column

(Alani et al., 1997).



174

4.8 REFERENCES

Acharya, S., Wilson, T., Gradia, S., Kane, M. F., Guerrette, S., Marsischky, G. T.,
Kolodner, R., and Fishel, R. (1996). hMSH2 forms specific mispair-binding
complexes with hMSH3 and hMSH6. Proc Natl Acad Sci U S A 93, 13629-13634.

Alani, E., Lee, S., Kane, M. F., Griffith, J., and Kolodner, R. D. (1997).
Saccharomyces cerevisiae MSH2, a mispaired base recognition protein, also
recognizes Holliday junctions in DNA. J Mol Biol 265, 289-301.

Amin, N. S., Nguyen, M. N., Oh, S., and Kolodner, R. D. (2001). exo1-Dependent
mutator mutations: model system for studying functional interactions in mismatch
repair. Mol Cell Biol 21, 5142-5155.

Antony, E., and Hingorani, M. M. (2003). Mismatch recognition-coupled stabilization
of Msh2-Msh6 in an ATP-bound state at the initiation of DNA repair. Biochemistry
42, 7682-7693.

Bowers, J., Sokolsky, T., Quach, T., and Alani, E. (1999). A mutation in the MSH6
subunit of the Saccharomyces cerevisiae MSH2-MSH6 complex disrupts mismatch
recognition. J Biol Chem 274, 16115-16125.

Bruns, C. M., Hubatsch, I., Ridderstrom, M., Mannervik, B., and Tainer, J. A. (1999).
Human glutathione transferase A4-4 crystal structures and mutagenesis reveal the
basis of high catalytic efficiency with toxic lipid peroxidation products. J Mol Biol
288, 427-439.

DeLano, W. L. (2002). The PyMOL Molecular Graphics System (San Carlos, CA,
USA, DeLano Scientific).

Drotschmann, K., Yang, W., Brownewell, F. E., Kool, E. T., and Kunkel, T. A.
(2001). Asymmetric recognition of DNA local distortion. Structure-based functional
studies of eukaryotic Msh2-Msh6. J Biol Chem 276, 46225-46229.

Dufner, P., Marra, G., Raschle, M., and Jiricny, J. (2000). Mismatch recognition and
DNA-dependent stimulation of the ATPase activity of hMutSalpha is abolished by a
single mutation in the hMSH6 subunit. J Biol Chem 275, 36550-36555.

Fishel, R., Lescoe, M. K., Rao, M. R., Copeland, N. G., Jenkins, N. A., Garber, J.,
Kane, M., and Kolodner, R. (1993). The human mutator gene homolog MSH2 and its
association with hereditary nonpolyposis colon cancer. Cell 75, 1027-1038.



175

Flores-Rozas, H., and Kolodner, R. D. (1998). The Saccharomyces cerevisiae MLH3
gene functions in MSH3-dependent suppression of frameshift mutations. Proc Natl
Acad Sci U S A 95, 12404-12409.

Goldfarb, T., and Alani, E. (2005). Distinct roles for the Saccharomyces cerevisiae
mismatch repair proteins in heteroduplex rejection, mismatch repair and
nonhomologous tail removal. Genetics 169, 563-574.

Iyer, R. R., Pluciennik, A., Burdett, V., and Modrich, P. L. (2006). DNA mismatch
repair: functions and mechanisms. Chem Rev 106, 302-323.

Kadyrov, F. A., Dzantiev, L., Constantin, N., and Modrich, P. (2006). Endonucleolytic
function of MutLalpha in human mismatch repair. Cell 126, 297-308.

Kane, M. F., Loda, M., Gaida, G. M., Lipman, J., Mishra, R., Goldman, H., Jessup, J.
M., and Kolodner, R. (1997). Methylation of the hMLH1 promoter correlates with
lack of expression of hMLH1 in sporadic colon tumors and mismatch repair-defective
human tumor cell lines. Cancer Res 57, 808-811.

Lamers, M. H., Georgijevic, D., Lebbink, J. H., Winterwerp, H. H., Agianian, B., de
Wind, N., and Sixma, T. K. (2004). ATP increases the affinity between MutS ATPase
domains. Implications for ATP hydrolysis and conformational changes. J Biol Chem
279, 43879-43885.

Lamers, M. H., Perrakis, A., Enzlin, J. H., Winterwerp, H. H., de Wind, N., and
Sixma, T. K. (2000). The crystal structure of DNA mismatch repair protein MutS
binding to a G x T mismatch. Nature 407, 711-717.

Lea, D. E., and Coulson, C.A. (1948). The distribution of the numbers of mutants in
bacterial populations. Journal of Genetics 49, 264-285.

Lee, S. D., Surtees, J. A., and Alani, E. (2007). Saccharomyces cerevisiae MSH2-
MSH3 and MSH2-MSH6 Complexes Display Distinct Requirements for DNA
Binding Domain I in Mismatch Recognition. J Mol Biol 366, 53-66.

Lin, Y. L., Shivji, M. K., Chen, C., Kolodner, R., Wood, R. D., and Dutta, A. (1998).
The evolutionarily conserved zinc finger motif in the largest subunit of human
replication protein A is required for DNA replication and mismatch repair but not for
nucleotide excision repair. J Biol Chem 273, 1453-1461.

Marsischky, G. T., Filosi, N., Kane, M. F., and Kolodner, R. (1996). Redundancy of
Saccharomyces cerevisiae MSH3 and MSH6 in MSH2-dependent mismatch repair.
Genes Dev 10, 407-420.



176

Marsischky, G. T., and Kolodner, R. D. (1999). Biochemical characterization of the
interaction between the Saccharomyces cerevisiae MSH2-MSH6 complex and
mispaired bases in DNA. J Biol Chem 274, 26668-26682.

Mendillo, M. L., Mazur, D. J., and Kolodner, R. D. (2005). Analysis of the interaction
between the Saccharomyces cerevisiae MSH2-MSH6 and MLH1-PMS1 complexes
with DNA using a reversible DNA end-blocking system. J Biol Chem 280, 22245-
22257.

Natrajan, G., Lamers, M. H., Enzlin, J. H., Winterwerp, H. H., Perrakis, A., and
Sixma, T. K. (2003). Structures of Escherichia coli DNA mismatch repair enzyme
MutS in complex with different mismatches: a common recognition mode for diverse
substrates. Nucleic Acids Res 31, 4814-4821.

Nicholson, A., Fabbri, R. M., Reeves, J. W., and Crouse, G. F. (2006). The effects of
mismatch repair and RAD1 genes on interchromosomal crossover recombination in
Saccharomyces cerevisiae. Genetics 173, 647-659.

Obmolova, G., Ban, C., Hsieh, P., and Yang, W. (2000). Crystal structures of
mismatch repair protein MutS and its complex with a substrate DNA. Nature 407,
703-710.

Plotz, G., Raedle, J., Brieger, A., Trojan, J., and Zeuzem, S. (2003). N-terminus of
hMLH1 confers interaction of hMutLalpha and hMutLbeta with hMutSalpha. Nucleic
Acids Res 31, 3217-3226.

Plotz, G., Welsch, C., Giron-Monzon, L., Friedhoff, P., Albrecht, M., Piiper, A.,
Biondi, R. M., Lengauer, T., Zeuzem, S., and Raedle, J. (2006). Mutations in the
MutSalpha interaction interface of MLH1 can abolish DNA mismatch repair. Nucleic
Acids Res 34, 6574-6586.

Reenan, R. A., and Kolodner, R. D. (1992). Isolation and characterization of two
Saccharomyces cerevisiae genes encoding homologs of the bacterial HexA and MutS
mismatch repair proteins. Genetics 132, 963-973.

Scherer, S., and Davis, R. W. (1979). Replacement of chromosome segments with
altered DNA sequences constructed in vitro. Proc Natl Acad Sci U S A 76, 4951-4955.

Schofield, M. J., Brownewell, F. E., Nayak, S., Du, C., Kool, E. T., and Hsieh, P.
(2001). The Phe-X-Glu DNA binding motif of MutS. The role of hydrogen bonding in
mismatch recognition. J Biol Chem 276, 45505-45508.

Sikorski, R. S., and Hieter, P. (1989). A system of shuttle vectors and yeast host
strains designed for efficient manipulation of DNA in Saccharomyces cerevisiae.
Genetics 122, 19-27.



177

Sugawara, N., Ira, G., and Haber, J. E. (2000). DNA length dependence of the single-
strand annealing pathway and the role of Saccharomyces cerevisiae RAD59 in double-
strand break repair. Mol Cell Biol 20, 5300-5309.

Sugawara, N., Paques, F., Colaiacovo, M., and Haber, J. E. (1997). Role of
Saccharomyces cerevisiae Msh2 and Msh3 repair proteins in double-strand break-
induced recombination. Proc Natl Acad Sci U S A 94, 9214-9219.

Surtees, J. A., and Alani, E. (2006). Mismatch repair factor MSH2-MSH3 binds and
alters the conformation of branched DNA structures predicted to form during genetic
recombination. J Mol Biol 360, 523-536.

Tran, H. T., Keen, J. D., Kricker, M., Resnick, M. A., and Gordenin, D. A. (1997).
Hypermutability of homonucleotide runs in mismatch repair and DNA polymerase
proofreading yeast mutants. Mol Cell Biol 17, 2859-2865.



178

CHAPTER 5

Summary and future directions



179

The studies described in this dissertation have addressed several aspects of the

mechanisms of initiation of DNA mismatch repair (MMR) in eukaryotic systems.

Results presented in Chapter 2 indicate that a dominant mutation in the ATPase

domain of Msh6 is sufficient to induce tumorigenesis in mice but that cells from these

mice differ from those of Msh6 knock-out mice with respect to drug sensitivities. In

Chapter 3 we have shown that the N-terminal region of Msh6 is a module comprising

a long unstructured tether to PCNA as well as a second function that is partially

redundant with PCNA interaction. In experiments described in Chapter 4 we found

that mispair-specificity is conferred to the MutS homologue complexes by a modular

mispair-binding domain, and that mispair recognition does not seem to affect the

specificity of interaction with MutL homologues. These findings shed light on

multiple aspects of the functions of the MutS homologues in the initiation of MMR,

and also raise further questions that indicate the need for continued study.
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5.1 EFFECT OF A DOMINANT MUTATION IN THE ATPASE DOMAIN OF

MSH6

Chapter 2 describes the generation and characterization of a mouse strain

harboring a dominant mutation in the ATPase domain of Msh6, and yeast studies to

establish the relationship between this residue in different eukaryotes (Yang et al.,

2004).

The Saccharomyces cerevisiae mutation Gly1067Asp in Msh6 was previously

shown to confer a dominant-negative mutator phenotype (Das Gupta and Kolodner,

2000; Hess et al., 2002). A Msh6 mutation of Thr1219Ile was detected in a human

patient with hereditary non-polyposis colorectal cancer (HNPCC) who had no other

MMR gene mutations, and sequence comparisons suggested that Gly1067 in yeast and

Thr1219 in human Msh6 are homologous residues (Berends et al., 2002). To

determine whether a missense mutation in Msh6 can be pathological, a mouse strain

was created with a mutation of the equivalent residue Thr1217 to Asp.

Mice homozygous for the Thr1217Asp mutation showed increased cancer

susceptibility similar to that of Msh6 homozygous knock-out mice. Unlike Msh6

knock-out mice, the Thr1217Asp mice displayed high levels of microsatellite

instability, which is consistent with a dominant-negative activity for the mutant

protein and was also observed in tumors from the Thr1219Ile patient (Berends et al.,

2002). Cell extracts from the Thr1217Asp mice were highly defective for MMR.

Surprisingly, Thr1217Asp mouse embryonic fibroblasts (MEFs) were as sensitive at
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wild-type MEFs to cisplatin, N-methyl-N’-nitro-N-nitrosoguanidine (MNNG) and 6-

thioguanine (6TG), in contrast to the resistance shown to all three agents by Msh6

knock-out MEFs.

In order to correlate previous findings for the S. cerevisiae Gly1067Asp

mutation with the mouse Thr1217Asp findings and the reported Thr1219Ile human

patient (Berends et al., 2002; Das Gupta and Kolodner, 2000; Hess et al., 2002), we

made yeast strains bearing Gly1067Thr and Gly1067Ile Msh6 mutations. The

Gly1067Thr mutant had only a very small increase in mutation rate, indicating that

Gly1067 in yeast Msh6 likely performs a homologous function to Thr1219 and 1217

in humans and mice, respectively. In contrast, the Gly1067Ile mutation conferred a

strong dominant-negative phenotype that was indistinguishable from that of the

Gly1067Asp mutation.

Taken together, these findings strongly support the contention that Msh6

Thr1219Ile is a true HNPCC-causing mutation. They also indicate that S. cerevisiae

residue Gly1067 is homologous to the Thr found at the equivalent position in Msh6 in

higher eukaryotes, and therefore that the findings of subsequent biochemical

characterizations of the msh6 Gly1067Asp mutant can probably be considered

indicative of the defects in mouse and human Thr to Asp and Thr to Ile mutants (Hess

et al., 2006).

This work also has implications for the mechanisms by which MMR mutations

cause cancer and drug resistance. It has been suggested that treatment with drugs that

cause DNA lesions recognized by the MutS homologues results in repeated futile

cycles of MMR that ultimately result in strand breaks and signaling to induce
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apoptosis (Karran and Bignami, 1994; Modrich, 1997). An alternative hypthesis

suggests that MMR proteins may be involved in direct signaling of some types of

damage (Duckett et al., 1996; Modrich, 1997). The findings presented in this work

indicate that functional MMR is not necessary for the damage sensitivity conferred by

the Msh2-Msh6 complex, since Msh6 Thr1217Asp does not induce MMR but does

not behave like an Msh6 null mutant with respect to drug sensitivity. Biochemical

analysis of the yeast mutant revealed that it was unable to interact with Mlh1-Pms1,

suggesting that the MMR reaction terminates at an early step prior to strand excision

(Hess et al., 2006). Taken together, these data therefore support a direct signaling

model and appear to be inconsistent with a model in which futile cycles of repair are

required for drug sensitivity.

It is significant that the mouse Msh6 Thr1217Asp mutation does not appear to

cause defects in apoptosis in response to DNA damage, but still causes tumorigenesis.

This indicates that increased rates of mutation alone are sufficient to drive

tumorigenesis, suggesting that the primary defect that leads to cancer susceptibility in

HNPCC patients is increased mutagenesis rather than defects in apoptosis or damage

signaling.
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5.2 STRUCTURE AND FUNCTION OF THE N-TERMINAL REGION OF

MSH6

In the work described in Chapter 3, we characterized the N-terminal region

(NTR) of Msh6 from S. cerevisiae using a combination of structural and functional

techniques (Shell et al., 2007b). Partial proteolysis, size-exclusion chromatography

and small-angle X-ray scattering (SAXS) were used to assess the structure of the NTR

as an isolated domain and in the context of the full-length MutSα complex, both in the

presence and absence of PCNA. Genetic analysis was then used to determine the

requirements for the NTR for functional MMR, as well as the exchangeability of the

NTRs of Msh3 and Msh6.

The first 304 residues of Msh6 appear to be unstructured when expressed and

purified as an isolated construct. It is rapidly cleaved by trypsin to produce products

too small to visualize on a gel, elutes very early from a size-exclusion column, is

insensitive to heat, and has the X-ray scattering properties of an unfolded polymer. It

binds stably to PCNA but this interaction does not induce detectable structuring. In the

context of the full-length Msh2-Msh6 complex, the NTR is similarly unstructured.

Partial proteolysis produces a truncated form of Msh6 that we analyzed by mass

spectrometry and found to be missing approximately 251 residues from the N-

terminus. The NTR remains unstructured upon binding PCNA, and SAXS analysis

indicates that there is no substantial or sustained contact between PCNA and the

globular portions of Msh2 or Msh6.
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Genetic analysis revealed that a deletion of the first 123 residues of the NTR

caused only a mild MMR defect in vivo that was indistinguishable from that of a point

mutation in the PCNA-interaction motif, consistent with previous reports (Clark et al.,

2000; Flores-Rozas et al., 2000). Larger deletions had more severe phenotypes, and a

deletion of 251 residues was non-functional in one of the three in vivo mutation

reporter assays used, despite being expressed normally, localized to the nucleus, and

retaining normal DNA binding, mispair discrimination and ATP-responsiveness in

vitro when overexpressed and purified. However, an internal deletion of residues 51-

251 was mostly functional in vivo, indicating that the functions of the PCNA-

interaction region and the internal portion of the NTR are partially redundant.

Chimeric constructs encoding the NTR of Msh6 fused to Msh3 and vice versa

produced functional proteins, indicating that the NTRs of Msh3 and Msh6 perform

similar functions and behave as independent modules. The Msh3 NTR shares little

homology to the Msh6 NTR aside from possessing an N-terminal PIP-box, but like the

Msh6 NTR it contains a relatively high proportion of hydrophilic and charged

residues, and computational predictions suggest that it too is unstructured. By

adjusting the position at which the Msh3 NTR was fused to Msh6 we mapped the

boundary between the NTR of Msh6 and the mispair-binding domain to between

residues 273 and 282, and confirmed the results by making small deletions within

Msh6. A surprising result was that when we fused the NTR of Msh6 to the N-terminus

of Msh2, which normally lacks an NTR, the resulting chimera rescued the severe

defect of an Msh6 NTR deletion mutant.
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Our finding that Msh6, and probably Msh3 as well, interact with PCNA

through long unstructured tethers is consistent with the genetic results indicating that

the two NTRs are interchangeable and that the Msh6 NTR can tolerate a variety of

internal deletions. The ability of the Msh6 NTR to function when located on the other

subunit of the heterodimer strongly suggests that interaction with PCNA does not by

itself contribute to strand discrimination or correct orientation of MutSα on the DNA.

Taken together, these results suggest that the function of the MutS homologue-PCNA

interaction may be to achieve appropriate sub-nuclear localization of the MutS

homologues by bringing them to regions of newly replicated DNA so that they can

efficiently locate and initiate repair of mispairs. This is consistent with a previous

report that a human Msh6 mutant in which the PIP-box was deleted failed to localize

normally to replication foci (Kleczkowska et al., 2001).

The unstructured nature of the Msh6 NTR led us to wonder if other proteins

that interact with PCNA do so via unstructured tethers. Disorder tendency predictions

of regions containing putative PIP-boxes in all S. cerevisiae ORFs showed that PIP-

boxes that are known to mediate interaction with PCNA are frequently located in

regions with high predicted disorder, while PIP-box-like sequences in proteins that

have been found not to interact with PCNA or whose interaction status is unknown

tend to lie in regions predicted to be ordered. These findings suggest that many

interactions with PCNA likely occur via unstructured tethers, although most are not as

long as the tethers formed by the N-termini of Msh3 and Msh6. Interaction by

unstructured tethers may be required to bring proteins into close proximity to DNA
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without tightly restricting their positions. Unstructured tethers could also be required

to allow multiple interactors to bind to PCNA simultaneously.

Because of the conservation of PIP-boxes on eukaryotic Msh3 and Msh6

proteins, the previously reported finding that this interaction is mostly dispensable for

MMR was somewhat surprising (Clark et al., 2000; Flores-Rozas et al., 2000). Our

finding that the internal region of the Msh6 NTR is functionally partially redundant

with the PIP-box-containing region suggests that Msh6 may interact with another

protein or proteins that can serve to facilitate localization to appropriate regions of the

genome.
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5.3 MODULARITY OF THE MSH3 MISPAIR-BINDING DOMAIN

Chapter 4 describes a series of experiments that probed the functional

modularity of mispair binding (Shell et al., 2007a). We created a chimeric S.

cerevisiae MutS homologue that comprised Msh6 sequence except for the mispair-

binding domain (MBD), which was exchanged for the MBD of Msh3. Breakpoints for

construction of the chimera were based on sequence alignments with prokaryotic

MutS sequences for which crystal structures have been solved (Lamers et al., 2000;

Obmolova et al., 2000). The chimera, termed msh6(3-MBD), was functional for MMR

in vivo, indicating that mechanisms of communication between the MBD and other

domains of the protein are conserved between Msh3 and Msh6.

Analysis of the in vivo mutation spectrum of a strain expressing Msh6(3-MBD)

revealed that like Msh3, it initiates repair of small insertions and deletions but does not

initiate significant repair of base:base mispairs. The purified Msh2-Msh6(3-MBD)

complex showed much lower affinity for a DNA substrate containing a base:base

mispair than wild-type Msh2-Msh6, but had higher affinity for DNA containing loops

of 3 or 4 unpaired nucleotides. This indicates that the MBD behaves as a functional

module that confers mispair specificity to Msh3 and Msh6.

Reciprocal constructs in which the MBD of Msh3 was replaced by that of

Msh6 failed to demonstrate MMR activity in vivo, despite testing a number of

different junction positions. The most likely explanations are that either the
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breakpoints we tested all resulted in disruptions of the structure of the protein, or that

the Msh6 MBD fails to communicate appropriately with the other domains of Msh3.

Because recent studies had indicated differential requirements for the MBD-

like domain of Msh2 by Msh3 and Msh6 (Goldfarb and Alani, 2005; Lee et al., 2007),

we assessed the ability of Msh6(3-MBD) to function in combination with an Msh2

deletion mutant missing the first 133 amino acids. Surprisingly, unlike Msh3, Msh6(3-

MBD) was fully functional in combination with the Msh2 deletion mutant. This result

indicates that the mechanism of mispair binding by Msh3 does not require the MBD-

like domain of Msh2 per se, but rather that the Msh2 MBD-like domain may be

involved in conformational changes that accompany mispair binding and transmit

signals to other domains of the Msh2-Msh3 complex.

Previous work has indicated that MutSα functions exclusively through the

Mlh1-Pms1 complex to initiate the downstream steps of MMR, while MutSβ can

function with either Mlh1-Pms1 or Mlh1-Mlh3 (Flores-Rozas and Kolodner, 1998). It

is not known where in the MutS homologue complexes interaction with the MutL

homologues occurs, or how choice of MutL homologue complex is determined. We

examined a strain bearing msh6(3-MBD) in the presence and absence of functional

MLH3 and found that MLH3 status had no effect on mutation rate, indicating that the

Msh2-Msh6(3-MBD) complex is probably not able to function through the Mlh1-

Mlh3 complex. This finding has two implications: first, that the MBDs of Msh3 and

Msh6 likely do not contribute to the interaction interface with the MutL homologues;

and second, that choice of MutL homologues seems not to be related to the type of

mispair bound by the MutS homologue complexes.
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5.4 FUTURE DIRECTIONS

The studies presented in Chapter 2 indicate that downstream steps of MMR are

not required for Msh2-Msh6-dependent sensitivity to a number of DNA damaging

agents. This suggests that the mechanism of MMR-dependent sensitivity does not

involve futile cycles of repair, indicating the need for an alternative hypothesis that is

consistent with the data. Previous work has indicated that loss of Mlh1 is sufficient to

decrease sensitivity to MNNG (Koi et al., 1994), but the dominant Msh6 mutation

described in Chapter 2 has subsequently been shown to abolish interaction of Mlh1-

Pms1 with Msh2-Msh6, indicating that in the case of this mutant, Mlh1 is not involved

in the mechanism that mediates sensitivity (Hess et al., 2006). Study of the roles of

MMR proteins in DNA damage signaling has been hampered by the lack of effect on

drug sensitivity of Msh2 and Mlh1 deletions in S. cerevisiae, which could otherwise

provide a genetically tractable system for rigorous study (Xiao et al., 1995). However,

it was recently shown that in the absence of both the methylguanine methyltransferase

Mgt1 and homologous recombination, loss of either Msh2 or Mlh1 induces resistance

to MNNG in S. cerevisiae (Cejka et al., 2005); it is hoped that further study in this

system may shed light on the mechanism of action of MMR proteins in the processes

of drug sensitivity and tolerance.

The work described in Chapter 3 raised several further questions. One is the

identity of the putative factor(s) that interacts with the internal region of the Msh6

NTR. Subsequent experiments in our lab have been performed to address this question

and will be continued. Another question is whether the NTR of Msh3 contains a
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similar region that is functionally partially redundant with the PCNA-interacting

region, as would be predicted based on results presented here and by others (Clark et

al., 2000). Experiments are also underway to address this question. This work also

indicates a need for further study to understand the role of PCNA in MMR. Our

findings are consistent with a model in which PCNA serves to localize MutSα and

MutSβ to regions of newly replicated DNA, but this hypothesis remains to be proven

by assessing physical localization of these proteins within nuclei. The status of PCNA

during and after mispair recognition is also unclear. A previous report suggested that

PCNA dissociates from Msh6 upon mispair binding (Lau and Kolodner, 2003).

However, in that study PCNA was not loaded onto the DNA strands and Mlh1-Pms1

was not present, so it is possible that under physiological conditions the interaction

dynamics are different, particularly since a weak direct interaction between PCNA and

Mlh1-Pms1 has recently been reported (Lee and Alani, 2006).

A broader and more challenging question raised by this work is how

interactions between PCNA and its numerous binding partners are regulated, and how

the various interactions are coordinated to allow efficient exchange of binding partners

and ensure the presence of the appropriate interacting proteins during the various

stages of DNA replication and repair. The cell cycle inhibitor p21 is known to function

by interacting tightly with PCNA to prevent it from binding polymerase δ, thereby

preventing DNA replication (Waga et al., 1994). However, little has been reported

about the relative affinities of other PCNA-interacting proteins. Our data indicate that

many of PCNA’s partners may interact via unstructured tethers, suggesting that

multiple proteins could bind to each PCNA trimer simultaneously. More work is
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clearly required to build an understanding of the dynamics of PCNA-interacting

proteins during the processes of replication and repair.

Chapter 4 addresses the mechanism of mispair recognition by Msh3. Our work

indicates that the mispair-binding domains of Msh3 and Msh6 interact with other

domains of these proteins by homologous mechanisms, while differences in the

mispair-interaction sequences confer mispair specificity. An important remaining

question is how Msh3 recognizes mispairs on a molecular basis; crystal structures of

Msh2-Msh3 bound to various mispairs will be needed to unambiguously answer this.

Study of the mispair-binding domain chimera indicated that interaction with

the MutL homologues does not involve the mispair-binding domains. This narrows

down the possibilities but does not answer the important question of which domains of

the MutS homologues form the interaction interface with the MutL homologues.

Further studies are needed to fill this gap in our knowledge of the mechanism of

MMR.
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Table A-1: Summary of all plasmid-born mutants created and tested.
Plasmid Descriptiona Complementation of an

msh3Δ msh6Δ strain
pRDK1063 msh6G1067I None (dominant mutator in WT

strain)
pRDK1063 msh6G1067T Close to wild-type
pRDK1067 msh6K336Y, F337K None
pRDK1062 msh6K336Y, F337K, E339K None
pRDK1084 msh6K336Y, F337K, E339K, L340C,

Y341F, E342A, K343E
None

pRDK1156 msh F10A, F11A Moderate
pRDK1159 msh3Y157K, K158F None
pRDK1162 msh3Y157K, K158F, K160E Slight to modest
pRDK1172 msh3Y157K, K158F, K160E, F162Y None
pRDK1177 msh3Y157K, K158F, Y159F, K160E None
pRDK1169 msh3Y157K, K158F, K160E, C161L,

F162Y, A163E, E164K
None

pRDK1160 Encodes Msh6 with residues 305-421
replaced by Msh3 residues 126-256 that
in addition contains Y157K and K158F
mutations in the Msh3 sequence

None

pRDK1161 Encodes Msh6 with residues 305-421
replaced by Msh3 residues 126-256 that
in addition contains Y157K, K158F, and
K160E mutations in the Msh3 sequence

None

pRDK1087 Encodes Msh6 with residues 305-421
replaced with Msh3 residues 126-256a

Close to wild-type MSH3
(chapter 4)

pRDK1092 Encodes Msh6 with residues 305-371
replaced with Msh3 residues 126-204

None

pRDK1093 Encodes Msh6 with residues 335-421
replaced with Msh3 residues 156-256

None

pRDK1097 Encodes Msh6 with residues 335-371
replaced with Msh3 residues 156-204

None

pRDK1112 Encodes Msh6 with residues 328-385
replaced with Msh3 residues 149-218

None

pRDK1103 Encodes Msh3 with residues 126-256
replaced with Msh6 residues 305-421

None

pRDK1119 Encodes residues 1-421 of Msh6 fused to
residues 257-1018 of Msh3

None

pRDK1128 Encodes residues 1-455 of Msh6 fused to
residues 282-1018 of Msh3

None

pRDK1151 Encodes residues 1-466 of Msh6 fused to
residues 293-1018 of Msh3

None

pRDK1153 Encodes residues 1-483 of Msh6 fused to
residues 310-1018 of Msh3

None
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Table A-1 continued: Summary of all plasmid-born mutants created and tested.
Plasmid Descriptiona Complementation of an

msh3Δ msh6Δ strain
pRDK1175 Encodes residues 1-370 of Msh6 fused to

residues 204-1018 of Msh3
None

pRDK1182 Encodes residues 1-441 of Msh6 fused to
residues 270-1018 of Msh3

None

pRDK1183 Encodes residues 1-441 of Msh6 fused to
residues 271-1018 of Msh3

None

pRDK1176 Encodes Msh3 with residues 177-202
replaced by residues 356-369 of Msh6
and in addition contains msh3 point
mutations Y157K, K158F, and K160E

None

pRDK1120 Encodes residues 1-304 of Msh6 fused to
residues 126-1018 of Msh3

Moderate

pRDK1279 Encodes residues 1-304 of Msh6 with
F33A and F34A mutations, fused to
residues 126-1018 of Msh3

Poor

pRDK1285 Encodes residues 1-251 of Msh6 fused to
residues 126-1018 of Msh3

Good

pRDK1286 Encodes residues 1-251 of Msh6 with
F33A and F34A mutations, fused to
residues 126-1018 of Msh3

Poor

pRDK1284 Encodes residues 1 and 124-251 of Msh6
fused to residues 126-1018 of Msh3

Poor

pRDK1289 Encodes residues 1 and 51-251 of Msh6
fused to residues 126-1018 of Msh3

Poor

pRDK1181 Encodes residues 1-125 of Msh3 fused to
residues 252-1242 of Msh6

Good (chapter 3)

pRDK1291 Encodes residues 1-125 of Msh3 with
F10A and F11A mutations, fused to
residues 252-1242 of Msh6

Poor

pRDK1209 Encodes residues 1-125 of Msh3 fused to
residues 262-1242 of Msh6

Good

pRDK1198 Encodes residues 1-125 of Msh3 fused to
residues 272-1242 of Msh6

Like wild-type (chapter 3)

pRDK1292 Encodes residues 1-125 of Msh3 with
F10A and F11A mutations, fused to
residues 272-1242 of Msh6

Poor

pRDK1260 Encodes residues 1-125 of Msh3 fused to
residues 285-1242 of Msh6

Little (chapter 3)

pRDK1261 Encodes residues 1-125 of Msh3 fused to
residues 295-1242 of Msh6

Little (chapter 3)

pRDK1122 Encodes residues 1-125 of Msh3 fused to
residues 305-1242 of Msh6

None (chapter 3)

pRDK1287 Encodes residues 1 and 22-125 of Msh3
fused to residues 252-1242 of Msh6

Poor

pRDK1288 Encodes residues 1 and 73-125 of Msh3
fused to residues 252-1242 of Msh6

Poor
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Table A-1 continued: Summary of all plasmid-born mutants created and tested.
Plasmid Descriptiona Complementation of an

msh3Δ msh6Δ strain
pRDK1126 Encodes residues 1-256 of Msh3 fused to

residues 422-1242 of Msh6
Moderate

pRDK1127 Encodes residues 1-643 of Msh6 fused to
residues 445-1018 of Msh3

None

pRDK1130 Encodes residues 1-444 of Msh3 fused to
residues 644-1242 of Msh6

None

pRDK1118 Encodes Msh3 with residues 742-1018
replaced with residues 922-1242 of Msh6

None

pRDK1147 Encodes Msh6Δ2-24 Close to wild-type
pRDK1129 Encodes Msh6Δ2-50 Good (chapter 3)
pRDK1141 Encodes Msh6Δ2-123 Good (chapter 3)
pRDK1203 Encodes Msh6Δ2-143 Moderate (chapter 3)
pRDK1204 Encodes Msh6Δ2-163 None (chapter 3)
pRDK1205 Encodes Msh6Δ2-183 Poor (chapter 3)
pRDK1143 Encodes Msh6Δ2-201 Poor (chapter 3)
pRDK1145 Encodes Msh6Δ2-251 Poor (chapter 3)
pRDK1247 Encodes Msh6Δ2-271 Poor (chapter 3)
pRDK1245 Encodes Msh6Δ2-284 Little or none
pRDK1095 Encodes Msh6Δ2-294 None (chapter 3)
pRDK1242 Encodes Msh6Δ2-304 None (chapter 3)
pRDK1206 Encodes Msh6Δ51-123 Close to wild-type
pRDK1207 Encodes Msh6Δ124-201 Close to wild-type
pRDK1208 Encodes Msh6Δ51-201 Close to wild-type
pRDK1197 Encodes Msh6Δ51-251 Good (chapter 3)
pRDK1210 Encodes Msh6Δ51-251 with F33A and

F34A
Moderate (chapter 3)

pRDK1248 Encodes Msh6Δ51-271 Poor (chapter 3)
pRDK1246 Encodes Msh6Δ51-284 Poor (chapter 3)
pRDK1244 Encodes Msh6Δ51-294 Poor (chapter 3)
pRDK1243 Encodes Msh6Δ51-304 None (chapter 3)
pRDK1256 Encodes Msh6Δ252-271 Like wild-type (chapter 3)
pRDK1257 Encodes Msh6Δ252-284 Poor (chapter 3)
pRDK1258 Encodes Msh6Δ252-294 Poor (chapter 3)
pRDK1259 Encodes Msh6Δ252-304 Poor (chapter 3)
pRDK1281 Encodes Msh3Δ2-21 Good
pRDK1282 Encodes Msh3Δ2-72 Good
pRDK1315 Encodes Msh3Δ2-83 Good
pRDK1316 Encodes Msh3Δ2-93 Good
pRDK1283 Encodes Msh3Δ2-125 None
pRDK1303 Encodes Msh3Δ73-125 None
pRDK1317 Encodes Msh3Δ84-125 None
pRDK1318 Encodes Msh3Δ84-125 with F10A and

F11A mutations
None

pRDK1319 Encodes Msh3Δ94-125 None
pRDK1320 Encodes Msh3Δ94-125 with F10A and

F11A mutations
None
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Table A-1 continued: Summary of all plasmid-born mutants created and tested.
Plasmid Description Complementation of an

msh2Δ msh3Δ msh6Δ
strain

pRDK1219 Encodes Msh2 with the first residue
replaced by residues 1-304 of Msh6

With MSH6, like wild-type; with
msh6Δ251, null.

pRDK1221 Encodes Msh2 with the first residue
replaced by residues 1-251 of Msh6

With MSH6, like wild-type; with
msh6Δ251, near wild-type. See
Chapter 3

pRDK1314 Encodes Msh2 with the first residue
replaced by residues 1-251 of Msh6 with
F33A and F34A mutations

With msh6Δ251, null.

pRDK1290 Encodes Msh2 with the first residue
replaced by residues 1-125 of Msh3

With MSH3, moderate; with
msh3Δ125, none
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Table A-1 continued: Summary of all plasmid-born mutants created and tested.
Plasmid Description Complementation of

either a pms1Δ strain, an
mlh1Δ strain, or an
mlh3Δ msh6Δ strain

pRDK1149 Encodes residues 1-373 of Mlh3 fused to
residues 348-769 of Mlh1

None (mlh3Δ msh6Δ and mlh1Δ)

pRDK1184 Encodes residues 1-373 of Mlh3 fused to
residues 254-873 of Pms1, with Pms1
promoter

None (mlh3Δ msh6Δ and
pms1Δ)

pRDK1185 Encodes residues 1-373 of Mlh3 fused to
residues 354-873 of Pms1, with Mlh3
promoter

None (mlh3Δ msh6Δ and
pms1Δ)

pRDK1186 Encodes residues 1-353 of Pms1 fused to
residues 374-715 of Mlh3, with Pms1
promoter

None (mlh3Δ msh6Δ and
pms1Δ)

pRDK1223 Encodes residues 1-460 of Mlh3 fused to
residues 460-873 of Pms1, with Mlh3
promoter

None (mlh3Δ msh6Δ and
pms1Δ)

pRDK1336 Encodes residues 1-671 of Pms1 fused to
residues 492-715 of Mlh3

None (mlh3Δ msh6Δ and
pms1Δ)

pRDK1337 Encodes residues 1-491 of Mlh3 fused to
residues 672-873 of Pms1

None (mlh3Δ msh6Δ and
pms1Δ)

pRDK1199 Encodes Pms1 Δ361-460 Like wild-type (pms1Δ)
pRDK1200 Encodes Pms1 Δ461-560 Like wild-type (pms1Δ)
pRDK1202 Encodes Pms1 Δ561-660 Good (pms1Δ)
a All Msh3 codon numbering begins at the second ATG (Harrington and Kolodner,
2007).

Harrington, J. M., and Kolodner, R. D. (2007). Saccharomyces cerevisiae Msh2-Msh3
acts in repair of base-base mispairs. Mol Cell Biol 27, 6546-6554.
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Figure A-1.  Summary of Msh3/Msh6 chimeras.
Msh6 sequence is displayed in gray and Msh3 sequence is displayed in black.
Numbering refers to amino acid positions in wild-type Msh3 or Msh6 as indicated by
color. The letters “AA” superimposed over a construct indicate mutation of Phe10 and
Phe11 (Msh3) or Phe33 and Phe34 (Msh6) to Ala. Ability of plasmids encoding the
indicated chimeras to complement the high single-nucleotide deletion rate of an
msh3Δ msh6Δ double mutant is indicated on a qualitative scale as follows: ++++,
similar to wild-type MSH3 or MSH6; +++, modestly defective relative to wild-type
MSH3 or MSH6; ++, substantially defective relative to wild-type MSH3 or MSH6; +,
highly defective relative to wild-type MSH3 or MSH6 but still measurably different
than a null allele; -, no apparent complementation.
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Figure A-2.  Summary of Msh3 and Msh6 deletion mutants.
Msh6 sequences are displayed in gray and Msh3 sequences are displayed in black.
Numbering refers to amino acid positions in wild-type Msh3 or Msh6 as indicated by
color. The letters “AA” superimposed over a construct indicate mutation of Phe10 and
Phe11 (Msh3) or Phe33 and Phe34 (Msh6) to Ala. Ability of plasmids encoding the
indicated chimeras to complement the high single-nucleotide deletion rate of an
msh3Δ msh6Δ double mutant is indicated on a qualitative scale as follows: ++++,
similar to wild-type MSH3 or MSH6; +++, modestly defective relative to wild-type
MSH3 or MSH6; ++, substantially defective relative to wild-type MSH3 or MSH6; +,
highly defective relative to wild-type MSH3 or MSH6 but still measurably different
than a null allele; -, no apparent complementation.
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Figure A-3.  Summary of Mlh1, Mlh3, and Pms1 mutants.
Mlh1 sequences are displayed in gray, Mlh3 sequences in black, and Pms1 sequences
in white. Numbering refers to amino acid positions in wild-type Mlh1, Mlh3, or Pms1
as indicated by color. Ability of plasmids encoding the indicated mutants to
complement the high mutation rates of each of the three indicated strains is indicated
on a qualitative scale as follows: ++++, defect fully complemented; +++, modestly
defective relative to complementation by wild-type MLH1, MLH3, or PMS1; ++,
substantially defective relative to wild-type MLH1, MLH3, or PMS1; +, highly
defective relative to wild-type MLH1, MLH3, or PMS1 but distinguishable from a null
allele; -, no apparent complementation. N/D, not determined.




