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CHAPTER1
INTRODUCTION

Mismatch repair

The existence of a DNA mismatch repair system was demonstrated more
than 20 years ago in bacteria (Nevers and Spatz, 1975; Tiraby and Fox, 1973).
Mismatch correction displays a broad substrate specificity that acts to correct
post replicative biosynthetic errors, mismatches caused by the deamination of 5-
methylcytosine and heteroduplexes that arise as a result of allelic differences
between recombination partners. The importance of this pathway for
maintaining the integrity of the genetic complement was inferred from
experiments in which its absence resulted in a significant elevation in the
spontaneous mutation rate (Nevers and Spatz, 1975). The biological significance
of mismatch correction is further illustrated by its strong evolutionary
conservation from bacteria to humans. The ramifications of inactivating the
mismatch repair system in humans has recently been realized as an important

factor in cancer (reviewed in Modrich and Lahue, 1996).

DNA mismatch correction has been extensively studied in Escherichia coli,
and as a result its molecular mechanism is well understood (Fig. 1). During
replication misincorporation or strand slippage events that escape the editing
function associated with DNA polymerases are subject to correction. The E. coli
mismétch repair system utilizes the state of methylation as a means to

discriminate the strand containing the correct base from that containing the




Figure 1. Mechanism of mismatch correction in E. coli. (from Modrich and Lahue,

1996). The figure is described in the text.
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incorrect base. Dam Methylase modifies the adenine of d(GATC) sites in a post
replicative process that follows mismatch correction (Pukkila et al., 1983). Thus,
newly synthesized DNA transiently lacks methylation, targeting its repair. The
first step in the repair process is recognition and binding of MutS, presumably as
a homodimer (Su and Modrich, 1986), to the mismatch. MutS binds all single
base mismatches with varying affinities, except C-C mismatches which are
weakly bound and poorly repaired (Su et al., 1988) and small insertions ranging
in size from 1 to 3 nucleotides (Parker and Marinus, 1992). There is a strong
correlation between the affinity of MutS binding and the efficiency of the repair
reaction (Parker and Marinus, 1992; Su et al.,, 1988) . MutL, likely functioning as
a homodimer, joins to the MutS-DNA corhplex in a reaction that requires ATP,
but not ATP hydrolysis (Grilley et al., 1989). The ternary complex activates the
MutH endonuclease to generate a nick on the unmethylated strand at d(GATC)
sites. The nick serves as an entry point for nucleases and helicase that excise
nucleotides on the nicked strand. The MutSLH complex preferentially utilizes
the hemimethylated d(GATC) sequences closest to the lesion and as a result the
excision step can initiate from either side of the mismatch (Cooper et al., 1993).
When the strand break is generated on the 5' side of the lesion the 5'-->3'
exonucleolytic activity of either Exo VII or Rec] are required to remove
nucleotides from the nick to a position past the mismatch in a reaction that
depends on the addition of DNA helicase II to the complex. The Exol 3'-->5'
exonuélease excises the nucleotides when the strand breaks originates on the 3'
side of the mismatch (Cooper et al., 1993; Grilley et al., 1993). The last step in the
repair process is gap repair performed by DNA polymerase III holoenzyme

followed by ligation (Lahue et al., 1989).
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The evolutionary conservation of the mismatch repair system is
exemplified by the structural and functional homologies it shares in organisms
ranging from bacteria to mammals. To date, six genes from Saccharomyces
cerevisiae (Hollingsworth et al., 1995; Marsischky et al., 1996; New et al., 1993;
Reenan and Kolodner, 1992; Ross-MacDonald and Roeder, 1994)and three genes
from humans (Drummond et al., 1995; Fishel et al., 1993; Leach et al., 1993; Liu et
al., 1994; Palombo et ai., 1995) have been identified that share sequence
homology to mutS. A list of the yeast MutS homologs or MSH genes with their
functions are presented in Table 1. yMSHI and yMSH2 were isolated by a PCR
based approach designed to identify genes with homology to mutS (Reenan and
Kolodner, 1992). Disruption of yMSH]I resulted in a respiratory defect,
suggesting it has a mitochondrial function (Reenan and Kolodner, 1992).
Biochemical analysis of purified Msh1l demonstrated heteroduplex specific
binding that is enhanced by ATP (Chi and Kolodner, 1994; Chi and Kolodner,
1994). Taken together these results suggest that Msh1 is part of a mismatch
correction system that repairs the mitochondrial genome. The absence of yMSH2
resulted in a mutator phenotype (high rate spontaneous mutation rate) and
elevated post meiotic segregation (see below) consistent with a role in mismatch
correction (Reenan and Kolodner, 1992). Furthermore, nuclear extracts prepared
from msh2 mutant yeast were deficient in heteroduplex DNA binding compared
to wild type extracts (Miret et al., 1993). Human cells (Fishel et al., 1993; Leach et
al., 1993) and transgenic mice (de Wind et al., 1995) deleted for MSH2 also show
phenotypes consistent with a deficiency in mismatch match repair. Recently,

yMsh3, identified by homology to its mammalian counterpart (New et al., 1993),




Table 1

Yeast Mismatch Repair Genes

Yeast Gene Mutant Phenotype Function
MSH1 respiratory defect mitochondrial mismatch repair
MSH2 mitotic mutator repairs single base mismatches and small
dinucleotide repeat instability insertion as a heterodimer with Msh3 or
increased homeologous recombination Mshé
increased post meiotic segregation
MSH3 weak mitotic mutator repairs small insertion as a heterodimer with
dinucleotide repeat instability Msh2
increased homeologous recombination
MSH4 decreased spore viability meiotic crossover
increased non-disjunction
decreased crossovers
MSH5 decreased spore viability meiotic crossover
increased non-disjunction
decreased crossovers
MSH6 mitotic mutator repairs single base mismatches and smail
insertion as a heterodimer with Msh2
PMs1 mitotic mutator forms heterodimer with Mlh1
dinucleotide repeat instability
increased post meiotic segregation
MLH1 mitotic mutator forms heterodimer with Pmsl
dinucleotide repeat instability
increased post meiotic segregation
MLH2 none known unknown
MLH3 unknown unknown




and yMshé, cloned in the genome sequencing project, have been shown to form a
heterodimer with yMsh2 (Johnson et al., 1996; Marsischky et al., 1996). The
heterodimer either yMsh2/yMsh3 or yMsh2/yMshé dictates the specificity of
mismatch binding (Johnson et al., 1996; Marsischky et al., 1996). A role for
yMSH2 and yMSH3 in recombination between divergent DNA sequences and
their genetic interaction have also been demonstrated by experiments performed
in this thesis and by othérs (Datta et al., 1996). Human Msh2 and Mshé were
purified as a functional heterodimer that specifically binds G-T mismatch and 1,
2 and 3 base insertions (Drummond et al., 1995; Palombo et al., 1995). The
function of hMsh3 (Rep3), isolated by its chromosomal proximity to DHFR
(Linton et al., 1989; Liu et al., 1994), has not been determined to date although it
may be similar to its yeast counterpart. Both yMSH4 and yMSH5 were isolated
based upon their meiotic function (Hollingsworth et al., 1995; Ross-MacDonald
and Roeder, 1994). Although neither msh4 nor msh5 mutations lead to defects in
mismatch repair per se, both genes function in the same pathway to facilitate
reciprocal crossovers during meiosis (Hollingsworth et al., 1995; Ross-
MacDonald and Roeder, 1994), suggesting they may play a role in chromosome

pairing interactions.

The structural and functional conservation of mismatch repair also
extends to eukaryotic homologs of mutL. Table 1 shows that yeast have four
MutL homologs (Kramer et al., 1989; Prolla et al., 1994; Williamson et al., 1985),
while three human homologs have been identified (Bronner et al., 1994;
Nicolaides et al., 1994; Papadopoulos et al., 1994; Risinger et al., 1995). Perhaps

the best characterized of all eukaryotic mismatch repair proteins is the MutL




homolog, yPMS1, which was isolated and named based upon its post meiotic
segregation phenotype (discussed below, (Williamson et al., 1985). Mutations in
yPMSI produce a mutator phenotype (Williamson et al., 1985) and an inability to
repair heteroduplex plasmid substrates (Kramer et al., 1989). Similarly extracts
prepared from human cells deficient for PMS2, the gene most closely related
yPMST (Nicolaides et al., 1994), lacked mismatch repair activity. hPMS2 deficient
cells also had other defecfs characteristic of ypms1 (Risinger et al., 1995). Deletion
of PMS2 in mice confers a mismatch deficient phenotype and produces
abnormalities in meiotic chromosome synapsis, which suggests the PMS2 gene
product also plays a role in recombination during meiosis (Baker et al., 1995).
Two additional genes yMLH1 and yMLH2 (for MutL homolog) were identified
based on their homologies to MutL (Prolla et al., 1994). A function for MLH2 has
not been determined, but mlh1 mutations in yeast and humans produce
phenotypes that are consistent with a function in mismatch correction
(Nicolaides et al., 1994; Prolla et al., 1994; Risinger et al., 1995). A biochemical
interaction between yMlhl and yPmsl was demonstrated using affinity
chromatography, suggesting that the functional form of these genes in vivo is a
heterodimer (Prolla et al., 1994). This conclusion is further supported by the fact
that mlhl pmsl double mutants have the same phenotype as either single
mutation (Prolla et al., 1994). Another yeast MLH gene was identified, here
referred to as MLH3, by the yeast genome sequencing project. However,
experiments have yet to be reported that address its function in mismatch repair.
While there is a great deal known about the structure and function of the various
MutS and MutL homologs from S. cerevisize and mammals, very little is

understood about other components of eukaryotic mismatch repair. Two




exceptions are S. pombe exol (Szankasi and Smith, 1995) and S. cerevisisze RTH1
(Johnson et al., 1995), which both have been implicated as 5' to 3' exonucleases in
mismatch repair. Given the complexity of mutS and mutL homologs in
eukaryotic mismatch repair it seems likely that the relationship between other

components will be equally complex.

The expansion ahd contraction of dinucleotide repeats was recently
identified as another phenotype indicative of the absence of functional mismatch
repair (Strand et al., 1993). Changes in dinucleotide tract length are likely to
occur by a mechanism that involves replication slippage generating
insertion/deletions in multiples of two nucleotides (Strand et al., 1993). Indeed,
yeast that have mutations in msh2, pms1, mlhl or msh3 exhibit increases in
dinucleotide tract instability of 40- to 1000-fold (Strand et al., 1995; Strand et al.,
1993) on plasmids and 80-fold on the chromosome (Strand et al., 1993) relative to
wild type (Table 1). This finding lead to a breakthrough in understanding the
mechanisms that govern the progressive genetic destabilization that results in
certain forms of human cancers. Human tissue derived from sporadic and
hereditary nonpolyposis colorectal cancers (HNPCC) shows an instability in the
size of their microsatellite DNA, which are composed of simple mono-, di- and
trinucleotide repeat sequences (Aaltonen et al.,, 1993; Ionov et al., 1993;
Thibodeau et al., 1993). The genetic loci linked to HNPCC microsatellite
destabilization were all identified as homologs of mutS or mutL (Drummond et
al., 1995; Fishel et al., 1993; Leach et al., 1993; Liu et al., 1994; Palombo et al.,
1995). Furthermore, deletion of MSH2 and PMS2 in transgenic mice cause

microsatellite destabilization and an increased incidence of lymphomas (de Wind
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et al.,, 1995) and sarcomas (Baker et al.,, 1995). These mutations have
subsequently been linked to some other forms of human cancer (Modrich and
Lahue, 1996). Two additional observations strengthen the likelihood that loss of
mismatch repair activity is the cause of rather than an effect of genetic
destabilization leading to cancer. First, mismatch repair deficient non-cancerous
cell lines have been identified, suggesting that loss of mismatch repair activity
precedes cell transformation (Parsons et al., 1995). Second, frameshift mutations
within repetitive DNA sequences of the Type II TGF-P receptor found in
mismatch repair deficient cancer cells can explain the uncontrolled cellular

growth phenotype of these cancers (Markowitz et al., 1995)
Mismatch repair and gene conversion

Meiotic recombination between homologous chromosomes most
frequently proceeds by a reciprocal mechanism where markers segregate 2:2.
When describing segregation properties, another nomenclature is frequently
used that specifically denotes each of the eight DNA strands. Hence Mendelian
segregation is inferred as 4:4. One to 10% of all meiotic events from unselected
yeast tetrads yield gene conversions, defined as aberrant events where markers
segregate 6:2 or 2:6. It has long been hypothesized that DNA mismatch repair
activity is responsible for these non-reciprocal exchanges (Holliday, 1964;
Meselson and Radding, 1975). One model of recombination proposes that strand
invasion will result in heteroduplex (mismatched) DNA at sites of allelic
variations (Fig 2). Repair of the heteroduplex by mismatch correction on the

recipient strand, using the invading strand as template, results in gene
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Figure 2. The role of mismatch correction in gene conversion and post meiotic
segregation. After initiation of recombination between two alleles of a gene M
(thick lines) and m (thin lines), a heteroduplex is formed at the position of
sequence difference. Top, mismatch correction repairs the mismatch in favor of
m to produce gene conversion. Bottom, the mismatch escapes repair‘and the
M/m heteroduplex persists. Post meiotic segregation occurs upon the first

mitotic division.
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conversion after resolution. Conversely, repair in favor of the recipient strand
would restore the mismatch to its original sequence. An alternative mechanism
for meiotic gene conversion is the gap repair model (Szostak et al., 1983). This
model suggests that double stranded gaps, formed from expanded double strand
breaks, are repaired by strand invasion from the unbroken chromosome followed
by repair synthesis using the invading strand as template. Gene conversion can
be explained by gap repair without the involvement of a heteroduplex. The
original model also allows for heteroduplex formation and repair at the edge of
gaps. Recent modifications to the gap repair model suggest that double strand
breaks might be resected by single strand degradation exposing extensive single
strand regions for heteroduplex formation (Cao et al., 1990; Haber, 1992; Petes et
al., 1991; Sun et al.,, 1989). Thus formation and correction of mispaired
intermediates are important features of gene conversion in both promineht

models of recombination.

The best evidence for involvement of mismatch repair in gene conversion
comes from studies of other aberrant segregation events. If heteroduplex DNA
persists through meiosis, the two strands will segregate at the first mitotic
division and each half of the resulting colony receives information from a
different allele. This leads to a 5:3 or 3:5 aberrant segregation pattern, referred to
as post meiotic segregation (PMS, Fig. 2) and is visualized in unselected yeast
tetrads as a sectored colony. Those mismatches that are poor substrates for
mismatch repair, such as C-C (Bishop et al., 1987; Detloff et al., 1991; Kramer et
al., 1989; McDonald and Rothstein, 1994) and hairpin loops (Nag and Petes, 1991;
Nag et al., 1989), show a high frequency of PMS, suggesting that these
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mismatches escape detection by the mismatch repair machinery. Furthermore,
yeast deficient in mismatch repair, mutations in mlh1, pmsl or msh2, display an
increase in the recovery of PMS segregants with a corresponding drop in gene
conversion (Kramer et al., 1989; Prolla et al., 1994; Reenan and Kolodner, 1992;
Williamson et al., 1985). These results provide strong evidence that mismatch
correction is responsible for the recognition and repair of heteroduplex DNA in
recombination intermediates to produce gene conversion, since its absence
results in reduced mismatch repair and high PMS. Further evidence that
heteroduplex structures exist in recombination intermediates and an active
mismatch correction system is responsible for their repair come from physical
analysis of the DNA. Recombination intermediates have been detected by
Southern analysis (Goyon and Lichten, 1993) and PCR (Haber et al., 1993). The
presence of heteroduplex DNA in the intermediate, that was dependent on C-C
mismatch or a pms1 mutation, was demonstrated by differential restriction
enzyme cutting of each strand or sequence analysis of PCR products,
respectively. Heteroduplex molecules that survive through resolution also were
recovered from meiotic products containing poorly repaired mismatches like C-C

(Lichten et al., 1990).

Mismatch repair and homeologous recombination

Homeologous recombination refers to genetic exchanges between similar,
but not identical (diverged), DNA sequences. This distinguishes it from gene
conversion, where exchange partners differ by only one or a few nucleotides.

Recombination between homeologous DNA sequences presents opportunities for
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genetic diversity as well as dangers to genetic integrity. Positive aspects of
homeologous recombination include the potential to generate new genes during
evolution and to serve as a source of genetic material to support recombinational
repair (Resnick et al., 1992). Non-reciprocal genetic transfer (gene conversion)
between variable chain genes and divergent pseudogenes is essential in chicken
(Reynaud et al., 1985; Reynaud et al., 1989; Thompson and Neiman, 1987) and
important in mouse (Wheeler et al., 1990) for achieving immunoglobulin
diversity. Ectopic exchanges between divergent non-allelic genes in yeast can
restore function to mutant genes (Bailis and Rothstein, 1990; Harris et al., 1993).
On the other hand inappropriate exchanges could compromise genetic stability
with serious consequences for cell viability and survival of the organism. A
number of human genetic disorders associated with chromosomal deletions,
inversions and translocations could potentially arise via homeologous genetic
exchanges or gene conversions (Krawczak and Cooper, 1991; Meuth, 1990).
Unequal or abnormal crossover within the interferon gene cluster has been
proposed as one explanation for deletions on chromosome 9 that lead to glioma
formation (Olopade et al.,, 1992). In S. cerevisiae recombination between divergent
delta elements yielded genomic deletions and inversions (Rothstein et al., 1987).
These examples illustrate the delicate balance that must exist to promote
beneficial homeologous exchanges while inhibiting potentially deleterious

chromosomal rearrangements.

Homeologous exchanges can occur because recombination strand
transfers can proceed through regions of imperfect homology (DasGupta and

Radding, 1982; Iype et al., 1994; Muller et al., 1993). In vitro RecA catalyzed
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strand exchange was inhibited by’ substrates that diverge by more than 30%
(DasGupta and Radding, 1982), but RuvA and RuvB facilitate bypass of internal
heterologies (Iype et al., 1994). These in vitro results suggest that strand
exchange can tolerate considerable sequence divergence. However, there is a
wealth of in vivo evidence that indicates sequence divergence acts to block
genetic exchanges. Shen and Huang (Shen and Huang, 1986) demonstrated that
recombination efficiency in E. coli progressively decreases with increasing
sequence divergence. In mouse cells, intrachromosomal recombination is
extremely sensitive to sequence divergence. Genetic exchanges between
duplicated thymidine kinase (tk) genes sharing 81% sequence identity occur
1000-fold less frequently than a homologous duplication (Waldman and Liskay,
1987) and introduction of as few as two base pairs in a 232 base stretch reduced
mitotic recombination by 20-fold (Waldman and Liskay, 1988). Similarly 0.6%
sequence divergence reduced targeted integration in mouse ES cells by 15- to 50-
fold. Thus in E. coli and mouse, homeology poses a significant barrier to

homologous recombination.

Recombination in yeast is less sensitive to sequence divergence, yet it is a
considerable obstacle to recombination. Ectopic chromosomal genetic exchanges
between 17% diverged SAM1 and SAM2 (Bailis and Rothstein, 1990) and 15%
diverged PMA1 and PMA2 (Harris et al., 1993) were reduced 20- and 75-fold,
respectively, compared to homologous substrates. Recombination products
recovered from these exchanges exhibited a continuous transfer of information
(Bailis and Rothstein, 1990) ending in junctions as small as 3 to 26 nucleotides of

sequence identity with maintenance of both sequence alignment and accuracy
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(Harris et al., 1993). Intermolecular gene conversions from a plasmid to a
chromosomal copy of HIS4 that diverged by 14% was 5 to 10-fold lower than
homologous substrates (Wu and Marinus, 1994). Cytochrome P450 homeology
(27%) also posed a similar block to extrachromosomal recombination (10- to 25-
fold lower) (Alani et al., 1994; Mezard et al., 1992). Furthermore, yeast have the
ability to distinguish between different levels of sequence divergence. For
example, crossovers befween B-tubulin genes that are 9% divergent were
inhibited 40-fold relative to homologous controls, whereas 23% divergence
between spt15 genes decreased crossovers by 2000-fold (Datta et al., 1996). Thus
increases in the degree of homeology result in corresponding decreases in the

rate of recombination.

The nature of inhibition of homeologous recombination was inferred from
the idea that recombination heterodﬁplexes arising from exchanges between
diverged sequences should contain multiple mismatches and could act as a target
for mismatch repair proteins (Fig. 3) (Radman, 1988). Several studies have
addressed the specific prediction that DNA mismatch correction acts to suppress
homeologous exchanges (anti-recombination activity). Sequence divergence
(20%) inhibits interspecies conjugational crosses between E. coli and S.
typhimurium by five orders of magnitude relative to intraspecies crosses
(Rayssiguier et al., 1989). This block to recombination was partly due to the
action of mismatch correction since mutations in mutS, mutL, mutH and mutU
(uvrD) increased interspecies recombination 50- to 1000-fold (Rayssiguier et al.,
1989). Similarly mutations in mutS and mutL stimulated recombination between

duplicated heteroalleles (Petit et al., 1991), further supporting the idea that one
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Figure 3. The effect of mismatch repair on homeologous recombination (adapted
from Radman, 1988). Divergent recombination partners are shown as thick or
thin lines. Upon initiation strands are transferred and branch migration
produces a mismatched intermediate. Resolution yields a mismatched
chromosome which can segregate at the next mitotic division. Mismatch repair
blocks this process (possibly at the branch migration step) by recognition of the
mismatches. The exact mechanism of the block is unknown. (Please note: this
diagram is for illustrative purposes only. No implications as to the mechanism of

recombination are intended.)
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function of DNA mismatch correction is to prevent homeologous genetic
exchanges in bacteria. Constitutive induction of the E. coli SOS response in this
system revealed an additive increase in homeologous recombination in mutS and
mutL deficient backgrounds (Petit et al., 1991), suggesting that high recA levels
can drive homeologous exchanges. Subsequent experiments demonstrated that
the homeologous exchanges approached homologous levels with the cumulative
effects of SOS induction é.nd the absence of mismatch repair (Matic et al., 1995).
Analysis of recombinant products from conjugational crosses showed that, in
most cases, the transfer of genetic material was continuous and the nature of
products was not significantly affected by the presence or absence of mutS, mutL
or mutH (Matic et al., 1994). MutS and MutL have also been shown to inhibit
RecA mediated recombination in vitro between substrates that diverge by only
3% (Worth et al., 1994). Homologous controls were unaffected by the presence of
MutS or MutL, thus mispaired DNA is required for the block. Analysis of these
recombination products suggestéd that the block occurs at the branch migration

step (Fig. 3, (Worth et al., 1994).

Several studies have provided evidence that mismatch correction also
serves to maintain the fidelity of genetic exchanges in eukaryotic organisms.
Mitotic gene conversions between endogenous SAM1I and SAM2 increased 4.5-
fold when the mutL homolog PMS1 (Kramer et al., 1989) was disrupted, but a
similar increase was also observed for homologous exchanges (Bailis and
Rothstein, 1990). The absence of PMS1 increased crossovers between 9%
diverged B-tubulin genes (Datta et al., 1996). Elevated crossover rates were

observed for both 9% and 23% diverged substrates (Datta et al., 1996) in strains




