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Abstract

The inherent instability of microsatellite loci makes them exceptionally useful for evolutionary and genetic
studies. This instability is predominantly due to changes in the number of copies of the microsatellite
repeat, Most copy number changes at microsatellites are caused by slip-strand mispairing errors during
DNA replication. Some of these errors are corrected by exonucleolytic proofreading and mismatch repair,
but many escape repair and become mutations. Thus microsatellite instability can be considered to be a
balance between the generation of replication errors by slip-strand mispairing and the correction of some
of these errars by exonucleolytic proofreading and mismatch repair. The factors that cause this process to
occur much more frequently in microsatellites that in non-repeat containing DNA are discussed. However,
not all microsatellites are equally unstable because not all are equally prone to this mutation process.

Aechanistic basis for microsatellite instability

The mechanisms by which a variety of factors cause this variation in stability among microsatellites are
discussed.

4.1 Introduction

The characteristic that makes loci that contain microsatellite repeats particularly
useful for evolutionary and genetic studies is their inherent instability. The muta-
tion rates at most microsatellite loci are usually orders of magnitude higher than
mutation rates at other loci within the same genome. Although many types of
mutations occur at microsatellite loci, the elevated mutation rate is primarily
caused by an elevated rate of one particular class of mutations: changes in the
length of the repeat tract. Thus the term ‘microsatellite instability’ is frequently
used to refer specifically to these tract-length changes. Since most of these tract-
length changes result from changes in the integral number of copies of the repeat,
they are also frequently referred to as copy number changes.

Ever since it was recognized that microsatellites are so prone to changes in tract
length, researchers have been trying to determine why. A variety of approaches
have been useful for this purpose. Evolutionary and population genetic com-
parisons have been used to document the patterns of tract-length variation at
microsatellites, and to test the robustness of different mutation models when
averaged over long time-scales. Biochemical experiments with purified proteins
or cell extracts have been used to characterize each step in the mutation process,
and to determine the factors that control that step. Genetic studies have given
insight into the genes that control microsatellite stability, and have allowed the
accurate quantification of the stability of different microsatellites in controlled
genetic backgrounds. Only by combining the results of these different types of
studies has the mechanism of the mutation process become well characterized.
Since evolutionary studies of the mutation mechanism are described in detail
elsewhere in this book, I focus here on the biochemical and genetic studies.

To have a complete understanding of the mechanism of microsatellite instabil-
ity one must also explain why stability varies both within and between species.
Clues to the cause of this variation have come from the identification of factors
that correlate with the level of microsatellite stability. Such factors include size
of the repeat unit, number of copies of the repeat, presence of variant repeats,
and amount of transcription in the region of DNA containing the repeat. Many
studies that use data on microsatellite variation use models of the mutation pro-
cess to enhance the analysis being done. Such studies should be improved by
a better understanding of the mechanism underlying microsatellite instability as
well as the causes of differences in stability among microsatellites. In this chapter,
I summarize what is known about the mechanism underlying microsatellite insta-
bility and discuss some of the factors that cause variation in stability within and
between species.
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4.2 Microsatellite mutation models

The central debate about the mechanism of microsatellite instability has focused
on two competing but not necessarily mutually exclusive models. One model
proposes that microsatellite instability is caused by an elevated rate of unequal
crossing-over (UCO) within microsatellite repeats. Unequal crossing-over is the
result of recombination between homologous chromosomes that are imperfectly
aligned. The UCO microsatellite instability model suggests that UCO occurs at
an elevated rate in microsatellites because the presence of repeats increases the
likelihood of misalignment between homologues. A similar proposal has been
made to explain the high rates of copy number changes observed in tandemly
repeated genes (Smith 1973). The alternative model proposes that microsatellite
instability is caused by an elevated rate of slip-strand mispairing (SSM) errors
during DNA replication. The SSM process, which was first proposed to explain
frameshift mutations in any type of DNA (Fresco and Alberts 1960), begins
with the DNA polymerase ‘slipping’ during replication, causing the template
and newly replicated strands to become temporarily unaligned. For replication to
continue, the strands must realign. Mutations will be generated if this realignment
is imperfect. The SSM microsatellite instability model proposes that SSM occurs
at an elevated rate in microsatellites because the presence of repeats increases
the likelihood of misalignment after slippage (since repeats can easily be looped
out of the DNA double-helix) (Streisinger et al. 1966).

The results of many studies indicate that an elevated rate of SSM is the main
cause of microsatellite instability. The key evidence that supports the SSM model
against the UCO model is summarized below (see Sia et al. 19974, for a review):

¢ Microsatellite stability is unaffected by defects in genes with major roles
in recombination, such as recA in Escherichia coli (Levinson and Gutman
1987b), and rad52 in Saccharomyces cerevisiae (Henderson and Petes 1992).
This suggests against the UCO model since mutations are dependent on recom-
bination in this model.

+ In humans, copy number changes at microsatellites can be generated without
exchange of flanking genetic markers (and thus probably without recombina-
tion) (Morral ez al. 1991).

¢ In S. cerevisiae, microsatellite stability is similar in mitotic and meiotic cells
(Strand et al. 1993). Since recombination occurs more frequently in meiosis
than mitosis, if the UCO model were correct, microsatellites should be more
unstable during meiosis.

+ Microsatellite stability is reduced by defects in genes involved in DNA repli-
cation error correction pathways. This is consistent with the SSM model since
this model requires DNA replication to occur. In addition, genetic and bio-
chemical experiments show that these error-correction pathways can recognize
and repair the types of DNA loops that would be created by SSM (Bishop et al.
1989; Parker and Marinus 1992).

Mechanistic basis for microsatellite instability

The orientation of a microsatellite relative to the leading and lagging strands
of replication influences its stability (Freudenreich er al. 1997). This is not
expected by UCO model but is consistent with the SSM model since the leading
and lagging strands have somewhat different mechanisms of replication.

These and other results show that SSM is an integral component of the muta-
tion process leading to microsatellite instability. However, SSM alone does not
provide a full picture of this mutation process. As suggested above, not all SSM
errors become mutations—some are ‘repaired’ by error-correction mechanisms.
The two error-correction pathways that have been shown to be important in repair-
ing SSM errors are exonucleolytic proofreading and post-replication mismatch
repair. Thus a complete description of the mutation process must include both the
generation of replication errors by SSM and the correction of some of these errors
by mismatch repair and proofreading (see Fig. 4.1). In the following sections I
discuss each of the steps in the microsatellite instability mutation process, provid-
ing some details about the mechanism of each step and the methods used to study
those mechanisms. In addition, I discuss how variability in each step contributes
to variation in microsatellite stability within and between species (see Table 4.1).

4.3 Slip-strand mispairing replication errors

To study the mechanism of the SSM process, one must functionally isolate SSM
from the downstream error-correction steps. One approach to achieve such func-
tional separation is to study the replication of DNA in vitro (Kunkel 1986, 1990;
Schlotterer and Tautz 1992). In vitro studies allow straightforward comparisons
of replication errors by different polymerases, as well as comparisons of errors
by the same polymerase using different templates. However, in vitro studies are
limited because they may not accurately reflect what occurs during intracellular
replication conditions. To study SSM errors in vivo, researchers have used strains
with defects in either exonucleolytic proofreading or mismatch repair or both. In
such strains, since SSM errors are not corrected, SSM error rates and patterns can
be inferred directly from observed mutations (e.g., Wierdl ef al. 1997). Results
from many such in vitro and in vivo studies show that the SSM process can
be subdivided into three distinct steps: slippage of the DNA polymerase during
replication, mis-realignment of the template and newly replicated DNA strands,
and continuation of replication from a misaligned template (see Fig. 4.1).
These studies confirm the prediction of the SSM model that SSM errors are
more likely to occur in microsatellite repeats than in ‘normal’ DNA. However it
has not been determined which step of SSM is most affected by the presence of
repeats: slippage, misalignment, or extension. It is almost certain that misalign-
ment is more common in repeat regions than in ‘normal’ DNA. Loops generated
by misalignment will be more stable in microsatellites than in non-repeat regions
since base pairing is not significantly changed when one or more copies of a
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repeat are in a loop (see Fig. 4.1). However, there is also reason to believe that
slippage occurs more frequently in microsatellite repeats than in normal DNA.
In vitro studies show that DNA containing microsatellite repeats is particularly
prone to the formation of unusual DNA structures. Such structures likely inter-
fere with the replication process, which could lead to slippage by the polymerase
(Kang et al. 1995; Samadashwily et al. 1997). Thus, the elevated SSM rates at
microsatellites relative to normal DNA may be caused by an increased likelihood
of both slippage and misalignment.

4.3.1 SSM variation: effects of the nature of the microsatellite

Although in general SSM errors are more frequent in microsatellite-containing
regions than in other regions of the genome, the rate and type of such errors are
not equal for all microsatellites. The nature of the microsatellite itself has a large
impact on SSM. Forexample, the likelihood of SSM for a particular microsatellite
is correlated with the number of copies of the repeat. The most detailed study of
this copy number effect is that of Wierdl et al. (1997), in which the stability of five
microsatellites with different numbers of copies of a GT repeat was analysed. The
mutation rate was found to increase with more repeats (as is expected since there
are more places to slip and misalign) but the increase was greater than expected
(more than two orders of magnitude between loci with 7.5 and 52.5 repeats).
The zypes of mutations aiso differed between the microsatellites with different
numbers of the repeat. The long tracts (those with more repeats) were more likely
to have large, multi-repeat deletions than short tracts. In addition, the mutations
that resulted in single-repeat changes (plus or minus one repeat) were different
between long and short tracts. The single copy changes in long tracts were mostly
additions while those in short tracts included roughly equal numbers of additions
and deletions. Wierdl er al. showed that these copy number effects were not due to
biases in mismatch repair, since the effects were seen in mismatch repair mutants.
Therefore, they concluded that the copy number effects were probably caused by
differences in SSM between microsatellites with different numbers of repeats.
However, they were not able to determine the step of SSM that was influenced
by copy number. One possibility is that the unusual DNA structures, discussed
above as a potential cause of increased slippage in microsatellite repeats, may be
even more likely to occur as the number of repeats increases. Regardless of the
exact mechanism, the details of the effects of copy number on SSM (and thus on
microsatellite stability) help to explain why the number of repeats at a particular
microsatellite is somewhat stable over evolutionary time. Long tracts may be
biased towards getting shorter (due to the large deletions) and short tracts may be
biased towards getting longer (because of a slight bias in additions over deletions).
An effect of copy number may also explain why certain microsatellites (e.g. those
associated with some human diseases) become particularly unstable after they
cross a threshold number of copies of the repeat (see chapter by Rubinsztein, this
volume).

9
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Another aspect of the microsatellite that influences the likelihood of SSM is
the presence of variant repeats. Evolutionary and genetic studies have shown that
the presence of variant repeats is correlated with the stability of a microsatellite
(e.g. Goldstein and Clark 1995). Petes er al. (1997) have studied this effect in
controlled laboratory conditions in S. cerevisiae to try to determine the undertying
mechanism. This study showed that the presence of variant repeats leads to an
approximately fivefold stabilization of GT repeats. Since this stabilizing effect
was also seen in mismatch-repair mutants, the authors suggested that the variant
repeats exerted their effect by reducing the likelihood of SSM errors. However, as
with the copy-number effect described above, it has not been possible to determine
what step of SSM was most ‘stabilized’ by variant repeats.

4.3.2 SSM variation: effects of external factors

There are many reasons to believe that external factors (i.e. factors other than
sharacteristics of the microsatellite) can influence SSM error rates and patterns.
“or example, base misincorporation error rates and patterns are influenced by
nany external factors. Since base misincorporation and SSM are both forms of
dolymerase error, it is likely that these factors will also influence the SSM pro-
ress. External factors that influence misincorporation errors include local DNA
sequence (e.g. the GC content or the ability to form secondary structures), genome
>osition (e.g. proximity to replication origins or chromosome ends), and even the
thromosome in which a sequence is found (e.g. nuclear, organellar, plasmid)
‘Wolfe et al. 1987, 1989; Kunkel 1992; Hess er al. 1994). In addition, mis-
ncorporation error rates are dependent on many conditional factors including
nethylation state, amount of chromosome packaging, temperature, phase of the
:ell cycle during which a particular section of DNA is replicated, and amount
>f DNA damage and repair prior to replication. Future studies of microsatellite
nutation mechanisms would benefit by examining whether some of these factors
fluence SSM errors.
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4.3.3 SSM variation: differences between individuals or species

Although the SSM mechanism and its role in causing microsatellite instability is
conserved between species, it is likely that the specific rates and patterns of SSM
differ greatly between species. For example, polymerases from different species
have significantly different base misincorporation error rates (Kunkel 1992) and
thus likely also have different SSM rates at microsatellites. In addition, many
of the factors described above as influencing SSM errors within a species differ
greatly between species (e.g. GC content, temperature, methylation). Thus it
remains to be seen whether all species are affected by copy number and variant
repeats in the same ways as described above.

4.4 Correcting SSM errors I: exonucleolytic
proofreading

Exonucleolytic proofreading is a process in which DNA that has been recently
synthesized is examined for errors made by the DNA polymerase. If errors are
found, the exonuclease will degrade the newly replicated strand, the DNA poly-
merase will back up, and the strand will be recopied. Thus many errors made by
the DNA polymerase will not become mutations because they will be ‘erased’
by proofreading. Proofreading was originally characterized for its role in limit-
ing mutations due to base misincorporation errors. The role of proofreading in
regulating microsatellite stability has been determined by methods that are sim-
ilar to those used to study SSM. In vitro studies have been used to compare the
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error rates and patterns of polymerases with and without associated exonucle-
ases, and to determine the types of substrates that the proofreading exonucleases
will degrade. In vivo studies have allowed the determination of errors with and
without exonucleases under realistic cellular conditions. In such in vivo studies,
it has been helpful to use strains with defects in mismatch repair, so that the role
of the proofreading step is clear.

Studies such as the ones described above have shown that proofreading is
involved in regulating the stability of microsatellites, but the extent of this role is
limited in two ways. First, proofreading only significantly influences the stability
of a subset of microsatellites: those with both small unit size (mostly mono- and
di-nucleotide repeats) (Kroutil et al. 1996; Sia et al. 1997a; Strauss et al. 1997)
and few copies of the repeat (Streisinger and Owen 1985; Kroutil er al. 1996;
Tran et al. 1997). In addition, even for this subset of microsatellites, the impact
of proofreading is limited—the stability of such microsatellites only decreases
by about five- to tenfold in exonuclease mutants.

The details of the mechanism of proofreading help to explain why this process
has only alimited role in regulating microsatellite stability (for reviews see Echols
and Goodman 1991; Kunkel 1992). Proofreading exonucleases detect errors by
monitoring the DNA that has just been replicated to determine whether it forms
normal double-helical DNA structures with the template strand. Abnormal DNA
structures trigger the exonuclease activity. This is how proofreading prevents
many base misincorporation errors from becoming mutations. A base misincor-
poration error will lead to a base : base mismatch between the newly replicated
and template DNA strands and many such mismatches will be recognized by
proofreading exonucleases. However, proofreading exonucleases are only able
to monitor the DNA within a few bases of the active site of the polymerase.
This proximity effect explains why proofreading has at most a small impact on
microsatellite stability. Most loops generated by SSM will be too far from the
replication fork to be recognized by proofreading exonucleases. The lack of a role
of exonucleases in repairing most SSM errors at microsatellites helps to explain
the high rate of microsatellite copy-number changes relative to point mutation
rates.

4.4.1 Proofreading variation

While the impact of proofreading on microsatellite stability is limited, variation
in proofreading can account for some of the variation in stability of microsatel-
lites. As with SSM, the nature of the microsatellite has a profound impact on
proofreading. The best example of this was described above—proofreading only
works on microsatellites that are short and in which the repeat unit size is small.
The mechanism of both of these biases is directly related to the proximity effect
described above. As the number of copies of a repeat increases, the impact of
proofreading decreases because those loops that are generated by SSM will be
even more likely to be far from the replication fork. In addition, in microsatellites
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with repeats of large unit size (e.g. 5 bp repeats), a loop just one repeat away from
the replication fork may be too far away to be proofread (the base pairing of one
repeat may be enough to stabilize the DNA structure at the fork). Proofreading is
also likely to be affected by many external factors. For example, the efficiency of
some exonucleases is affected by both GC content and sequence context (Kunkel
1992). Thus the sequence around a mononucleotide repeat may influence its
mutation rate by altering the efficiency of proofreading. Finally, the impact of
proofreading on microsatellite stability is also likely to vary greatly between
species. For example, some species do not even have proofreading exonucleases
associated with their DNA polymerases. Microsatellites with short mono- and
dinucleotide tracts should be more unstable in species without proofreading than
in species with proofreading.

4.5 Correcting SSM errors Il: mismatch repair

Mismatch repair was named based on its role in recognizing and repairing
base : base mismatches that arise due to base misincorporation errors. It is now
clear that the same process can repair DNA containing loops such as those gen-
erated by SSM at a microsatellite (see Fig. 4.1). Mismatch repair has a much
more significant impact on microsatellite stability than proofreading. Defects in
mismatch repair can cause microsatellite instability to increase by many orders
of magnitude (see below for more details). Since mismatch repair plays such a
key role in regulating microsatellite stability, differences in the repair of loops by
mismatch repair could account for a great deal of the variation in microsatellite
stability within and between species.

Before discussing the specifics of loop repair and how it varies within and
between species, it is useful to review some details about the general mechanism
of mismatch repair. Mismatch repair has been found in a variety of species from
bacteria to humans. It has been characterized in the most detail in E. coli. In the
other species in which it has been characterized, the overall scheme of mismatch
repair works in much the same way as in E. coli. Thus the E. coli system has
served as a useful model for mismatch repair in all species. The first critical step
in mismatch repair in E. coli is the recognition of mismatched DNA by the MutS
protein (see Modrich 1991 for a review). Specifically, a dimer of MutS (two
Mut$ proteins bound together) binds 10 the site of a mismatch in double-stranded
DNA. Subsequently, through an interaction between the MutS dimer, a dimer
of the MutL protein, and a single MutH protein, a section of one of the DNA
strands at that location is targeted for removal. Other proteins complete the repair
process: the section of DNA that has been targeted is removed and degraded,
a patch is synthesized using the complementary strand as a template, and the
patch is ligated into place resulting in a repaired section of double-stranded DNA
without mismatches.

The evidence that mismatch repair is involved in repairing SSM errors at
microsatellites comes from three types of studies. First, defects in mismatch
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repair cause decreases in microsatellite stability (anywhere from 10- to 5000-
fold, depending on the species and the microsatellite). In addition, when DNA
containing loops is transformed into cells, the loops can be repaired, but only
if the cells have functional mismatch repair (Dohet et al. 1986; Bishop et al.
1989; Parker and Marinus 1992). Finally, in vitro studies have shown that repair
of loops can be carried out by purified mismatch repair proteins (Learn and
Grafstrom 1989; Parker and Marinus 1992). Each of these results has been found
in a variety of species, showing that the role of mismatch repair in repairing loops
at microsatellites is highly conserved. Incidentally, this is what led to the discov-
ery that mismatch repair genes are defective in hereditary non-polyposis colon
cancer in humans—cells from patients with this disease showed high levels of
microsatellite instability. In summary, these studies show that the repair of loops
is very similar to the repair of mismatches.

4.5.1 Mismatch repair variation: effects of the nature of the
microsatellites

Perhaps the most important cause of variation in mismatch repair is the nature of
the microsatellite. Loops are not all recognized equally by mismatch repair sys-
tem, and this specificity varies between species. One factor that is very important
to the recognition step is the size of loop. For example, in E. coli, transformation
studies have shown that loops of 1-3 bases are repaired well, those of 4 bases
are repaired poorly, and those greater than 4 bases are not repaired at all. In vitro
studies of purified mismatch repair proteins show that this is due to inability of
MutS to recognize loops larger than 4 bases in size (Learn and Grafstrom 1989;
Parker and Marinus 1992). Thus in E. coli, microsatellites in which the repeat
unit size is 4 bp or greater have especially high rates of instability, since SSM
errors in such regions are not repaired well. Mismatch recognition is also biased
by loop size in many other species, although the specific size preferences are not
completely conserved. For example, the yeast mismatch repair system appears
to be able to recognize and repair loops up to 6 bp well (and possibly even up
to 14 bp, although this has not been confirmed). More details about the mecha-
nism causing the different size preference are given in the section on variation
in mismatch repair between species. For the purposes of the discussion here,
al that is important is that in many species the size limits of loop recognition
help to explain why microsatellites with different repeat unit sizes have different
mutation rates.

The size specificity of loop recognition also helps to explain variation in muta-
tion patterns between microsatellites with different sized repeats. For example, in
S. cerevisiae, the majority of mutations in mononucleotide repeats are additions
or deletions of one repeat (i.e. plus or minus 1bp). However, the majority of
mutations at microsatellites with 5 bp repeats are additions or deletions of two or
more repeats (Sia et al. 1997b). To understand this phenomenon, it is important
10 recognize that the mutation rate and pattern for a microsatellite is determined
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by a combination of the rate and type of SSM errors and how well these errors
are repaired. Thus a particular mutation may occur at a high rate either because it
is a common SSM error or because it is repaired poorly. For the mononucleotide
repeat described above, most SSM errors are repaired about equally well (errors
involving even five repeats at a time can be repaired by mismatch repair). Thus
the most common mutations are those that are the most common SSM errors.
In contrast. for the microsatellite with the 5 bp repeat, mismatch repair will only
repair single repeat changes. Thus, although SSM errors involving two or more
repeats are not very frequent, most of the mutations are changes in two or more
repeats because many of the single repeat changes are repaired. The size depen-
dence of mismatch repair also explains why 20bp repeats are so unstable in
S. cerevisige (Sia et al. 1997b); mismatch repair will not recognize any SSM
error involving such a large repeat. Since both the number of repeats and the size
of the repeat influence microsatellite stability, it is important to compare repeats
of the same unit size when studying copy-number effects, and repeats with the
same number of copies when studying unit size effects.

One aspect of loop repair that has been poorly studied is the role of the type of
microsatellite (e.g. GT vs. GA repeats). Since base : base mismatch repair is not
uniform for all mismatches (e.g., C : C mismatches are not repaired well in many
species), it is likely that loop repair will also not be uniform. Since most of the
studies of microsatellite mutation mechanisms have been done on limited types
of microsatellites, it will be important to determine if the results of these studies
are universal to all types of repeats.

4.5.2 Mismatch repair variation: effects of external factors

As with SSM and proofreading, many factors in addition to the nature of the
microsatellite itself can influence the effectiveness of mismatch repair. For exam-
ple, the location of the mismatch within the genome is important. In S. cerevisiae,
loop recognition appears to be biased between loops on the template versus
nascent strand of replication. For loops including a single repeat, mismatch repair
appears to repair preferentially those that are on the template strand, resulting
in a bias towards single repeat additions. The exact mechanism of this strand
bias is not known although some of the genes involved have been identified (Sia
et al. 1997b). Another effect of location is whether the mismatch is in nuclear
or organellar DNA. Although organellar mismatch repair has not been charac-
terized in detail, it is likely to be quite different from nuclear mismatch repair.
The surrounding DNA also influences mismatch repair. For example, studies
of base : base mismatches have shown that mismatch recognition is affected by
sequence context (Cheng et al. 1992), and by GC content (Jones et al. 1987),
It is likely that the recognition of loops will also be affected by these factors.
Finally, mismatch repair can also be influenced by conditional factors includ-
ing the presence of strand-recognition signals, methylation state, and level of
transcription.
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4.5.3 Mismatch repair variation: differences within a species

Differences in mismatch repair among individuals of a particular species have
been well documented. For example, many strains of E. coli in the ‘wild’ are
defective in mismatch repair (LeClerc et al. 1996; Matic et al. 1997). Since
there are adaptive benefits to having modest increases in mutation rates in certain
circumstances (Taddei et al. 1997a,b), and since one way to alter mutation rates
is by altering mismatch repair, many strains may be found to have defects in
mismatch repair. Also, since mismatch recognition is involved in other cellular
processes such as the regulation of interspecies recombination, there may be other
selective pressures that lead to variation in mismatch repair capabilities within a
species. Finally, since organisms appear to be able to turn mismatch repair on and
off in certain situations (Harris et al. 1997; Macintyre et al. 1997; Torkelson et al.
1997), environmental conditions may play a major role in determining mismatch
repair capabilities.

4.5.4 Mismatch repair variation: differences between species

Although mismatch repair is a highly conserved process, there are many ways in
which it varies between species. For example, the mismatch recognition process
is not completely conserved between bacteria and eukaryotes. The best charac-
terized eukaryotic mismatch repair system is that of S. cerevisiae. As suggested
above, the general mechanism of S. cerevisiae mismatch repair is very similar
1o that of E. coli (see Kolodner 1996 for a review). In particular, the role of the
MutS and MutL proteins is highly conserved—S. cerevisiae uses homologues of
these proteins in essentially the same way that they are used in E. coli. Even the
use of the proteins as dimers is conserved. However, unlike E. coli, . cerevisiae
uses multiple homologues of both MutS and MutL for mismatch repair. These
multiple homologues are used to make separate mismatch repair complexes with
unique and distinct functions. The specificity of each of these complexes is deter-
mined almost entirely by its particular combination of MutS homologues (which
are referred to as MSH proteins for MutS Homologue). For mismatch repair of
nuclear DNA there are two recognition complexes: an MSH2-MSH6 heterodimer
for recognizing and repairing base : base mismatches and loops of 1-2 bases, and
an MSH2-MSH3 heterodimer for recognizing and repairing loops of 1-6 bases
(and possibly even up to 14 bases—see Sia et al. 1997b). Genetic studies sug-
gest that there may also be a mitochondrial-specific mismatch repair complex.
Defects in another MutS homologue, MSH1, cause increases in the mutation rates
in mitochondrial DNA. However, the details of mitochondrial mismatch repair
are not well understood. In particular, it is not known what role mismatch repair
plays in microsatellite stability in mitochondrial DNA. Interestingly, S. cerevisiae
encodes two additional MutS homologues (MSH4 and MSHS) that do not func-
tion in mismatch repair, but instead appear to use mismatch recognition to regulate
meiotic crossing-over and chromosome segregation. The mismatch recognition
process of other eukaryotes is highly similar to that of S. cerevisiae (Fishel and
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Wilson 1997). One of the results of the differences in mismatch repair between
eukaryotes and E. coli is that eukaryotes can repair loops of larger sizes than E.
coli. This explains why microsatellites with these larger sized repeats are more
stable in eukaryotes than in E. coli.

Another major difference in mismatch repair between species is in the mecha-
nism used to determine which strand is the recently replicated strand (and thus is
the strand that contains the error). In E. coli the *incorrect’ strand is determined by
its methylation state—the newly replicated strand is unmethylated and thus can
be distinguished from the template strand. In some other species, strand recog-
nition is thought to be based on the presence of nicks, which are more likely to
occur on the newly replicated strand. In such species, there may be differences in
mismatch repair efficiency between the leading and lagging strands, since nicks
are more common on lagging strand.

Although the process of mismatch repair is highly conserved. some species may
not have the process at all. For example, analysis of complete genome sequences
shows that some bacterial and Archaeal species do not encode any likely MutS or
MutL homologues (Eisen et al. 1997; Eisen 1998). It is likely that these species
do not have any mismatch repair, since functional MutS and MutL homologues
are absolutely essential to the mismatch repair process. Any species without mis-
match repair should have significantly elevated levels of microsatellite instability.
In addition, differences between species could arise from the number and types
of MutS and MutL homologues that are present.

4.6 Additional factors that influence microsatellite
stability

Although the studies of microsatellite mutation mechanisms have been extensive,
there are still many factors that have been found to influence microsatellite sta-
bility but for which the mechanism of the effect is unknown. For example. Wierdl
et al. (1996), following up previous studies (Datta and Jinks-Robertson 1995),
showed that transcription leads to a 4-9-fold destabilization of a poly(GT) repeat.
One explanation for this is that transcription will increase the likelihood of repair
by the process of transcription-coupled repair and this process is mutagenic in
some conditions (Wang ez al. 1996). Alternatively, transcription could interfere
with either mismatch repair or replication. Another unexplained observation is
that microsatellites in the chromosome are usually more stable than identical
microsatellites on a plasmid (Henderson and Petes 1992). Finally. many stud-
ies have shown that microsatellite stability is dependent on the orientation of the
microsatellite within the DNA (Kang eral. 1995; Maurer et al. 1996; Freudenreich
et al. 1997). For example. Freudenreich er al. showed that a microsatellite with
130 CTG repeats was more unstable when the CTG was on the lagging strand
(Freudenreich et al. 1997). They suggested that this could be due to differences
in the likelihood of slippage on the leading vs. lagging strand of replication.
However, they could not rule out differences in mismatch repair, transcription,
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proofreading or other factors between the strands as the explanation. An alterna-
tive explanation for the orientation effect is that loops may be better recognized
on the nascent strand than on the template strand (Sia et al. 1997b). More detailed
studies of microsatellite mutation mechanisms will likely sort out how these and
factors influence microsatellite stability.

4.7 Conclusions and summary

The mutation process at microsatellites can be considered to be a balance between
the generation of replication errors by slip-strand mispairing and the correction
of some of these errors by exonucleolytic proofreading and mismatch repair. The
mutation rate and pattern for a particular microsatellite will be determined by
the rate and type of SSM errors, as well as by how well these errors are rec-
ognized and repaired by exonucleases and mismatch repair. The details of the
mutation mechanism explain why microsatellites are so unstable. First, SSM
occurs much more frequently in microsatellites than in normal DNA. In addition,
exonucleolytic proofreading, which prevents a large proportion of base misincor-
poration errors from becoming mutations, has only a limited role in preventing
SSM errors from becoming mutations. The details of the mutation mechanism
also help to understand why microsatellite stability varies within and between
species. For example, the high mutation rate of microsatellites with repeats of
large unit size can be explained by the inability of mismatch repair to recognize
SSM errors in such large repeats. In addition, the positive correlation between
number of copies of a repeat and stability can be explained by an increased like-
lihood of SSM errors in microsatellites with more repeats. The details not only
help to understand the mutation process causing microsatellite instability, but
they can be used to improve models of microsatellite evolution. Just as better
models of nucleotide substitution processes have improved the analysis of DNA
sequence variation, better models of microsatellite instability should improve the
analysis of copy number variation at microsatellite loci.
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