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Mismatch repair (MMR) systems are evolutionarily con-
served and play a primary role in mutation avoidance by re-
moving base-base and small insertion-deletion mismatches
that arise during DNA replication (31). In addition, MMR
factors are required for the repair of mismatches in heterodu-
plex DNA (hDNA) that form as a result of sequence heterol-
ogies between recombining sequences (6, 41, 43). MMR also
acts to inhibit recombination between moderately divergent
(homeologous) sequences (11, 42). The roles of MMR during
recombination are believed to reflect the interaction of MMR
factors with mismatches that arise in hDNA or possibly with
other structures such as Holliday junctions (2, 33). The full
range of effects that MMR can exert on mitotic and meiotic
recombination have been discussed elsewhere (11) and will
only be summarized briefly here. The purpose of this review is
to highlight recent results that have furthered our understand-
ing of interactions between MMR factors and mitotic recom-
bination intermediates.

BRIEF OVERVIEW OF MMR IN PROKARYOTES
AND EUKARYOTES

The best-understood MMR pathway is the Escherichia coli
methyl-directed MutHLS system that has been reconstituted in
vitro from purified components (35). To initiate MMR, MutS
forms a homodimeric complex that binds base-base mis-
matches and loop insertions-deletions that result primarily
from polymerase misincorporation and slippage errors, respec-
tively. The MutS-mispair complex then recruits a MutL ho-
modimer to activate MutH endonuclease activity on newly
synthesized DNA. ATP binding and hydrolysis by MutS and
MutL are hypothesized to induce conformational changes in
these factors that regulate mismatch binding and interactions
with downstream factors such as MutH. Following activation,
MutH endonuclease incises the newly replicated (unmethylat-
ed) DNA strand at hemimethylated sites formed after the
passage of the replication fork. The nicked strand is then
unwound by helicase II and degraded back past the mismatch
by the action of 59-to-39 or 39-to-59 exonucleases (35; M.
Viswanathan, V. Burdett, C. Baitinger, P. Modrich, and S. T.
Lovett, submitted for publication), and repair synthesis fills in
the resulting gap.

In eukaryotes, mismatch recognition is accomplished by
Msh2 (MutS homolog 2) protein forming a heterodimer with
either Msh3p or Msh6p to bind to a distinct but overlapping
spectra of mismatches (reviewed in reference 31). In both the

yeast Saccharomyces cerevisiae and humans, the repair of base-
base mismatches appears to be solely dependent on Msh2p-
Msh6p, while both Msh2p-Msh6p and Msh2p-Msh3p can par-
ticipate in the repair of small (1 to 12 nucleotide nt) loop
insertions. In yeast, analysis of the mutation spectra in msh
mutant strains and in vitro studies of the mismatch binding and
ATPase activities of wild-type and mutant heterodimers have
led to a clearer picture of the early steps in eukaryotic MMR.
Currently, it is thought that Msh heterodimer binding to a
mismatch triggers ATP-dependent steps that allow interactions
with Mlh (MutL homolog) heterodimers composed of Mlh1p-
Pms1p or Mlh1p-Mlh3p (19, 24, 62; reviewed in reference 37).
No MutH homolog has been identified in eukaryotes, and the
exact details of strand discrimination and error removal are not
known, although in both yeast and humans PCNA and the
59-to-39 exonuclease Exo1p have been implicated in steps fol-
lowing mismatch recognition (9, 29, 49, 52, 58, 60).

Genetic and biochemical analyses of E. coli MutS and hu-
man Msh2p-Msh6p suggest that MutS homolog proteins can
bind to DNA in at least two different modes (4, 22). In the case
of MutS, the first mode allows mismatch recognition, and the
second mode allows MutS to translocate along DNA with
MutL so that it can activate MutH at GATC sites (4, 23).
Support for the presence of a second binding mode was ob-
tained from DNA binding assays showing that the addition of
ATP resulted in the loss of MutS mismatch binding specificity
(23). Further support was obtained by Allen et al. (4), who
showed in electron microscopic analysis that MutS can form
ATP-dependent loop structures on mismatched DNA sub-
strates. They hypothesized that MutS can bind to a mismatch
substrate in an ATP-independent step. After recognition, a
second binding mode is activated through a conformational
change in MutS that allows translocation along DNA away
from a mismatch site via ATP hydrolysis-dependent mecha-
nisms (4, 7). An alternative model has been proposed by Gra-
dia and coworkers in which ATP binding acts as a molecular
switch analogous to G protein switches (21, 22). In this model,
MutS family proteins are competent to bind to a mispair when
in the ADP-bound form. Mispair binding then provokes the
exchange of ADP for ATP that allows the MutS family pro-
teins to form a hydrolysis-independent sliding clamp that can
slide along DNA to interact with downstream MMR compo-
nents. In this model, MutL family proteins could act as regu-
lators of MutS family proteins either by stimulating MSH2-
MSH6 ATPase activity or by promoting the exchange of ADP
for ATP (21).

MMR AND THE REJECTION OF MISMATCHED
RECOMBINATION INTERMEDIATES

In bacteria, yeast, and mammalian cells, recombination be-
ween homeologous DNA substrates containing a few mis-
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matches (,1%) occurs much less efficiently than between
identical sequences. The frequency of recombination (gene
conversions and/or crossovers) between homeologous se-
quences, however, is often dramatically elevated in MMR-
defective cell lines (3, 8, 13, 15, 26, 44, 50, 51). The antirecom-
binogenic activity of MMR has been proposed to play a role in
preventing interspecific gene transfer, which could be impor-
tant in establishing a genetic barrier between closely related
organisms (42, 53, 61). Furthermore, recombination between
diverged repeats present in the genome could lead to chromo-
somal translocations, deletions, or inversions which in higher
eukaryotes are thought to contribute to tumor formation.
msh2-deficient mice, for example, display hematological ma-
lignancies that are hypothesized to arise through chromosomal
rearrangements (1, 45).

How are mismatch repair factors thought to prevent home-
ologous recombination? Current models of genetic recombi-
nation suggest that recombination is accomplished through a
double-strand break (DSB) repair (DSBR) mechanism. In
such a model, heteroduplex DNA is initially formed during the
invasion of single-stranded (ss) DNA from a recipient chro-
mosome into a homologous region in a donor chromosome. In
DSBR, DSBs are first processed by 59- 39 exonucleases to yield
39-ended ss tails that invade a homologous duplex. DNA syn-
thesis is then primed from the 39 end of the invading strand
which results in the copying of donor information (gene con-
version). Recombination may be completed through branch
migration and resolution of a Holliday junction intermediate
to form noncrossover or crossover products (57), or by pairing
of the extended ss end with its original partner followed by
ligation (synthesis-dependent strand-annealing model (41).

Genetic studies of homeologous recombination during mi-
tosis in yeast (10, 12, 13, 50) suggest that if recipient and donor
sequences are too divergent (.10%), recombination is se-
verely repressed, presumably due to an inability to form a
sufficiently stable base-paired intermediate. At lower levels of
divergence, MMR imposes an additional barrier to recombi-
nation so that the formation of hDNA occurs with a probability
that declines exponentially with increasing sequence diver-
gence. Several investigators (10, 12, 13, 51) have proposed that
a minimal region of completely homologous sequence is re-
quired to initiate heteroduplex formation (;20 bp in yeast)
and that a minimal heterology-free region is necessary to es-
cape rejection by MMR (;610 bp in yeast). A random walk
model has also been applied to these data to explain the rapid
and nonlinear drop-off of recombination triggered by a small
number of mismatches (20).

The Msh2p-Msh6p and Msh2p-Msh3p heterodimers show
substrate specificity for the type of mismatch that leads to the
repression of genetic recombination. Nicholson et al. (39) ex-
amined the requirement for different Msh complexes in repres-
sion of homeologous recombination. They employed an indi-
rect repeat assay system that selects for reorientation of an
intron DNA segment shared between homologous or home-
ologous recombination substrates. Divergent cassettes were
designed to generate defined mismatch types within the recom-
bination intermediate in order to test the specificity of msh2,
msh3, and msh6 deletions on the rate of recombination. Com-
pared to the wild type, an msh2 deletion mutation caused the
greatest increase (loss of rejection) in recombination rate for
all homeologous substrates. An msh6D strain displayed an in-
crease in recombination between homeologous cassettes bear-
ing various arrays of base-base and 1-nt loop insertions but did
not affect substrates containing 4-nt (and presumably larger)
loops, consistent with the mismatch binding and repair speci-
ficity of the Msh2p-Msh6p heterodimer. Surprisingly, an

msh3D mutation led to an increase in recombination between
substrates predicted to exclusively form base-base mismatches
in the recombination intermediate, even though the Msh2p–
Msh3p complex is considered to recognize only extrahelical
loops during MMR. This suggested an unexpected role for
Msh3p in recognition of base-base mismatches in recombina-
tion intermediates. msh3D msh6D and msh2D strains displayed
similar results, providing further evidence for overlap between
MSH3 and MSH6 gene functions.

In addition to identifying the substrate specificities of the
MutS homologs that act to repress homeologous recombina-
tion, Nicholson et al. (39) found that strains containing null
mutations in the mutL homologs MLH1 and PMS1 (individu-
ally or in combination) elevated homeologous recombination
levels to only a fraction of the levels observed in msh2D or
msh3D msh6D strains, suggesting that the mechanism of ho-
meologous rejection may be distinct from MMR where the
Msh and Mlh heterodimers are equally required (8, 10, 26, 39).
A caveat in this interpretation is that the contribution of the
mutL homologs MLH2 and MLH3 in repressing homeologous
recombination has yet to be assessed (37). Nicholson et al. (39)
also found that strains lacking the Exo1p or Rad1p–Rad10p
nucleases showed increased recombination between homeolo-
gous substrates, suggesting a role for these proteins in the
repression of homeologous recombination which may reflect a
physical and/or functional association with Msh2p (39). The
effects of rad1, exo1, and pms1 deletion mutations were not
epistatic, indicating that distinct pathways or complexes regu-
late homeologous recombination. Further analysis revealed
that while msh6 and pms1 mutants displayed an epistatic effect
on homeologous recombination, msh3 and pms1 mutants did
not, raising the possibility that Msh3p may play a separate role
in preventing homeologous recombination when complexed
with other factors such as Rad1p-Rad10p or Exo1p (39).

How can only a subset of MMR factors participate in the
repression of homeologous recombination? One possibility is
that similar signals may initiate recognition and DNA translo-
cation steps by the MutS homolog proteins in both the MMR
and homeologous rejection pathways. For example, binding of
MutS homolog proteins to mispaired or perturbed DNA struc-
tures could result in the activation of translocating complexes
that then encounter downstream factors specific to MMR or
recombinational repair pathways (see below).

MMR FACTORS ACT TO REMOVE NONHOMOLOGOUS
DNA DURING GENETIC RECOMBINATION

In addition to their roles in MMR and homeologous recom-
bination, MMR proteins play an important role in removing
nonhomologous DNA during gene conversion and single-
strand annealing (SSA) events (30, 48, 56). During gene con-
version, nonhomologous ends of DSBs must be removed to
enable the invading or annealed 39 ss end to prime new DNA
synthesis from its template. Genetic studies suggest that non-
homologous ends are cleaved by the Rad1p-Rad10p endonu-
clease and their removal is facilitated by Msh2p-Msh3p (18, 28,
40, 48, 56). In addition, the Msh2p-Msh3p complex partici-
pates with Rad1p-Rad10p to remove nonhomologous ends
during repair by SSA and also to repair extrahelical loops of
intermediate size (30). Importantly, downstream factors in
MMR (MLH1 and PMS1) are not required for the removal of
nonhomologous ends, suggesting that Msh2p-Msh3p and
Rad1p-Rad10p are part of a distinct complex that excises het-
erologies larger than a few nucleotides (56).

Sugawara et al. (56) proposed a model for tail removal
during DSBR (Fig. 1 and 2) in which Msh2p-Msh3p stabilizes

7840 MINIREVIEW MOL. CELL. BIOL.



annealed intermediates by binding to the unpaired single-
stranded DNA (ssDNA) at the ends of the annealed region.
This allows Rad1p-Rad10p to locate and cleave the 39-ended
tail, possibly facilitated by physical interactions between these
complexes (5). This model is based on the fact that Msh2p-
Msh3p is not required for SSA when paired homology blocks
are long (.1 kb) but is required during Rad1p-Rad10p-depen-
dent gene conversion regardless of the length of homology
available for pairing. Furthermore, Msh2p-Msh3p is not
needed for gene conversion if nonhomologous tails are very
short (,30 nt). Sugawara et al. (56) proposed that in gene
conversion, the invading strand can only form a side-by-side
paranemic joint between homologous sequences in a three-
stranded intermediate prior to tail removal. Paranemic joints
are unstable in vitro and require protein binding, in addition to
base pairing, for stability (46). During SSA, the authors pro-
pose that interwound, plectonemic molecules can form in a
two-stranded intermediate, and when the homologous seg-
ments are long enough, the inherent stability of this structure
is sufficient to recruit Rad1p-Rad10p independently of Msh2p-
Msh3p.

How do mismatch repair proteins participate in the removal
of unpaired ssDNA tails? Analogous to events proposed for
postreplication mismatch repair, the removal of nonhomolo-
gous DNA could be mediated by the loading of Msh2p-Msh3p
heterodimers onto the branched DNA structures at or near the

double-strand DNA–ssDNA junction. In such a model,
Msh2p-Msh3p loading at or between junctions would result in
the formation of ATP hydrolysis-dependent (7) or -indepen-
dent (21, 22) sliding DNA clamps that translocate along DNA
and interact with downstream excision factors. Alternatively,
Msh2p-Msh3p loading at branched DNA structures could
serve as a target for the Rad1p-Rad10p endonuclease or mis-
match repair nucleases. Few studies have been done to exam-
ine these possible mechanisms. An initial analysis of msh2 and
msh3 ATP binding domain mutants suggested that ATP bind-
ing and/or hydrolysis was critical for the removal of nonho-
mologous DNA during gene conversion (54); however, this
analysis did not identify which steps were compromised in the
recombination pathway. In vitro binding studies involving
Msh2p-Msh3p, Rad1p-Rad10p, model branch DNA struc-
tures, and ATP have yet to be performed; such an approach
could provide evidence to support or refute the models pre-
sented above.

INTERACTION OF MMR FACTORS AND
RECOMBINATION INTERMEDIATES: A ROLE FOR

Msh PROTEINS IN THE SEARCH FOR HOMOLOGY?

The first biochemical demonstration of an impact of MMR
proteins on the recombination machinery was observed in
strand transfer reactions performed in vitro. In these reactions,

FIG. 1. Two steps in recombination in which the Msh2p-Msh3p complex may interact with recombination intermediates. (Left) Msh2p-Msh3p loads onto DSB sites
at recessed ends (1) and/or plays an active role in scanning hDNA and interacts with loops formed during pairing of homeologous sequences (2), leading to their
rejection from the heteroduplex. (Right) Msh2p-Msh3p binds at the junction of homologous and nonhomologous DNA allowing for cleavage of unpaired tails by
Rad1p-Rad10p (3) (adapted from reference 17).

FIG. 2. Models to explain rejection of heteroduplex intermediates containing mispairs via MMR proteins. In this figure, base pair differences between the recipient
and donor chromosomes are indicated by the solid circles. (1) The mismatch correction process itself could lead to resection of nicked strands and the creation of a
single-stranded gap that destroys the recombination intermediate. (2) hDNA rejection results in the unwinding of the annealed strands by a helicase that takes its cue
from interactions with bound Msh factors. (3) Binding of MMR factors blocks attempted hDNA formation (Sugawara et al., unpublished).
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the E. coli RecA protein catalyzes heteroduplex DNA forma-
tion between a duplex linear plasmid and a homologous ss
circular substrate. Worth et al. (65) showed that the addition of
purified MutS blocked full-length heteroduplex formation be-
tween 3% divergent ss circular and linear duplex DNAs. Anal-
ysis of MutS mutants defective in ATPase activity suggested
that mismatch binding itself blocked further strand exchange
(66). Addition of MutL enhanced this effect, possibly by sta-
bilizing MutS on the mismatch. Although the effect of MMR
on in vitro strand exchange in eukaryotes has not been mea-
sured, yeast Msh2p can to bind model substrates that resemble
Holliday junction recombination intermediates in vitro (2, 33)
and may well interact with recombination factors in vivo.

Interaction of MMR factors with recombination intermedi-
ates in vivo was recently examined by Evans et al. (17) who
employed cross-linking, immunoprecipitation, and PCR (by a
chromatin immunoprecipitation assay) to examine the specific
association of S. cerevisiae Msh2p with plasmids undergoing
DSB repair. In the repair substrates used, one copy of the lacZ
gene (the recipient for repair) contains an internal HO endo-
nuclease cleavage site, and induced expression of the HO en-
donuclease leads to formation of a unique DSB within the
recipient sequence that can be repaired by different pathways,
depending on the nature of the available lacZ donor sequence
(40, 55, 56). Following the induction of a DSB in the recipient
copy of lacZ, Msh2p was found to specifically localize to re-
cipient sequences in a time frame consistent with repair events
as measured in physical assays (56). Msh2p localization was
strongest in cases where nonhomologous DNA was present at
the DNA ends, and little localization was observed when fully
homologous lacZ substrates were tested. Msh2p localization to
donor sequences was observed in plasmid substrates that con-
tain nonhomologous DNA within the HO endonuclease DSB
site. During recombination, these plasmids are predicted to
form recombination intermediates bearing ss tails that are re-
moved through the action of Msh2p-Msh3p and Rad1p-
Rad10p (56) (Fig. 1).

In an effort to understand the molecular events underlying
localization of Msh2p on nonhomologous DNA ends, Evans et
al. (17) tested a series of repair mutants in the chromatin
immunoprecipitation assay. Msh2p localization to DNA se-
quences adjacent to a DSB required Msh3p but not Msh6p,
supporting the interpretation that the Msh2p–Msh3p complex
is the primary species being detected. Localization was greatly
reduced in the absence of Rad50p. The Rad50p-Mre11p-
Xrs2p complex binds to ssDNA formed at DSB sites in vivo
(25, 34, 38). This complex is believed to regulate the processing
of DSB ends, as well as their participation in recombination
and nonhomologous end-joining pathways (41). Importantly,
rad50D and mre11D mutants display a slower rate of exonu-
cleolytic processing of DSBs (28, 32, 36, 59). The reduction of
Msh2p localization in a rad50 deletion strain suggested that
localization depends on the formation and/or activities of the
ss tails that engage in the search for homology.

Rad52p is essential for most types of recombination in yeast
and has been implicated in early strand exchange steps (41).
Studies of mitotic recombination at the MAT locus in S. cer-
evisiae indicated that the processing of DSBs proceeds in the
absence of Rad52p but that primer extension and completion
of recombination do not occur (64). Evans et al. (17) found
that localization of Msh2p to DNA substrates that contained
nonhomologous ends proceeded normally in a rad52D strain,
providing further evidence that Msh2p localization relates to
early events in recombination, prior to strand-annealing steps
that involve Rad52p. This is consistent with the interpretation
of Westmoreland et al. (63), who found that MMR is not

effective in rejecting preformed heteroduplexes, suggesting
that MMR proteins act to block the extension of intermediates
that are tested during the homology search steps of recombi-
nation. Based on a chromosome spread analysis of Schizo-
saccharomyces pombe msh2 mutants in meiotic prophase,
Rudolph et al. (47) argued that Msh2p acted to reject home-
ologous pairings during interactions with unstable and/or mis-
matched hDNA intermediates. This hypothesis is based on
their observation that in meiosis msh2 mutants accumulate
nuclei containing aggregated linear elements; such structures
are thought to result from the failure to reject ectopic chro-
mosomal interactions. Interestingly, Evans et al. (17) found
that although Msh2p did not normally localize to ends under-
going fully homologous gene conversion, increased association
was observed when homologous repair was blocked in a
rad52D strain, suggesting that stalled repair intermediates ei-
ther retained the binding of Msh2p from an earlier step or that
Msh2p association to homologous tails was triggered in the
absence of Rad52p, possibly by initiating new rounds of ho-
mology searching. Although the precise role of MMR factors
located in DSBR mechanisms in vivo remains speculative, in-
teractions can be further tested by examining their localization
to DSBR substrates bearing specific mismatches.

Figure 2 presents a model where Msh2p-Msh3p associates
with intermediates early in DSBR to participate in the rejec-
tion of homeologous pairing during heteroduplex DNA forma-
tion and can further act, where needed, to bind unstable in-
termediates, facilitating cleavage by Rad1p-Rad10p nuclease.
Presumably, Msh heterodimers can recognize mismatches that
form due to homeologous pairings, which may trigger loading
of the heterodimer onto DNA as a sliding clamp that can
translocate away from the mismatch. How might this trigger
heteroduplex rejection? Mismatch repair-directed excision
could lead to resection of nicked strands and the creation of a
single-stranded gap that could destroy the recombination in-
termediate (Fig. 2, model 1). However, the data outlined above
argues that rejection and repair are genetically distinct. Sug-
awara et al. (N. Sugawara, B. Studamire, E. Alani, and J. E.
Haber, unpublished material) hypothesized a role for an en-
donuclease and/or exonuclease that excises hDNA in concert
with Msh factors. Their analysis of exo1 mutants, however, did
not support a role for Exo1p in heteroduplex rejection but did
not exclude the possibility that exonucleases play a redundant
role. hDNA rejection could involve unwinding of the annealed
strands by a helicase that takes its cue from interactions with
bound Msh factors: at present, candidate helicases have not
been tested (Fig. 2, model 2).

Alternatively, the binding of Msh factors might block or
reverse attempted hDNA formation (Fig. 2, model 3), possibly
through an interaction between the bound Msh proteins and
the recombination machinery, similar to the mechanism pro-
posed for E. coli (65). In such a model, homeologous pairings
would be prevented from entering recombination intermedi-
ates, and the presynaptic filament would disengage so that the
homology search would continue elsewhere (27; Sugawara et
al. unpublished). Similar models to explain the role of mis-
match repair in heteroduplex rejection have been developed to
explain the role of MutS and MutL proteins in preventing
interspecies recombination in bacteria (53, 61). Studies by
Stambuk et al. (53) have suggested that the prevention of
homeologous recombination could occur through two distinct
mechanisms. The first mechanism is thought to occur by UvrD
helicase acting to abort initiation steps in recombination. The
second is likely to involve an incomplete long-patch mecha-
nism that requires excision functions directed by MutH endo-
nuclease activity.
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MMR factors have been implicated in cell cycle checkpoints
and the p53-dependent apoptotic response to DNA damage
(14, 16, 67), suggesting there may be additional roles for the
MMR factors in signaling the presence of DSBs or other ab-
errant structures. Given the complex interplay of recombina-
tion and repair factors, it is worth considering models for the
interaction of these factors on DNA which can be tested by
combining genetic, biochemical, and physical approaches in
vitro and in vivo.
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