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Mismatch repair systems: Mechanisms and specificities

The detection of mispaired or unpaired bases in DNA is a central element of
mutation avoidance (Radman er al., 1979) genetic recombination (Jones,
Wagner and Radman, 1987a) and speciation (Rayssiguier. Thaler and Rad-
man, 1989}. Mispaired or unpaired bases may arise as a result of replication
errors, strand exchange between homologous but non-identical sequences or
deamination of 5-methyl-cytosine (5-meC) to thymine. Both replication
errors and deaminations of 5-meC are changes in DNA sequences which, if
not rectified, will give rise to heritable mutations.

Mismatch repair systems can be divided in two broad classes on the basis of
their mechanisms of action (for reviews, see Radman and Wagner, 1986;
Claverys and Lacks, 1986; Modrich, 1991). The long patch mismatch repair
(LPMR) systems act by removing a number of nucleotides (often 1600-3000)
from one strand of a DNA double helix in the region of a mispaired or
unpaired base {Wildenberg and Meselson, 1975; Wagner and Meselson. 1976;
Mejean and Claverys, 1984; Brooks et af., 1989}, The resulting gap is then
filled by DNA synthesis {Lahue, Au and Modrich, 1989; Brooks er al.. [989).
Short patch mismatch repair (SPMR) systems act by removing only the
mismatched nucleotide or the mismatched nucleotide and a few surrounding
nucleotides {Lieb, 1983; Jones, Wagner and Radman, 1987a.c; Radicella,
Clark and Fox, 1988; Au er al., 1988, 1989; Hennecke er al., 1992},

Long patch mismatch repair systems are often referred to as ‘generalized’
mismatch repair systems because they act to repair maay of the different
mismatches formed as replication errors, i.e. mismatches formed as a result of
errors in the polymerase nucleotide selection process which escape detection
by the polymerase proofreading system (Radman and Wagner, 1936, Jones,
Wagner and Radman, 1987b). Long patch mismatch repair systems also

Abbreviations: dGTP-asc, decoxyguanosine triphosphate: LPMR, fong patch mismatch repair:
5-meC. 5-methyl-cytosine; SPMR. short patch mismatch repair.
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recognize and repair small (1-4 base) addition and deletion errors (Dohet,
Wagner and Radman. 1986; Gasc, Sicard and Claverys, 1989; Parker and
Marinus, 1992). Except for those systems requiring recombinational interac-
tions between homologous DNA duplexes, any mismatch repair system
whose mission is the correction of replication errors must be able to
discriminate newly synthesized strands from parental strands and act specifi-
cally to preserve the sequence of the latter. Such strand discrimination is
accomplished in Escherichia coli and some other bacteria by restricting
LPMR to regions of DNA where one strand is undermethylated (Wagner and
Meselson, 1976) with respect to adenine methylation of GATC sequences
(Radman er al., 1980 Pukkila er af., 1983}, The adenines in GATC sequences
in non-replicating £. coli DNA are normally methylated (Marinus and
Morris, 1973). This methylation inhibits the E. coli LPMR system {Radman et
al., 1980; Pukkila er af., 1983). However, adenine methylation lags somewhat
behind replication such that, immediately behind the replication fork, newly
synthesized strands are transiently undermethylated {(Lyons and Schendel,
1984). It is in this region that LPMR can act to remove replication errors.
Another basis of strand discrimination in bacteria and in other organisms may
be the discontinuities in newly synthesized DNA strands (Claverys and Lacks,
1986; Laengle-Rouault, Maenhaut-Michel and Radman, 1987; Lahue. Su and
Modrich, 1987; Holmes, Clark and Modrich, 1990; Thomas, Roberts and
Kunkel, 1991). In any event, it appears that LPMR systems generally act in
the vicinity of the replication fork, although it has been shown that they do
1ot require replication for their action (Radman and Wagner, 1986).

Short patch mismatch repair systems, which are considered to be “special-
ized” mismatch repair systems, can act on non-replicating DNA to repair
specific mismatches in a directed fashion (for a review, see Modrich, 1991).
Twa such systems have been identified in F. coli. One repairs only those G:T
mismatches which result, or which could have resulted, from the deamination
of 5-meC (Lieb, [983; Jones, Wagner and Radman, 1987a.c; Zell and Fritz,
1987). Thus, this SPMR system acts only on a specific base (T) of a specific
mismatch (G:T) at a specific position (the cytosine methylation position) in a
specific sequence (a tetranucleotide sequence derived from the pentanucle-
otide cytosine methylase recognition sequence, CCWGG) (Lieb, Allen and
Reid, 1986).

The other £, coli SPMR syster acts on G:A mismatches to repair them to
G:C (Aueral., 1988: Radicella, Clark and Fox, 1988; Tsai-Wu, Radicella and
Lu, 1991). This system apparently evolved because many G:A mismatches
are not well recognized by the LPMR system (Dohet, Wagner and Radman,
1985; Jones, Wagner and Radman, 1987b), even though G:A mismatches are
among the most common mistakes of DNA polymerases (Fersht and Knill-
Jones, 1983). Because SPMR systems are not strand-directed, only those G:A
mismatches in which A is on the newly synthesized strand will be repaired in
such a way as to remove the replication error. In those cases where A is on the
tempiate strand, the action of this system would fix the mutation. However,
the dGTPase activity of the polymerase-associated MutT protein (Akiyama er
al., 1989; Bhatnagar and Bessman, 1988) may function to prevent the
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formation of G:template-A mismatches during replication and. thus. elimi-
nate them as potential substrates for the SPMR system. Moreover. the MutT
protein is likely to be involved in prevention of mutagenic incorporation of
oxidatively damaged substrates for DNA synthesis such as the 8-oxoguanine
triphosphate (Maki and Sekiguchi, 1992). whereas the MutY protein may
prevent adenine misincorporation opposite 8-0x0G in the template (Michaels
etal., 1992).

The existence of mismatch repair was originaily postulated to account for
genetic marker effects in the studies of genetic recombination (Holliday.
1964 Ephrussi-Taylor and Gray, 1966) and it has been found that elements of
both LPMR and SPMR do have a significant impact on the outcome of
genetic recombination events (Jones. Wagner and Radman. 1987a). A key
intermediate in the process of genetic recombination is a hybrid or heterodu-
plex overlap — a region of DNA in which one strand of the double hefix is
derived from each of the two recombining molecules (see Figure /). It is this
hybrid overlap that aligns recombining molecules and assures that recombina-
tion will occur only between homologous scquences. Mismatches will be
formed whenever sequences that are not completely tdentical are included
within the hybrid overlap (Figure 7). Whenever mismatches within hybrid
overlaps are substrates for SPMR. they will be repaired according to the rules
of the particular system involved (see Figure I). It is this type of repair that is
responsible for the elevated recombination of close markers (high negative
interference) (Licb. 1983; Jones. Wagner and Radman. 1987c: Meselson,
1988: Raposa and Fox, 1987; Dzidic and Radman, 1989) and will generally
result in diversification of related. but non-identical, sequences (Figure /).

Initially, it was not at all clear what. if any, role LPMR plays in genetic
recombination. In fact. it was suggested that LPMR does not operate at ali on
recombinational intermediates (Lieb. 1981, 1983; Gussin. Rosen and Wulff,
1981). Such might be the case if the mismatch repair process was completely
inhibited by methylation of GATC sequences. However, it has been demon-
strated that, at teast in vitro. LPMR proceeds sequentially and only breaking
of the DNA strand containing the incorrect base. one of the later steps.
requires unmethylated GATC sequences (Laengle-Rouault. Maenhaut-
Michel and Radman, 1987; Au, Welsh and Modrich. 1992}. Thus, the carly
steps of LPMR. including mismatch recognition. will occur even in fully
methylated DNA. Given the structure of recombinational intermediates. it
may be that the strand discontinuities in the donor DNA preceding and
tollowing the donor strand exchange serve to direct LPMR to the incoming
strand and result in the strand being removed whenever it creates mismatches
with the recipient strand (Figure !}. Thus, ELPMR will prevent recombination
between non-homologous sequences by *aborting’ the recombination process
or by destroying the heteroduplex intermediate (Jones, Wagner and Radman,
1987¢c; Rayssiguier. Thaler and Radman. 1989, Shen and Huang. 1989: see
Figure ).

The ‘editing’ of recombinational intermediates and suppression of recombi-
nation by LPMR can account for the stability of eukaryotic genomes in which
there are hundreds of thousands of dispersed repeated genetic elements.
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Figure §. Specific prevention ol recombination between partially homologous (homeologous)
DNAs by the LPMR systems and hyper-recombination of specific allelic point mutations by the
SPMR systems. LPMR proteins act by aborting the mismatched intermediates (hybrid DNA
joints) generated by recombination proteins. thus creating the "REC-" phenotype. Under
LPMR-deficient conditions, the barrier to homeologous recombination is broken, altowing for
inter-repeat and inter-species recombination (sec text). An active SPMR (or VSPMR} can
further process the mismatched intermediate 1o generate fine structure diversity ai the nucleotide
sequence level (HYPER-REC phenotype).

However, the repeated elements are sufficiently diverged (2-15%) that
hybrid overlaps formed between them will contain mismatches and therefore,
be substrates for action by a LPMR system. Long patch mismatch repair can
prevent homologous interactions between repeated DNA sequences (Petit er
al., 1991) and between genomes of closely related species {Rayssiguier,
Thaler and Radman, 1989), thereby protecting an organism against deleteri-
ous chromosomal rearrangements and acting as an effective genetic barrier
between related species (Radman, 1991). Escherichia coli mutants deficient
in mismatch detection proteins (MutS and MutL) show an increased rate of
duplication and deletion formation as a result of recombination between
copies of repeated, diverged sequences (Petit er al., 1991). In addition,
mutations which suppress LPMR allow interspecies E. cofli/Salmonella tvph-
imuriem recombination at about 1% of intraspecies levels {mut+ bacteria
allow only about 0.001% of intraspecies levels) (Rayssiguier, Thaler and
Radman, 1989; Rayssiguier, Dohet and Radman, 1991). This high efficiency
of hybrid DNA formation involving non-identical sequences provides sub-
strates for SPMR and thus can result in high recombination frequencies
(Jones, Wagner and Radman, 1987¢).
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Implications and applications of mismatch repair systems in genetic
engineering and biotechnology

The ability to control the fidelity of DNA replication and recombmatiosn
processes by controlling LPMR and SPMR opens new doors in biotechnol-
0gy, genetic engineering and medicine. Not only 15 1t now possible 10 use
powerful mutator mutants (i.c. mutants deficient in LPMR and SPMR) to
alter DNA sequences rapidly but randomly. but it is also possible to generate
new genes and even new species by allowing heretofore forbidden recombina-
tion between related genes and species. Recombination between diverged
DNA seugences coding for proteins of similar function can be facilitated
under LPMR-deficient conditions to allow “protein engineering” analogous to
the strategies employed in nature to generate diversity in the immune
(Reynaud ef al.. 1987), histocompatibility (Jaulin er af.. 1985) and parasite
surface antigen (Thon, Baltz and Eisen, 1989) systems (Figure 2). In these
systems, partially homologous DNA sequences act as donor sequences to a
single expressed ‘mosaic’ gene. In addition. in veast plasmid transformation
experiments, recombination between diverged genes produced mosaic genes
which coded for enzymes with altered specificities (Mezard, Pompon and
Nicolas, 1992; Goguel, Delahodde and Jacg, 1992). By selecting appropriate
donor sequences. it should be possible to set up similar systems of directed
evolution in LPMR-deficient bacteria to create ‘new’ genes coding for new or
improved proteins. Because the initial donor sequences can be selected by
virtue of their ability to code for functional proteins. most recombinants will
presumably be functional. an enormous advantage over current systems of
random mutagenesis. Thus, it will be necessary only to select or screen for the
desired alteration (e.g. improved stability. increased activity or altered
specificity) from among a population of bacterial (or phage) clones coding for
functional proteins. Recombinational repair between broken diverged
(homeologous) genes is frequent in yeast plasmid transformation experi-
ments, in which it was demonstrated that the resulting mosaic genes encode
for enzymes with altered specificities (Mezard, Pompon and Nicolas, 1992:
Goguel. Delahodde and Jacg. 1992).

The process of creating new genes can perhaps be made even more efficient
by performing some of the steps in vitro. For example, heteroduplex DNA
can be formed in vitro between two diverged genes (Abastado et af., 1984)
and be used to transfect LPMR-deficient £, coli. The heteroduplexes will
then be substrates for SPMR, which will act to generate ‘“patchwork’
sequences, which will represent increased repertoires of recombination
products between the two genes.

Inhibition of LEMR wili allow cloning of partially homologous genes from
diverse species. By preparing a ‘probe’ sequence from a previously cloned
gene of identical function to the desired gene (and. therefore, presumably
partially homologous to it), it will be possible, by means of recombination
between partially homologous sequences, to extract efficiently the desired
gene from a library of genes of a given species. Obviously. such a procedure is
not restricted to coding sequences., but may be used to obtain any partially
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Figure 2. “Instant cvolution” of gencs and the encoded proteins by maximized homeologous
recombination in the absence of LPMR and with active SPMR systems (see Ffigure 1). Box B
presents an oversimplified version of natural systems generating protein diversity through gene
conversion processes {sec text). Box A illustrates how one can mimic such diversification
processes by homeologous recombination of cloned genes in bacteria that are LPMR-. SPMR+.

homologous sequences from any species. A simitar method was previously
developed, but did not employ LPMR-deficient bacteria and, therefore, was
inefficient due to the high fidelity of genetic recombination in wild-type E.
coli (Seed, 1983).

The same principle can serve as a basis for gene inactivation. An inactive
but partially homologous sequence to the gene in question can be constructed
and, under LPMR-deficient conditions, allowed to recombine with the target
gene to inactivate it. The ability to inactivate genes selectively can be useful in
gene mapping and may eventually have diagnostic or therapeutic applica-
tions, particularly as it becomes possible to inhibit, perhaps transiently,
LPMR in higher organisms. If, as suggested by Radman (1988, 1989, 1991),
mitotic recombination is prevented by the differential sequence polymor-
phisms carried by the two homologous chromosomes, then gene replacement,
gene inactivation or ‘gene therapy’ by homologous recombination with
exogenous DNA may also be prevented by the sequence polymorphism
carried by the target plant, animal or human cells. Using cloned ‘isogenic’
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DNA sequences {from the same genetic background as the recipient cells)
(Te Riele, Maandag and Berns, 1992) or inactivating mismatch detection
andfor repair proteins may be necessary for efficient gene ‘targeting’ or
‘therapy’.

The ability to remove genetic barriers between spectes by allowing them to
recombine under LPMR-deficient conditions. as has been demonstrated in
Escherichia—Salmonella crosses {Rayssiguier, Thaler and Radman, 1989),
means that it is now possibie to create new species of micro-organisms. The
potential applications appear almost limitless. Attenuated live vaccines can
be created by selectively recombining pathogenic bacteria, such as Safmonella
and Shigella, with E. coli to create non-pathogenic strains that retain the
immunogenicity of the pathogens. It may also be possible to create universal
salmonella-based vectors for any antigen presentation which could be used as
oral vaccines illiciting mucosal immunity (McGhee et af., 1992},

Finally, it has been demonstrated that the mismatch-binding proteins, such
as the bacterial MutS protein, can be used to detect substitution and small
addition/deletion mutations. Such appiications have wide ranging potentials
for diagnosing human hereditary and somatic genetic diseases and in the
study of polymorphism in human and other genomes (R. Wagner and M.
Radman, unpublished).
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