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1. Introduction

1.1. Mutation, Mismatch Repair, and Replication
Fidelity

Mutations are rare events, occurring spontaneously at a
frequency of 1 per 18-10'° base pairs per cell divisiok?
Nucleotide misincorporation during DNA synthesis yields
noncomplementary base pairs or mismatches within the DNA
helix, which if uncorrected are fixed as mutations during
the subsequent round of DNA replication. Mutations can also
arise via incorporation of chemically damaged nucleotides
or by incorporation of an undamaged nucleotide opposite a
damaged base within the template strarfdStrand slippage
or formation of unusual secondary structures within DNA,
especially within repetitive sequences, can also result in
mutations when processed aberrantly during replication,
recombination, or repafr.®

Base pair geometry and the nature of the DNA polymerase
involved result in an error rate of 16-107° at the nucleotide
insertion step of DNA synthesi&.In the event of incorrect
insertion, the proofreading exonuclease associated with some
DNA polymerases edits the mistake, permitting the enzyme
to make a second attempt at correct synthesis. Nucleotide
selection and editing in this manner confers an error rate of
~1077 per bp per replication. Mistakes that escape these
fidelity devices are corrected by mismatch repair, further
elevating fidelity 56-1000-fold. In this pathway, a nonca-
nonical base pair is recognized by a MutS homologue, which
in conjunction with a MutL homologue initiates replacement
of the offending nucleotide on the newly synthesized strand
by an excision repair mechanism. The activities that par-
ticipate in this process have been best characterized in
Escherichia coli although substantial information is now
available on the yeast and human systems.

In addition to replication errors, mismatches arise as a
natural consequence of genetic recombination when the
heteroduplex intermediate spans genetic differences between
the recombining helices, and such mispairs can be processed
by the repair systerfi:1?> A variety of base pair anomalies
resulting from DNA damage are also subject to processing
by mismatch repair. These include base pairs containfag O
methylguaniné?~17 8-oxoguaniné®°carcinogen adducts,

UV photo productg! 23 and cisplatin adducf$:2425

1.2. Biological Significance of Mismatch Repair

Genetic inactivation of the mismatch repair system elevates
spontaneous mutability 501000-fold?6-31 Mismatch repair
defects lead to highly elevated rates of base substitution and
frameshift mutations, permit illegitimate recombination
between quasi-homologous sequeri@ésand render mam-
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containing one or more mismatched base pHif¢These

nonpolyposis colon cancer (HNPCCYC and has been

implicated in the development of a subset of sporadic tumors EXPeriments showed that different mismatches can be recti-
that occur in a variety of tissuég:*3 fled with differing e_ff|C|enC|es, |mpI_y'|ng that rectification

is dependent on mismatch recognition. They also demon-

.. ; . , strated that co-repair of closely linked mismatches usually

2. Escherichia coli Methyl-Directed Mismatch occurs on the same DNA strand, an effect that was

Repair interpreted in terms of an excision mode of repair with a
The notion that mismatches generated during DNA tract size of several thousand nucleotides.

transactions might provoke their own repair was initially C .

suggested by Hollidd§ and Whitehous® to account for 2.1 Stf@”d Discrimination and Mismatch

marker effects associated with meiotic recombination. On SPECIfiCity

the basis of the low transformation efficiency of certain  Although early studies of mismatch repair were prompted

genetic markers int&treptococcus pneumonijagphrussi- by an interest in recombination marker effects, Wagner and

Taylor and colleagues proposed a mismatch rectification Meselson postulated that mismatch repair could also con-

process in this bacterium that was targeted to the incomingtribute to replication fidelity provided that the reaction could

DNA strand?® Direct proof that mismatches can provoke be directed to the newly synthesized DNA strdhdhey

their own repair was provided by Meselson and colleagues suggested that this could be accomplished by exploitation

who transfecteE. coli with phagel heteroduplex DNAs  of secondary signals within the helix such as the transient
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absence of methylation on newly synthesized DNA or via a
“special relation to the replication comple®®. Methyl
direction was confirmed ik. coliwhen heteroduplex repair

was shown to be controlled by the status of adenine

modification at GATC sequencé3Newly synthesized DNA
is subject to modification at this sequence by the Dam
methylase after a transient deffy>?> Mismatch repair of
hemi-methylated DNA occurs on the unmodified strand,
heteroduplex DNA lacking the Dam modification on either

lyer et al.

sectors. Plaques of a pure color arise as a consequence of
repair, whereas sectored plaques reflect segregation of the
two strands in the absence of correction.

2.3. The Escherichia coli Methyl-Directed
Mismatch Repair Reaction

E. coli strains deficient in MutH, MutL, MutS, or DNA
helicase Il (also called UvrD) are deficient in methyl-directed
mismatch repaif?5366.77Application of the in vitro restriction

strand is also processed but with little or no strand bias, andeéndonuclease assay described above permitted isolation of

DNA that is modified on both strands is not repaifé&

As expected from such observatiofis, coli cells deficient

in Dam methylase are mutatd¥s}® as are strains that
overproduce the enzynie>” The latter effect has been
attributed to a reduced temporal window during which repair
may occur. It is noteworthy in this context that a single hemi-
modified GATC sequence is sufficient to direEt coli

homogeneous preparations of MutH, MutL, MutS, and DNA
helicase 1162788 Biochemical and genetic studies also

implicated several additional activities in methyl-directed

mismatch repair: exonuclease | (Exol) exonuclease VII
(ExoVll), RecJ exonuclease, exonuclease X (ExoX), single-
stranded DNA binding protein (SSB), DNA polymerase Il

holoenzyme, and DNA ligas®@.883

mismatch repair and that this site may reside on either side Analysis of repair inE. coli extracts under conditions

of the mismatcl¥®-¢0

Although hemi-modification of GATC sites plays a major
role in strand discrimination in vivo, a strand break will also
suffice for this purpos&t62In fact, as discussed below, the
function of a hemi-methylated GATC site i coli mismatch

where repair DNA synthesis was blocked and study of
reactions supported by purified proteins indicate that the
overall repair reaction can be divided into several steps:
mismatch-dependent incision of the unmethylated strand at
a hemi-methylated GATC site; excision of that portion of

repair is to provide a strand break, and it has been suggestedhe incised strand spanning the single-strand break and the

that GATC modification is responsible for directing only a

mispair; repair of the ensuing gap by DNA synthesis and

subset of mismatch repair events, the remainder attributedligation (Figure 1). A key feature of this system is its

to strand discontinuities that occur naturally on daughter
DNA strands during the course of DNA replication (a 3
terminus on the leading strand;- &and 3-termini on the
lagging strand$? Strand discontinuities are also believed to
be the natural strand discrimination signalsSin. pneumo-
niae_64,65

TheE. colimethyl-directed system recognizes and repairs
G-T, A—C, G-A, T-C, A—A, G—G, and T mis-
matche$%-%8 although some GA and C-T mispairs are
weak substrates, depending on sequence cofftéxihe
C—C mismatch is subject to little if any rectification.
Insertion/deletion (ID) mismatches containing up to about

bidirectional capability. The finding that a single hemi-
methylated GATC sequence is sufficient to diréctcoli
mismatch repair and that this site may reside on either side
of the mispair suggested that the pathway could function in
a bidirectional manne % This was confirmed by use of
electron microscopy and end-labeling methods to map
excision tracts produced under conditions of repair synthesis
block in bothE. coli extracts and a reconstituted system
comprised of purified forms of the proteins noted ab#\&.

The 6.4 kbp heteroduplexes used in these studies contained
a G—T mismatch and a single hemi-methylated GATC site
located about 1000 bp distant (as viewed along the shorter

four unpaired bases are also efficiently processed by thePath linking the two sites on the circular DNA). Mismatch-

pathway’® 73

2.2. Biochemical Assays for Mismatch Repair

provoked excision tracts were localized to the unmodified
strand where they extended via the shorter path from the
GATC site to terminate at a number of sites within a 100
nucleotide region beyond the mispair. Localization of exci-

Molecular analysis of mismatch repair was made possible sion tracts to the shorter path between the two DNA sites
by the development of assays that permit mismatch rectifica-was observed irrespective of which strand of the helix

tion in vitro to be scored by biochemical or genetic methods.

Both approaches have utilized circular heteroduplexes con-

harbored GATC maodification, that is, whether the unmethy-
lated GATC sequence was locateéB5 to the mismatch.

taining a mismatch and a strand discrimination signal. The These observations led to the suggestion that mismatch-
biochemical assay relies on placement of a mismatch within provoked excision commences at the incised GATC site and

overlapping recognition sites for two restriction endonu-
cleases$387475The mismatch renders the DNA resistant to

proceeds toward the mispdfIt is pertinent to note in this
context that while a hemi-modified GATC located 1000 bp

cleavage by both endonucleases, but repair restores sensitivitfrom the mismatch can function efficiently in directing
to one or the other of the two endonucleases, depending orexcision, the efficacy of the reaction decreases as the

which strand is subject to rectification.
In the genetic methdfl a mismatch is placed within a
f-galactosidase gene that resides within M13 viral DNA such

separation distance increases to 2000
MutS is responsible for initiation oE. coli mismatch
repair. This 95 kDa polypeptide, which exists as an equi-

that one strand contains a wild-type gene sequence while itslibrium mixture of dimers and tetramef$ recognizes

complement contains a mutation that inactivgfiegalac-
tosidase function. After incubation with a cell-free fraction,
DNA products are introduced into a mismatch-repair defi-
cientE. colistrain, which is then plated on media containing
5-bromo-4-chloro-3-indolyB-p-galactopyranoside (X-gal),
which yields a blue product upon hydrolysis Bygalactosi-

mismatched base pait$’2788’"MutL, a 68 kDa polypeptide
that is dimeric in solution, is recruited to the heteroduplex
in a MutS- and ATP-dependent fashig#8 %2 The MutL-
MutS-heteroduplex complex is believed to be a key inter-
mediate in the initiation of mismatch repair, but as described
below, its nature is not well understood.

dase. The fate of the mismatch is evaluated by scoring blue Assembly of the MutkMutS-heteroduplex ternary com-
or white plaques versus plaques that display blue and whiteplex is sufficient to activate several downstream repair
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Figure 1. Mechanism ofE. coli methyl-directed mismatch repair. Details of the reaction are described in the text. Although not shown,
DNA ligase restores covalent continuity to the repaired strand after DNA polymerase Il holoenzyme fills in the gap. Green arrows indicate
MutS- and MutL-dependent signaling between the two DNA sites involved in the reaction.

activities. One of these is MutH, a 25 kDa latent endonu- MutS to the activation of MutH or helicase Il. This
clease specific for unmodified GATC sequences. MutH is conclusion is based on the finding that under certain
activated in a mismatch-, MutS-, MutL-, and ATP-dependent conditions MutL is sufficient to activate DNA helicase I
manner and incises the unmethylated strand of a hemi-on a substrate that lacks a mismatched base’h%if’ This
methylated GATC site'go the G723 Activated MutH will effect has been attributed to physical interaction of the two
also cleave both strands of an unmodified GATC site by a proteins with MutL loading the unidirectional’ 30 5
two-hit mechanism resulting in a double strand break. MutH helicasé® onto the appropriate DNA strand so that unwinding
incision can occur either'3or 5 to the mispair on the  proceeds toward the mismatch in a manner consistent with
unmodified strand, and the ensuing strand break serves asieteroduplex orientation. Under certain conditions, MutL can
the actual signal that directs excision repair to the unmethy- also activate the MutH endonuclease in a mismatch- and
lated strand (Figure 1). Thus, a preexisting single-strand MutS-independent manner, an effect that has also been
break, which need not be within a GATC sequence, bypassesattributed to physical interaction of the two proteffig%©
the requirements for both MutH and a hemi-modified GATC  As noted above, mapping of excision tracts and the
site in E. coli mismatch repair, an effect that has been demonstration that MutS and MutL activate unwinding by
documented both in vivo and in vitf.52 DNA helicase Il at a strand break have led to the conclusion

Formation of the Mut8viutL -heteroduplex complexis also  that excision initiates at the site of MutH incision. This view
sufficient to activate the methyl-directed excision system, is also consistent with the nature of exonuclease activities
which is comprised of DNA helicase Il and several single- that have been implicated in methyl-directed repair based in
strand specific exonucleases. MutS and MutL activate vitro assay. Thus, when MutH incision occurs té the
unwinding by helicase Il on nicked DNA in a mismatch- mismatch, excision depends on ExoVIl or RecJ exonu-
dependent mannét.Use of pre-steady-state methods dem- cleas€?8° both of which hydrolyze single-stranded DNA
onstrated that helix unwinding in this system initiates at the with 5' to 3 polarity1°11°2\When MutH cleavage occurs
strand breaR® Although unwinding in this three-protein 3' to the mispair, excision requires Exol, ExoVIl, or
system occurs in both directions from the strand break, the ExoX 2818385 3| of which support 3to 5 hydrolysis of
reaction displays a fairly strong bias for unwinding toward single-stranded DNA:193.104(ExoVIIl supports both 5to
the mismatch. Since this directional bias was observed 3' and 3 to 5 directionality.)
without regard to placement of the nick@ 5 to the mispair, Genetic inactivation of both ExoVIl and RecJ abolishes
this finding led to the suggestion that MutS and MutL can 5'-directed mismatch repair ifE. coli extracts, whereas
coordinate recognition of the two DNA sites in a manner inactivation of Exol, ExoVIl, and ExoX is necessary to
that establishes their relative orientation. This would permit eliminate 3-directed repair in vitrd?83 Similar heteroduplex
orientation dependent loading of the helicase at the strandorientation-dependent requirements for the exonucleases have
break so that unwinding proceeds toward the mismatch. Thatbeen observed in reactions reconstituted using purified
portion of the incised strand displaced by the helicase is proteins®?8385 ExoVIl and RecJ thus provide redundant
subject to hydrolysis by an appropriate single-strand specific functions in 3-directed excision, while Exol, ExoVIl, and
exonuclease (see below). ExoX provide redundancy in'lirected hydrolysis. Redun-

In the partial reaction systems described above, MutL plays dancy of Exol, ExoVIl, ExoX, and RecJ function in
a major role in the coupling of mismatch recognition by mismatch repair has also been documented in in vivo genetic
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studies. Analysis of all possible single, double, and triple

lyer et al.

istic of mismatch repair-deficient celt$11®120Although a

mutant strains failed to reveal a defect in mismatch repair role for Dnmtl in mammalian mismatch repair has been

as judged by mutability increa$é$31% however, strains
deficient in all four hydrolytic activities display a 7-fold

inferred on these grounds, defective or aberrant repair in
Dnmtl-deficient cells has not been directly demonstrated.

increase in mutation rate, a value considerably less than the Other possible mechanisms for strand discrimination in

50 to 100-fold increase in mutability conferred by helicase
Il or MutS defects® While the limited increase in mutability

associated with quadruple exonuclease deficiency might indi-

eukaryotic cells have also been considered. Strand discon-
tinuities occurring naturally as intermediates during the
course of DNA replication may provide strand signal

cate that these enzymes play only a limited role in mismatch functions in bacterial mismatch repair and could function in

repair within the cell, this does not appear to be the case.

a similar manner in eukaryotic systefisWagner and

Rather, the modest mutability of such strains is due to under Meselson postulated that “special relation to the replication
recovery of mutations because bacterial chromosomes incomplex” could effect strand discrimination in mismatch

which mismatches occur tend to be lost or destrdied.

repair’® As detailed below, the PCNA replication clamp

The single-stranded gap produced by the action of helicaseinteracts with several eukaryotic mismatch repair activities,
Il and a single-strand exonuclease is stabilized by SSB. Inand it has been suggested that PCNA might provide a
the absence of SSB, repair efficiency is reduced substan-physical link between repair and replication that would allow

tially.52 DNA polymerase IlI holoenzyme is sufficient to

DNA termini at the fork to function as strand sign&isYet

support the repair synthesis step of methyl-directed correctionanother possibility is that noncovalent signals in the form

in vitro, and extracts prepared fromdnaZ® mutant have

of proteins that segregate with the individual strands during

been shown to be defective in mismatch repair at the replication could conceivably provide a mechanism for

restrictive temperatur®. In the final step of the reaction,
helix integrity is restored by the action of DNA liga%e.
ThednaZrequirement indicates that tlrecomplex of pol
Il holoenzyme is required for methyl-directed repair in vitro.
They complex functions as the loader that placesiictlamp
onto the helixt% The 8 clamp functions as a processivity
factor for DNA polymerase Ill but has also recently been
shown to interact physically with Mut8? As discussed
below, recent work has demonstrated that PCNA (the
eukaryotic homologue of thg clamp) and the RFC clamp
loader (homologue of the complex) play important roles
in regulation of mismatch-provoked excision in the human
mismatch repair system. Unfortunately, potential effects of
the y complex and thq@ clamp on the excision step of

bacterial mismatch repair have not been addressed, althoug

such studies would appear warranted.

3. Mismatch Repair in Eukaryotes

3.1. Mismatch Specificity and Strand Signals in
Eukaryotic Mismatch Repair

As noted above, MutH incision at a hemi-methylated

discrimination of parental and nascent strafids.

3.2. Eukaryotic MutS and MutL Homologues

Genes encoding homologues of bacterial MutS and MutL
have been identified in a variety of eukaryotes including
yeast, plants, insects, nematodes, and mamghigfs?2 124
although no eukaryotic homologue of MutH has been
identified. The several eukaryotic homologues of MutS have
been designated MSHIMSH6. MSH1, which has not been
identified in mammalian cells, is required for mitochondrial
DNA stability in Saccharomyces cearsiae?12>126Eukary-
otic MSH2, MSH3, and MSH6 gene products have been
|mpl|cated in mitotic genetic stability where they participate

ii]n repair of basebase mismatches and ID heterolo-

$12.1427,110127141 however, MSH2 has also been implicated

|n me|ot|c gene conversio.Function of the MutS homo-
logues MSH4 and MSH5 is apparently restricted to meiosis
where they play important roles in crossing over in both yeast
and mammalg#2-146

Genes that encode MutL homologues have also been
identified in eukaryotes. MLH1 and PMS2 (mammalian
PMS2 corresponds to PMS1 in yeast, plants, and nematodes)

GATC site provides a DNA strand break that serves as the have been the most extensively characterized. Both have been

actual signal that direct&. coli mismatch repair. In fact,
the initial demonstration of strand-directed mismatch repair
in higher cells relied on the use of circular heteroduplex
DNAs containing a strand-specific single-strand bré&ak.
Incubation of such DNAs with nuclear extracts derived from
human orDrosophila melanogastecells results in robust
mismatch correction with the repair being directed to the

implicated in mitotic mutation avoidant&128:147154 gnd in
meiotic recombinatioA*%5157 MLH3, which has been
identified in yeasts and mamm#i%!5°plays an important
role in meiotic crossing-ovér:169.161pyt also functions in
mitotic genetic stabilization in yeast by preventing frameshift
mutationst8162Mitotic functions of MLH3 in mammalian
cells have been the subject of controvef853166 Other

incised strand. Such extracts support efficient nick-directed MutL homologues have also been identified: MLH2 in

repair of G-T, A—C, A—A, G—A, G—G, T-T, C-T, and
C—C mismatches, as well as small ID heterologfe§.108 111
Although strand discontinuities are sufficient to direct
mismatch repair in vitro, the natural signals that direct the
eukaryotic reaction remain uncertain. Early stutlies'4
suggested that cytosine methylation might be involved in
strand discrimination in mammalian cells in a manner
analogous to the role of adenine methylationBn coli.
However, more recent work has seemingly ruled out this
possibility115116 On the other hand, several groups have
found that mouse cells deficient in the DNA cytosine
methyltransferase Dnmtl display instability of mono- and
dinucleotide repeat sequencéés!'®a phenotype character-

yeast®”162and PMS1 in human®? The former protein may
provide a meiotic functiof®’

Available evidence indicates that eukaryotic MutS and
MutL homologues function as heterodimers, which allows
for a modular system for recognition and processing of
different types of DNA lesions. In both human and yeast,
MSH2 forms a heterodimer with MSH6 (Mut$ or MSH3
(Mutsg)_130,131,135,136,138,140,141,}6870 In human Ce”S, MSH2
partitions between MSH6 and MSH3 such that about 85%
of the MSH2 is found in the MSHRSH6 MutSx com-
plex140141Human Mut$t supports repair of all eight base
base mismatches including—<C, as well as ID mispairs
containing up to about 10 unpaired nucleotides, whereas
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Figure 2. Human bidirectional mismatch repair in vitro. Human mismatch repair in vitro can be directed by a strand break located either
3 or 5 to the mismatch. Activities that have been implicated in several steps of the reaction are shown. Question marks indicate that
unidentified activities may also play significant roles in the reaction.

MutSB supports correction of ID mismatches containing two mispair’>7¢ Furthermore, end-labeling studies have demon-
to about 10 nucleotides but is only weakly active on single strated that nick-directed, mismatch-provoked excision (under
nucleotide ID mispaird3®141 This specificity is consistent  conditions of repair synthesis block) leads to production of
with the finding that mononucleotide (but not dinucleotide) a new set of DNA termini localized to a region 9070
repeat instability is diagnostic for MSH6-deficient tumor nucleotides beyond the mispéff.A gap extending from the

cellst20.171 nick to this set of sites has been inferred on the basis of
As judged by mutation spectra and in vitro heteroduplex conversion of this region to a restriction endonuclease-
binding assay, the specificities of yeast Mut&nd Mut$ resistant form and by virtue of its ability to serve as a hybridi-
are similar to their human counterparts. Yeast MutS zation acceptor for complementary oligonucleotith§d82
recognizes basebase mismatches (€C is a weak sub- An alternate mode of excision has been suggested on the

strate), as well as ID mispairs of up to about 10 unpaired basis of analysis of radiolabeled nucleotide incorporation into
nucleotides:"169.170.17217% east Mut® supports repair of  nicked heteroduplexes Kenopusgg extracts. Fine structure
ID mismatches of one to about 10 unpaired nucleo- restriction analysis of repair products demonstrated a sig-
tides!34136.173175 nificantly higher specific radioactivity in the vicinity of the
Although not as well studied as their MutS counterparts, mismatch than near the strand bré&On the basis of this
eukaryotic MutL homologues also appear to function as gnalysis, Radman and colleagues have suggested an alternate
heterodimers, MLH1 serving as a common subunit. The bestmode of excision wherein the nick that directs repair serves
characterized of these has been Mutlwhich has been  only as a strand signal, rather than an initiation site for
isolated from both human (MLHPMS2 heterodimer) and  excision?®3 In this model a mismatch-stimulated endonu-
yeast (MLHXPMS1 complexy317¢178 and is capable of  clease is postulated to introduce a strand-specific nick in the
supporting repair initiated by MutS or MutS3.2%*%19  yjcinity of the mismatch. This nick serves as the site for
Formation of MLHXMLH2 and MLH1-MLH3 complexes injtiation of excision, which is restricted to the immediate
has been inferred on genetic groundsSincereisiae, the vicinity of the mispairfi® It is not clear whether these
latter complex cooperating with MytSo prevent frameshift  different conclusions concerning the modes of excision in

mutationst>"-1%8162A human Mutl3 complex of MLH1and  human andXenopusextracts are due to biological or
PMSL1 has also been isolated, but its molecular activities haveexperimental differences in these two systems. However, it

not been ascertaine#’8! is pertinent to note that a similar radiolabel incorporation
) o study in HelLa cell extracts demonstrated that the highest
3.3. Mismatch Repair in Cell-Free Extracts label enrichment occurred in the vicinity of the strand break

Much of the information on the nature of eukaryotic that directs repaif® On the other hand, much of the fine

strand-directed mismatch repair has derived from study of Structure mapping of excision tracts in the human system
the nick-directed reaction in human cell-free extracts (Figure Nas relied on analysis of single-stranded gaps produced under
2). As in the bacterial reaction, the nick that directs repair conditions of repair DNA synthesis block, a cond|t|on82that
can be located '3or 5 to the mismatch%182 The rate of could conceivably perturb the experimental outcdfiié®

nicked-directed correction diminishes with an increase in  Analysis of nick-directed repair in crude and partially
nick—mismatch separation distance from 125 to 1000 bp, fractionated extracts has implicated a number of activities
although repair is readily demonstrable at the larger dis- in the human reaction. Mut§ MutS3, and Mutlo. were
tancel® As discussed above, electron microscopy has beeninitially identified on the basis of repair defects in extracts
employed to directly visualize excision tracts produced by of hypermutable tumor cell lines resulting from deficiency
the bacterial methyl-directed system when repair DNA Of one or more of these activiti¢¥131135138,140,141,153,184
synthesis is blocked. These experiments demonstrated the As discussed above, DNA helicase Il and multiple
presence of a single-stranded gap spanning the distance&xonucleases participate in the excision step of bacterial
between the mismatch and the GATC site that directs repair.mismatch repair. By contrast, there is no compelling evidence
Although excision tracts produced in extracts of human cells for helicase involvement in eukaryotic mismatch rep&irté”
have not been visualized in this manner, several lines of and only one hydrolytic activity has been convincingly
evidence suggest a similar mode of excision. Radiolabeledimplicated in the reaction. Exonuclease | (Exol) is a member
nucleotide incorporation into nicked heteroduplexes occurs of the Rad2 family that hydrolyzes duplex DNA with &
preferentially in the region spanning the nick and the 3 polarity but also displays Slap endonuclease activit{® 1%
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Initial evidence for Exol involvement in mismatch repair was
obtained in yeast. Yeastxol mutations confer a mutator

lyer et al.

polymerase),?? its involvement in the repair synthesis step
of mismatch correction is not surprisidtf.However, deple-

phenotype, and yeast Exol has been shown to interact withtion of PCNA from human cell extracts by p21, which binds

yeast MSHZ289.190.195imijlarly, the human Exol homologue
has been found to interact with human MSH2, MLH1, and
MSH3.195-197 Direct evidence for participation of Exol in

tightly to PCNA and effectively sequesters the protéit?t®
abolishes 3directed, mismatch-provoked excision and in-
hibits 5-directed excision to a limiting level of about

nick-directed mismatch repair was provided by experiments 50%121.216217Additional support for PCNA involvement in

in which human nuclear extracts were depleted of ERol.
Surprisingly, depletion of the activity attenuated not only
5'-directed excision and repair but-@irected reactions as

well, although both could be restored by supplementation

with homogeneous human Ex8F Since a similar require-
ment for Exol in 5 and 3-directed repair has been observed
in Exol~~ mouse celld®the 3 to 3 exonuclease is evidently

mismatch repair has been provided in the yeast system with
the identification of mutant alleles within the PCNA struc-
tural gene that display elevated mutabifi#y211.218220

Much of the work on the nature of PCNA involvement in
early steps of mismatch repair has focused on interaction of
the protein with Mut& and Mut$. Although a robust
interaction between PCNA and MutLhas not been dem-

required for both excision directionalities supported by the onstrated?:222 PCNA interacts strongly with Mut$ and

system.
Involvement of several other hydrolytic activities in

MutS3, both of which harbor a PCNA recognition motif
located near the N-terminus of the MSH6 or MSH3 subunit,

eukaryotic mismatch repair has also been suggested, bufespectively:t?#-22%22nterestingly, mutations within yeast
evidence in these cases is less compelling. Analysis of structural genes for MSH3 or MSH6E that abolish the

dinucleotide repeat instability 5. cereisiae led to the

MutSa.—PCNA and Mut@—PCNA interactions in vitro

suggestion that the RAD27 exonuclease may be involved indisplay only a modest mutability increase in vitg8?2%224
mismatch repait?® but subsequent studies demonstrated that suggesting that this interaction plays a significant but

this activity has little if any role in mismatch correctié:2%?
The editing exonuclease functions of DNA polymerades
and € have also been postulated to provide hydrolytic
functions in mismatch repatf®2%*however, this suggestion
has also been question#t.

Mismatch repair in nuclear extracts is insensitive to DNA
polymerases inhibitors but is abolished by aphidicolin, an
inhibitor of the eukaryotic replicative polymerasesd, and
€.7576108 Repair is also reduced by low concentrations of
butylphenyl-dGTP, a nucleotide that inhibits all three DNA
polymerases but preferentially inhibits polymerasat the
concentrations used.The nature of the repair synthesis step
of mismatch correction was clarified by development of a

nonessential role in mismatch repair.

Similar results have been obtained in the human system
on the basis of analysis of MutS-PCNA interaction. The
PCNA binding motif of human Mut& resides within the
N-terminal 12 amino acids of the MSH6 subunit. Unlike
native MutS, a variant lacking the 77 MSH6 N-terminal
amino acids fails to colocalize with PCNA to replication foci
in vivo and is defective in its ability to restore nick-directed
repair to extracts derived from an MSH6-deficient cell k.
By contrast, two other human MutSrariants (lacking the
N-terminal 12 or 341 amino acid residues of MSH6) that
interact poorly with PCNA have been found to support near
normal levels of mismatch repair upon supplementation of

depleted extract system that sustains mismatch-provokedSH6-deficient extracts (R. lyer, T. Pohlhaus, S. Chen, and

excision but fails to support the complete repair reactfén.

P. Modrich, unpublished). Although the latter findings are

A Hela activity that restored repair to the depleted extract consistent with the yeast studies mentioned above, the
was isolated and shown to be identical to DNA polymerase differing results obtained with the different N-terminal MSH6

o with highly purified fractions devoid of detectahteor .
Additional evidence for polymerasé involvement in

truncations have not been resolved.

mismatch repair has been provided in yeast where genetic3-4. Reconstituted Eukaryotic Mismatch Repair

studies have shown that mutations¥®L32 which encodes

a noncatalytic subunit of polymeras® potentiate the
mutability of Exol-deficient strain&* Thus, DNA poly-
merase is required for eukaryotic mismatch correction, but
supporting roles for polymerasesande have not been ruled
out.

Analysis of nick-directed mismatch repair in nuclear

Reactions

The functions of Exol and PCNA in eukaryotic mismatch
repair have been further clarified by establishment of several
reconstituted systems that support mismatch-provoked exci-
sion by purified human proteins. The simplest of these
(Figure 3), which is comprised of MutS MutLa, Exol, and
RPA, supports a mismatch-provoked excision reaction that

extracts of human cells has also implicated several DNA occurs exclusively with'3o 3 directionality19826consistent
binding proteins in the reaction. Involvement of the human with the 5 to 3 polarity of Exol hydrolysis in the absence
single-stranded DNA binding protein RPA was established of other proteing®:19 Although MutLa is not essential for

by immunological methods, and the protein has been shownexcision in this system, it does enhance the mismatch
to stabilize excision intermediates and to facilitate repair dependence of the reaction.

DNA synthesis in crude fractiorf87.2%¢ Use of a depleted

In the absence of RPA, MutSstimulates Exol hydrolysis

extract approach similar to those described above has alstf nicked DNA in a mismatch- and ATP-dependent man-
suggested involvement of HMGB1, a non-histone chromatin ner216 ynder these conditions, MutSrenders Exol highly

protein. This 30 kDa protein, which binds to certain types
of DNA damage’® interacts with Mut® and may play an
important role in early steps of the reaction prior to
excision?10

PCNA, the eukaryotic replication sliding clamp, also plays
several important roles in mismatch rep&i?'1Given that
PCNA is an important cofactor for DNA synthesis by

processive, an effect attributed to formation of a complex
between the two proteins on heteroduplex DNA. RPA
modulates behavior of this complex, reducing processivity
from ~2000 to~250 nucleotides. This leads to termination
of excision upon mismatch removal as a consequence of two
effects. An RPA-filled gap is an extremely poor substrate
for Exol, but MutSx promotes Exol initiation at such sites
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Figure 3. RPA regulation of mismatch-provoked & 3 excision. As described in the text, Mut®onfers a high degree of processivity

on Exol presumably via formation of a molecular complex between the two proteins (left). RPA reduces the processivity of this complex
to about 250 nucleotides (right). An RPA-filled gap is an extremely poor substrate for Exol reloading, but 8&ut$romote reloading

if the DNA contains a mismatched base pair. Hence, in the presence of RPA, excision is dramatically attenuated upon mismatch removal
because Mut& can no longer assist in this manner. This effect is potentiated by d/at®l MutLo, which act together to suppress Exol

activity on DNA that lacks a mismatch, leading to effective termination of excision.

provided that the DNA contains a mismatched base pair.

Hence, excision is dramatically attenuated upon mismatch . = rec
removal because MutScan no longer assist in this manner. _ §:_| &
This effect is potentiated by MutSand MutlLa, which act =

together to suppress Exol hydrolysis on DNA that lacks a '« @»
mismatched base pair, leading to effective termination of

excision?é Interestingly, this simple mechanism provides a

.pOte.nt'al explana_tlon for one of the m.OSt puzzling questions Figure 4. A purified human system that supports bidirectional

in m_|s_match repair. In both the bacter!al and human systems, o, cision. A six-component system comprised of Mut$utLa,
excision terminates at a number of sites centered about 100:=xo|, RPA, RFC, and PCNA Supports mismatch-provoked excision
nucleotides beyond the original location of the mispair. The directed by a strand break located eithepB5 to the mismatch.
mechanism of this four protein purified system suggests that Both 3- and 5-directed excision reactions depend on integrity of
termination in this manner may be a Simp|e consequence Ofthe Exol activ_e site. The simples_t explanati_o_n for t_hiS flndlng is
thedisance separating the ick and the mispai coupled with{12 £10) IECEies e S recied Scelon e pont s
the degree of pl_’oceSSIVIty Of_the hydrolytic system, that is, dependent on signaling between the two DNA sites. Reprinted with
the number of times the excision system must be reloadedpermission from ref 222. Copyright 2004 Elsevier, Inc.

to effect mismatch removal.

The B to 3 directionality of this four protein system can initiate at the strand break that directs the reaction, but this
be regarded as a default polarity because hydrolysis alwayspoint has not been establish&d.Nevertheless, this six-
proceeds 5to 3 from the strand break without regard to component system displays the key element of bidirectional
nick location 5 or 3 to the mismatch. Thus, when the nick excision that has been observed in nuclear extracts, namely,
that directs excision is'%o the mispair, hydrolysis proceeds activation of differential excision events in response to 3
5 to 3 toward the mismatch, terminating upon mismatch or 5-heteroduplex orientation.
removal. However, the four protein system also supports 3'-Directed excision in the six-component system requires
mismatch-provoked excision on a-leteroduplex, and in  MutSa, MutLa, Exol, PCNA, RFC, and ATP with RPA
this case, hydrolysis also proceeds witht® 3 polarity, stimulating the reaction. The Exol requirement for both 5
which is incorrect directionality for mismatch removéf:?22 and 3-directed excision in the reconstituted bidirectional
This observation led to the finding that supplementation of system is similar to the bidirectional requirement for the
MutSo, MutLa, Exol, and RPA with PCNA and RFC (the protein in nuclear extract8819Although the role of the's
enzyme that loads the PCNA clamp onto the héify)ields to 3 exonuclease in'3irected excision is not clear, analysis
a system that supports bidirectional excistéhWhen the of an active site mutant has demonstrated a requirement for
nick that directs the reaction is locatedtd the mismatch, the Exol catalytic center in both'band 3-directed reac-
hydrolysis in this six-component system proceeti$o53 tions???2 Several possible explanations could account for this
as it does in the default pathway. However, when the nick finding. Exol could play a structural role in the assembly of
is located 3to the mispair, 5to 3 hydrolysis by Exol is a multiprotein repair complex required for activation ¢f 3
suppressed, and excision proceeds with apparetn 3 directed excision by an as yet unidentified activity associated
polarity, resulting in mismatch removal (Figure 4). The with another repair proteitf* however this possibility is
apparent 3to 5 polarity of excision in this system assumes somewhat difficult to reconcile with the Exol active site
that the hydrolytic events leading to mismatch removal requirement in 3directed excision. It has also been suggested
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Figure 5. Mechanisms for signaling between the mismatch and the strand signal. The models depicting ATP-dependent movement, MutS-
nucleated polymerization, and DNA bending are described in the text.

3

that Exol may harbor a cryptic' 3o 5 hydrolytic activity reconstituted reactions should facilitate additional work on
that is activated on a'eteroduplex by other components the mechanism of eukaryotic mismatch repair, it is important
of the repair systef?with this activity presumably sharing  to note that they should be regarded as minimal systems for
active site residues with the & 3 hydrolytic function. A several reasons. Analysis of Exol-depleted nuclear extracts

third possibility is that excision with apparent & 5 and the phenotype of Exol-deficient mouse cells has
directionality is dependent in some way ort®3 hydrolysis indicated that the probable existence of other excision
by Exol. activities that may function in a redundant manner with

Use of a mutant form of the protein and domain specific respect to Exot?®***Furthermore, the mismatch dependence
antibodies has indicated that RFC provides at least two Of reconstituted Sdirected excision is not as dramatic as
functions in the reconstituted bidirectional excision syst&ém.  that observed in nuclear extratfs**?indicating that one or
The amino terminal ligase homology domain of the large more specificity factors may be lacking. These activities, as
RFC subunit, which is not required for PCNA loading onto Well as the ligase responsible for termination of repair, remain
the helix?26227 js necessary for suppression of ® 3 to be identified.
hydrolysis from a 3strand break but is not required for
activation of 3-directed excision. Domain B of the large RFC 4. Coupling of Mismatch Recognition and Strand
subunit, which functions in PCNA loadirtéfis not necessary  Djscrimination
for suppression of '5to 3 hydrolysis from a 3nick but is . . o _
required for activation of ‘3directed excision. Based on the Distinct excision responses are elicited in the bacterial and
latter finding, it has been inferred that the loaded form of Numan repair systems depending on whether the strand break
PCNA is required to activate '&lirected hydrolysig?2 that directs the reaction is locatedd@ 5 to the mismatch.

Although PCNA has been suggested to function as a strand'N€ repair systems must therefore establish the relative
signal during mismatch repai#-22%these results suggest that  orientation of these two sites on the heteroduplex, which can

RFC and PCNA function to regulate directionality of be separated by 1000 bp or more. Three types of model have
excision222 The manner in which PCNA is loaded onto the P€en p_ropose_d to explain the mode of interaction of the two
helix provides a simple mechanism by which this might DNA sites (Figure 5). One model posits ATP-dependent
occur. PCNA is loaded at strand discontinuities in an Mmovementof a MutS homolog, as well as the corresponding
orientation-dependent manner, that is, different faces of the MutS-MutL complex, from the mismatch to the strand signal
PCNA clamp would be oriented toward the mismatch‘in 3 along the helix contout.2323¢ A second model postulates
and B3 heteroduplexed? Inasmuch as PCNA and Exol that the mismatctMutS homologue complex serves as a
interact, the PCNA orientation at the strand break could be Nucleation site for polymerization of a second protein along
exploited to control directionality of excision (Figure %43. the helix, with the obvious candidate being the corresponding

235,236
As mentioned above, HMGB1 has been implicated in early mgg:algqsmsql?%l trans-(rjhec}:t'g(r)]nglrgﬁn t';]r;err]r;el_ cho;rt]gsre t\?wl'och
steps of nick-directed mismatch in human cell extracts. IS SIg uctl 9 X ur, wh

However, the reconstituted bidirectional system does not can in principle account for the'capat.)ility ofthe repairsy;tem
display an obvious requirement for this protein. The dif- t© fespond to heteroduplex orientation, that is, strand signal
ferential requirement for HMGBL in the two systems could Placement 3or 5 to the mismatch. A third transactivation
be the consequence of the presence of other DNA binding model stipulates .that MutS gnd MutL .homologues remain
activities in nuclear extra@f? Such proteins could restrict bound to the mismatch with activation of downstream

access of repair activities to the mismatch or strand discon-activities at the strand signal mediated by a DNA bending

tinuity in heteroduplex DNA, and HMGB1 may function to mechanisni?#%72*Despite extensive work in a number of

reverse this type of effect in the extract system. The absencelabc_)rato_ries, the molc_acular mechanism responsible for Sigf‘a"
of such activities in the purified system would obviate the 9 IN Mismatch repair has not been established. The sections
requirement for the protein immediately below will highlight work that bears on this

As discussed above, DNA polymeraséias been impli- problem.
cated in both human and yeast mismatch repair systems. In4 1. ATPase Activities of MutS and MutL
fact, supplementation of the reconstituted, six component H'or'nologues
bidirectional excision system with DNA polymerasgields
a system that supports mismatch correction directed by either Mismatch-, MutS- and MutL-dependent activation of the
a 3- or 5-strand break®® While availability of these bacterial MutH GATC endonuclease requires ATP and is
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inhibited by ATP/S?2 implicating ATP hydrolysis in the
interaction of the two DNA sites involved in thE. coli
methyl-directed reaction. Accordingly, much of the work on
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and the structure of the dimer is similar to the Greek letter
0,267 with two large adjacent channels. Heteroduplex DNA
is threaded through the larger of th@&&27°2""The functional

signaling in mismatch repair has addressed modulatory significance of the empty channel is not known, but its size

effects of adenine nucleotides on the interaction of MutS
and MutL homologues with DNA. Requirements for ATP

and charge suggest that it might also be able to accommodate
a DNA segment®’ Interactions between the highly conserved

hydrolysis (as opposed to nucleotide binding) have been ATPase domains of the two subunits, which are located at
inferred in such studies on the basis of comparative analysisthe distal end of the dimer relative to the heteroduplex

of ATP effects with those obtained using nonhydrolyzable
analogues and by use of mutant proteins defective in ATP
binding or hydrolysis or both.

MutS homologues are members of the ABC (adenine
nucleotide binding cassette) transporter family of ATP&8es
and hydrolyze ATP with modest turnover numb¥r%:246-250
In the absence of DNA, reported turnover numbersEor
coli MutS are 2-26 mirm?* per dimer31:237:245.251.2580—240
min~! for the Thermus aquaticu$/utS dimer (at 76-80
°C),247:2507—14 min ! for the yeast Mut§,'6%?53and 0.2-1
min~! for human Mut$..243244.246.254These values were
obtained under a variety of experimental conditions, and

channel, provide much of the stabilization energy for dimer
formation?70.271

Heteroduplex binding is mediated by an N-terminal clamp
domain, which is comprised of long-helical arms and a
highly conserved mismatch recognition domain. The former
serves to clamp the DNA within the dimer, and the latter
provides heteroduplex recognition conta@fs?’? Although
comprised of two identical polypeptide chains, the hetero-
duplex-bound dimer is structurally asymmetric with mis-
match recognition contacts provided by only one subunit.
In both theT. aquaticusandE. coli structures, the unpaired
or mispaired base(s) remain intrahelical and the phenylalanine

some of the variability, especially those values on the higher of the Phe-X-Glu mismatch recognition motif within one
side, may be due to presence of ATPase contaminants insypunit intercalates into the helix via the minor groove to

the preparations used.
The general consensus is that the ATP hydrolytic activity
of MutS homologues is activated by DNA?243-246,248-250,255

although the degree of activation depends on the experi-

mental system. Thus, DNA activates tlie coli MutS
ATPase about 4-fol&#2*>the human Mut& ATPase 16-
20-fold 243244.248and the yeast MutsATPase about 4-foléf®
At physiological ionic strength, heteroduplex DNA is a
significantly better activator than homoduplex DNA in each
of the three systenfd;?#424624825yt T. aquaticusMutS
appears to be an exception to this reieMutS homologue
mutants defective in ATPase function typically retain
mismatch recognition activity and can display a dominant
negative mutator phenotype in viy$?240.242,248,252,254,25259
MutL homologues belong to a structurally distinct family
of ATP binding proteins, typified by HSP9O, type || DNA
topoisomerases, and histidine kina¥82%*Like MutS ho-
mologues, bacterial MutL and eukaryotic Mutlare weak
ATPases?178262.265The E. coli MutL ATPase is dramatically
activated by single-stranded DNA, but less so by duplex
DNA.8262By contrast, the ATPase activity of human MuatL
does not respond to DNA®283 although the N-terminal
ATPase domain of the PMS2 subunit binds DNA with a
preference for duplex molecul&®. Integrity of the MutL
homologue ATP center is required for function in mismatch
repaif®178259.264.26nd, in the case of th. coli protein, is
necessary for both MutH activation and mismatch-provoked
excision®®

4.2. Structural Features of Bacterial MutS and
MutL

Since structures of bacterial MutS and MutL have been
the subject of several recent reviet¥g%¢-26° only salient
structural features of the proteins will be summarized here.

stack with a mispaired bag&?? The recognition motif
glutamic acid hydrogen bonds to the same base (to N7 if
the base is a purine and to N3 if it is a pyrimidine). These
interactions result in a heteroduplex kink of about,&0-27

an observation that has led to the suggestion that MutS
homologues may exploit helix deformability conferred by a
mispair during the course of mismatch recognitiéf?.70.271
However, recent atomic force microscopy studies have
demonstrated that while virtually all MuiSomoduplex
complexes are kinked with a bend angle of 460°, bend
angles observed with MutBeteroduplex complexes are
bimodal with a significant fraction of the complexes largely
unbent?”3 This has led to the proposal that kinked MutS
DNA complexes, which also form in regions of perfectly
paired helix, represent an intermediate on the path to an
ultimate unbent mismatch recognition complex.

The truncated forms of MutS used in crystallographic
studies may be significantly compromised with respect to
biological activity. E. coli MutS800, which lacks the C-
terminal 53 amino acids, is unable to form tetramers, exhibits
a reduced ability to support MutH activation, and is defective
in its ability to suppress homeologous recombination or
mediate a normal cisplatin response (the latter MutS functions
are considered belowW§:2"*Estimated dissociation constants
for the tetramer to dimer transition of native MutS range
from 107 M (0.1 M KCI, 5 mM MgCly, 4 °C)%¢ to 10°¢ M
(0.25 M NaCl, 10 mM MgC{, 20°C) 2" although the latter
value is based on a single concentration at one rotor speed.
These values should be compared to an estimated intracel-
lular MutS concentration of about 0,8M.276 It is also
noteworthy that the MutS tetramer is not simply a dimer of
dimers; rather, the tetramer can bind only one heteroduplex
moleculeg®

Although a structure is not available for full length MutL,

Structures have been solved for a near full length, C-terminal structures have been determined for a conserved N-terminal

truncated form ofT. aquaticusMutS complexed with an
unpaired T heteroduplé® and for a similarE. coli MutS
variant complexed with 6T, C—A, A—A, G—G, and
unpaired T heteroduplexé&.?72These structures are strik-
ingly similar. In all, the truncated MutS forms a dimeric,

fragment of theE. coli protein that includes the ATPase
domain (residues-1349) and for a C-terminal dimerization
domain (residues 432615)°:26227"The C-terminal domain

of MutL crystallizes as a V-shaped dimer. In the absence of
nucleotide the N-terminal ATPase domain is monomeric and

clamp-like structure about the heteroduplex. The shape ofelbow shaped, and about 60 residues are present in disordered

the individual subunits has been likened to a “commi&”,

loops?°262 However, in the presence of nonhydrolyzable
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AMPPNP, these loops become ordered and mediate associahigh nucleotide concentrations support formation of an

tion of two ATPase monomers to form a saddle-shaped
dimer, which is postulated to disassemble upon nucleotide
hydrolysis?*?62The C-terminal dimerization domain has been

modeled to dock on the posterior side of the ATPase dimer,

ATPyS S ATPyS complex withT. aquaticusMutS and yeast
MutSa, and an ADPS-ADP complex has been demonstrated
for the former proteir?®-25°Neither of these complexes has
been observed with human MutSand the latter species

thus creating a central channel, the dimensions of which arehas not been detected for yeast Muf®°283but the failure

determined by the 83 amino acid linker of unknown structure
that joins the N-terminal ATPase with the C-terminal
dimerization domaii’” DNA is postulated to thread through
this channel in the ATP-bound, closed form of the dimer.
DNA access to the channel would be determined by
nucleotide occupancy of the ATPase domain, with entry or
exit allowed upon ATP hydrolysis, which attenuates interac-
tion between N-terminal ATPase domains to produce the
open form of the dimer.

Yeast two-hybrid studies have suggested that MutH
interacts with the C-terminal portion of Mufl®® However,
cross-linking experiments and structure-based modeling
studies indicate that MutH interacts with the N-terminal
portion of MutL and that this interaction depends on ATP-
mediated dimerization of the MutL ATPase dom#ifH27827°
On the other hand, both N- and C-terminal domains of MutL
are thought to interact with DNA helicase?T’

4.3. Interaction of DNA Binding and ATPase
Centers in MutS Homologues

Modulatory effects of DNA on ATP hydrolysis and
nucleotide effects on MutS homologtaBNA interaction
indicate that the DNA binding site and ATPase centers
interact strongly. Pre-steady-state chemical quench studie
with E. coliMutS, T. aquaticugVutS, and yeast Mutshave
demonstrated an initial burst of ADP formation, implying
that hydrolytic chemistry is fast relative to turnover in the
absence of DNA&#5249250Qccurrence of the ADP burst is
not altered by homoduplex DNA, but it is abolished in the
presence of heteroduplex DNA. This implies that mismatch
recognition increases the lifetime of MutS-bound ATP and
that in the presence of heteroduplex DNA the rate-limiting
step for turnover occurs at or prior to hydrolysis. Thus,
occupancy of the DNA binding site modulates activity of
the ATP hydrolytic center.

Conversely, nucleotide binding site occupancy regulates
MutS homologue interaction with DNA, and as might be

expected from such observations, MutS undergoes a con-

formational change upon ATP bindirdgf:?7>28022However,
modulatory effects of adenine nucleotides on MutS homo-
logue—DNA interaction are not well understood. To some
extent, this may reflect the number of permissible occupancy
states available to the two ATPase centers. If the minimal
functional unit of a MutS homologue is assumed to be an
asymmetric dimer, then the two nucleotide-binding sites can
in principle be filled in nine different ways. Analysis of
nucleotide binding b¥. coli MutS, T. aquaticusMutS, yeast
MutSa, and human Mut& has demonstrated that in the
absence of DNA, each has one high-affinity site for ADP
and one for a nonhydrolyzable ATP analogue per dimer

to detect such complexes in these instances could be due to
lifetimes too short for their collection on the nitrocellulose
membranes used for their detection. In fact, the AFRTP

and ADPS-ADP complexes have been postulated to play
significant roles in MutS homologue functig.

Initial attempts to evaluate ATP effects on MutBNA
interaction were based on visualization of complexes of the
E. coli protein with 6.4 kbp heteroduplex and homoduplex
DNAs by electron microscopy. These experiments demon-
strated the mismatch- and ATP-dependent formation of
o-shaped DNA loop structures up to several kilo-base pairs
in size, which were stabilized by MutS bound at the bdse.
Although the bound protein was initially interpreted to be
the dimer, more recent work has led to the conclusion that
it was probably the tetramé&f.Loop size was found to
increase with time, and in the majority of the molecules, the
mismatch was present in the loop. Nonhydrolyzable ATP
analogues failed to support large loop formation, and ongoing
loop growth was suppressed upon their addition to ATP-
containing reaction¥! These effects were attributed to a
translocation mechanism in which MutS leaves the mismatch
by bidirectional movement along the helix in a reaction that
depends on ATP-hydrolysis by the DNA-bound protein.

Other studies on nucleotide modulation of MutS homo-

ﬁogue—DNA interaction have relied on use of small DNAs

of 20 to 200 bp in size. Nucleotide-free forms of bacterial
MutS or eukaryotic Mut& bind such heteroduplexes with
affinities in the nanomolar to hundred nanomolar range,
depending on buffer conditions and the nature of the
mismatch$®170.176,232,243,246,254.28Fhe gpecificity of this in-
teraction relative to homoduplex controls is on the order of
10—20-fold. E. coli MutS-ADP and human Mut&-ADP
complexes bind heteroduplex DNA with an affinity similar
to that of the nucleotide-free proteif?;?83284although the
specificity of the interaction is somewhat higher due to partial
suppression of homoduplex bindiff.t is important to note,
however, that specificity values obtained in such experiments
may significantly underestimate the true specificity of MutS
homologue-DNA interaction. Recent studies indicate that
binding of MutS homologues to DNA termini may contribute
significantly to their apparent affinity for the linear duplexes

routinely used for affinity and specificity determina-
tion.91v234'285

While ADP has little effect on the affinity of bacterial
MutS or eukaryotic Mut& for heteroduplex DNA, heterodu-
plex affinity is reduced in the presence of AMRy?" or non-
hydrolyzable ATP ana|ogué§}30,169,176,232,243,248,254,281,283,286,287
although substantial mismatch specificity is retained under
conditions that support ATP hydroly${%?2170.234.281 288 ng|y/-
sis of bacterial MutS under conditions where triphosphate

equiva|ent_ Furthermore’ the two classes of sites can behydr0|ySiS is blocked indicates different behavior in this

simultaneously occupied by ADP and an ATP analogue,
suggesting that the ADB-ATP (S corresponds to MutS or
MutSa) species may be highly populated in solutii>0282.283
Indeed, examination of nucleotide occupancy during the
course of a single ATP hydrolytic turnover has demonstrated
that the mixed occupancy species have significant life-
times2>%:283Despite the intrinsic specificities of the two sites,

regard. While significant mismatch specificity is retained
under low salt conditions in the presence of AMPPMB?",
or ATP (no Mg"), this specificity is abolished at physi-
ological ionic strengtt3%

MutS and Mut® complexes with short heteroduplexes
(prepared in the absence of nucleotide or in the presence of
ADP) undergo rapid dissociation upon challenge with ATP
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Mg?t, ATPySMg?t, or AMPPNPMg?+.92:232243248,28% - exchange of ATP for ADP upon mismatch binding releases
amination of the fate of radiolabeled ADP igHJADP- the protein from the mispair with the ATP form of the protein
MutSo. and PHJADP-MutS complexes upon DNA binding  free to diffuse along the helix as a sliding clagip?*3This
has demonstrated that bound ADP is exchanged for ATP proposal has two limitations. Implicit in this model is the
upon heteroduplex binding;>*3although homoduplex DNA  assumption that only two nucleotide-bound states are highly
also promotes ATP for ADP exchange at-Z80% of the populated, the ADP or ATP forms. However, as discussed
rate observed with heteroduplé&}@?.246 above, there is excellent evidence that ABDIBtS-ATP and
The mechanism of triphosphate-promoted dissociation ADP-MutSo-ATP complexes are also highly populated. This
from short heteroduplexes has been clarified by placementModel also posits that formation of the ATP-bound sliding
of physical barriers at ends of the linear DNAs. MutS and Clamp form of the protein is sufficient to recruit a MutL
MutSa dissociate rapidly from heteroduplex substrates with nomologue and activate downstream repair activities (see
biotin tags at both termini upon challenge with ATR>", below). However, the mismatch dependence of ADP/ATP

but dissociation is blocked if the terminal biotins are bound €xchange is only 35-fold,'**24which is insufficient to

to streptavidirf32233.238.284.283 28Gimjlarly, DNA structures account for .the knpwn specificity of activation of down-
such as four-way junctions and hairpins and pro@iA stream repair functiorf§;3.108.182 _

complexes containing the Lac repressor or IHF, when A hybrid proposal has been described that attempts to
strategically placed near substrate termini, also inhibit reconcile the shortcomings of these two models. This
the ATP-induced release of heteroduplex-bound MutS/ Proposal invokes two DNA binding sites in the functional
MutSe. 909228529 hys, under conditions permissive for ATP form of a Mut_S homolog, a clamp site thro_ugh which DNA
hydrolysis, the dissociation of a MutS homologue from a may freely diffuse and a latch site, which serves as a
short heteroduplex is presumed to occur at DNA ends. This reflecting barrier against which DNA diffuses through the
effect, which has been interpreted in terms of movement of ¢lamp site. Because nucleotide occupancy is postulated to
the MutS homologue from the mismatch and along the helix control the open/closed state of the latch, this model would

contour, led to the initial suggestion that MutS homologues Support directional movement over a substantial distance with
may form a clamp-like structure about the heft233 limited energy inpu#*2 However, there is no direct evidence
The formation of long-lived complexes on end-blocked that supports this idea.

DNAs in the presence of ATRIg?" raises questions ] .
concerning the hydrolytic requirements for this effect. ﬁgteroh(?uF()ll\gl)J(tI:I'/g/ll‘gg_ryaC)Jo(mg}g)ﬁMUts o)

However, attempts to resolve this question have yielded
contradictory results. In one study, challenge of end-blocked  The (MutL/MutLa)-(MutS/MutSw)-heteroduplex complex
MutSo-heteroduplex complexes with A8 or AMPPNP s generally believed to be a key intermediate in mismatch
failed to yield long-lived complexe®? Similar results were  repair. Binding of bacterial MutS to a mismatch protects
obtained upon ATP challenge of such complexes with a about 20 bp from DNAsel cleavage in footprinting experi-
mutant form of Mut® that binds ATP but is defective i ments®8.7890.251.29n the presence of MutL and ATP this
hydrolysis?®® These findings led to the conclusion that ATP footprint expands to well over 100 bp, protecting DNA to
hydrolysis by the DNA-bound Muisis necessary to yield  poth sides of the mispalf:9225it is not known whether the
a mobile complex on DNA with the protein dissociating extended footprint is due to the binding of multiple copies
directly into solution if hydrolysis is blocked. However, a MutL and MutS or wrapping of DNA about one of the
third study has demonstrated formation of the long-lived and proteins or whether DNA within the complex adopts an
presumably mobile complex upon A¥B challenge of end-  altered conformation that renders it less sensitive to nuclease
blocked Mut$c-heteroduplex complexé&: Preformed Mut8: attack. The striking nature of this complex is reflected in a
heteroduplex complexes used in the former two studies wereDNA chain length requirement for its formation. Although
prepared in the absence of nucleotide, while those used inspecific (MutS/Mut®.)-heteroduplex complexes are readily
the latter were prepared in the presence of ADP. It is not formed with DNAs as short as 20 bp, formation of tBe
clear whether this experimental difference accounts for the coli MutL -MutS-heteroduplex and the human MetiMutSa.
differing results obtained in the three studies. heteroduplex ternary complex is most efficient with DNAs
The work summarized above has led to two models for on the order of 100 bp or largét23
ATP-dependent movement of MutS homologues along the In addition to footprinting methods, (MutL/Muty)-
helix, both of which have significant shortcomings. The (MutS/MutSx)-heteroduplex ternary complexes have been
electron microscopy studies of Allen et al. led to a model in studied by electron microscopy, gel shift, and biosensor
which MutS movement along DNA is dependent on ATP methods®90-92.176-178,231,234.256,258, 28 hese studies have led
hydrolysis by the DNA-bound prote#$!232245The short- to contradictory conclusions concerning the nature of the
coming of this model is that it is difficult to reconcile with  complex, and it is fair to say that it is not well understood.
the modest rate of ATP hydrolytic turnover by MutS Although the consensus view is that ATP is required for
homologues. An alternate molecular switch-sliding clamp ternary complex formation, the dynamics of the complex and
model for MutS homologue movement has been proposedATP hydrolytic requirements for its formation are the subject
by Fishel and colleagues on the basis of two types of of debate.
observationgd?991.233246 (i) the finding that under some Several biosensor studies of ternary complexes irEthe
conditions, ATR'S challenge of end-blocked MutS coli, yeast, and human systems have indicated that assemblies
heteroduplex complexes results in production of a long-lived, are dynamic, undergoing rapid dissociation in the presence
mobile complex, and (ii) the demonstration that binding of of ATP-Mg?" or in the absence of nucleotid&?34258285
the ADPMutSa. complex to heteroduplex DNA can be These observations coupled with the finding that at least
accompanied by ATP exchange for ADP. This two-state some ternary complexes can be trapped on linear heterodu-
model envisions Mut& as a molecular switch in which  plexes with physical barriers at both termini has led to the
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suggestion that like MutS/Mut§ the MutL-MutS and required for assembly of the bacterial MeMutS-heteroduplex
MutLa-MutSa. complexes may be capable of movement ternary complex as judged either by gel shift or by foot-
along the helix contour, such movement serving to carry a printing method$*°2

signal between the mismatch and the strand si¢jrfatit is

noteworthy in this regard that biosensor analysis of the yeast4.5. Transactivation of MutH and DNA Bending

ternary assembly has suggested that dissociation occurs not

only at DNA ends but from internal sites as wéf.By
contrast, a gel shift study of MutBlutL-heteroduplex
assembly has led to the conclusion that while MutS is capable
of moving along the helix in the presence of ATP, MutL
suppresses this movement, leading to a long-lived MutS
MutL complex that remains at or near the mispaithese
findings have been interpreted in terms of the DNA bending
model for signaling between the mismatch and the strand
signal that directs repaif;?3” but it must be noted that the
gel shift experiments on which this conclusion is based did
not include homoduplex controt8. This is of concern

DNA bending as a means for interaction of two DNA sites
has extensive precedent in the transcription field. A similar
mechanism has been proposed by Yang, Hsieh, and col-
leagues to account for the interaction of the two sites involved
in mismatch repai??-922%7In this proposal, MutS remains at
or near the mismatcl, its ATPase providing a kinetic
proofreading function. MutS is postulated to bind ATP after
recognition of a putative mismatch. If a misrecognition event
has occurred, the nucleotide is hydrolyzed and MutS dis-
sociates from the DNA. However, if MutS resides at a bona
fide mispair, ATP binding serves to verify mismatch

because the mismatch dependence of ternary comple ecognition and is sufficient for recruitment of MutL and

> oo
formation is relatively modest in the bacteriaH@-fold)gs2ss ~ downstream repair activities! _
human (3-4-fold)234 and yeast systems (2-folef Three lines of evidence have been presented in support

h hvdrolvii . ¢ | of this model. Although there is unanimity with respect to
The ATP hydrolytic requirements for ternary complex nq conclusion that ATP binding by mismatch-bound MutS/
formation have also been a subject of controversy. Biosenso

MutSa. confers mobility on the protein, a gel shift stud
studies have indicated that AMPPNP and A/BP are utsa o protel g I Ly

X . . described above has led to the suggestion that MutL
generally much less effective than ATP with respect to their 1o cryjitment leads to a stable complex that remains at or near
ability to support mismatch-dependent ternary complex

formation in the bacterial, human. and yeast systBré2es the mispai® A bending model is also consistent with the

X . ; demonstration that a mismatch on one oligonucleotide duplex
Somewhat different conclusions were reached by Fishel and g P

. ~can activate MutS- and MutL-dependent MutH cleavage of
colleagues, who used biosensor methods to study sequential gocond duplex and that a mismatch on one arm of a four-

assembly of MuttMutS-heteroduplex complexés.Chal- 5y junction can activate MutH incision at a GATC sequence
lenge of heteroduplex-bound MutSTP or MUtSATPyS located on another arf:237 Although integrity of the MutL
complexes with MutL in the presence of ATP or AT®  ATP hydrolytic center is required for MutH activation in
demonstrated that MutS8TPyS complexes were able 10 yang hydrolytically defective MutS E694A was found to
support MutL binding in the presence of the nonhydrolyzable support the reactio?’ however, subsequent studies have
nucleotide. Unfortunately, the significance of this finding is  gown that MutS E694A is defective in its ability to support
uncertain due to a lack of homoduplex controls in this (s activation of MutH on a hemi-methylated 6.4 kbp
biosensor study. Analyses of mutant formstofcoli MUtS — peteroduplex that has been used to score methyl-directed
defective in ATPase function have also led to conflicting repair in vitro?® It should also be noted that the transacti-

conclusions. Using DNAse footprint assay, Worth and yation and four-way junction cleavage reactions are quite
colleagues demonstrated that several MutS ATPase mutant$nefficient as compared to cis MutH activation on the 6.4
(G619D and G614D) are defective in both mismatch repair kbp heteroduplex (0.00620 0.002 mir® per MutH for trans

and ternary complex formaticti! A similar conclusion has  5nqg four-way junction cleavage as compared to-@.2
been reached by Baitinger et?@fwith MutS E694A, which min~! per MutH for the cis reaction on the 6.4 kbp

binds ATP but is hydrolytically defective and fails to support pna),90.93.237

mismatch- and MutL-dependent MutH activation. This  parhans the most compelling evidence for the bendin

biosensor analysis indicated that although MutS E694A . 4el hFa)ls been provideg by §|]-|ays and co-workers whg
supports modest levels of ternary complex formation, as- consrycted nicked circular heteroduplex DNAs with physical

sembly of the complex is mismatch-independéhtBy barriers (DNA hairpins or biotirstreptavidin blocks) located
contrast, gel shift studies with MutS E694A have indicated patween the mismatch and the strand break that directs

that the protein does support assembly of the ternary repair2382%Analysis of the fate of such molecules in HeLa
complex, altgr;ough the complex was not detectable by DNASe clear extracts demonstrated that the barriers were without
footprinting®? While itis difficult to reconC|.Ie the d|ff(_er|ng_ _ significant effect on the initiation of mismatch-provoked
results and conclusions from these various studies, it is gxcision at the strand break, although progress of excision
possible that some of the differences could be indicative of yrqugh the barrier was attenuated substantially. Hence, it
an ability of the Mutl:-MutS and Mutlo-MutSo. complexes a5 concluded that signaling between the mismatch and the
to assume several forms on DNA. Indeed, inspection of the nick can occur when physical barriers are placed between
data from several biosensor studies clearly indicates mul-ine two DNA sites. While these experiments are fairly
tiphasic kinetics for dissociation of ternary compleXe8*® ., incing, several caveats should be noted. The possibility
In the case of the human ternary complex, where data wereinat 5 hairpin block itself might provoke a repair response
fit to multiple exponentials, dissociation was described as \ya5 not teste@® In the case of the avidin experiments, the
triphasic?** blocks were offset from the helix by a 15-carbon linker, and

While examinations of MutS mutants defective in ATPase the studies did not include controls addressing the possibility
function have yielded contradictory conclusions, study of that the repair system or other HelLa extract activities might
mutant forms of MutL defective in ATPase function has be capable of transient displacement of bound avidin from
yielded consistent results. MutL ATPase integrity is not the DNA.
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4.6. Comments on the Models The cytotoxic effects of @l DNA methylators (e.g.,

. . . N-methyl N-nitrosourea (MNU),N-methyl N'-nitro N-ni-

While the DNA bending model has several attractive {osoguanidine (MNNG), temozolomide (8-carbamoyl-3-

features anc_i has garnergd S|gn|f|ca|_1t experimental ?Upportmethylimidazo[&1d]-1,2,3,5-tetrazin-4(ﬂ)-one), procarba-
it has a major shortcoming. Analysis of the bacterial and ,jne (N-isopropyla-(2-methylhydrazinop-toluamide), and
human mismatch repair systems has demonstrated that botly;carbazine (5-(3,3-dimethyl-1-triazenyB+-imidazole-4-
respond to heteroduplex orientation: the excision reaction carboxamide) are largely due to production di@ethyl-
elicited at the strand break depends on iter® placement guanine?®*2%which can pair with cytosine or thymir@? 28

relative to the mismatch. Function in this manner requires Although 6-thioguanine (6TG) has several modes of
that the repair system establish heteroduplex orientation, and, ctjon299-302 the purine analogue is incorporated into DNA
it is not _clear how thls can be accomphsheq by a bending \ypere it is subject to spontaneous methylation By
mechanism. Determination of the relative orientation of the adenosylmethionine, with the resulting 6-MeTG presumed
two DNA sites would seemlngly depend on the transduction ;4 pair with cytosine or thymin&35-Fluoro-2-deoxyuridine

of a signal along the helix contour. (FdU) can also be incorporated into DNA where it may also

It is well established that MutS homologues are capable promote mispairing®43°°
of ATP-dependent movement along the helix, and several

studies have attributed a similar mobility to Ml effects of DNA methylators, 6-TG, FdU, and cisplatin have
homologue complexes, although our understanding of this been exploited in their use as antitumor drgf@95:204306.307

assembly is at an early stage. ATP-dependent movement inry o - ofractiveness of these agents is often mitigated by
this manner could in principle serve to establish heteroduplex development of resistance, a phenomenon that has been
orientation, and this idea hgs received much attention in theIinked to defects in mismatch repair. Association of mismatch
Ilteratur(_a. However, there IS no prc_Jof that that this type of repair defects and drug resistance has been documented in
mechanism is responsible for signaling between the two DNA ¢ 11 red cel|§15151.300.308312 and mice'3 and clinical data
sites involved in mismatch repair. are beginning to appear indicating that patients with mis-

A thirq model that_could serve to (_asta.blish hgteroduplex match repair-deficient cancers respond poorly to treatment
orientation has received less attention in the literature. In \ith at least some of these agepits 316

this type of mechanism, mismatch recognition by a MutS
homologue serves as a nucleation site for polymerization of
a second protein along the hef.In fact, yeast Mutlo

has been shown to cooperatively polymerize on DNA in a
manner that dramatically increases with chain lergfth.
Although polymerization is readily evident at modest MutL
concentrations, it is largely abolished at physiological salt
concentrations in the presence of WgFurthermore, electron
microscopic visualization of bacterial MutS and MutL on

heteroduplex DNA under repair conditions has failed to X ;
- P ot ~ has been attributed to production of double-strand bréaks
reveal evidence for significant polymerizatié# Neverthe via cleavage of both strands of an unmethylated GATC site

less, it may be premature to discount this type of model, : 3,319 .
because a treadmilling variation has not been excluded. For.by activated MutH:**The pathways leading to cell death

example, a mechanism in which addition of a MutL (or " mammalian cells differ from those i&. coli, but as
MutS) unit to the head of polymer chain occurs only slightly glscusged belowl, a common thtgmet:n thiﬂt\"t’g shystenl"ns is the
faster than dissociation from the tail would yield a polymer ependence on lesion reco@!”' ion _y au om_o °g.

of only modest length. Such a mechanism would not only = The human lymphoblastoid cell line MT1 was isolated
suffice to establish heteroduplex orientation but also confer from TK6 cells by one-step selection for high-level resis-

apparent movement along the helix, as has been described@nce to the cytotoxic effects of MNNG and exhibits a
in a number of the studies described above. mutator phenotyp&? This cell line is defective in strand-

specific mismatch repair due to genetic inactivation of
bothMSH6alleles and consequent MutSleficiency!4130.132

A similar correlation between methylation tolerance and
inactivation of Mut®$. was observed in cultured hamster
. . . cells'®> and mouseMSH2/~ ES cells®® Subsequent studies
5.1 I__eS|0ns that Trigger a Mismatch have shown that Mutd is also required for the cytotoxic
Repair-Dependent Damage Response response elicited by DNA methylators and that Mut&hd

The mammalian mismatch repair system has been impli- MutLo defects also confer resistance to 6-TG, cisplatin, and
cated in the cellular response to several types of DNA FdU.5154300:305,30B11.321.322t js noteworthy that MutB is
damage, including lesions produced hylNA methyla- not required for the response to DNA methylator dam-
tors, 6-thioguanine, 5-fluoro-deoxyuridine, cisplatin, ultra- age+*>32%3
violet light, and several carcinogens. Recognition and perhaps The mismatch repair system has also been implicated in
processing of such lesions by mismatch repair leads tothe cellular response to lesions produced by several chemical
activation of damage signaling pathways, resulting in cell carcinogens, as well as those produced by ultraviolet
cycle arrest and, at high lesion load, apoptosis. The versatilityirradiation. Deficiency of Mut& or MutLa renders human
of the repair system in terms of its ability to respond to a cells resistant to apoptotic killing by-acetoxy-2-acetyl-2-
variety of base pair anomalies, including conventional aminofluorene (AAAF) and benzafpyrene-7,8-dihydrodiol-
mismatches, has led to the suggestion that it may function9,10-epoxide (Bi]JPDE)3?> AAAF derivatizes the C-8 of
as a general sensor of DNA damdgé>? deoxyguanosine, whereas B[a]PDE attacks the exocyclic

Despite their intrinsic mutagenic activity, the cytotoxic

Involvement of mismatch repair in the cytotoxicity of
DNA methylators and cisplatin was initially describedEn
coli. Although wild-type E. coli are resistant to these
compounds, strains deficient in the Dam methylase are
sensitive to killing by these agents, and this sensitivity is
reversed by introduction ahutSor mutL mutationst®317.318
Thus, DNA methylator and cisplatin killing occur in a MutS-
and MutL-dependent manner, but only when DNA lacks the
GATC modification that directs repair. This killing effect

5. Mismatch Repair in the DNA Damage
Response
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amino group of this base. Evidence for involvement of 6-MeTG are bound by Mutswith a hierarchy of affinities:
mismatch repair in the ultraviolet response was initially 6-TG—T > G—T > 6-MeTG-C > 6-MeTG-T > G—-C >
obtained IinE. coli where recombinational rescue of UV- 6-TG—C (ref 16, C. Koh, S. Dunham, C. Baitinger, and P.
irradiatedA bacteriophage was shown to be dependent on aModrich, unpublished).

functional mismatch repair systeth?> The response of Action of MutSa. and MutLo during the earliest steps of
has not been extensively examined; however, several recengct ypstream of damage signaling kinases that trigger the
for a normal apoptotic response to UVB radiation in mouse aqdressed using p53 as an in vivo substrate to score activation

shown thatMSH2null mice develop UVB-induced skin
tumors at reduced levels of radiation expostiré?®

5.2. Mediation of the Mismatch Repair-Dependent
Damage Response

Key elements of the eukaryotic DNA damage response
are the G1 and G2 checkpoirff8. Exposure of normal
mammalian cells to,\@ DNA methylators, 6-TG, or cisplatin
leads to cell cycle arrest at the G2 checkpgf20.339332
and cells with a high load of DNA methylator lesions proceed
from G2 arrest into apoptostd®331:3%2|n the case of DNA

methylator damage, these cellular responses are bypasse

in mismatch repair-deficient celt$?°and they are presum-

ably attenuated for other classes of damage where cytotox-,

icity depends on a functional repair system.

Two models have been proposed to account for function
of mammalian Mut®& and Mutla in the damage response.
One model invokes translesion DNA synthesis upon replica-
tion fork encounter of damage within the template strand
with the resulting base pair anomaly activating the mismatch

repair system. Since action of this system is restricted to the
new strand, the offending lesion cannot be removed, leading

to abortive turnover of newly synthesized DNR.Interme-
diates occurring during such futile cycling could serve as a
scaffold for recruitment of damage signaling kinases. This
model is consistent with the finding that DNA methylator
treatment of repair-proficient cells results in G2 arrest in the
second cell cycle after methylator exposure, implying oc-
currence of replicative bypass of template dam@g#! The
alternate model posits recruitment of MatSMutLa, and

damage. Treatment of human cells with MNU or MNNG
results in p53 phosphorylation at Ser-15 and Ser-392.
Phosphorylation at both sites was shown to be dependent
on functional Mut® and Mutla, implying that these
activities act upstream of the kinases responsible for these
p53 modification$?* Residues Ser-15 and Ser-392 of p53
are preferred substrates for ATM and ATR kina¥€s3’
which play key roles in the DNA damage response via
parallel pathways involving phosphorylation-dependent ac-
tivation of the downstream checkpoint kinases Chkl (by
ATR) and Chk2 (by ATM)3?° Indeed, exposure ton$
ethylators or 6-TG has been variously reported to involve
utSo- and Mutlo-dependent phosphorylation of Chkl,
Chk2, or both, providing further evidence for ATM or ATR
involvement or both in this proced® 345 Additional evi-
dence for functional involvement of MutSand MutLa in
ATM and ATR activation has been provided by observations
suggesting direct interactions between the mismatch repair
proteins and kinases involved in these damage-signaling
cascades. Thus, MSH2 has been reported to interact with
ATR, MLH1 with ATM, and MSH2 with Chk2839:346 |n
addition to ATM- and ATR-dependent signaling pathways,
the mitogen-activated protein kinase p38 has also been impli-
cated in damage signaling triggered byl NA methylator
lesions. Protein p38 is activated in response to DNA
methylator damage in an MLH1-dependent fashion, and
down-regulation of p38 by siRNA silencing or by use of
pharmacological inhibitors abrogates G2 checkpoint affést.

The p73 tumor suppressor regulates a p53-independent
apoptotic pathway?®34° Wang and colleagué&¥-5! have

perhaps other activities to the site of a damaged base withdemonstrated a p73 requirement for an MLH1-dependent

this complex sufficient to initiate damage signaling in the
absence of excision repdit16.24
Both of these models invoke action of Mut@&nd MutLo

response to cisplatin damage. Levels of p73 are elevated upon
cisplatin treatment of mismatch repair-proficient cells, an
effect that is accompanied by activation of the tyrosine kinase

during the earliest steps of the damage response. Several line§-Abl, which phosphorylates p73, thereby increasing its half-

of evidence support this view. DNAs containing-@eth-
ylguanine (G-MeG) are processed by the human mismatch
repair system in nuclear extraéf4333334urthermore, human

life.3° These responses are defective in MLH1-deficient cells.
This signaling system may involve physical interaction
between PMS2 and p73 because association between the

MutSa. has been shown to specifically recognize a variety MutLa Sl!b%?it and p73 is enhanced upon cellular exposure
of lesions produced by the damaging agents described abovdo cisplatin®! Possible involvement of p73 and c-Abl in the

including &-MeG—C and O6-MeG-T base pairs, the
cisplatin 1,2-intrastrand GpG cross-link (but not the nontoxic
1,3 transplatin intrastrand cross-link), AAAF, and B[a]PDE
lesions, as well as cyclobutane pyrimidine dimers and [6,4]-
photoproducts produced by ultraviolet irradiati§r?20.325

In the case of cisplatin cross-links and UV photoproducts,
which are normally processed by nucleotide excision repair,
presence of a noncomplementary base (@.§J. opposite a

G in the cisplatin 1,2 GpG cross-link) enhances MutS
affinity for the lesion??23.25335Gimilarly, an activity present

in mismatch repair proficient cells has been identified that
binds 6-MeTG-T base pairs. Inasmuch as this activity is
lacking inMSH27~ or MSH6~ cells, it has been presumed
to be MutS1.391303 |n fact, duplexes containing 6-TG or

damage response tqBEmethylators has not been reported.

The simplest interpretation of these findings is that the
mismatch repair system provides a critical lesion sensing
function that permits mammalian cells to respond ap-
propriately to several classes of DNA damage. As noted
above, two models have been proposed to explain function
of the repair system in this regard: (i) activation of damage
signaling kinases via a lesion bypass mechanism that triggers
MutSa- and MutLa-dependent excision and (ii) MutS and
MutL a-dependent assembly of a damage signaling complex
at the site of a lesion that may reside in nonreplicating DNA.
These models are not necessarily mutually exclusive, and
experimental support is available for both ideas. Cell cycle
arrest in the second G2 followingy$ DNA methylator
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exposure and the demonstration that cisplatin and pyrimidine genetic information; however, the presence ofetSor mutL
dimer compound lesions are preferentially recognized by mutation within one of these species allows it to incorporate
MutSa. are most consistent with the lesion bypass model. In DNA content from the other into its genome. In other words,
addition, the finding that Exol deficiency confers partial the repair system is a major determinant responsible for
resistance to 6-TG in mouse cells suggests involvement ofdefinition of the species barrier in bacteria. Subsequent
excision in the response to this compound (E. Avdievich and studies with yeast and mammalian cells have demonstrated
W. Edelmann, unpublished). On the other hand, mouse cellssimilar functions of eukaryotic MutS and MutL homologues
that harbor a G674A missense mutation within the ATPase in the suppression of homeologous recombinatféfiln the
domain of MSH2 display differential defects in mismatch case of human cells, MutSor MutLa deficiency increases
repair and the cisplatin-induced damage response. In contrasthe rate of gene duplication 5A.00-fold, a genetic desta-
to MSH2null cells, which are defective in mismatch repair bilization effect attributed to illegitimate recombination that
and cisplatin-resistant, cells harboring the G674A allele are may contribute to the cancer predisposition conferred by
repair defective but remain cisplatin-sensiti¥gsuggesting mismatch repair deficienci?
that excision is not required for the damage response elicited Several molecular features of the anti-recombination
by cisplatin. Elucidation of the molecular details responsible activity of E. coli MutS and MutL were revealed by in vitro
for MutSo.- and MutlLo-dependent damage signaling should analysis of the effects of the two proteins on RecA-mediated
further clarify these issues. strand transfer as a function of the degree of homology of
These studies also have implications with respect to geneticthe DNAs involved in the reaction. Although without effect
stabilization afforded by the mismatch repair system. Virtu- on RecA-mediated strand transfer reactions in which the two
ally all of the agents considered in this section, including participating DNAs were identical (i.e., reactions in which
the antitumor drugs mentioned above, are mutagens andooth DNAs are derived from bacteriophage fd or both from
include several well-known carcinogens. Somatic mutations M13), MutS and MutL block homeologous strand transfer
are believed to contribute in a major way to tumor between fd and M13, which differ by 3% at the sequence
development®3-356 and the cancer predisposition associated level 385 High concentrations of MutS alone are sufficient to
with mismatch repair defects has generally been attributedsuppress feeM13 strand exchange, but MutL dramatically
to the failure to correct DNA replication errors. However, potentiates this effect at reduced MutS concentrations. Mutant
the damage signaling functions of mismatch repair provide forms of MutS, which retain mismatch recognition activity
another mechanism by which the system can effectively but lack ATPase function due to amino acid substitutions
stabilize the genome. It is reasonable to assume thatwithin the Walker A motif, also suppress-fiM13 strand
inactivation of the damage-signaling functions of the pathway transfer. However, MutL fails to enhance this effect, sug-
also contribute to the cancer predisposition associated withgesting that MutS ATP hydrolysis is required for MutL

mismatch repair defec#s® function in this manne#2! Examination of strand transfer
intermediates produced duringf#113 strand exchange has

6. Other Functions of Mismatch Repair demonstrated that strand transfer initiates in the presence of
MutS and MutL and that the mismatch repair proteins block

6.1. Mismatch Repair and the Fidelity of Genetic the branch migration step of strand assimilafi®nThis

Recombination suggests that MutS and MutL are able to access mismatched

base pairs within early strand transfer intermediates and that
MutS and MutL homologues modulate the outcome of this serves to block branch migration. Inasmuch as RecA
mitotic and meiotic recombination events in a number of strand transfer products reside within a nucleoprotein fila-
ways, and comprehensive descriptions of these effects canment36¢ MutS and MutL are apparently able to access
be found in several recent revie#s**’Such effects are  mijspairs within this structure, but the mechanism by which
generally not well understood in terms of mechanism. this occurs is not clear. It is noteworthy that yeast genetic
Consequently, this section will be restricted to consideration studies support the view that MutS and MutL homologues
of MutS and MutL homologue function in the suppression intervene in homeologous exchange by blocking the branch
of recombination between quasi-homologous DNA se- migration step of strand transfer. Thus, gene conversion tracts
quences, so-called homeologous recombination, a phenomproduced by exchange between quasi-homologous sequences
enon for which mechanistic information is available that can jn mismatch repair-deficient cells are substantially longer

at least partially account for the observed biological effects. than those observed in otherwise isogenic repair-proficient
The genomes of virtually all organisms harbor multiple ce||s367.368

copies of related sequence elements; however, the fact that The homeologous branch migration intermediates that are

chromosome rearrangements are rare implies that recombinatrapped by MutS and MutL have been postulated to undergo

tion between such quasi-homologous sequences is infrequenta disassembly reactiéhs but the fate of such structures has

The puzzling nature of this stability became evident with not been established. It also is pertinent to note in this regard

the demonstration that the activities responsible for recom- that the fate of mispairs within a homeologous strand transfer

binational strand transfer readily promote exchange betweenintermediate need not be the same as that for mismatches

DNAs that differ significantly at the sequence 1e¥&>*°  that arise at the replication fork. For example, the fate of

Initial clues to the nature of this barrier to exchange between the MutSMutL-mismatch complex that occurs within a

diverged sequences was providedEycoli studies, which  recombination intermediate could be dictated by its presence

demonstrated that inactivation of MutS or MutL dramatically within the context of the RecA nucleoprotein filament.

increases the frequency of homeologous exchanges betweeg . . .

guasi-homologous sequencés 362 The biological impor- 2. M.'rc’matCh Repair and Triplet Repeat

tance of this mismatch repair function is dramatically Instability

illustrated by the work of Radman and colleagé8s53E. Trinucleotide repeat expansion is the cause of several

coli andSalmonella typhimuriurdo not normally exchange  common neurodegenerative diseases such as myotonic
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dystrophy, Huntington’s disease, fragile-X syndrome, and dependent upon integrity of the mismatch repair system. As
Friedreich’s ataxid® The expansion of CT&AG, CGG compared to wild-type mice, the SHM spectrum of MSH2-
CCG, and GAATTC repeat tracts located in the vicinity of or MSH6-deficient animals is dramatically shifted toward
specific genes has been attributed to the propensity of theseoccurrence at € base pairg®’-39392Exol~~ animals also
sequences to form unusual secondary structures during DNAexhibit a bias against mutations occurring atTAbase
replication, recombination, and rep#i?:3"°In a very surpris- pairs® and modest alterations of the mutation spectrum have
ing finding, Jaworski et al. demonstrated that long CTG been described for MLH1- or PMS2-deficient mig&397.3%8
CAG repeat tractsX100 repeats) expand and delete less These findings suggest a mutagenic process occurringlat A
frequently inE. colistrains deficient in MutS, MutL, or MutH  base pairs that is dependent on Mut&xol, and to a lesser
as compared to otherwise isogenic repair-proficient stfdins. extent, Mutlo, 3% which may be initiated by Muts recogni-
Detailed examination of the mismatch repair dependence oftion of G—U mispairs?®>3% The mechanism by which
CTG-CAG repeat instability has revealed two distinct classes mismatch repair dependent Amutations arise is unclear,
of events. Whereas small expansions and deletiond (1 although the limited Mutkx dependence of stage Il mu-
repeats) are prevented by mismatch repair, the occurrencdagenesis at AT base pairs is reminiscent of the in vitro
of large changes>5 repeats) depends on the functional studies described above, which have demonstrated that
integrity of the MutHLS pathway?’? 375 mismatch-provoked excision directed by ‘asfand break
Subsequent studies with mice have led to similar conclu- can proceed in a Mutl-independent manner. It has been

sions. Somatic and germline expansions at GGG repeat

suggested that repair of the ensuing gap in an error prone

loci within the Huntington’s gene are dependent on a wild- manner may account for mutations targeted td Aase

type MSH2gene3"6-378 Similarly, CTG CAG repeat expan-

pairs395:3%.39|ndeed, recent studies have suggested that

sions within a myotonic dystrophy protein kinase (DMPK) MutSa. may interact with DNA polymerase), thereby

transgene depend on functiodMSH2and PMS2loci,379:380
the latter requirement implicating MudL Interestingly,
instability is reduced substantially MSH3null mice but is
enhanced in aMSH6null background® suggesting that

stimulating its activity as it synthesizes across gaps generated
by G—U provoked, Mut®-dependent excisiofs-3%°

MutSB plays a major role in triplet repeat destabilization. /- Acknowledgments

Although several models have been proposed to account for
the mismatch repair-dependent destabilization of triplet
repeats;1.874377.37838¢he molecular events responsible for
expansion in this manner remain to be established.

6.3. Mismatch Repair and Generation of
Immunoglobulin Diversity

Antibody diversity is achieved through genetic alteration
of immunoglobulin genes by V(D)J recombination, class
switch recombination, and somatic hypermutation (SHM)
during clonal expansion of B-lymphocyt&2.The variable
regions of immunoglobulin genes in B-lymphocytes are
targets for a mutagenic process that results in a highly
elevated mutation rate of 18-105 per base pair per cell
generatior?®® While mismatch repair defects enhance mu-
tability in a typical somatic cell, genetic inactivation of
MSH2, MSH6, PMS2, MLHDr EXOlreduces the recovery
of one class of mutation that occurs within immunoglobulin
gene variable regions as a consequence of SMM?3 Thus,
although mismatch repair defects do not alter the incidence
of mutations occurring at & base pairs within variable
region hotspots, they significantly reduce the recovery of
alterations that occur at-A base pairs.

To account for these and other observations, Neuberger,
Milstein, and their colleagues have proposed a two-stage
model for SHM38” Stage | mutations are largely restricted
to G-C base pairs within the RGYA/T consensus. The first
stage of somatic hypermutation requires activation-induced
cytidine deaminase (AID), which deaminates cytosines to
yield G—U mispairs3®** These G-U mismatches are postu-
lated to have several alternative fates. They may be fixed as
transition mutations by replication, or upon action of uracil
DNA glycosylasé the abasic site product may serve as
template for lesion bypass DNA synthesis, resulting in
transition and transversion mutatiolidAs discussed below,

a third possibility involves recognition of these mismatches
by MutSa23:3%

Subsequent stage two mutations are primarily localized
to A-T base pairs within the T/AA consensus and are
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