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The mismatch repair (MMR) system detects non-Watson—Crick base pairs and strand
misalignments arising during DNA replication and mediates their removal by catalyzing
excision of the mispair-containing tract of nascent DNA and its error-free resynthesis.
In this way, MMR improves the fidelity of replication by several orders of magnitude.
It also addresses mispairs and strand misalignments arising during recombination and
prevents synapses between nonidentical DNA sequences. Unsurprisingly, MMR malfunc-
tion brings about genomic instability that leads to cancer in mammals. But MMR proteins
have recently been implicated also in other processes of DNA metabolism, such as DNA
damagesignaling, antibody diversification, and repair of interstrand cross-links and oxidative
DNA damage, in which their functions remain to be elucidated. This article reviews the
progress in our understanding of the mechanism of replication error repair made during

the past decade.

he mismatch repair (MMR) system is one of

the key guardians of genomic integrity. Its
malfunction leads to a substantial increase in
spontaneous mutagenesis, illegitimate recom-
bination, and cancer in mammals. MMR im-
proves the fidelity of DNA replication by several
orders of magnitude by excising sections of the
nascent strand containing mispaired nucleo-
tides. It is likely that MMR has evolved to carry
out this function in order to ensure that daugh-
ter cells inherit an exact replica of the parental
genome. But MMR also controls the fidelity of
recombination by removing mispairs from het-
eroduplexes arising between donor and recipi-
ent strands and possibly even rejecting synapses
between sequences that are too diverged. In-
deed, the existence of MMR was first invoked
in the 1960s to explain the unanticipated segre-
gation of genetic markers in fungi and bacteria

(for a comprehensive overview of the field,
see chapter 12 in Friedberg et al. 1995). During
the intervening 50 years, our understanding of
MMR has made enormous progress; the main
protagonists, as well as many “extras” that par-
ticipate in this complex process, have been iden-
tified, initially in a series of genetic and bio-
chemical experiments and later by sequence
homology searches that were made possible by
the high degree of evolutionary conservation of
MMR. Analysis of the primary sequences of
these polypeptides then helped to uncover their
enzymatic activities that were confirmed by bio-
chemical and structural studies. In vitro MMR
assays using cell extracts and recombinant
DNA substrates carrying single mismatches at
defined positions led to the discovery of criteria
required for efficient, strand-directional MMR.
Finally, the Escherichia coli and the minimal
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human MMR systems could be reconstituted
from purified recombinant proteins (Dzantiev
et al. 2004). Despite this wealth of knowledge,
however, we still lack detailed understanding of
the molecular transactions that lead to success-
ful repair of replication errors, and our notion
of the role(s) of MMR proteins during recom-
bination is highly speculative.

Since the discovery of a link between its mal-
function and cancer (for recent reviews, see
Wimmer and Etzler 2008; Hewish et al. 2010),
MMR has attracted a great deal of attention,
and recent progress in our understanding of
this pathway has been the subject of several re-
views (Stojic et al. 2004; Kunkel and Erie 2005;
Iyer et al. 2006; Jiricny 2006; Hsieh and Yamane
2008; Li 2008; George and Alani 2012; Pefia-
Diaz and Jiricny 2012). This article therefore
provides only a brief overview of the MMR pro-
cess and focuses primarily on the most recent
insights into this complex pathway of DNA me-
tabolism.

KEY CRITERIA FOR EFFICIENT
POSTREPLICATIVE MMR

Mismatches are defined as non-Watson—Crick
base pairs or as small loops of extrahelical nu-
cleotides that arise from slippage of the two
strands with respect to each other. (These are
referred to as insertion/deletion loops [IDLs],
because they cause insertions or deletions in
progeny DNA if left unrepaired.) Mismatches
represent a unique type of “DNA damage,” be-
cause they consist entirely of undamaged DNA
and exist only transiently, that is, only as long as
the two strands of the duplex remain annealed.
Once separated, neither strand contains repair-
able “damage” and the passage of a replication
fork through a mismatch will give rise to 50%
progeny DNA containing a mutation (Fig. 1A).
Thus, the first criterion for efficient MMR is
that mismatches must be corrected before the
next round of replication.

Replicative DNA polymerases incorporate
noncomplementary nucleotides with a frequen-
cy of approximately 1:10,000 to 1:100,000
(Arana and Kunkel 2010). In theory, incorpora-
tion of any nucleotide (G, A, T, or C) opposite

of any nucleotide in the template could give
rise to 12 base/base mispairs, but polymerases
tend to misincorporate nucleotides that gener-
ate the smallest helical distortions (Arana and
Kunkel 2010). Moreover, polymerases have dif-
ficulty in extending from mispaired primer
termini and thus provide proofreading exonu-
cleases that are intrinsic to all replicative poly-
merases with an opportunity to remove the
mispaired nucleotide from the 3’ end of the
newly synthesized strand (Fig. 1B). This process
is very efficient and increases the fidelity of
replication by approximately two orders of
magnitude. Thus, MMR proteins will see only
replication errors that are generated by replica-
tive polymerases and those escape the proof-
reading process.

IDLs represent a different case. Strand slip-
pagein a given sequence (such as a microsatellite
composed of mono-, di- or trinucleotide re-
peats) occurring at the end of the primer strand
will most likely be processed by the proofread-
ing exonuclease. However, slippage occurring
more than four nucleotides downstream from
the primer terminus may not be removed by
this activity, because the end of the primer is
correctly annealed and is thus an appropriate
substrate for extension by the polymerase (Fig.
1C). Thus, for their repair, IDLs might rely pre-
dominantly on MMR, which would explain why
MMR-deficient cells display prominent insta-
bility of microsatellite repeats, which are partic-
ularly prone to slippage. Because different types
of base/base mismatches and IDLs have differ-
ent structures, the second criterion for efficient
MMR is that the mismatch recognition factor(s)
must be able to recognize different distortions
in the DNA helix.

When the mismatch recognition factor
identifies a mismatch in DNA, it is presented
with a problem: It does not know which strand
contains the correct genetic information and
which strand carries the mutation. Because it
is the template ( parental) strand that carries—
by definition—the correct genetic informa-
tion, the repair process must be directed to
the error-containing nascent DNA strand
(Fig. 1D). Thus, the third criterion for efficient
MMR is that the repair system must be able
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Figure 1. General scheme of replication error repair. (A) An error (in this example, G/T mismatch) generated by
a DNA polymerase during replication must be repaired before the following round of replication. Unrepaired
mismatches are fixed as errors in 50% progeny DNA (top right). MMR-mediated repair involves excision of a
tract of the nascent strand (gray) that includes the misincorporated nucleotide and resynthesis of the excised
tract. (B) DNA polymerases can generate 12 possible mispairs. Because these cause a misalignment between the
primer terminus and template strand, incorporation of the next nucleotide ( particularly, the attack of the 3’ OH
of the primer terminus on the a phosphate of the incoming deoxyribonucleotide triphosphate [dNTP]) is
inefficient. This kinetic barrier allows for translocation of the primer terminus from the polymerase active site to
its proofreading exonuclease site, which removes several nucleotides from the primer such that it can realign with
the template. Mispairs that escape proofreading are substrates for MMR. (C) Slippage of the primer strand in a
repetitive sequence such as a microsatellite will generate an IDL (in this example, a single extrahelical A). If this
structure arises behind the polymerase, it will not be detected by the proofreading exonuclease and its repair is
thus entirely dependent on MMR. (D) MMR must be directed to the nascent DNA strand that carries—by
definition—the erroneous genetic information. In this example, the G/T mismatch must be corrected to G/C.
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to distinguish between parent and daughter
strands and direct the repair to the latter.
Much of our understanding of MMR could
be gleaned from studies of model organisms
such as bacteria and the yeast Saccharomyces
cerevisiae, because this complex process is high-
ly conserved in evolution—it is present in all
living organisms, with the exception of Actino-
bacteria, Mollicutes, part of Archaea, and some
bacteria (e.g., Mycobacterium tuberculosis, Hel-
icobacter pylori) that appear to have lost this
process (Sachadyn 2010). These studies revealed
that all MMR systems studied to date satisfy the
above criteria, albeit in slightly divergent ways
that may have to do with the habitat of the given
organism or the size of its genome. The latter
aspect is particularly important; as mentioned
above, MMR proteins are also involved in the
control of recombination and other processes of
DNA metabolism. A single set of MMR proteins
may be sufficient to guarantee efficient repair
of replication errors and keep illegitimate re-
combination at bay in organisms with small
genomes, but organisms with large genomes
may require more specialized systems to deal
with phenomena such as diploidy, cell cycle, or
DNA packaged in chromatin. It is therefore
not surprising that eukaryotic genomes encode
not only prototypic MMR proteins that func-
tion in the correction of replication errors but

Table 1. MMR factors and their functions

also paralogs that have specialized roles in re-
combination and other processes.

This article focuses on the repair of rep-
lication errors, which involves three steps: mis-
match recognition, degradation of the error-
containing strand, and error-free resynthesis of
the repair tract. The first stage of this complex
repair process involves MutS and MutL proteins,
which recruit several other polypeptides, exo-
nucleases, polymerase(s), and other replication
factors for the latter two repair stages (Table 1).

MUTS AND ITS HOMOLOGS IN MISMATCH
RECOGNITION

The prototypic mismatch recognition factor is
the MutS protein of E. coli (Su and Modrich
1986). To date, more than 300 amino acid se-
quences could be identified in the genomes of
169 species that contain motifs characteristic of
this protein family. These polypeptides contain
a highly conserved carboxy-terminal ATPase
domain characteristic of ABC (ATP-binding
cassette) ATPases. They can be subdivided into
five groups (Sachadyn 2010), of which group
1 (MutS1) contains all proteins involved in
MMR. Group 2 proteins act as suppressors of
homologous recombination (Pinto et al. 2005)
that bind and cleave branched DNA structures
(Fukui et al. 2008). Members of the remaining

E. coli Eukaryotes Function

MutS MutS (MSH2-6) Mismatch recognition
MutS$ (MSH2-3)

MutL MutL (MLH1-PMS2) Molecular matchmaker; strand-specific endonuclease,
MutL (MLH1-PMS1) termination of excision
MutLy (MLH1-3)

MutH Strand-specific endonuclease

UvrD (MutU)
Exol, ExoVII

DNA helicase
3/ _5' Exonuclease; mismatch excision

ExoX, Rec] EXO1 5'—3’ Exonuclease; mismatch excision

Pol IIT Holoenzyme Pol Repair synthesis

B clamp PCNA Molecular matchmaker; repair synthesis

vy Complex RFC B, respectively, PCNA loading; 3’ nick-directed repair;

activation of MutLa endonuclease

Ssb RPA Single-stranded DNA-binding protein; repair synthesis
HMGBI1 Accessory protein; stimulated excision
PARP Accessory protein; improved mismatch selectivity
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three groups have as yet no known function.
This section focuses on the polypeptides in-
volved in MMR.

Prokaryotic MutS proteins function as ho-
modimers that are associated at their carbox-
yl termini such that their ATP-binding domains
are partially intertwined. Structural studies
showed that E. coli (Lamers etal. 2000) and Ther-
mus aquaticus (Obmolova et al. 2000) MutS
protein subunits encircle mismatch-containing
oligonucleotide duplexes (Fig. 2A) but that they
bind in an asymmetric manner, inasmuch as
only one subunit contacts the mismatch (for
review, see Kunkel and Erie 2005; Jiricny 2006).
The latter contact is mediated by a phenylala-

utS(A)

MUtS(B) MSH2

Mismatch Repair

nine within a highly conserved amino-terminal
motif GXFxE (found only in MutS1 group of
proteins) that inserts into the duplex and stacks
onto one of the mispaired bases, thus inducing a
60° bend in the DNA (Fig. 2D). The stacking
interaction is stabilized by the conserved gluta-
mate that forms a hydrogen bond with N” or N°
atoms of the mispaired purine or pyrimidine,
respectively (Natrajan et al. 2003). The asymme-
try is not restricted to mismatch binding; in the
crystal of E. coli MutS, the subunit contacting
the mismatch had an ADP molecule bound in
the ATP-binding site, whereas the other site was
unoccupied (Fig. 2A). Although this was not so
in the case of the T aquaticus ortholog, the

Figure 2. Comparison of overall fold and lesion recognition of E. coli Mut$ (A, D; 1IE3M.pdb), human MutSa (B,
E; 208B.pdb), and human MutSB (C, F; 3THY.pdb). (A—C) Ribbon representations of the overall structures.
The subunit directly recognizing the DNA mismatch or IDL (subunit A in E. coli MutS, MSH6 in MutSa, or
MSH3 in MutSB) is shown in green; the other subunit (Subunit B, MSH2) is shown in blue. DNA and bound
ADP cofactors are depicted in dark red. (D,E) E. coli MutS and human MutSa bind DNA containing a G/T
mismatch between their nonspecific clamps and mismatch-binding domains by inducing a 60° kink in the DNA
and interacting with the mismatched bases (red) via conserved phenylalanine and glutamate residues (side
chains in yellow). (F), Human MutSB binds DNA containing a two-residue insertion by introducing a 90° kink
in the DNA and forming specific interactions with the DNA loop (red) using a lysine and a tyrosine (side chains
in yellow). (Figure created using PyMOL [http://www.pymol.org].)
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composite ATP-binding sites of both MutS pro-
teins were shown to be nonequivalent in the
DNA-bound form (Junop et al. 2001; Lamers
et al. 2003, 2004). Free E. coli MutS in solution
can occupy both ATP-binding sites (Bjornson
and Modrich 2003; Monti et al. 2011), one with
ADP and the other with a nonhydrolyzable ATP
analog (and thus, most likely, ATP in vivo), al-
though this may vary from species to species or
change after DNA binding.

The functional asymmetry of prokaryotic
MutS homodimers was cemented by evolution:
In eukaryotes, MutS homologs (MSHs) function
as heterodimers. (The mitochondrial MSHI1
protein of S. cerevisiae may represent an excep-
tion, because the purified recombinant protein
was shown to bind heteroduplex substrates
in vitro [Chi and Kolodner 1994] and is thus
most likely a homodimer.) Of the eight eukary-
otic MSH polypeptides discovered to date (Sa-
chadyn 2010), MSH1, 6, 7, and 8 contain the
GxFxE motif required for mismatch recogni-
tion. No biochemical information is available
on MSHS, but MSH6 and 7 interact with
MSH2 to form the heterodimers MutSa and
MutSy, respectively. MutSa, the crystal struc-
ture of which (Fig. 2B) closely resembles MutS
in its DNA-bound form (Warren et al. 2007),
recognizes bases/base mismatches and IDLs of
1-2 nucleotides with the help of the conserved
phenylalanine in the MSH6 subunit (Fig. 2E).
In gel-shift assays, the strongest-bound sub-
strates carry a 1-nucleotide IDL. Of base/base
mismatches, only the G/T substrate is bound
with appreciable affinity in gel-shifts (Jiricny
et al. 1988a); this gave the protein its first acro-
nym, GTBP (G/T-binding protein). The Arabi-
dopsis thaliana MSH2/MSH?7 protein bound
more strongly to C/G and G/A substrates and
almost undetectably to the +1 IDL in this assay
(Wu et al. 2003). However, the relative affinities
determined by gel-shift studies must be inter-
preted with caution; the assay detects preferen-
tially protein/DNA complexes with slow kg,
whereas even transiently bound mispairs may
persist long enough to trigger MMR. Moreover,
mismatch binding in vitro is strongly influ-
enced by neighboring sequence context (Jiricny
et al. 1988b; Mazurek et al. 2009). Indeed, in in

vitro MMR systems, all base/base mismatches
with the exception of C/C are repaired efficient-
ly (Su et al. 1988; Huang and Crothers 2008).

The ability to deploy several MSH proteins
in different combinations endows the eukaryot-
ic MMR system with greater versatility. Thus,
larger IDLs are recognized by MSH2/MSH3,
referred to as MutSB. MSH3 is a MutS ortholog
that lacks the conserved GxFxE motif but is
able to mediate the repair of a subset of small
IDLs and even some mismatches, at least in S.
cerevisiae (Harrington and Kolodner 2007). It
is also involved in the processing of branched
structures (Surtees and Alani 2006), double-
strand break (DSB) repair (Sugawara et al.
1997), and expansion of triplet repeats (for re-
view, see Pena-Diaz and Jiricny 2012). Muta-
genesis of the predicted amino terminal mis-
match-binding domain of MSH3 showed that
the protein may deploy two different modes
of lesion recognition, because some mutations
selectively affected processing of small IDLs,
whereas others were deleterious for DSB repair
(Dowen etal. 2010). The molecular basis for this
differentiation has recently been clarified by
the crystal structure of human MutSf3 bound
to IDLs of varying size (Gupta et al. 2012).
MSH3 lacks the phenylalanine residue that,
in MSH6, inserts into the DNA helix and
stacks against the mispaired nucleotide. Instead,
MSH3 has several basic and polar amino acids
that interact with the sugar-phosphate back-
bone of the IDL (Fig. 2C,E). This gives it the
ability to bind to IDLs of varying size. Interest-
ingly, the MSH2 subunit, which does not par-
ticipate in mismatch binding in MutSa, con-
tacts the larger IDLs in MutSpB. These findings
help to explain the phenotype of S. cerevisiae
MutSB variants mutated in this region (Lee
et al. 2007; Shell et al. 2007a).

Whereas the amino termini of MSHs have
key roles in lesion recognition (Malkov et al.
1997; Dufner et al. 2000; Lee et al. 2007; Shell
etal. 2007a; Sachadyn 2010), the carboxy-termi-
nal ATPase domains govern the next stages of
MMR. The occupancy of the composite ATP-
binding sites and the role of ATPase have been
the subject of extensive studies during the past
15 years. This topic deserves such attention
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because it is one of the key steps of MMR. Early
experiments showed that the mismatch-bound
MSHs undergo an ATP-driven change in con-
formation that converts the protein into a slid-
ing clamp capable of diffusing along the DNA
contour and that would therefore necessitate the
removal of the phenylalanine “ratchet” from the
mismatch site (for review, see Jiricny 2006). This
dynamic event is difficult to monitor by X-ray
crystallography, but soaking ATP into the MutS/
DNA crystal caused a contraction of the carboxyl
termini that could trigger such a step (Lamers
et al. 2004). Kinetic studies (Martik et al. 2004;
Mazur et al. 2006; Hargreaves et al. 2010; Zhai
and Hingorani 2010; Heinen et al. 2011), deu-
terium exchange mass spectrometry (Mendillo
et al. 2010), and native mass spectrometry
(Monti et al. 2011) analysis of both wild-type
and mutant proteins confirmed the nonequiva-
lence of the two ATPase activities demonstrated
earlier. Thus, in free proteins, the MSH6 and
MSH3 subunits were shown to contribute more
than MSH2 to the total ATPase activity of MutSa
(Alani et al. 1997; Iaccarino 1998; Studamire
et al. 1998; Tian et al. 2009) and MutSB (Owen
et al. 2009). Although ATPase was seen to be
stimulated by several different DNA substrates
(Blackwell et al. 1998; Dufner et al. 2000), de-
tailed analysis revealed that MutSa ATPase is
inhibited immediately after heteroduplex bind-
ing (Antony and Hingorani 2003; Mazur et al.
2006; Heinen etal. 2011). This inhibition may be
linked to a compaction of the composite ATP-
binding sites after substrate binding and ADP
— ATP exchange (Lamers et al. 2004; Mendillo
et al. 2010). In a complex in which ATP hy-
drolysis is inhibited by mismatch binding,
both binding sites might become occupied by
ATP; this could bring about the conformational
change required to release the protein from the
mismatch in the form of a long-lived sliding
clamp (Heinen et al. 2011; Monti et al. 2011).
Recently, single-molecule studies using
fluorescently labeled MutS (Cho et al. 2012;
Qiu et al. 2012) and yeast MutSa (Gorman
et al. 2007) provided convincing evidence that
the proteins indeed travel along the DNA con-
tour. After substrate binding, both DNA (Sacho
et al. 2008) and the protein (Qiu et al. 2012)

Mismatch Repair

were seen to undergo several distinct conforma-
tional changes that were dependent on the DNA
substrate and the nucleotide cofactor. On the
basis of these findings, it was proposed that
MutS and its orthologs form a loose clamp
around the DNA and travel along the helix by
lateral, corkscrew-like movement. During this
phase, ATP is bound and hydrolyzed by both
subunits. When the protein detects a mismatch
(possibly by its perturbed stacking and hy-
drogen bonding interactions), it pauses and
bendsthe DNA, and this conformational change
brings about a rapid ADP to ATP exchange and
concomitantinhibition of ATP hydrolysis. In the
ATP-bound form, the protein retracts the phe-
nylalanine “ratchet” out of the helix and diffuses
freely along the helix (Fig. 3) (Cho etal. 2012). A
similar mechanism was proposed for MutSP
(Gupta et al. 2012).

As discussed above, mismatch- and ATP-ac-
tivated MSH sliding clamps leave the mismatch
site in vitro. This could serve two purposes: (1)
It would vacate the mismatch and thus allow the
loading of further MSH clamps (Jeong et al.
2011, and references therein), and (2) the clamps
diffusing away from the mismatch could recruit
downstream repair factors to the sites where the
excision process initiates or activates factors that
might be bound there. It had been suggested
that the repairosome assembles at the mismatch
and interacts with the factors bound at the ini-
tiation site through space (Wang and Hays 2003,
2004), but these findings contradict data from
another laboratory (Pluciennik and Modrich
2007) that used a similar system. Thus, with
the recent support from single-molecule stud-
ies discussed above (Gorman et al. 2007; Cho
etal. 2012), the sliding model is gaining general
acceptance.

MutL AND ITS HOMOLOGS

The MutL protein and its homologs belong
to a GHKL (gyrase I1/Hsp90/histidine kinase/
MutL) family of ATPases that form homodimers
or heterodimers through their carboxyl termini
and that are believed to encircle the DNA helix
through dimerization of the nucleotide-bound
amino-terminal ATP-binding domains (Fig. 4)
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Figure 3. Putative conformations of MutS«, viewed down the longitudinal axis of the DNA helix (shown as a
cartwheel). (A) On homoduplex DNA, MutSa is loosely bound and follows the winding of the helix. It slowly
hydrolyzes ATP, and both subunits can be occupied by either ADP or ATP (shown as A*P). (B) After mismatch
detection, the phenylalanine and glutamate of the GXFxE insert into the helix at the mismatch site (shown as
rotation of the MSH6 “ratchet” into the DNA). This conformational change triggers an ADP—ATP exchange in
MSHG6 accompanied by ATPase inhibition. (C) A similar exchange in the MSH2 subunit causes a withdrawal of
the ratchet from the DNA. This long-lived clamp is free to slide along the DNA contour.

(see Guarné 2012 for a comprehensive review).
When the homodimeric E. coli MutL protein
was first purified and characterized (Grilley
et al. 1989), it appeared to be devoid of DNA-
binding activity, but it could be shown to sub-
stantially increase the DNasel footprint of MutS
on mismatch-containing DNA in the presence
of ATP. Since this time, and because the exis-
tence of a ternary MutS/MutL/heteroduplex
complex has also been substantiated in other
laboratories (see, e.g., Acharya et al. 2003; Win-
kler et al. 2011), it has been assumed that the
ternary complex formation immediately fol-
lows the binding of MutS$ to the mismatch and
its conversion to a sliding clamp. The situation
appears to be similar also in higher organisms.

There are several MutL homologs (MLHs)
in eukaryotes. In human cells, the prevalent
MLH homolog that participates in MMR is a
heterodimer of MLH1 and PMS?2 referred to as
MutLa. In S. cerevisiae, MutLa is composed of
MLHI1 and PMS1 (ortholog of human PMS2).
There are two other MLH heterodimers in hu-
man cells: MLH1/PMS1, referred to as MutLB
(Rdschle et al. 1999), which has to date no
known function, and MutLy (MLH1/MLH3),
which can partially compensate for the lack
of MutLa in vitro (Cannavo et al. 2005). S.
cerevisiae MutLy (MLH1/MLH3) also partici-

pates in MMR to some extent by correcting a
small subset of IDLs (Flores-Rozas and Kolod-
ner 1998; Nishant et al. 2008), possibly redun-
dantly with another MLH heterodimer, MLH1/
MLH2 (Harfe et al. 2000). However, the prima-
ry function of MutLy in yeast and mammals lies

ATP

&

Figure 4. Putative conformations of MutL and its
homologs. (A) The proteins are dimerized via their
carboxy-terminal domains. (B) DNA binding causes
dimerization of the amino-terminal ATPase do-
mains, such that the protein may encircle the helix.
For MutL endonucleases, the conformational change
accompanying this process may poise the nuclease
domain of one of the MutL subunits for cleavage of
the sugar-phosphate backbone of the DNA while
blocking the nuclease site of the second subunit.
(In MutLa, only the PMS subunits harbor nuclease
activity.) Cleavage requires activation through inter-
action with B or PCNA.
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in meiotic recombination (Lipkin et al. 2000,
2002; Nishant et al. 2008); it physically interacts
with MSH4/MSH5 (Santucci-Darmanin et al.
2002), and mutants in MLH3, MSH4, and
MSHS5 genes have similar phenotypes (de Vries
etal. 1999; Kneitz et al. 2000; Lipkin et al. 2002).
In all these complexes, the two subunits are held
together by their respective carboxy-terminal
domains.

MutLa alone undergoes a series of confor-
mational changes after ATP binding (Sacho et al.
2008), and it has been predicted that, like MutL,
the protein encircles DNA, whereupon the ami-
no-terminal ATP-binding domains dimerize
(for review, see Guarné 2012). Also like bacteri-
al MutL, eukaryotic MutLa heterodimers form
ternary complexes with heteroduplex DNA and
MutSa in the presence of ATP (Blackwell et al.
2001; Raschle et al. 2002; Mendillo et al. 2009).
Unfortunately, we know much less about these
complexes than about the MSH /heteroduplex/
ATP species. It is not clear, for example, whether
the ternary complex forms while MutSa is
bound at the mismatch or whether MutSa/
MutLa interact on homoduplex DNA once
the MutSa/ATP sliding clamp has formed and
left the mispair. However, MutLa is not re-
quired for mismatch-bound MutSa to under-
go the ATP-driven conformational change, be-
cause it is dispensable for a subset of repair
events (see below). This would argue in favor
of a model where the mismatch-bound MSHs
bind ATP, change conformation to the long-
lived sliding clamp, and only then associate
with MLHs. Whether the ternary complex dif-
fuses along the DNA contour as freely as the
MSH /heteroduplex/ATP complex has not yet
been extensively investigated, although surface
plasmon resonance experiments detected spe-
cies that were trapped on heteroduplex sub-
strates when their ends were blocked (Blackwell
etal. 2001; Mendillo et al. 2005), which could be
taken as evidence that the ternary complex can
leave the mismatch like the MSH/ATP sliding
clamp. It is hoped that new technologies, such
as single-molecule studies (Gorman et al. 2007,
2010; Jeong et al. 2011), will provide novel in-
sights into the dynamic properties of these
complexes.

Mismatch Repair

Why do MSHs need to associate with MLHs?
In early studies, E.coli MutL was described as a
“molecular matchmaker” due to its propensity
to interact with other proteins. It was believed
to mediate the dialog between the mismatch-
activated MutS and the strand-discrimination
and excision machineries. This passive role
may apply to the most-studied system, E. coli.
But the discovery of a MutLa endonuclease ac-
tivity (Kadyrov et al. 2006), which is absent in
the E. coli protein, brought MLHs to the fore-
front of MMR (Guarné 2012).

DEGRADATION OF THE ERROR-
CONTAINING STRAND

As mentioned in the introduction, the mis-
match-recognition complex must signal the
presence of a mismatch to downstream factors
located at (or recruited to) sites where the na-
scent and template strands can be distinguished
from one another. What and where are these
sites? In 1986, Claverys and Lacks postulated
that MMR in Streptococcus pneumoniae might
be directed to the newly synthesized strand by
transient discontinuities such as gaps between
Okazaki fragments (Claverys and Lacks 1986),
which required the MMR system to be closely
coupled to replication. This hypothesis could be
supported by evidence documenting interac-
tions between prokaryotic MutS and MutL and
the B clamp (), a processivity factor of replica-
tive polymerase III (Lopez de Saro et al. 2006;
Simmons et al. 2008). Similarly, MutSa, 3 (Flo-
res-Rozas et al. 2000; Kleczkowska 2001), and
MutLa (Lee and Alani 2006; Iyer et al. 2010)
bind proliferating cell nuclear antigen (PCNA),
which has a similar role in eukaryotes. The ho-
modimeric B clamp and homotrimeric PCNA
are loaded onto DNA at free 3 termini by the y
complex of polymerase III or by replication fac-
tor C (RFC), respectively, and form circular slid-
ing clamps around the DNA that help to anchor
polypeptides that interact with them on their
respective substrates. Most replication and repair
factors dock with these processivity clamps
through highly conserved sequence motifs (Dal-
rymple et al. 2001; Warbrick 2006), and MMR
proteins are no exception. The interactions
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between the polymerase processivity clamps and
MSHs are essential for MMR in vivo (Lopez de
Saro et al. 2006; Shell et al. 2007b; Simmons et al.
2008) and in vitro (Pluciennik et al. 2009, 2010),
but what is their function?

One possibility is that B or PCNA recruits
MMR proteins to the replication fork. Human
MutSa colocalizes with PCNA foci in S-phase
cells (Kleczkowska 2001) and most recent evi-
dence suggests that the same is true in S. cerevi-
siaze (Hombauer et al. 2011). In contrast, B of
Bacillus subtilis formed foci in vivo only after
treatment with 2-aminopurine, a known in-
ducer of mispairing, that prompted the sugges-
tion that bacterial 8 stabilizes mismatch-bound
MutS (Simmons et al. 2008). This argued that
rather than being integral members of the rep-
lication machinery, association of MSHs and
MLHs with B or PCNA may be required for
downstream steps of MMR that require proces-
sive DNA synthesis. This was substantiated in
the human in vitro system (Iyer et al. 2008),
except for the fact that PCNA was reported to
be required also at a step before DNA synthe-
sis (Umar et al. 1996). Because of the high-af-
finity interaction between PCNA and MSH6
and MSH3, it had been anticipated that the lat-
ter requirement will involve MutSa or MutS[3,
respectively (Kleczkowska 2001; Shell et al
2007b). However, deletion of the amino-termi-
nal sequences of human MSH6 failed to fully
abrogate MMR in vitro, which led to the sug-
gestion that PCNA is required for interactions
with members of the mismatch repairosome
other than MutSa (Iyer et al. 2008; Pluciennik
etal. 2009). Indeed, follow-up experiments sug-
gested that PCNA is required to activate the
latent endonuclease of MutLa.

This key breakthrough was based on a large
body of work that had originally set out to test
the hypothesis of Claverys and Lacks (1986) that
MMR in most organisms is directed by strand
discontinuities. Evidence in support of this hy-
pothesis came from in vivo studies in S. cerevi-
siae showing that the lagging strand was more
efficiently repaired by MMR (Pavlov et al. 2003;
Nick McElhinny et al. 2010) possibly due to
the ready availability of DNA termini where
MMR could initiate. The hypothesis could

also be substantiated by in vitro studies using
extracts of human cells and circular substrates
carrying single mismatches. The mismatch was
placed in a restriction enzyme recognition se-
quence such that the heteroduplex became re-
fractory to cleavage by the given enzyme, but
susceptible to cleavage upon strand-specific
correction of the mismatch that restored the
restriction site (Fig. 5). In these experiments,
covalently closed heteroduplexes were seen to
be largely refractory to repair, but introduction
of a single nick within ~1 kb of the mismatch
brought about efficient repair that was directed
predominantly to the nicked strand (Holmes
et al. 1990; Thomas et al. 1991). Importantly,
the restriction site could be restored when the
nick was positioned 5’ or 3’ from the site, which
implied that MMR in this system was bidirec-
tional. This finding was initially not surprising,
given that MMR in E. coli deployed several 5" —
3" and 3’ — 5’ exonucleases (see below). How-
ever, genetic experiments in yeast and later in
higher organisms implicated only a single nu-
clease in MMR, exonuclease 1 (EXO1), that has
an obligate 5 — 3’ polarity (for review, see
Tran et al. 2004). Seen in the light of the Claverys
and Lacks (1968) hypothesis, this result could
explain postreplicative MMR in the lagging
strand, where Okazaki fragment termini present
EXO1 with ample loading sites, but not in the
leading strand, where the only available termi-
nus is the 3’ end of the primer strand.
Unexpectedly, when the human MMR sys-
tem was reconstituted from MutSa, MutLa,
EXO1, PCNA, RFC, and the single-strand-bind-
ing protein RPA, it was still capable of mis-
match-provoked bidirectional excision (Gen-
schel et al. 2002; Dzantiev et al. 2004), and
when this system was supplemented with poly-
merase O, it performed both 5'-nick-directed
MMR (Zhang et al. 2005) and bidirectional
MMR (Constantin et al. 2005). Because 5 —
3’ excision solely required MutSa, EXO1, and
RPA, it was originally thought that EXO1 may
also carry a cryptic 3’ — 5 activity that might
be activated by PCNA, with which EXO1 in-
teracts very strongly and which is required for
3" — 5 excision (Dzantiev et al. 2004; Guo et al.
2004). But the explanation lay elsewhere: Close
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Figure 5. Schematic representation of the heteroduplex substrates used in in vitro MMR assays. The mismatch
(G/T, in this example) is positioned in a restriction enzyme recognition sequence and the plasmid is thus
refractory to cleavage by this enzyme. Although covalently closed circular heteroduplexes remain largely refrac-
tory to restriction digestion, introduction of a single nick either 5’ (A), or 3’ (B) from the mispaired G results in
G/T to A/T correction, as measured by the efficiency of restriction cleavage. In the human system, 5 — 3’
excision A requires MutSa, EXO1, and RPA. 3’ — 5 excision B requires, in addition, MutLa, PCNA, and RFC.
In the latter system, the mismatch-activated MutSa/MutLa/PCNA complex generates additional nicks in the
prenicked strand that are used as EXO1 loading sites for 5 — 3’ excision of the error-containing strand.

analysis of the reconstituted system revealed
that MutLa harbors cryptic endonuclease activ-
ity activated through interaction with MutSa,
heteroduplex, and PCNA (Kadyrov et al. 2006,
2007). This activity was seen to introduce addi-
tional strand breaks into the 3’-nicked strand
of the heteroduplex, particularly into the region
between the nick and ~ 150 nucleotides past the
mismatch. These nicks were then used as load-
ing sites for EXO1 that was able to degrade
the DNA in a 5 — 3’ direction between the
MutLa-generated breaks and the original 3’
nick. In the event that the degraded fragment
included the mispaired nucleotide, EXO1 was
no longer stimulated and the degradation pro-
cess ceased. The single-stranded gap could then
be filled in by polymerase 3.

As discussed above, MutLa creates addi-
tional loading sites for EXO1; the two enzymes
apparently work in concert in S. cerevisiae, be-
cause EXO1 was shown to interact with MLH1
via a highly conserved motif in the latter poly-

peptide, and mutation of this site gave rise to
a phenotype resembling an EXO1 hypomorph
(Dherin et al. 2009). However, in the absence of
EXO1, a limited amount of MMR could still
be detected in vitro, and this reaction required
the MutLa endonuclease and a DNA polymer-
ase. The mechanism most likely involves a
strand displacement reaction by the polymerase
that deploys at MutLa-generated nicks (Ka-
dyrov et al. 2009). Although this reaction was
not very efficient in the in vitro system, it
might be more efficient in vivo: The mutator
phenotype of cells lacking EXO1 is substantially
weaker than that of cells deficient in MSHs or
MLHs, and it had been argued that a subset of
mismatches must be repaired by a mechanism
that deploys a nuclease other than EXO1 or by a
different MMR mechanism (Tran et al. 2004).
This hypothesis has most recently found addi-
tional support in the finding that the contribu-
tion of EXO1 to leading strand MMR was very
limited (Hombauer et al. 2011).
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The discovery of the MutLa endonuclease
showed that MMR could also work in the “con-
tinuous” leading strand. But how could MutLa
distinguish between the intact and the nicked
strands and introduce new breaks selectively
into the latter? This puzzle was answered in a
seminal study showing that the endonuclease of
MutLa is activated through association with
PCNA (Pluciennik et al. 2010). As already men-
tioned, RFC loads PCNA at boundaries between
double- and single-stranded DNA, such as at 3’
primer termini, but, importantly, it always loads
it with the same (so-called proximal) side facing
the DNA terminus (McNally et al. 2010). This
implies that proteins interacting with RFC will
bind to DNA in an orientation dictated by the
PCNA clamp. Because MutSa and MutLa also
enclose the DNA helix, the ternary complex
with PCNA will have a fixed geometry and al-
though able to slide along the DNA contour and
rotate, it will not be able to flip round. Com-
bined with the fact that the MutLa endonucle-
ase is encoded only in the PMS2 subunit (Ka-
dyrov et al. 2006) and that only one strand of the
bound duplex has the correct orientation (5 —
3’ or 3’ — 5) for hydrolysis of the phospho-
diester backbone, the enzyme will be able to
cleave only a single strand of the duplex and,
importantly, always the same one, irrespective
of how far the ternary complex has diffused
from its assembly point (for further discussion,
see Pefla-Diaz and Jiricny 2012).

How can this system operate in prokaryotes
that express homodimeric MutL endonuclease,
such as the prototypic S. pneumoniae or B. sub-
tilis? The carboxy-terminal domain of MutL
protein from the latter organism, which con-
tains the endonuclease active site, could be crys-
tallized, and the structure was modeled onto
the crystal structure of B from a related Gram-
positive bacterium Streptococcus pyrogenes. This
work showed that the docking of one MutL sub-
unit with 8 would prevent the second MutL
subunit from associating with the clamp (Pillon
etal. 2010, 2011). Because endonuclease activity
of MutL is dependent on its interaction with 3,
this would explain why only a single subunit of
this homodimeric protein would be active as an
endonuclease.

MMR IN E. coli: THE EXCEPTION RATHER
THAN THE RULE

Despite the considerable evolutionary conser-
vation among members of the MutL protein
family, MutL orthologs of some Gram-negative
bacteria do not have endonuclease activity; in-
stead, they rely on the MutH protein, a cryptic
endonuclease that is specifically activated by
MutS/MutL. Paradoxically, E. coli, which has
served as the paradigm for MMR for several
decades, falls into this category. The E. coli
MMR pathway will be discussed only briefly
here, given the number of extensive reviews on
this topic (Modrich and Lahue 1996; Jiricny
1998; Kunkel and Erie 2005a; Iyer et al. 2006;
Jiricny 2006; Hsieh and Yamane 2008; Li 2008).

Genetic experiments performed in the 1960s
identified several E. coli mutator strains, four of
which were believed—and later confirmed—to
have defects in MMR: mutS, mutL, mutH, and
mutU(uvrD) (foradetailed treatise, see Chap. 12
in Friedberg et al. 2006). MutS and MutL were
already discussed. MutH is a cryptic endonucle-
ase that belongs to a protein family containing
several restriction enzymes carrying a conserved
PD-D/E(X)K motif (Kinch et al. 2005). Once
activated, MutH can cleave GATC sequences
(Lee etal. 2005) selectively in the nascent strand,
which remains transiently unmethylated because
deoxyadenine methylase (Dam) lags behind the
replication fork by about 2 min. Licensing of
MutH involves interaction with mismatch-
and ATP-activated MutS and MutL. Directional
loading of the 3 — 5’ UvrD (MutU) helicase at
the site of the incision (Hall et al. 1998; Matson
and Robertson 2006) leads to unwinding of the
error-containing strand toward and past the
mismatch. The displaced strand is degraded by
the 5 — 3’ exonucleases ExoVII or Rec] if the
MutH-induced nick was 5’ from the misincor-
porated nucleotide or by the 3’ — 5" exonucle-
ases Exol or ExoX if the nick was 3’ from the
nucleotide. In this system, the MutL protein is
believed to be required to mediate the interac-
tion between the mismatch-activated Mut$ and
the MutH endonuclease. Interestingly, MutH
interacts with the carboxyl terminus of MLH1,
the domain that houses the endonuclease in
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other MLHs, which makes it possible that the
overall geometry of the strand incision complex
is similar in all organisms. Indeed, E. coli MutS
and MutL interact with {3, like their homologs
from other organisms (Lopez de Saro et al.
2006). Interestingly, when the B-interaction
site with MutL or the amino terminus of MutS
was mutated, MMR was handicapped. How-
ever, disruption of a second B-interacting motif
near the E. coli MutS carboxyl terminus had
little effect, even though disruption of the ho-
mologous site in 3 of B. subtilis abolished MMR
(Simmons et al. 2008). Thus, despite con-
siderable evolutionary conservation, there are
significant differences even between bacterial
systems. In this instance, the ability of the
E. coli MMR system to make use of adenine
methylation dispenses—at least partially—
with the need for an intimate link to the repli-
cation machinery.

VISUALIZATION OF MMR IN VIVO

MMR is a dynamic process and there can be
little doubt that our understanding of it would
be improved by being able to visualize it in liv-
ing cells, as has been done in the case of other
repair pathways (Dinant et al. 2007). In B. sub-
tilis, GFP-labeled MutS and MutL variants were
used to show that the proteins localized to foci
induced by 2-aminopurine treatment, which
generates mispairs in DNA. The formation of
these foci was dependent on the ability of MutS
to interact with B (Simmons et al. 2008). In
E. coli, a similar strategy was deployed to visu-
alize nascent mutations, that is, mispairs that
escaped repair after replication and that per-
sisted until the following round of replication
(Elez et al. 2010). Interestingly, the foci that
persisted were those generated by MutL rather
than MutS.

Foci of fluorescently labeled MSH6 and
PMS]1 were observed in S. cerevisiae (Hombauer
et al. 2011). This work showed that the forma-
tion of MutSa foci was dependent on the ability
of the MSH6 amino terminus to interact with
PCNA and that this complex was an integral
part of the so-called “replication factories” (Ki-
tamura et al. 2006; see also Kleczkowska 2001).

Mismatch Repair

Because expression of a fluorescently tagged
amino terminus of MSHG6 also gave rise to these
foci, and because their number did not increase
in cells with increased mutation rates, it was
suggested that these foci were not arising at mis-
matches. In contrast, foci of MutLa appeared
later, their number increased in mutator cells,
and their formation was dependent on MutSa.
This seminal work has important implications
for our understanding of MMR (see below).
Attempts to visualize MMR in human
cells have been hampered by the lack of stable
cell lines expressing physiologically relevant
amounts of fluorescently labeled MMR proteins.

MMR PROTEINS IN OTHER PATHWAYS
OF DNA METABOLISM

The involvement of MMR proteins in DNA
recombination, both mitotic and meiotic, has
been documented in a very large number of
studies. Meiotic recombination largely involves
MutLy, the heterodimer of MLH1 and MLH3
(Lipkin et al. 2000, 2002; Nishant et al. 2008),
that appears to function together with MSH4/
MSHS5 (Snowden et al. 2004, 2008), a hetero-
dimer that has no function in MMR. However,
PMS2 /™ male mice are sterile, which impli-
cates MutLa in a subset of these processes (see
Chen et al. 2005, and references therein).

The roles of MMR proteins in homologous
recombination and nonhomologous end join-
ing of double-strand breaks have been compre-
hensively reviewed (Surtees et al. 2004; George
and Alani 2012) and are not discussed here.

MMR proteins have also recently been im-
plicated in DNA metabolic pathways other than
correction of replication errors and recombi-
nation. MutSB is required for triplet repeat
expansion, the cause of several neurodegenera-
tive diseases (for review, see McMurray 2008;
Pena-Diaz and Jiricny 2012). The molecular
mechanism is unknown at present but may in-
volve interplay between recognition of stem-
loop structures arising at unstable triplet repeats
and the processing of oxidative damage by the
base excision repair system, namely, the 8-oxo-
guanine DNA glycosylase OGG1 (Kovtun et al.
2007). The involvement of MMR in oxidative

Cite this article as Cold Spring Harb Perspect Biol 2013;5:a012633 13


http://cshperspectives.cshlp.org/

fco;ﬁ?% Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Voo™

Downloaded from http://cshperspectives.cshlp.org/ on June 3, 2024 - Published by Cold Spring Harbor Laboratory Press

www.cshperspectives.org

J. Jiricny

damage processing has been documented earli-
er (Kim et al. 2003; Larson et al. 2003; Russo
et al. 2004; Bai and Lu 2007) but is still ill un-
derstood. MSH6 has been reported to physically
interact with MYH, the DNA glycosylase that
removes adenines from mispairs with 8-oxo-
guanine (Gu et al. 2002), and mutations in the
interaction domain may be linked to cancer in
humans (Bai et al. 2005, 2007), similarly to the
inactivation of both genes in mouse models
(Russo et al. 2009).

Oxidative damage was also reported to trig-
ger MutSa-dependent monoubiquitylation of
PCNA (Zlatanou et al. 2011), a posttransla-
tional modification that recruits translesion po-
lymerases to sites of DNA damage (Friedberg
et al. 2005). These data implicated MMR in er-
ror-prone DNA synthesis. It now appears that
PCNA monoubiquitylation is generally induced
when DNA damage (uracil, O°-methylguanine)
occurring outside of S-phase activates MMR,
which generates long excision tracts that cannot
be readily filled in by high-fidelity polymerases
(Pena-Diaz et al. 2012). The latter findings pro-
vide a possible explanation for the involvement
of MMR proteins in antibody maturation,
where—counterintuitively—they are required
for immunoglobulin mutagenesis, rather than
for its prevention (Chahwan et al. 2011; Pefa-
Diaz and Jiricny 2012).

The propensity of MMR to generate persis-
tent single-stranded gaps has been documented
during the processing of O°-methylguanine in-
duced by Syl-type methylating agents. This
modified base has no perfect base-pairing part-
ner. Thus, incorporation of Tor C opposite O°-
methylguanine will activate MMR. However, re-
pair synthesis will regenerate the mispair and
this will trigger iterative rounds of MMR
(York and Modrich 2006). After several unsuc-
cessful attempts, the repair polymerase appears
to abandon its efforts and leaves a persistent
single-stranded gap opposite the modified nu-
cleotide (Mojas et al. 2007). In vivo, these gaps
are believed to persist until the next round of
replication, when they will give rise to a double-
strand break at the replication fork, an S/G, cell
cycle arrest, and cell death. This MMR-depen-
dent mechanism of cell killing is likely to explain

the more than 100-fold resistance of MMR-de-
ficient cells to Sy1-type methylating agents (for
review, see Bignami et al. 2000; Stojic et al. 2004;
Hsieh and Yamane 2008). MMR proteins were
also reported to signal the presence of methyl-
ation damage directly through the ATR kinase
(Yoshioka et al. 2006) and were also shown to
physically interact with members of the ATR-
CHKI1 checkpoint pathway (Liu et al. 2010b),
but the significance of these interactions is cur-
rently unclear.

MMR INTERACTOME

Ample experimental evidence documents the
involvement of MMR proteins in different path-
ways of DNA metabolism. In an attempt to
throw some light on their function(s) in these
processes, considerable effort has been devoted
to the characterization of the MMR interac-
tome. In pioneering efforts, MSH2, MSH6,
and MLHI1 were reported to associate with
BRCAI (Wang et al. 2000), MSH2 was seen to
localize to recombination foci in S. cerevisiae
(Evans et al. 2000), and MMR proteins were
reported to be recruited to sites of laser-induced
DNA damage (Hong et al. 2008). Taken togeth-
er, these results provided a biochemical basis
for the involvement of MMR in recombina-
tion and double-strand break repair, which
had been documented in genetic experiments
many years earlier (see Chap. 12 in Friedberg
et al. 2006).

Using a proteomic approach, the interac-
tomes of human MLH1, PMS2, and PMS1
were characterized (Cannavo et al. 2007). This
study identified an interaction between MutLa
and FANC]J, a protein that participates in the
Fanconi anaemia (FA) pathway of interstrand
cross-link repair and that was first isolated as a
BRCA I-interacting protein (BRIP1, also known
as BACH1) (Cantor et al. 2001). This interac-
tion was independently confirmed (Peng et al.
2007) but remains without a clear function.
The MLHI1 interactome contained a previous-
ly uncharacterized protein, KIAA1018, that was
shown to encode a novel endonuclease that pre-
ferentially cleaves 5’ flap structures. The protein
has been named FANCD?2-associated nuclease 1
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(FAN1) because of its role in interstrand cross-
link repair and its association with FANCD2, a
key member of the FA pathway (Kratz et al.
2010; Liu et al. 2010a; MacKay et al. 2010; Smo-
gorzewska et al. 2010; Yoshikiyo et al. 2010).
FAN1 was recently—and unexpectedly—linked
to nephritis in humans (Zhou et al. 2012).
MSH interactomes have not been studied
by the same methods as those of MLHs, possi-
bly because their key interaction partners were
identified by conventional methods. Alignment
of the amino acid sequences of MSHs shows a
considerable degree of conservation around the
mismatch and DNA-bindings sites as well as in
the ATP-binding/dimerization domains. How-
ever, MSH3 and MSH6 carry long amino-ter-
minal extensions that contain PCNA interacting
peptide (PIP) motifs at their extreme amino
termini (Fig. 6A) but that are otherwise con-
served in neither length nor sequence. Analysis
of the S. cerevisiae amino terminus by partial
proteolysis and small-angle X-ray scattering
(SAXS) suggested that the region is largely un-
structured and is required primarily for interac-
tion with PCNA, not solely via the PIP motif,
but also through a second region encompassing
amino acids 123—251 (Shell et al. 2007b). In the
human protein, where the amino-terminal ex-
tension is longer, amino-terminal 350 amino
acids were cleaved off by trypsin as a single do-
main (laccarino 1998). In SAXS analysis, the
amino-terminal domain extended the length
of the MSH6 subunit, as in the yeast protein,
and the PCNA ring was stacked onto this do-
main, forming numerous contacts (Fig. 6B).
This would explain why deletion of the PIP
motif failed to fully inactivate MMR in vitro
(Kleczkowska 2001; Iyer et al. 2008) and in vivo
(Shell et al. 2007b). However, the human amino
terminus of MSH6 is likely to be more structured
because it contains several motifs that are absent
in the yeast ortholog. One of these is the PWWP
motif that is found in several chromatin-associ-
ated proteins (Laguri et al. 2008). The human
MSH6 amino-terminal domain also interacts
with chromatin assembly factor CAF-1 (Schopf
et al. 2012). It was postulated that this function
might inhibit nucleosome deposition on newly
synthesized DNA to extend the time window

Mismatch Repair

available for MMR (Kadyrova etal. 2011; Schopf
et al. 2012), given that nucleosomes assemble
behind the replication fork within seconds
(Lucchini et al. 2001) and that their presence
would block the MutSa/MutLa complex from
translocating along the DNA contour (Li et al.
2009), even though this sliding clamp might be
able to remodel and/or displace some nucleo-
somes (Javaid et al. 2009) or even “sidestep”
them (Gorman et al. 2010).

CLINICAL RELEVANCE OF MMR

MMR malfunction is linked to Lynch syndrome
(also known as hereditary nonpolyposis colon
cancer [HNPCC]), one of the most common
genetic predispositions to cancer of the colon,
endometrium, ovary, and other tissues ( for re-
cent review, see Lynch et al. 2009). The most
common mutations affect MSH2 and MLHI
genes that effectively inactivate MMR. Mu-
tations in MSH6 and PMS2 are rare and
less penetrant. Lynch syndrome accounts for
~3%—4% of all colorectal cancer cases, but an
additional ~10% of colon tumors are MMR
deficient due to epigenetic silencing of the
MLH]1 gene by cytosine methylation (Peltomaki
2012). The MMR defect is readily detected as
microsatellite instability (MSI), caused by the
lack of repair of small IDLs in repeated sequence
elements (microsatellites) that are present in
the human genome in very large numbers.
MSI analysis represents a widely used biomarker
of MMR-deficient tumors. Of the numerous
MMR gene mutations that have been identified
to date (http://www.insight-group.org), many
are missense, which makes it difficult to pre-
dict whether they deleteriously affect MMR.
The genotype/phenotype correlation is of great
importance to gastroenterologists and genetic
counselors, especially in cohorts where the seg-
regation of the mutation with the disease is dif-
ficult to establish (small family size, unavailabil-
ity of family history, of DNA samples, etc.). To
overcome this problem, several groups have
established functional tests that help to define
whether a given mutation is linked to an MMR
defect (Trojan et al. 2002; Raevaara et al. 2005;
Plotz et al. 2006; Erdeniz et al. 2007; Wanat et al.
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PCNA

MSH2

Figure 6. MSH6—PCNA interaction. (A) Evolutionary conservation of the eukaryotic PIP motif (bold on grey
background). Hs, Homo sapiens; Sc, Saccharomyces cerevisiae; Sp, Schizosaccharomyces pombe; Cg, Cricetulus
griseus; Ca, Candida albicans; Mm, Mus musculus; Xt, Xenopus tropicalis; Dr, Danio rerio; At, Arabidopsis thaliana.
(B) Schematic representation of human MutSa in complex with PCNA derived from SAXS analysis (Iyer et al.
2008). Although the interaction among these proteins has been believed to be mediated by the PIP motif, PCNA
is contacted by many residues of the amino-terminal domain of MSHS6, as predicted from experiments with the
yeast factor (Shell et al. 2007b). The PIP motif is thus possibly only a docking motif that brings the two
polypeptides into close proximity, such that they can interact more intimately. This might help to explain
why mutation of PIP motifs of several PCNA interacting proteins often fails to abolish their function.

2007; Martinez and Kolodner 2010). Most of ~ 2011), but it is hoped that once its limitations

these tests are complex and require specialized
knowledge, but attempts are underway to bring
them within reach of routine diagnostic labora-
tories (Drost et al. 2010, 2012).

MMR also has a key role in the control of a
curious process that has stimulated a great deal
of discussion and controversy: targeted gene
alteration (Engstrom et al. 2009), best described
asoligonucleotide-directed mutagenesis in vivo.
This process is currently functioning in systems
where positive selection for mutants is possible,
for example, in S. cerevisiae (Kow et al. 2007;
Rodriguez et al. 2012) and mouse (Dekker et al.

are understood and overcome, it may find use
in the therapy of genetic diseases by correct-
ing inherited mutations (Papaioannou et al.
2012).

CONCLUDING REMARKS

The study of MMR has made substantial prog-
ress in recent years, largely thanks to emerging
technologies that have provided novel—or con-
firmed existing—insights into the mechanism
of this complex pathway of DNA metabolism.
On the basis of these findings, a molecular
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Figure 7. Alternative schemes of MMR in the leading and lagging strands. A mismatch in the leading strand will
require the mismatch-activated MutSa/MutLa/PCNA complex to introduce breaks into the nascent strand
(left). Once introduced, these breaks can be used as loading sites for EXO1 or, alternatively, as sites of strand
displacement by a polymerase loaded at a 3’ terminus upstream of the misincorporated nucleotide (middle).
Strand displacement would not require EXO1 but would be dependent on PCNA and the flap-endonuclease
FEN1. Mismatch repair in the lagging strand may not absolutely require the MutLa endonuclease, due to the
availability of free 5" termini. MMR in the newest Okazaki fragment will absolutely require EXO1, given that
there is no upstream 3’ terminus at which strand displacement might initiate. The repair process might involve
the resynthesis of the entire Okazaki fragment (middle).

model for MMR is beginning to emerge (Fig. 7) ACKNOWLEDGMENTS
that satisfies the criteria for successful repair.
Despite these advances, four key questions
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plex assemble? At the mismatch? At the strand-
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