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Abstract

DNA mismatch repair (MMR) corrects DNA base pairing errors that occur during DNA 

replication. MMR catalyzes strand-specific DNA degradation and resynthesis by dynamic 

molecular coordination of sequential downstream pathways. The temporal and mechanistic order 

of molecular events is essential to insure interactions in MMR that occur over long distances on 

the DNA. Biophysical real-time studies of highly conserved components on mismatched DNA 

have shed light on the mechanics of MMR. Single-molecule imaging has visualized stochastically 

coordinated MMR interactions that are based on thermal fluctuation-driven motions. In this 

review, we describe the role of diffusivity and stochasticity in MMR beginning with mismatch 

recognition through strand-specific excision. We conclude with a perspective of the possible 

research directions that should solve the remaining questions in MMR.
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Introduction

A recent NMR analysis demonstrated that a G/T mismatch could form a Watson-Crick-like 

geometry by a tautomerization and/or ionization in the ~1 ms time scale [1]. The 

participating nucleotides temporarily converted into alternative chemical states, which 

allows the base-pairing error to partner into the Watson-Crick geometry. These observations 

suggested that a DNA polymerase might continue synthesis normally extemporaneously 

leaving behind such base-pair errors that have escaped recognition by the intrinsic 

proofreading activity [2]. Fortunately, the majority of organisms maintain a mismatch repair 

(MMR) system that recognizes and repairs these base-pairing errors enhancing the overall 

fidelity of DNA replication up to 1000-fold [3, 4]. The combination of polymerase editing 

and MMR systems in human cells results in less than one error per cell division [5], 

ultimately insuring the integrity of the genome.

The core MutS homologs (MSHs) and MutL homologs (MLH/PMSs) that accomplish MMR 

have been highly conserved throughout evolution. Mutations of the human MSH2 and 

MLH1 genes are the most frequent cause of the common hereditary cancer predisposition 

Lynch syndrome or hereditary non-polyposis colorectal cancer (LS/HNPCC) [6, 7]. These 

and partner MMR genes are also associated with a variety of sporadic colorectal, 

endometrial, ovarian and upper urinary tract tumors [8–10]. While genetic studies in 1960’s 

identified most of the players [11, 12], it was the biochemical reconstitution of E. coli MMR 

in the 1980’s that led to significant understanding of the MMR mechanism [13]. Since then, 

structural and biophysical analysis has contributed to the development of updated MMR 

models. Most recently, single-molecule manipulation and real-time imaging have 

successfully explored a variety of unresolved questions in MMR. These studies 

demonstrated that molecular coordination of multiple components in the right place and time 

is essential for efficient repair. Single-molecule imaging also clearly showed that the 

stochastic coordination through thermal fluctuation-driven motion controls MMR. 

Nevertheless, there still remain a number of unknown details in the MMR mechanics. This 

review contains an overview of the MMR, with a strong focus on the current challenges to 

future major advances. We conclude with a perspective of the research directions and the 

prospects that we expect to see in the MMR field in the near future and beyond.

Overview of mismatch repair processes

The central outcome of MMR is a DNA mismatch-dependent excision of the newly 

synthesized DNA strand that begins at a strand break that may be several thousand 

nucleotides from the mismatch and terminates just past the mismatch. The overall MMR 

reaction has been described extensively in previous review articles (see recent reviews [5, 

14]). To initiate MMR, a dimer (bacteria, archaea) or heterodimer (eukaryotes) of MSH 

searches the genomic duplex DNA culminating in binding to the base-pair error (Fig. 1, I 

Mismatch Recognition). Presumably because of the increased complexity of the genome, 

eukaryotes have evolved two MSH heterodimers. The MSH2-MSH6 heterodimer primarily 

recognizes single base pair [15, 16] or small insertion/deletion nucleotides, while the MSH2-

MSH3 heterodimer binds an overlapping set of small insertion/deletion nucleotides as well 

as significantly larger insertion/deletion loop-type (IDL) mismatches [17, 18]. Remarkably, 
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only human MSH2 and MSH6 have been shown to cause LS/HNPCC, suggesting that single 

base pair mismatches or some other lesion processed by MSH2-MSH6 is responsible for 

tumorigenesis [19].

MSH proteins are members of the AAA (ATPase Associated with diverse cellular Activities) 

family and appear to retain at least one ADP while in search of a mismatch [20–22]. 

Mismatch binding triggers the dissociation of the bound ADP, allowing both subunits to bind 

ATP [23]. The ATP-bound MSH physically interacts with the MLH/PMS proteins, which are 

the first downstream MMR component (Fig.1, II Mismatch Signal Transmission) [13, 24, 

25]. MLH/PMS proteins exist as a homodimer (prokaryotes and archaea) or heterodimer 

(eukaryotes) and contain a GHKL (DNA Gyrase, Hsp90, Histidine Kinase and MutL) ATP 

binding and hydrolysis motif [26]. The role of ATP binding and hydrolysis by MLH/PMS 

during MMR has been puzzling for decades.

While MSH and MLH/PMS are evolutionarily conserved from bacterial to human, the strand 

scission and the strand excision that initiate and drive MMR are distinct between a subset of 

gram-negative enteric bacteria that includes E. coli, and all other bacteria, archaea and 

eukaryotes [27]. In E. coli, the MutL that is recruited by ATP-bound MutS activates the 

MutH endonuclease, which cleaves the unmethylated GATC strand within a hemi-

methylated GATC sequences (Fig. 1, III Strand Excision) [25, 28]. The mechanism 

associated with the distant communication between the mismatch and the hemimethylated 

GATC site has been highly controversial for decades [29]. Nevertheless, the MutH strand 

scission has been proposed to serve as an entry site for the UvrD helicase and RecJ or 

ExoVII single stranded DNA (ssDNA) exonuclease in the 3’→5’ direction or ExoI or ExoX 

ssDNA exonuclease in the 5’→3’ direction (Fig. 1, III Strand Excision) [30]. This 

bidirectional strand excision of the newly replicated strand terminates just past the 

mismatch.

In prokaryotes lacking the MutH gene, the mechanism of strand specific incision and 

bidirectional excision remains poorly understood. Similarly, the mechanism of bidirectional 

excision in eukaryotes is a puzzle since the unidirectional 5’→3’ exonuclease EXOI has 

been the only exonuclease linked to eukaryotic MMR (Fig. 1, III Strand Excision) [31–34]. 

Interestingly, the 5’→3’ MMR excision reaction does not require an MLH/PMS in vitro 
[35], while the MLH/PMS is essential for the 3’→5’ excision reaction. In bacteria that do 

not utilize MutH as well as archaea and eukaryotes the MLH/PMS protein contains a cryptic 

endonuclease domain [36]. The MLH/PMS endonuclease appears to play a functional role in 

the 3’→5’ excision reaction and is activated by the replication processivity factor β-Clamp 

in prokaryotes and PCNA in archaea and eukaryotes [36–38]. Mutation of conserved 

residues within the endonuclease motif of the S. cerevisae PMS1 and the MutL of gram-

positive bacteria exhibits a mutator phenotype consistent with an MMR defect and an 

essential role in mismatch excision [37–39]. However, the detailed mechanics of the 

MLH/PMS strand-specific incision remains unknown. DNA polymerase I in E. coli and 

DNA polymerase δ/ε in eukaryotes resynthesize the resulting DNA gap following MMR 

excision and DNA ligase seals any remaining strand scissions (Fig. 1, IV DNA Resynthesis).
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The mechanics of the MSH mismatch recognition

In recent decades, MSH structural and biophysical properties have been largely resolved by 

X-ray crystallography and a variety of single-molecule imaging studies. The structures of 

prokaryotic MutS and eukaryotic MSH (MSH2-MSH6) are remarkably similar [40–42]. 

MSH proteins that are stably bound to the mismatch appear to interrogate the unpaired 

nucleotide of one strand by intercalating a conserved Phe residue into the DNA. The 

stacking interactions between this Phe residue and adjacent DNA nucleotides is further 

stabilized by hydrogen bonding between Glu residues in MSH and DNA phosphates from 

the minor groove. This binding interface triggers a sharp 45–60° bend of DNA towards to 

the major groove, which appears to further stabilize the MSH-DNA binding. ATP-mediated 

conformational transitions from an “open” to a “closed” clamp were first visualized by 

electron microscopy with uranyl-acetate stained human MSH2-MSH6 [43, 44] and have 

been detailed by deuterium exchange mass spectrometry studies of the E. coli MutS and 

human MSH2-MSH6 [45, 46]. A crystal structure of the E.coli MutS resulting from the 

ATP-mediated conformational transitions has only recently been resolved [47]. Together 

these structural studies showed that MSH switches between at least two distinct 

conformations as originally predicted for the human MSH2-MSH6 [43, 44].

Single-molecule real-time tracking has explored the mechanical issues associated with the 

transition of an MSH from the mismatch search to the formation of a closed sliding clamp 

on the mismatched DNA [48, 49]. These studies used Thermus aquaticus (Ta) MutS 

containing a single Cys residue that was labeled with a fluorophore by maleimide chemistry 

[49]. Similar studies have been reported for the S. cerevisae or human MSH2-MSH6 that 

were visualized by a fluorescent quantum dot-labeled antibody or a protein fluorophore, 

respectively [50, 51]. Single DNA molecules immobilized on a flow-cell surface were used 

as targets for the MSH proteins (Fig. 2a) [52, 53]. Physical analyses of diffusion coefficient 

as a function of ionic strength and the use of emission polarization analysis of the 

fluorophore attached to TaMutS provided insight into the diffusion motions of an MSH 

along DNA (Fig. 2b, c, d) [52].

Tracking single MSH proteins revealed that the mismatch search is initiated by nonspecific 

3D diffusion-dependent DNA binding followed by 1D motion along the DNA. The lifetime 

on the DNA decreased while the diffusion coefficient did not vary with increasing ionic 

strength [52, 53]. These observations are consistent with the conclusion that the MSH moves 

along the DNA while in a continuous contact with the DNA backbone [54]. The rotational 

dynamics of MutS was determined by detecting the distinct emission anisotropic signals of 

the single fluorophore attached to TaMutS on duplex DNA or mismatched DNA (Fig. 2c, d). 

These single molecule emission polarization studies unmistakably suggested that an MSH 

searches for a mismatch by 1D translation-coupled rotational diffusion [55]. At 

physiological ionic conditions the MSH appears to search for ~1 s, which combined with its 

characteristic diffusion coefficient (0.034 μm2/s) suggests that it is capable of examining 

~700 bp of naked DNA per event [49, 56].

Mismatch recognition halts the 1D helical diffusion of MSH at the site of the mismatch [52, 

53]. These observations strongly suggest that MSH proteins identify a mismatch by a 
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facilitated diffusion mechanism [57, 58]. Interestingly, the mismatch recognition by MSH is 

influenced by the sequence of mismatched nucleotides, nearest neighbor nucleotides, and 

lesions [16, 59, 60]. Previous studies showed that mismatched nucleotides increase DNA 

flexibility of the mismatched region by weakening nucleotide base stacking interactions, 

which can then introduce a deformation in the double-stranded DNA (dsDNA) helical 

structure [61–63]. The stalling of an MSH at the mismatch may result when a diffusing 

MSH is captured by these local structural alterations rather than specific recognition of the 

mismatched nucleotides [64] or base-stacking alterations [65]. The recognition of an altered 

configuration rather than the mismatch itself may explain why MSH proteins can be 

activated by a wide-range of mismatches, lesions, and insertion/deletion loop-type (IDL) 

structures [16–18].

In the absence of ATP the MSH binds to the mismatch for approximately 30 s [49]. Early 

studies demonstrated that an MSH bound to a mismatch has a higher affinity for ATP than 

ADP [23]. Moreover, when the MSH binds ATP, it releases the mismatch and slides off short 

oligonucleotides [43]. Single-molecule imaging showed that in the presence of ATP the 

MSH paused for ~ 3 s and then dissociated from the mismatch via 1D diffusion along the 

DNA. The conformational transition of an MSH searching for a mismatch to an ATP-bound 

MSH moving along the DNA was found to alter the 1D diffusion characteristics: ATP-bound 

MSH diffused with random rotation in discontinuous contact with the DNA backbone 

compared to 1D rotation-coupled diffusion of a searching MSH [52]. The diffusion 

mechanics were inferred from direct single molecule observation of the accelerated diffusion 

induced by the electrostatic screening of increased ionic strength as well as the depolarized 

emission of the single fluorophore attached to TaMutS on a DNA molecule that has an 

effective 1D diffusion space shorter than a helical pitch (10.5 bp) [52]. A recent structure of 

ATP-bound MutS that forms a loose ring around duplex DNA explains the diffusion 

mechanics of ATP-bound MutS (Fig. 2e), which was observed by single-molecule studies 

[47]. Together these observations imply that the freely diffusing sliding clamp conformation 

of the ATP-bound MSH facilitates the interaction with MLH/PMS and the transmission of 

mismatch recognition to a distant site for the initiation of the strand excision (Fig. 2f).

Distant communications of mismatch recognition

The most critical question in the mechanics of MMR has been how mismatch recognition by 

an MSH is communicated with a distant downstream site [29]. After the mismatch 

recognition by MSH, MLH associated with the MSH has been suggested to eventually 

activate a strand breaking or initiate the strand excision at a distant site (Fig. 1). There have 

been extensive experimental efforts to address the mechanism of MMR that have resulted in 

several different models for MMR [29]. Based on electron microscopy and ATPase studies, 

the ATP Hydrolysis-Dependent Translocation model envisaged that cycling hydrolysis of 

ATP by an MSH guides the directional movement of the MSH-MLH/PMS complex from the 

mismatch to the downstream target site [66, 67]. The Molecular Switch Sliding Clamp 

model was formulated on the observation that mismatch recognition resulted in ADP→ATP 

exchange much like G-protein molecular switch that ultimately formed an ATP-bound 

sliding clamp [23, 43]. In this model the complex of MSH and MLH/PMS was proposed to 

diffuse along the DNA to the strand scission site driven by thermal fluctuation [23, 25, 43, 
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68]. In contrast to these models proposing movement of an MSH-MLH/PMS complex from 

the mismatch, the Static Transactivation model was based on in silico marrying of the E.coli 
MutS and MutL proteins on a mismatch and then proposing a direct interaction with a MutH 

bound to the strand breaking site via looping of the intervening DNA [69]. This Static 

Transaction model has been largely dismissed since artificial blocks located on the DNA 

between the mismatch and the hemimethylated GATC site inhibited MutH activation; a 

result that suggest some DNA translocation is necessary [70].

Fluorescence imaging of MMR proteins in live S. cerevisiae cells revealed that MSH2-

MSH6 was localized at the replication centers during the synthesis phase (S phase) and 

MLH1-PMS1 formed nuclear foci dependent on MSH2-MSH6 but rarely colocalized with 

MSH2-MSH6 [71]. One possible interpretation suggests that MSH2-MSH6 bound to a 

mismatch recruits multiple MLH1-PMS1 proteins [71]. The MLH/PMS Polymerization 

model proposes that a polymer chain of MLH/PMS proteins is loaded from an MSH bound 

to the mismatch to the distant excision-initiation site. A single-molecule FRET experiment 

with TaMutS and TaMutL appeared to show TaMutL trapping TaMutS at or near a mismatch 

after the recognition by TaMutS [72]. Similar to the S. cerevisae cellular studies, these 

single-molecule observations appeared consistent with multiple MutL proteins associated 

with MutS bound to the mismatch, leading to MutL polymerization; although an obligatory 

FRET requirement at the mismatch might have biased these observations [72].

On the other hand, Gorman et al. visualized individual S. cerevisiae MSH2MSH6 and 

MLH1-PMS1 on a λ-phage-based DNA (48. 5 kb) that contained three repetitive G/T 

mismatches [53]. The single-particle real-time imaging suggested that MLH1-PMS1 is 

associated with MSH2-MSH6 bound to the mismatch and then the complex diffuses away 

from the mismatch in an ATP hydrolysis-independent manner, supporting the Molecular 

Switch Sliding Clamp model. These studies reduce the likelihood of the ATP Hydrolysis-

Dependent Translocation and the Static Transaction models. However, the MutL 

polymerization model could not be eliminated easily because the concentration of MLH1-

PMS1 (5 ~ 20 nM) in the experimental conditions may be much lower than its physiological 

concentration. Moreover, Quantum-dot (~ 25 nm in diameter) probes attached to MSH2-

MSH6 and MLH1-PMS1 might spatially hinder the polymerization of MLH1-PMS1 (~ 10 

nm). In spite of the extensive efforts to solve these controversial issues using single-

molecule real-time imaging, until recently no clear understanding of the collaborative 

mechanism of MSH and MLH/PMS was forthcoming in any organism.

A ternary complex of MMR components was recently reconstituted on mismatched DNA 

using Alexa Fluor or Cyan dye (~ 3 nm)-tagged E. coli MutS, MutL and MutH [73]. The 

real-time tracking of individual MutS, MutL and MutH proteins on the 17.3 kb-mismatched 

DNA enabled visual analysis of the dynamic characteristics of each protein and intermediate 

interactions between these MMR proteins (Fig. 3). Remarkably, the processes of mismatch 

binding transmission appeared totally stochastic. In these studies, MutL was found to 

associate with an ATP-bound MutS sliding clamp after it is released from the mismatch (Fig. 

3; The distribution of initial position of MutS-MutL). Interestingly, the MutS-MutL complex 

oscillates between association and dissociation states (see Liu et al. review in this special 

issue for details). Moreover, a previously unidentified stable MutL sliding clamp was formed 
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that diffuses rapidly along DNA. ATP binding by MutL as well as an ATP-bound MutS was 

required to form the MutL sliding clamp. The MutS-MutL complex or an ATPbound MutL 

sliding clamp recruits MutH forming a ternary complex of MutS-MutL-MutH that is capable 

of searching for a target hemimethylated GATC site by 1D diffusion along DNA in a 

continuous contact with the DNA backbone (see Liu et al. review in this special issue for 

details). Interestingly, the lifetime of an ATP-bound MutL sliding clamp on DNA (~ 800 s) 

is four-fold longer than that of ATP-bound MutS (~ 200 s). Thus, multiple MutL sliding 

clamps can be loaded by an ATP-bound MutS, which may result in an excess number of 

MutL sliding clamps diffusing along DNA. This observation appears to explain the surplus 

of MLH1-PMS1 foci formed far beyond MSH2-MSH6 in live S. cerevisiae cells. These 

studies strongly suggested that MSH and MLH/PMS sliding clamps are capable of reaching 

the excision initiation site by diffusion, at least in E. coli. Such a sequential stochastic 

coordination guiding directional DNA mismatch repair is uniquely consistent with the 

Molecular Switch Sliding Clamp model for MMR (see Liu et al. this special issue).

Stochastic control of strand excision

With the exception of E. coli, most of prokaryotes, archaea and eukaryotes do not require a 

MutH-dependent strand breaking to initiate strand excision. E.coli MMR also utilizes the 

UvrD helicase regardless of the excision direction. Yet there is no apparent helicase 

requirement for MMR that does not use MutH. Perhaps more importantly, as suggested 

above, the component requirements for MMR initiated from the 3’-direction are different 

from MMR initiated from the 5’-direction. Hypothetically, this could reflect a difference in 

MMR in the leading and lagging strand of a replication fork [74]. Nevertheless, the 

mismatch is eliminated through the excision of the newly replicated strand to just past the 

mismatch. However, the mechanism of how the strand excision stops is not understood (Fig. 

4a). This question is general for the mechanism of strand excision in all organisms because 

there does not appear to be any MMR component capable of recognizing the mismatch after 

an ATP-bound MSH sliding clamp is formed.

To our knowledge the human 5’-directed excision is the only MMR process that has been 

examined in real-time on single mismatched DNA [51]. These studies were accomplished by 

monitoring the production of ssDNA from dsDNA that was linked to the surface and then 

extended by a slow laminar-flow force on a polystyrene bead linked to the opposite DNA 

end (Fig. 4b) [51]. Under these conditions the production of ssDNA by MMR excision 

shortens the DNA length [75], which can be monitored at high resolution (~120 nt) in real-

time via movement of the polystyrene bead [51].

Human EXOI spontaneously initiates 5’→3’ excision from any 5’-strand break. A single 

EXOI excises a single DNA strand at a rate of ~3.5 nt/s for just over 1 knt [51]. The addition 

of RPA dramatically inhibits EXOI 5’→3’ exonuclease activity (Fig. 4b, c; left). However, 

EXOI will resume 5’→3’ excision in the presence of human MSH2-MSH6 and ATP (Fig. 

4b). Remarkably, the excision rate and processivity when one MSH2-MSH6 sliding clamp 

was present is nearly identical to EXOI alone [51]. These results are consistent with the 

conclusion that the ATP-bound MSH2-MSH6 merely tethers the EXOI to the 5’-end but 

does not alter its fundamental activity [51]. This progression appears extraordinarily similar 
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to the tethering of polymerases by the replication processivity factors β-Clamp (bacteria) or 

PCNA (archaea and eukaryotes) [76, 77]. As predicted by the original biochemical studies 

[43] increasing the concentration of MSH2-MSH6 resulted in more sliding clamps on the 

mismatched DNA, and significantly longer excision tracts. Taken as a whole, these studies 

are consistent with a model where ATP-bound MSH2-MSH6 sliding clamp formed at the 

mismatch diffuses along DNA and then physically interacts with EXOI at the 5’-end, which 

results in the strand excision by EXOI in the presence of RPA (Fig. 4c; middle). A single 

MSH2-MSH6/EXOI complex may spontaneously dissociate after degrading ~1 knt. 

However, since multiple MSH2-MSH6 sliding clamps can be loaded at the mismatch, the 

next closest ATP-bound MSH2-MSH6 sliding clamp reinitiates the strand excision with 

another EXOI at the newly located 5’-end (Fig. 4c; middle). This animated process 

continues until the mismatch is removed. In the absence of a mismatch no additional MSH2-

MSH6 sliding clamps may be loaded, allowing RPA to halt any further EXOI excision (Fig. 

4c; right). In this model ATP-bound MSH sliding clamps provide a platform that stabilizes 

EXOI at the 5’-end of an ss/dsDNA junction via well-known protein-protein interaction 

domains [78]. Moreover, initiation and termination of the MMR strand excision are 

stochastically controlled by the number of ATP-bound MSH sliding clamp.

An MLH/PMS complex is not essential for the 5’-directed excision reaction in eukaryotic 

MMR [79, 80]. However, the addition of human MLH1-PMS2 to these single molecule 

reactions appears to alter excision termination to just past the mismatch similar to previous 

studies [35]. The molecular mechanism of how MLH1-PMS2 inhibits runaway excision by 

the MSH2-MSH6 and EXOI complex during MMR is unknown. One clue to this mechanism 

was the observation that MLH1-PMS2 appears to modulate the number of ATP-bound 

MSH2-MSH6 sliding clamps capable of initiating the EXOI excision reaction [51]. However 

this observation cannot rule out the possibility of regulated loading of MSH2-MSH6 at the 

mismatch or the titration of an excision component such as EXOI independent of the 

mismatch by MLH1-PMS2 [78]. Importantly, the regulatory role of MLH1-PMS2 in 5’-

directed excision is likely to be significantly different from its catalytic role of its intrinsic 

endonuclease on 3’-directed excision [36]. Stochastic control of human 5’-MMR 

termination past the mismatch by ATP-bound MSH sliding clamp may easily be applied to 

3’-directed MMR excision as well as strand excision in the other organisms. In all these 

cases it would be the number of MSH sliding clamps loaded at the mismatch that would 

determine the initiation and extent of MMR excision.

Concluding Perspectives

Single molecule imaging studies are capable of visualizing molecular dynamics in real-time 

with nm accuracy. Moreover, these studies may detect intermediate and rare populations of 

molecules that help decipher the biophysical mechanics. These advantages have facilitated 

our understanding of a variety of biological problems. For the last ten years, MMR 

mechanics has been explored by various single-molecule techniques such as single-molecule 

FRET [49, 72, 81, 82], fluorescence single-particle tracking [50, 52, 53, 73, 83], flow-

stretching analysis [51, 81], and force spectroscopy [84–86]. They have successfully 

revealed the detailed mechanics of mismatch searching/recognition, mismatch signal 

transmission by MSH and MLH/PMS to a distant site, and the termination of strand 
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excision. However, there remain a number of important questions in MMR including the 

detailed mechanics of the 3’-directed MMR excision.

Perhaps the most puzzling process in 3’-directed strand excisions is the activation of the 

cryptic MLH/PMS endonuclease that depends on mismatch recognition and a 3’-end (Fig. 1; 

III Strand Excision). Based on the Molecular Switch Sliding Clamp model, a hypothetical 

model for 3’-MMR excision may be considered where the complex of ATP-bound MSH and 

MLH/PMS sliding clamps diffuses along DNA and then interacts with PCNA (Fig. 5). 

PCNA may be associated with the 3’-end of the leading strand or it may diffuse along the 

template (Fig. 5) [87]. This interaction is proposed to activate the cryptic MLH/PMS 

endonuclease activity to cleave the newly replicated DNA strand [36–38]. We imagine that 

this activation results in the production of short ssDNA fragments that might be released by 

thermal energy and/or digested from a 5’-end by EXOI. As with the 5’-directed strand 

excision reactions, these processes are likely to be iterative and stochastic utilizing multiple 

complexes of ATP-bound MSH and MLH/PMS sliding clamps until the mismatch is 

released.

Regardless of the hypothetical model, the mechanics of this reaction requires substantial 

additional studies to resolve the important biophysical questions. How does MLH/PMS 

recognize and incise the newly replicated strand? Is the ternary complex of MSH-MLH/

PMS-PCNA required to activate MLH/PMS endonuclease? Can the MLH/PMS sliding 

clamp alone trigger its endonuclease activity? Moreover, whether the MSH-MLH/PMS 

complex continuously interacts with PCNA or MSH delivers one or multiple MLH/PMS to 

PCNA during this process is also unknown. The interface of PCNA interacting with PCNA 

Interacting protein (PIP) motifs is in the direction of the synthesis [88, 89]. Since the 

mismatch is located on the opposite side of the PIP motif-coupling surface, the orientation 

between MLH/PMS and PCNA must be resolved. These questions are likely to only be 

solved by single-molecule studies. Clearly successful reconstitution of 3’-directed MMR on 

single DNA molecules should finally solve the three-step processes of mismatch 

recognition, mismatch signal transmission, and strand excision.

Finally, to fully understand the mechanics of MMR, it is crucial to study MMR coupled with 

DNA replication in living cells. Fluorescent protein-fused MMR components have been 

visualized in living bacterial [90–94] and eukaryotic cells [71, 95–97]. However, these 

studies did not achieve sufficient resolution to image individual proteins. Recently, 

individual MutS fused to the photactivatable fluorescent protein (PAmcheery1) was 

successfully visualized in living B. subtilis cells using photoactivated localization 

microscopy [98]. Yet, at the current stage of single-molecule fluorescence imaging in living 

cells, it is difficult to visualize the MMR processes in detail during DNA replication. Recent 

advances in single-molecule imaging techniques and the endogenous gene tagging with 

fluorescent proteins using CRISPR/Cas9 for single-molecule imaging in cells [99] available 

for probing MMR function should enable visualization of MMR function within live cells in 

many organisms. Single-molecule MMR studies in live cells will likely provide the 

spatiotemporal organization of MMR and additional insights into the kinetics and function 

of MMR.
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Taken together, the single-molecule studies described above strongly indicate that MMR is 

coordinated by the random diffusive motions of multiple MMR components. However, 

conditions with purified proteins and constructed DNA molecules in vitro are almost 

certainly different from the environments inside cells where DNA binding proteins such as 

histone octamers may place barriers to the diffusive motion of MMR components. For 

example, purified MMR proteins and nuclear extracts failed to repair the mismatches in a 

chromatin structure [100, 101]. These observations suggest that a compact chromatin may 

inhibit the mismatch recognition by MSH and/or the communications of mismatch 

recognition with the excision initiation site. However, during DNA replication nucleosomes 

are temporarily dissembled near the replication fork where MMR appears to be at least 

partly tethered by PCNA and is modulated by histone posttranslational modifications [102]. 

Interestingly, ATP-bound MSH sliding clamps have been found to disassemble nucleosomes 

[103]. This observation suggests that there may be temporary free space along the DNA near 

the mismatch that could be available for MMR in cells. Clearly, understanding the 

coordination of MMR by 1D thermal diffusion of MSH and MLH-PMS proteins in the 

cellular environment is an important avenue of future MMR investigations.
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Research Highlight

• MSH (MutS homologs) bound to a mispaired nucleotide switches its 

conformation to a sliding clamp by ATP binding.

• Freely diffusing ATP-bound MSH sliding clamp recruits MLH/PMS (MutL 

homologs).

• The diffusing complex of ATP-bound MSH and MLH/PMS activates strand 

excision at a distant strand break.

• ATP-bound MSH sliding clamp is a key player for the initiation and 

termination of DNA mismatch repair.

• The stochastic coordination by thermal diffusion of mismatch repair 

components eventually results in robust repair events.
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Figure 1. DNA mismatch repair processes.
I Mismatch Recognition: MutS homologs (MSHs) search and recognize the mismatch. → II 
Mismatch Signal Transmission: Mismatch finding is transmitted to a downstream site by 

MSH and MLH/PMS, for which ATP is required. → III Strand Excision: Strand excision is 

initiated at a 5’-end (5’-directed strand excision) or a 3’-end (3’-directed strand excision) to 

release the mismatch. → IV DNA Resynthesis: After the mismatch is eliminated, DNA 

polymerase fills the gap and Ligase joins two ends of single-stranded DNAs (ssDNAs). 

Components participating in each MMR process are listed on the table.
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Figure 2. Conformational switch of MutS.
(a) Mismatched DNA containing a dG/dT mismatch or an unpaired thymine (dT) mismatch 

was stretched and immobilized on a flow-cell surface with defined hydrodynamic drag by 

applying a laminar flow. A single acceptor fluorophore was attached to the mismatched 

DNA to monitor the mismatch binding by MutS that was tagged with a single donor 

fluorophore using a single-molecule Förster Resonance Energy Transfer assay. The time-

dependent position of MutS on the DNA was determined with an accuracy of a few 

nanometers using 2D Gaussian-fitted center of intensity profiles [104, 105]. (b) A schematic 

representation of the single-molecule fluorescence polarization system to measure the 

polarization of Cy3-MutS. (c) The emission signals of Cy3-MutS on duplex DNA was 

depolarized. (d) The emission signals of Cy3-MutS on mismatched DNA was strongly 

polarized, which indicates that the Cy3-MutS was trapped at the mismatch. (e) The crystal 

structures of E. coli MutS bound to a mismatch and ATP-bound MutS. (PDB: 1e3M [40], 

mismatch-bound MutS and 5akc [47], ATP-bound MutS). (f) TaMutS forms two different 

sliding clamps on mismatched DNA: a mismatch searching MutS clamp (~1 s) that diffuses 

along the DNA in a continuous contact with the DNA backbone (helical diffusion) and a 

highly stable (~600 s) ATP-bound sliding clamp in a discontinuous contact with the DNA 

backbone (non-helical diffusion).
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Figure 3. Dynamics of the MutS-MutL complex [73].
E coli MutS and MutL were imaged on doubly-tethered 17.3 kb mismatched DNAs in 

single-molecule total internal reflection fluorescence microscopy. The initial locations 

MutS-MutL complexes were randomly distributed on extended DNA substrates.
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Figure 4. Eukaryotic 5’-directed excision [51].
(a) The initiation and termination of EXOI-dependent strand excision. (b) A single-molecule 

flow-stretching assay to visualize the strand transition of dsDNA to ssDNA [106, 107]. Time 

trajectories of the EXOI exonuclease activity in the presence of only single strand DNA 

binding proteins (SSBs) or both MSH2-MSH6 and SSB, respectively. (c) A model of 5’-

directed excision reaction.
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Figure 5. Eukaryotic 3’-directed excision.
The EXOI-independent strand excision is likely to be performed by the following sequential 

interactions: ATP-bound MSH → MLH/PMS sliding clamp → MLH/PMS endonuclease 

activity triggered by PCNA → Multiple strand scissions on the newly replicated strand until 

the mismatch is removed → Short fragments of ssDNA are released.
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