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Combining single-molecule and structural studies
reveals protein and DNA conformations and
assemblies that govern DNA mismatch repair
Dorothy A. Erie1 and Keith R. Weninger2
DNA mismatch repair (MMR) requires coordinated sequential
actions of multiple proteins during a window of time after the
replication apparatus makes an error and before the newly
synthesized DNA undergoes chromosome compaction and/or
methylation of dGATC sites in some g-proteobacteria. In this
review, we focus on the steps carried out by MutS and MutL
homologs that initiate repair. We connect new structural data to
early and recent single-molecule FRET and atomic force mi-
croscopy (AFM) studies to reveal insights into how signaling
within the MMR cascade connects MutS homolog recognition
of a mismatch to downstream repair. We present unified
models of MMR initiation that account for the differences in the
strand discrimination signals between methyl- and non-methyl-
directed MMR.
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Introduction
Maintenance of the integrity of the DNA genome is key
to survival in all organisms, and the DNA mismatch
repair (MMR) system plays a major role in mutation
avoidance. MMR proteins identify and correct errors

made by DNA polymerase during replication [1e5].
MMR is initiated by the conserved MutS and MutL
homologues, which both harbor ATPase and DNA
binding domains. In MMR, MutS and MutL homologs
function as a homodimers in prokaryotes and hetero-
dimers in eukaryotes [1,6,7]. Prokaryotic MutS
www.sciencedirect.com
homodimers can associate to form tetramers [8e10];
however, mutations that eliminate tetramerization have
minimal effect on MMR [6,7,11] but appear to play a
role in anti-recombination in vivo [7]. Eukaryotes
contain multiple MutS and MutL homologs, of which

MSH2-MSH6 (MutSa) and MLH1-PMS2 (Mlh1-Pms1
in yeast) (MutLa) are the primary homologs in MMR,
with MSH2-MSH3 (MutSb) and MLH1-MLH3
(Mutg) playing secondary roles [1]. In this review, we
focus on MMR studies of prokaryotic MutS and MutL
and eukaryotic MutSa and MutLa (collectively noted as
MutS(a) and MutL(a)). MutS(a) searches for replica-
tion errors, and after recognizing an error, it undergoes
ATP-dependent conformational changes that lead to the
recruitment of one or more MutL(a) to form MutS(a)-
MutL(a)-DNA (SL) complexes [1,2,4,12e24]. These
SL complexes signal the downstream events that lead to
repair. In humans, mutations in the genes that code for
MutSa or MutLa cause Lynch syndrome, the most
common hereditary cancers [3,25e28].

MMR is unique among DNA repair pathways because
the repair machinery must discriminate between the
original DNA and the daughter strand that contains the
replication error. A cascade of signaling by MutS(a) and
MutL(a) leads to a nick(s) specifically in the daughter
strand, from which excision commences. After excision,

DNA polymerase fills the gap, correcting the error.
Organisms employ two distinct mechanisms to
generate daughter-strand nicks. In methyl-directed
MMR, which occurs in Escherichia coli and some g-
proteobacteria [29], MutL activates the latent endo-
nuclease activity of MutH to nick the transiently
unmethylated dGATC sites in the daughter strand;
whereas, in non-methyl-directed MMR, which is uti-
lized by all eukaryotes and most bacteria, MutL(a)
contains a latent endonuclease activity that is activated
by PCNA in eukaryotes or b-clamp in prokaryotes to

specifically nick the daughter strand [30e32]. These
differences in the strand discrimination signals result
in MMR signaling pathways in methyl- and non-
methyl-directed MMR that diverge after the ATP-
and mismatch-dependent recruitment of MutL(a) by
MutS(a). In this review, we connect new structural
data to early and recent single-molecule studies to
reveal insights into how signaling within the MMR
Current Opinion in Structural Biology 2024, 89:102917

mailto:derie@unc.edu
https://www.sciencedirect.com/special-issue/10W7TT989FQ
https://doi.org/10.1016/j.sbi.2024.102917
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sbi.2024.102917&domain=pdf
www.sciencedirect.com/science/journal/0959440X
www.sciencedirect.com/science/journal/0959440X


2 Protein Nucleic Acid Interactions (2024)
cascade links MutS(a) recognition of a mismatch to
downstream repair.
MutS dynamically interconverts between
open and closed states
On mismatch DNA, MutS(a) forms a theta-like struc-
ture, with two channels formed by the ATPase (Do-
mains V) and clamp (Domains IV) domains on the ends
and Domains I (one of which interacts specifically with
the mismatch) in the middle, separating the two chan-
nels (Figure 1e, right) [33e36]. The DNA binding site
is in the channel formed by four mobile domains (Do-
mains I and IV on each subunit). These domains make

predominately nonspecific interactions with DNA, and
the only specific contacts to the mismatch base are with
a conserved Phe and Glu from one Domain I (Subunit A
in prokaryotes and MSH6 in eukaryotes) [33e36]. In
eukaryotes, interaction between Domains I of MSH2
and MSH6 increase mismatch binding affinity [37]. As
discussed below, ATP binding drives large conforma-
tional changes in the four mobile domains that regulate
repair signaling.

Single-molecule FRET (smFRET) studies of the rela-

tive positions of the Domains I of Thermus aquaticus (Taq)
MutS in the presence of nucleotide but absence of DNA
revealed two main classes of states, one with high FRET
and the other with lower FRET [15] (Figure 1). The
diverse array of MutS conformations recently observed
Figure 1

Free MutS and MutS scanning DNA exhibit conformational states with the Dom
the smFRETexperiments used to monitor conformational changes in Taq MutS
and in the presence of homoduplex DNA attached to the surface, with the fre
distribution of smFRET values for free MutS (blue) and MutS bound to blocke
(adapted from Ref. [15]). (e) cryo-EM and crystal structures of ADP:ATP-boun
overlayed with DNA-free Ngo MutS (middle; Ngo MutS shown in darker color; P
The orange spheres show the conserved Phe and Glu, and the magenta sph
(E.coli: Q86) to which the dyes are attached for smFRET. Domains I, IV, and
domains, and the ATPase domains, respectively. The more open states (midd
right) and could represent conformations in the lower and higher FRET peak
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with crystallography and cryo-electron microscopy
(cryo-EM) in the absence of DNA [38,39] provide a
structural framework to interpret these smFRET re-
sults. In the crystal structures of mismatch-bound
MutS(a) and the cryo-EM structure of ADP:ATP-
bound DNA-free E. coli MutS [38], Domains I are
closed, in a position that would produce high FRET
(Figure 1e, left). In contrast, Domains I have moved

apart in the crystal structures of Neisseria gonorrhoeae
(Ngo) MutS without DNA [39], and several cryo-EM
structures of E. coli MutS lack resolution of one of Do-
mains I, suggesting they are mobile. These distributions
of conformations are consistent with the distribution of
low FRETstates seen in smFRET. These structures also
show the clamp domains (IV) in open and closed states,
suggesting that MutS can dynamically convert between
states in which Domains I and IV are open and closed.
Similarly, recent cryo-EM structures of MutSb show
multiple conformations of both Domains I and IV [40]

suggesting that the dynamic nature of these domains
may be universal for MutS homologs.
During scanning DNA for a mismatch, MutS
adopts two classes of conformations
When MutS is scanning homoduplex DNA with both
ends blocked, smFRET shows two dominant states,
similar to those for free MutS [15] (Figure 1). Interest-
ingly, on unblocked DNA where a free end allows a
diffusing MutS to slide off, only the high FRET
ains I and IV in open and closed conformations. (a–c) Cartoons showing
Domains I in the absence of DNA in liposomes attached to the surface (a)
e end blocked by anti-digoxigenin (b) or unblocked (c). (d) Histograms of
d (red) and unblocked (cyan) homoduplex DNA in the presence of ATP
d DNA-free E. coli MutS (left; PDB: 7OU4), E. coli MutS-homoduplex
DBs: 7AI5, 5X9W), and Taq MutS bound to a T-bulge (right; PDB: 1EWQ).
eres show the residues on E. coli MutS that align with Taq MutS-M88C
V represent the domains that can interact with the mismatch, the clamp
le) will generate lower FRET distributions than the closed states (left and
s in d.
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population (closed) is observed, suggesting that it is
diffusing along the DNA more slowly than the open state
(low FRET). Examination of recent cryo-EM and crystal
structures and molecular dynamics (MD) simulations,
coupled with early atomic force microscopy (AFM)
studies of MutS interacting with homoduplex DNA
suggests that these low and high FRET populations may
represent MutS bound to straight DNA (open) and to

bent DNA (closed), respectively [41e46]. MD studies
find that MutS-homoduplex DNA complexes dynami-
cally convert between bent and straight DNA states
accompanied by movement of Domains I and IV of sub-
units A and B, respectively; however, MutS appears
unable to diffuse without distorting the DNA [41,42].
Early AFM experiments that showed MutS induces
bending on homoduplex DNA, with the conserved Glu
promoting bending, support the suggestion that MutS
distorts the DNA during searching [43,44]. In the cryo-
EM structure of MutS-homoduplex DNA complexes,

the DNA was stretched across the grid resulting in MutS
interacting with straight DNA in a conformation that is
dramatically different from the mismatch bound state or
the MD conformations [41,42], but it is remarkably
similar to the Ngo MutS structure without DNA [39]
(Figure 1e, middle). In this cryo-EM structure, Domains
I and IV are open and all interactions appear to be with
the backbone (no groove interactions). Single-molecule
tracking and polarization studies of E. coli MutS and
Saccharomyces cerevisiae (Sc) MutSa on homoduplex DNA
suggest that MutS(a) tracks the groove while scanning

DNA [45,46]. Furthermore, MutS(a) must interact with
the groove to recognize the mismatch. These observa-
tions suggest that E. coli MutS-homoduplex DNA struc-
ture (Figure 1e, middle) may not represent a productive
searching state. It could, however, represent the fast-
diffusing low FRET state seen in the smFRET studies
on blocked DNA (Figure 1).

After mismatch recognition, MutS
undergoes ATP-dependent conformational
changes that allow recruitment of MutL and/
or mobile clamp formation
During scanning, MutS(a) likely induces a smooth bend
in the DNA [41,43,44], and upon interaction with a
mismatched base, the smooth bend converts to a kink,

with the mismatched base rotated toward the minor
groove, stacking with the conserved Phe and making an
H-bond to the Glu. In the absence of ATP, the MutS-
mismatch complex dynamically interconverts between
states with different extents of DNA bending, with the
ability to adopt relatively unbent states correlated with
repair efficiency [43,44,47,48]. smFRETof Taq proteins
(Figure 2aec; [17,49]) coupled with cryo-EM and X-ray
structural studies of E. coli MutS and MutL
[16e18,20,49e54] suggest that in the presence of ATP,
repair signaling proceeds by a coordinated series of

conformational changes involving DNA bending/un-
bending, crossing of the clamp domains, and sequential
www.sciencedirect.com
movement of Domains I away from the DNA (Figure 2).
Once the first Domain I (subunit B) opens, MutL can
interact with the complex to activate downstream repair
processes. If MutL does not arrive in time, the
mismatch binding Domain I (subunit A) also opens,
allowing the formation of a mobile clamp that can move
away from the mismatch. In the absence of ATP hy-
drolysis, this mobile clamp conformation cannot rebind

the mismatch, consistent with the mismatch-binding
Domain I being disengaged from the DNA; however,
ATP hydrolysis drives conformational changes that re-
engage the mismatch-binding domain with DNA and
allow the clamp to rebind the mismatch [49]. MutL can
bind either clamp conformation and stop or dramatically
slow MutS [16,20,49].

Quantitative analysis of kinetics of Taq MutS smFRET
transitions provides an estimation of the free energy
landscape that illustrates the downhill path leading to

the first mobile clamp state (Figure 2c, State 4) [17,49].
In the absence of ATP hydrolysis, this state is much
more stable (lower free energy) than the mismatch-
bound intermediate (Figure 2c, State 3). ATP hydroly-
sis drives a conformational change, re-engaging the
mismatch binding domain with the DNA and raising the
energy of the clamp (Figure 2c, State 5) such that it can
rebind the mismatch. Because MutL can stop MutS
clamp movement, repetitive rebinding of the mismatch
by MutS should increase the probability that SL com-
plexes, which initiate repair, localize near the

mismatch [49,55].

MutL(a) dimerizes via the C-terminal domains, which
are linked to the N-terminal domains by flexible linker
arms (ranging from w25aa to w200aa depending on
subunit and organism) [50,51,53,54,56e58] (Figure 3a).
The N-terminal domains contain ATPase and DNA
binding activities [59e61], and the C-terminal domain
(of PMS2/Pms1 in eukaryotes) harbors the PCNA (b-
clamp in prokaryotes) binding and endonuclease sites in
non-methyl-directed MMR organisms
[30e32,51,54,62e64], and in eukaryotes the conserved

C-terminal residues of Mlh1 make up part of the
endonuclease site [54] (Figure 3). The N-terminal
domain of MutL(a) interacts withMutS(a) when one of
the DNA binding and adjacent connector domains
opens and exposes the MutL(a) binding site (Figure 2)
[17,18,52,65]. In E. coli MutL, which does not have
endonuclease activity, ATP promotes dimerization of
the N-terminal domains [59]. In eukaryotes, ATP drives
asymmetric condensation of the MLH1 and PMS2
linker arms, bringing the N- and C-terminal domains
together [56] (Figure 3a). These conformational

changes bring the DNA binding domains and the
endonuclease site in close proximity [56], suggesting
that the ATP-induced changes in MutL(a) orient the
DNA in the endonuclease site for cleavage [55].
Consistent with this suggestion, AlphaFold2 [66e68]
Current Opinion in Structural Biology 2024, 89:102917
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Figure 2

smFRET studies reveal the coordinated conformational changes in Taq MutS Domains I and the mismatch DNA as MutS transits from mismatch
recognition to mobile clamp and back. (a) Table showing the FRET labeling strategies (left column; donor: blue star, acceptor: red star) and example
FRET traces of the corresponding cooridinated transitions (right column). The mismatch is denoted as a red mark on the DNA, MutS subunits A and B are
colored blue and green, respectively. The vertical dotted lines on the smFRET traces denote transitions that were identified both by their position in the
pathway and their kinetics (adapted from Ref. [17]), and the numbers above the transitions correspond to the states shown in c. These labeling schemes
(from top to bottom) are used to monitor the relative positions of i) Domains I, ii) Domain I and DNA, iii) the "immobile" E315 and DNA to assess DNA
movement, and iv) DNA flanking the mismatch to assess DNA bending. (b) Example smFRET trace showing MutS repetitively transitioning between a
mobile clamp (0 FRET) and mismatch bound state (0.5 FRET), with a cartoon of the experiment on left. (c) Energetic pathway based on smFRET kinetics
of MutS transitioning from mismatch to mobile clamp and back to the mismatch. The FRET value shown for each state corresponds to MutS-M88C-DNA
FRET. State 1: mismatch recognition with both Domains I binding and bending the DNA at the mismatch; State 2: conformational change with increased
DNA bending but no discernable changes in protein-protein or protein-DNA FRET; State 3: additional conformational change at the mismatch, in which
Domain I of Subunit B disengages DNA, with decreased DNA bending and lower protein-protein and Domain I-DNA FRET, but higher MutS-E315C-DNA
FRET; State 4: low energy "initial" mobile clamp state with both Domains I open and with very low (~0) protein-protein FRETand a protein-DNA FRETof 0;
State 5: ATP hydrolysis driven higher energy mobile clamp state (protein-DNA FRET 0), with mismatch binding Domain I (Subunit A) interacting with the
DNA such that MutS can rebind mismatch into conformational State 3 (green dashed arrow). Panels b and c are adapted from Ref. [49]. (d) cryo-EM
E. coli MutS:MutL-N-terminal domain structure (PDB:7AIB) showing clamp domains crossed. MutL is hidden for clarity.

4 Protein Nucleic Acid Interactions (2024)
models of Taq MutL (Figure 3b), which has relatively
short linker arms (residues 314e341), shows collapsed
structures with interactions between the N- and C-

terminal domains. Electrostatic maps of these models
reveal a positively charged “pore” between the N- and
C-terminal domains adjacent to the endonuclease site
that could represent the general location of DNA
(Figure 3b, right).
Current Opinion in Structural Biology 2024, 89:102917
Similar to Taq, smFRET studies with E. coli proteins
showed that a single MutL can stop (or greatly slow) a
MutS mobile clamp [20,69]. Interestingly, these studies

also found that MutL could leave MutS and rapidly
diffuse along the DNA, sometimes passing a DNA-
bound MutS. This fast-scanning MutL can interact
with MutH and facilitate its localization of a hemi-
methylated dGATC site. These studies also showed
www.sciencedirect.com
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Figure 3

Predicted and observed conformations of MutL(a). (a) Cycle of nucleotide-dependent conformational states of MutLa determined by AFM (adapted from
Refs. [55,56]). A representative AFM image is shown for each conformation. (b) AlphaFold model (left) and electrostatic map (right) of Taq MutL showing
interactions between the N- and C-terminal domains. The endonuclease site is shown as spheres in one subunit (gold). The electrostatic map shows a
positive “pore” (blue) in center where DNA is expected to bind. (c) AlphaFold model of human MutLa (from predictome.org) showing interaction between
the MLH1 C-terminal domain and a conserved linker arm motif. MLH1 and PMS2 are colored red and gold, respectively. For clarity, disordered residues
404–489 of MLH1 and 440-597 of PMS2 were deleted and replaced by dashed lines. The PCNA binding site is shown as gold spheres. The endo-
nuclease catalytic Glu residues are shown as spheres colored by atom type. The key MLH1 Arg395-MLH1 Tyr550 interaction is shown as spheres, and
the zoom shows this interaction and its proximity to the catalytic and PCNA binding sites.
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that DNA binding residues of MutL are important for
formation and stability of the fast-scanning MutL and its
interactions with MutH and UvrD [69]. Biochemical
and magnetic tweezers studies provide further evidence
that E. coliMutL can leave the SL complex by forming a

ring around the DNA (via dimerization of N-terminal
domains) that can slide along DNA and pass obstacles to
reach the hemimethylated dGATC site and activate
MutH to nick the unmethylated strand. Subsequently,
this E. coli MutL-ring interacts with UvrD to facilitate
its unwinding of DNA [69,70].
www.sciencedirect.com
MutLa linker arms contain a conserved
motif that brings the N- and C-terminal
domains together and is essential for repair
AlphaFold2 models of human MutLa reveal short re-
gions of potential interactions between the linker arms
of MLH1 (377e399) and PMS2 (Pms1 in yeast)
(415e430; alpha helix) with the C-terminal domains,
which bring the N- and C-terminals together (Figure 3c)
[67,68] (Predictome.org). Although the majority of
residues in the linker regions show poor conservation,

these short regions show high evolutionary conservation,
Current Opinion in Structural Biology 2024, 89:102917
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and pathogenic mutations have been identified in both
of these conserved motifs [71]. Although there are no
data regarding the functional importance of the
conserved helix in PMS2, recent studies showed that
deletion of the conserved motif in the MLH1 linker
abrogates MutLa0s endonuclease and repair activities in
yeast and human cell extracts [72,73]. Moving the
location of this motif in ScMlh1 or swapping it from the

Mlh1 linker to the ScPms1 linker maintains repair in
yeast, consistent with the linker arms being able to
adopt multiple conformations. Interestingly, addition of
a 25 amino acid peptide containing this motif to wild-
type ScMutLa inhibited nonspecific endonuclease ac-
tivity, suggesting that interfering with this interaction
impairs ScMutLa0s ability to nick DNA [72]. In striking
contrast, in human cell extracts, addition of a 32 amino
acid peptide containing the conserved motif sequence
does not interfere with wildtype MutLa function, and it
rescues the MMR defect caused by motif deletion

mutants, making it the first example of peptide rescuing
a MMR defect caused by a pathogenic mutation in
vitro [73].

Arg385 in this MLH1 motif is mutated in multiple
cancers [72,73], and certain mutations of Arg385
significantly impair repair in S. cerevisiae in vivo and in
human cell extracts. Based on an AlphaFold structure,
Wolf and coworkers speculated that Arg385 may func-
tionally interact with MLH1 Tyr750, which is near the
C-terminus (Figure 3C). Mutational analysis confirmed

this interaction by swapping the positions of Arg385 and
Tyr750 to Tyr385 and Arg750 and showing rescue of the
nicking defect caused by mutating Arg 385 [73].
Notably, this interaction is adjacent to the endonuclease
active site in the AlphaFold model (Figure 3C), consis-
tent with the effect of mutating Arg385 on impairing
MutLa0s nicking activity. This interaction may facilitate
bringing the N-terminal domain with DNA bound into
the endonuclease site and/or help activate the catalytic
activity. Major limitations in our ability to understand
the function of MutL(a) are that we have no idea how
DNA fits into MutL(a) nor a complete picture of the

conformation of the endonuclease site in a catalytically
active state. As discussed below, it remains unclear if
nicking occurs with one and/or two dsDNAs bound to
one MutL(a) [55,74,75].

MutS(a) and MutL(a) form multimeric
complexes on mismatch DNA that signal
repair
In vivo fluorescence studies in E. coli revealed the for-
mation of foci containing multiple MutS and MutL
proteins, with more MutL than MutS [23,24]. These
results are consistent with early DNA footprinting
studies that showed protection of a large region of DNA
around the mismatch in the presence of E. coli MutS,

MutL, and ATP [76,77]. In cells lacking MutH, which
stalls the signaling cascade that leads to repair, these foci
Current Opinion in Structural Biology 2024, 89:102917
persisted throughout the cell cycle. Notably, the
number of foci directly correlated to the number of
mismatches detected by DNA sequencing, suggesting
that the foci account for all mismatches [78]. Further-
more, repaired and unrepaired mismatches can be
distinguished by foci lifetime, with repaired and unre-
paired mismatches having short (w2 min) and long
(w25 min) lifetimes, respectively. These results taken

to together with the in vitro data suggest that E. coli
multimeric SL complexes mark the mismatch and pro-
tect from it from being hidden within the nucleoid
structure until repair can occur or the cell divides.
These E. coli SL complexes can release one or more
MutL rings to interact with MutH and activate nicking.
It remains unclear if MutL(a) forms sliding rings in
organisms that utilize non-methyl-directed repair, and
they may not be necessary because the non-methyl
directed strand discrimination signal (PCNA/b-clamp)
is mobile and can travel to the SL complex. E. coliMutL

and non-methyl-directed MutL homologs have
biochemical differences that could impact sliding ring
phenomena. Specifically, in non-methyl directed MMR
homologs, ATP does not appear to promote dimerization
of MutL(a) N-terminal domains and they hydrolyze
ATP as monomers [54,56,79]. In addition, the N-ter-
minal domains of E. coli MutL preferentially bind single
stranded DNA [59]; whereas, the N-terminal domains
of MutLa preferentially bind double stranded (ds)
DNA, and MutLa can simultaneously bind two dsDNA
strands [74,75,79].

In vivo fluorescence studies in S. cerevisiae also revealed
multimeric SL complexes that contain more ScMutLa
than ScMutSa, and foci in wildtype cells showed similar
lifetimes (w2e3 min) to those in E. coli [80]. Consis-
tent with these results, single-molecule photobleaching
studies of Taq proteins and AFM studies of human
proteins also show multimeric SL complexes (with 3e8
proteins) on DNA containing a mismatch [16,55]. Using
time- and concentration-dependent depositions, the
AFM studies further showed that the human SL com-
plexes rearrange, folding and compacting the DNA on

the timescale of a few minutes. These results were
further confirmed by tethered particle motion experi-
ments [55]. Early AFM studies of ScMutLa in low salt
showed that ScMutLa cooperatively binds DNA to form
tracts of protein and can bring two DNA molecules
together via its N-terminal domains [74]. These results
are consistent with the SL complexes being able to
reconfigure the DNA. Recent biochemical studies
confirm this tethering of DNA molecules and further
show that this tethering enhances the endonuclease
activity of ScMutLa [75]. These results taken together

with the observation from the Taq smFRET studies
showing MutS can revisit the mismatch suggest that
MutS(a) localizes MutL(a) near the mismatch and
promotes DNA configurations that could enhance MMR
efficiency by facilitating MutL(a) nicking the DNA at
www.sciencedirect.com
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multiple sites around the mismatch. In addition, such
complexes may also protect the mismatch region from
nucleosome/nucleoid-associated proteins reassembly
until repair occurs, and they could potentially remodel
adjacent nucleosomes/nucleoid associated proteins [55].

Word of caution: Under physiological conditions,
MutL(a) exhibits no significant binding to DNA in the

absence of MutS(a) and ATP. Nearly all studies inves-
tigating MutL(a)-DNA interactions and nicking in the
absence of MutS(a) are conducted in very low mono-
valent salt concentrations, and for monitoring MutL(a)
endonuclease activity, Mgþþ is replaced with Mnþþ to
increase the nuclease activity.

Unified models of MMR initiation for methyl-
and non-methyl-directed repair
The initial steps appear to be well conserved between
methyl- and non-methyl-directed MMR; however, the
later steps diverge, likely due to the differences in the
mechanism of strand discrimination. In E. coli, the
strand discrimination signal is a static hemimethylated
dGATC site; whereas, in non-methyl directed repair, it

is PCNA/b-clamp, which is mobile [81]. In E. coli,
MutL, with or without MutS, must travel to the
dGATC site to activate MutH’s nicking of the daughter
strand. In contrast, PCNA/b-clamp can travel along the
DNA to interact with MutL(a) contained within a
static or slowly moving SL complex. Taking all the data
discussed above together, we present unified models
for MMR that take into account the differences in the
strand-discrimination signals between methyl- and
non-methyl-directed MMR (Figure 4).

During scanning, MutS(a) adopts an array of confor-
mations with different degrees of DNA bending and
with Domains I likely down and dynamically interact-
ing with the grooves of the DNA. Upon mismatch
recognition, it converts to a state, where the DNA is
kinked, with specific interactions between the
mismatched base and the conserved Phe and Glu.
Subsequently, MutS(a) undergoes a series of ATP-
dependent conformational changes, in which Domains
I sequentially open and Domains IV cross to form a
mobile clamp (Figures 2D and 4). Domain I that is not

interacting with the mismatch (SubunitB/MSH2)
opens first, which in turn allows MutL(a) to bind while
MutS(a) is still at the mismatch. If MutL(a)’s arrival is
delayed, the second Domain I disengages the
mismatch, such that both Domains I no longer interact
with the DNA, and MutS(a) moves away, allowing
another MutS(a) to bind the mismatch. In this state,
mobile MutS(a) can no longer recognize the mismatch;
however, ATP hydrolysis by MutS(a) reengages one or
both Domains I with the DNA allowing it to rebind the
mismatch (Figure 2C). This rebinding increases the

probability that SL complexes are located at or near the
mismatch, because movement of MutS(a) clamps is
www.sciencedirect.com
bounded by the replication fork and the reloaded nu-
cleosomes in eukaryotes or nucleoid-associated pro-
teins in bacteria [82]. SL complexes likely form in a
stepwise fashion. If MutL(a) stops MutS(a) at the
mismatch, more MutL(a) can join the complex until
downstream events occur. If MutS(a) moves away from
the mismatch before being stopped by MutL(a),
another MutS(a) can bind the mismatch to form an

additional clamp that can interact with the existing SL
complex and/or recruit more MutL(a) (Figure 4).
Notably, these complexes appear to be dynamic with
MutL(a) joining and leaving and MutS(a) undergoing
conformational changes [16,55]. These complexes may
serve to mark and protect the mismatch until repair
can occur.

In E. coli, if these SL complexes are sufficiently close to
a hemimethylated dGATC site, MutL within the SL
complex can activate MutH to nick the daughter

strand. Alternatively, MutL can form a ring around the
DNA that can leave the SL complex and rapidly move
along DNA (Figure 4). MutH can join and travel with
these MutL-rings to the hemimethylated dGATC site
and nick the unmethylated daughter strand. Subse-
quently, this MutL-ring can activate UvrD to unwind
the DNA, allowing single-stranded exonucleases to
excise the mismatch, which can be up to 1000 bp from
the dGATC site. Although the signal to terminate
excision is unknown, the multimeric SL complexes
that remain at the mismatch [78] may get displaced via

the MutL-UvrD-exonuclease activity, and their
displacment after the mismatch has been removed may
provide the signal to terminate excision. This sugges-
tion is consistent with the observation that multimeric
SL complexes remain through cell division in cells in
which MutH is deleted [78]. Finally, after mismatch
excision, DNA polymerase III fills in the gap and DNA
ligase seals the nick, completing repair.

In non-methyl-directed repair, there is no need for
MutL(a) to leave the SL complex, and currently there
is no that evidence that MutL(a) leaves an SL complex

as a fast moving mobile ring. Instead, the SL complexes
appear to assemble “linearly” along the DNA and, over
time, evolve to more globular forms that can reconfigure
the DNA. This reconfiguration involves compaction of
DNA within the protein complexes and, in some cases,
loop formation [55]. MutLa0s abilities to simultaneously
interact with two double strands of DNA via its N-ter-
minal domains [60,74,79] and to undergo large ATP-
induced conformational changes (Figure 3A) [56] may
promote this compaction. For example, DNA reconfi-
guration will result if one of the MutLa N-terminal

domains binds distally on the DNA with that arm in an
extended state (as in Figure 4), followed by nucleotide-
induced retraction of that arm toward the C-terminal
domains containing the endonuclease site (Figures 3
and 4). This process is stochastic, and the location on
Current Opinion in Structural Biology 2024, 89:102917
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Figure 4

Unified models of MMR for methyl- and non-methyl-directed MMR. Both methyl- and non-methyl-directed MMR (a, b) begin by MutS(a) searching the
DNA between the replication fork and the reloaded nucleoid-associated proteins in bacteria or nucleosomes in eukaryotes until it locates and binds a
mismatch (a, b, top). After recognition, MutS(a) undergoes ATP-dependent conformational changes that result in the interaction with MutL(a), or MutS(a)
undergoes further conformational changes to form a mobile clamp that moves away from the mismatch, where MutL(a) can trap it. Additional MutS(a) can
load on the mismatch and additional MutL(a) can join MutS(a) at or away from the mismatch. At this point, the mechanism of methyl- and non-methyl-
directed MMR diverge. For methyl-directed MMR (a), the MutL proteins loaded on DNA by MutS can form rings around the DNA and depart MutS, rapidly
scanning the DNA. MutH can join the MutL-ring, and they travel together to the hemimethylated dGATC site. If repair does not occur, multimeric
MuS–MutL complexes remain associated with the mismatch. In non-methyl-directed repair (b), PCNA/b-clamp can slide away from the replication fork to
activate MutL(a) to nick the daughter strand in any of the SL complexes. If downstream repair proteins are delayed, additional MutL(a) (and MutS(a))
proteins can join the complex and subsequently rearrange and compact the DNA. Dashed double-headed arrows indicate a diffusing complex. In b,
PCNA/b-clamp is only shown in some cartoons for simplicity

8 Protein Nucleic Acid Interactions (2024)
the DNA where the MutLa N-terminal domain binds
will determine the details of the final compacted state.
MutSamay also contribute to the DNA reconfiguration,
given that MutS(a) remains dynamic in SL complexes
[16], and ATP-activated MutSa can self-associate on
mismatch containing DNA [55]. Subsequent interac-
tion of PCNA/b-clamp with MutL(a) activates its
Current Opinion in Structural Biology 2024, 89:102917
endonuclease activity to nick the daughter strand locally
to the mismatch, thereby allowing excision and repair to
commence. Any SL complex, including a single
MutS(a)-MutL(a) complex (or even a single MutL(a)
that has been loaded onto the DNA by MutS(a)),
should be competent for activation by
PCNA [13,31,83].
www.sciencedirect.com
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If the arrival of downstream repair proteins, such as
PCNA/b-clamp, is delayed, the SL complexes may
continue to reorganize and compact DNA within the
complex [55] (Figure 4). These dynamic SL assemblies
on the naked DNA between the replication fork and
nucleosomes/nucleoid associated proteins could have
multiple functions. i) They could prevent nucleosome/
nucleoid associated protein assembly over mismatch-

containing DNA or possibly move these proteins off
the mismatch. Recent studies showing that active
MMR preferentially inhibits nucleosome loading near
mismatches support this idea [84,85]. ii) Long-lived SL
complexes at or near the mismatch also may mark and
protect the mismatch until repair can proceed. iii)
Folding of DNA by SL complexes could facilitate
MutLa nicking the daughter strand on both sides of
the mismatch [30,31] by generating antiparallel
double-stranded DNA configurations that bring PCNA/
b-clamp in proximity to both sides [13] (Figure 4). iv)
The dynamic rearrangement of mismatch DNA by SL
complexes could promote multiple MutLa-induced
nicks around the mismatch [13,30]. These multiple
nicks should facilitate the next stage of DNA repair by
providing multiple entry points for EXO1 or a strand-
displacing polymerase [4,30]. v) Finally, the dissolu-
tion of the SL complex as the daughter strand is
excised past the mismatch could signal the end
of excision.
Conclusions and open questions
The recent studies have clarified the mechanisms of
MMR initiation pathways from MutS(a) searching and
mismatch recognition to recruitment of MutL(a) and
MutL(a)’s subsequent interaction with the strand
discrimination signal. Although these recent results
have also given deep insights into the conformational
changes in MutS(a), MutL(a), and mismatched DNA

during MMR initiation, major questions remain.
Despite the wealth of knowledge that we have gained
about MutS(a) conformational transitions, we still lack
understanding of nucleotide occupancies that coordi-
nate these transitions. We have comparatively little
mechanistic understanding of MutL(a). Due to the
flexibility of MutL(a)’s linker arms, we lack an under-
standing of its functional conformations or the nature of
its interactions within SL complexes. Significantly, we
do not know where the DNA is located in MutL(a) or
SL complexes, how MutL activates MutH’s endonu-

clease activity in E. coli, or how ATP and PCNA/b-clamp
activate MutL(a)’s nicking activity in non-methyl-
directed repair. Finally, despite having a crystal struc-
ture of interaction of the Bacillus subtilis b-clamp bound
to a fragment of MutL C-terminal domain [86], we lack
insight into how b-clamp (or PCNA) directs nicking to
the daughter strand.
www.sciencedirect.com
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