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Abstract

DNA mismatch repair involves is a widely conserved set of proteins that is essential to limit
genetic drift in all organisms. The same system of proteins plays key roles in many cancer related
cellular transactions in humans. Although the basic process has been reconstituted in vitro using
purified components, many fundamental aspects of DNA mismatch repair remain hidden due in
part to the complexity and transient nature of the interactions between the mismatch repair
proteins and DNA substrates. Single molecule methods offer the capability to uncover these
transient but complex interactions and allow novel insights into mechanisms that underlie DNA
mismatch repair. In this review, we discuss applications of single molecule methodology including
electron microscopy, atomic force microscopy, particle tracking, FRET, and optical trapping to
studies of DNA mismatch repair. These studies have led to formulation of mechanistic models of
how proteins identify single base mismatches in the vast background of matched DNA and signal
for their repair.

Introduction

All organisms require a stable genome. Continuous assault by endogenous and exogenous
chemicals and the imperfect fidelities of DNA polymerases tend to degrade the genome.
Consequently, multiple DNA repair pathways have evolved to maintain genomic integrity. If
these repair pathways fall short, cell cycle checkpoints result that cause cell-cycle arrest
and/or apoptosis. These pathways include DNA mismatch repair (MMR), which is
responsible for correcting errors made during DNA replication. The MMR proteins also are
involved in several other DNA transactions. Inactivation of the MMR genes not only
dramatically increases the frequency of mutations, it also decreases apoptosis, increases cell
survival, and results in resistance to many chemotherapeutic agents [1-3]. In humans,
mutations in the genes responsible for the initiation of MMR are associated with > 80% of
hereditary non-polyposis colorectal cancers (HNPCC) and certain sporadic cancers [4].
Patients with cancers associated with defects in MMR genes may be at particular risk
because the loss of MMR results in resistance to the cytotoxic effects of several DNA
damaging agents, such as cisplatin and alkylating agents, as well as increased mutagenesis
due to the inability to repair replication errors generated from copying both normal and
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damaged bases. Together, these effects are thought to contribute to selective growth
advantages for MMR defective cells during multistage carcinogenesis [5]. Understanding
the molecular mechanisms that underlie these different activities will be essential for
developing effective treatments, with minimal side effects.

MMR is initiated by MutS and MutL homologs, which are highly conserved throughout
prokaryotes and eukaryotes. MutS and MutL homologs are dimers and contain DNA binding
and ATPase activities that are essential for MMR in vivo [6, 7]. Eukaryotes have multiple
heterodimeric MutS and MutL homologs [8-14]. MSH2-MSH6 (MutSa) is primarily
responsible for repairing single base-base mismatches and one and two base insertions or
deletions (IDLs), whereas MSH2-MSH3 (MutSB) is primarily responsible for repairing
larger IDLs [11, 15-18]. MutLa (MLH1-PMS2 in humans, Mlh1-Pms1 in yeast) is the
major MutL homolog involved in MMR. The MMR proteins must both locate mismatches
in a vast excess of correctly paired DNA and direct repair to the daughter strand.

MMR has been reconstituted in vitro with E. coli and human proteins using plasmid DNA
containing a mismatch and a nick (or a hemimethylated GATC site for E. coli) either 5’ or 3’
to the mismatch [19-26]. In eukaryotes, MMR is initiated by MutSa (or MutSp) first
recognizing a mismatch or IDL (Figure 1). ATP and mismatch binding induce a
conformational change in MutSa, such that it forms a mobile clamp state that can move
along the DNA. This activated state of MutSq, in turn, promotes its interaction with one or
more MutLa proteins [27-35]. Subsequently, PCNA, which is a component of the
replication apparatus, activates MutLa to incise the daughter strand hundreds of base pairs
from a mismatch both distally (preferential) and proximally. [36, 37]. Once MutLa nicks the
DNA, MutSa activates the exonuclease EXOL1 to processively excise the DNA containing
the incorrect nucleotide [20, 38—-40]. Alternatively, POL/¢ can initiate strand-displacement
synthesis from the nick[41]. Finally, DNA resynthesis is catalyzed by DNA polymerases &
(lagging strand) or ¢ (leading strand), and DNA ligase seals the nick [42—44]. Because
PCNA is loaded asymmetrically on DNA at the replication fork (or at a nick), the PCNA-
activated nicking of the DNA by MutLa may serve as a strand-discrimination signal in
MMR [45]. For leading strand synthesis, this nicking is thought to be essential to provide a
nick 5’ to the mismatch in the daughter strand; however, for lagging strand synthesis, the 5’-
end of the Okazaki fragment could also provide a transient strand-discrimination signal [46—
48]. Consistent with this latter suggestion, MutLa is not required for 5’-nick directed repair
invitro [49, 50].

The early steps of MMR are similar in prokaryotes; however, processing of the DNA after
mismatch recognition differs in prokaryotes and eukaryotes, which puts different constraints
on signaling repair. In prokaryotes, the MutS-MutL initiation complex “directs” UvrD-
catalyzed unwinding towards the mismatch, followed by excision by the appropriate
exonuclease [6, 7, 51]. In contrast, no helicases are known to be involved in eukaryotic
MMR, and EXO1, a double-stranded 5’ to 3’ exonucleasg, is the only exonuclease that is
clearly involved in repair [7]. Consequently, it is not necessary for MutSa (or MutLa) to
confer directionally on EXO1, only to activate it.

DNA Repair (Amst). Author manuscript; available in PMC 2015 January 29.
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Here, we review applications of single molecule experimentation to investigate these MMR
phenomena.

MutS searching homoduplex DNA for mismatches

In the 1970s and 1980s, it was proposed that DNA binding proteins underwent 1D diffusion
along DNA to explain the observation that the rate of association of proteins with their
specific sites on long DNA molecules is faster than theoretically possible based on 3D
diffusion alone [52-54]. Many subsequent biochemical studies, which investigated the DNA
length dependence of proteins binding to their specific sites, supported 1D diffusion, but it
was the onset of single-molecule tracking studies that allowed the direct observation of such
behavior. Early tracking and AFM studies with RNA polymerase demonstrated 1D
diffusion. [55-58]

Single particle tracking of proteins on DNA with fluorescence microscopy requires long,
extended DNA substrates along with fluorescent labeling of the proteins. Experiments
typically use A DNA that is tethered to a microscope slide and stretched with a fluid flow
(Figure 2). After the DNA is stretched, a distinct tether on the opposite end of the DNA can
be linked to the surface to maintain the DNA in an elongated configuration upon termination
of the flow (Figure 2). Fluorescent labeling without perturbing molecular function is a
challenge in all fluorescence studies. In MutS studies, homologs have been labeled with both
organic fluorophores and quantum dots (QDs). Specific labeling sites of MutS used to date
have been tested to preserve DNA binding properties and ATPase behaviors [59-62]. While
small organic dyes have minimal impact of protein diffusivity, QD labeling slows the
observed diffusivity of other proteins sliding on DNA in comparison to smaller probes [63,
64 2012].

Single particle tracking of Cy3-labeled Thermus aquaticus (Tag) MutS and QD-labeled
MutSa on L DNA [65] yielded diffusivities of 0.036+0.018 pm?2/s (0.31 M(bp)?/s) [61, 65]
and 0.012+0.018 (0.1 M(bp)?/s) [60], respectively, in the presence of ADP during the
searching phase. These diffusivities are similar to many other DNA binding proteins [66]. In
addition, using two-color single particle tracking of MutSa labeled with two different color
QDs, it was demonstrated that two QD-MutSa proteins could not pass one another while
scanning the DNA [60]. QD-MutSa also cannot diffuse past nucleosomes [67]. As expected,
the binding lifetime of MutS and QD-MutSa on A DNA decreased with increasing salt
concentration. In 100 mM salt, it was ~ 3 s for Tag MutS [61, 65] and ~ 30 s for QD-MutSa
[60], which is longer than most DNA binding proteins [66].

The mobility of MMR proteins on DNA substrates also has been examined by single-
molecule Foérster Resonance Energy Transfer (sSmFRET) using a single donor fluorophore
attached to MutS and an acceptor fluorophore attached to the DNA (Figure 3a). Donor
fluorescence is excited with an external light source. When donor-Muts is far from the
acceptor fluorophore on the DNA, there is no FRET coupling and only donor emission is
seen. FRET will occur only when donor-MutS is within ~5 nm of the acceptor attached to
DNA. Consequently, these FRET approaches do not directly image the motion of the protein
on the DNA substrate but deduce the moments when MutS is within ~5 nm from the
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fluorophore attached on the DNA. Note, that single particle tracking studies work in the
opposite limit where the precise location of QD-MutSa on long DNAs can be determined
only with resolution of ~1000 base pairs (see Figure 4c of [68]), although relative locations
can be measured more accurately. This SmFRET approach using acceptor-labeled,
mismatch-containing DNAs (50-500 bp) was used to examine mobility of Tagq MutS on
DNA in the searching phase [62]. When donor-labeled MutS bound at the mismatch a
characteristic, high FRET efficiency signal was observed. Because, the affinity of the MutS
for the mismatch is substantially higher than for matched DNA, in most observations, MutS
bound at the mismatch faster than the temporal resolution of the experiments. By analyzing
relatively rare events where low FRET was observed briefly before high FRET associated
with mismatch binding, a limit on the mobility was determined [69], and this mobility is
consistent with values observed by single particle tracking [61].

MutS tracks double helix

Single particle tracking studies not only allow the direct observation of proteins diffusing
along DNA, but also permit the determination of the relative importance of diffusion with
rotation in register with the DNA helix compared to weaker DNA interactions allowing
hopping or jumping. [60, 63, 64, 66, 70]. By examining the salt dependence of the diffusion
rate and/or comparing the observed diffusion coefficients with theoretical predictions of the
diffusion coefficients based on purely translational motion or tracking of the protein along
the helix of DNA, it is possible to discern the mechanism by which proteins move along the
DNA [60, 63, 64, 66, 70]. Groove tracking by proteins predicts a slower rate of diffusion
than diffusion without tracking, especially with a QD attached to the protein. Greene and co-
workers estimated that attaching a QD to MutSa will slow the rate of diffusion by a factor of
2 if the protein is not tracking the DNA helix and a factor of 10 if the protein tracks the
DNA double helix as it searches [60]. Desbiolles and coworkers refined this modeling to
predict dramatically different diffusivities depending on whether the QD is attached by rigid
or flexible linker [63, 64]. These differences result from partial uncoupling of the Brownian
motion of the QD and protein when they are connected with a flexible linker.

The diffusivities of both Tag MutS and QD-MutSa are independent of salt concentration
[60, 61], consistent with a sliding mechanism over a hopping mechanism, but this salt-
dependence does not distinguish between sliding with free rotation or with the protein
tracking the groove of the DNA. Comparison of the measured searching phase diffusivities
for QD-MutSa with theoretical predictions supports a diffusion model in which the QD-
MutSa rotates in register with the DNA [60], as has been found for many other proteins
[66].

Both smFRET and sm-fluorescence polarization have been used to examine if Taq MutS
tracks the DNA groove during searching [61, 65]. These studies compared observations to
theoretical predictions of models where MutS rotates around the DNA following the groove
or where MutS only translates along the DNA with no rotation at all. In 4-30 ms averaged
SMFRET experiments, FRET between donor-MutS and 74 bp or 100 bp acceptor-labeled
homoduplex DNA with blocked ends (Figure 3a) was lower on the longer DNA [61].
Because the DNA is longer than the FRET range of their dye pair, the lower FRET on the
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longer DNA is consistent with MutS scanning the whole DNA by diffusion and thus
spending on average less time near the acceptor on the DNA during a camera integration
period. Comparing the breadth of the distributions of FRET efficiencies measured at 4 ms
and 30 ms acquisition times with predictions based on models of diffusion with rotation in
register with the DNA or diffusion without rotation supported a model of diffusion with
helix tracking. Specifically, the rotating model led to a smaller range of distances between
the donor and acceptor as MutS passed near the labeled DNA location and thus a tighter
distribution of averaged FRET values [61]; however, comparing the helix tracking to a
freely rotating model would be more realistic than one in which MutS cannot rotate around
the helix.

In the sm-fluorescence polarization experiments, it was first confirmed that the Cy3 label on
MutS was sufficiently restricted to allow for polarization to report MutS orientation, and
then the polarization of Cy3-labeled MutS was monitored on homoduplex DNA [65] (Figure
3a). No polarization signal was observed for Cy3-MutS searching homoduplex DNA. Zero
polarization is consistent with DNA helix coupled rotation while diffusing because the
known diffusion rate predicts a rotation rate that will result in zero average polarization at
the experimental resolution, but it does not distinguish between the rapid rotation either
coupled or uncoupled to the DNA helix. To distinguish between these 2 possibilities, the
authors used 26 to 100 base DNA substrates that are short enough to limit the number of full
turns MutS can make if remaining in sync with the DNA helix. The effect of DNA length on
polarization averaging was confirmed in the searching phase where short substrates have
broad polarization distributions that trend toward narrow distributions on longer substrates
where more complete averaging is allowed [65].

These MutS diffusion experiments complement a flurry of analogous studies of a variety of
DNA binding proteins. All sequence specific DNA binding proteins examined thus far (as
well as some non-specific binders) are determined to rotate in register with the DNA helix
during linear diffusive motion [60, 63, 64, 66, 70]. Only two proteins studied to date have
exhibited diffusive properties that are consistent with a hopping mechanism (herpes simplex
virus UL42 processivity factor [71] and MutLa (see below)), and neither exhibit sequence
specific recognition. These generalizations have broad reaching implications for the
mechanisms of specific site recognition in DNA binding proteins

MutS bends DNA during its search

Crystal structures of Tag and E. coli MutS and human MutSa bound to several different
mismatched DNA bases and base insertion/deletions [72—75] reveal only two specific amino
acid contacts between MutS or MutSa and the mismatched base: a phenylalanine which
stacks with the mismatched base and a glutamate, which forms a hydrogen bond with the N3
of the mismatched thymine or N7 of the mismatched purine [72-75]. All other interactions
between MutS and the DNA are nonspecific backnone contacts. These specific and non-
specific interactions induce significant DNA bending at the mismatch and rotation of one of
the mismatched bases toward the minor groove, with this rotation being stabilized by
stacking with the phenylalanine in the conserved Phe-X-Glu motif.

DNA Repair (Amst). Author manuscript; available in PMC 2015 January 29.
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AFM studies demonstrated that E. coli and Tag MutS induce DNA bending when bound to
homoduplex DNA, as well as when bound to mismatches, which led to the suggestions that
MutS induces DNA bending during its diffusive search for a mismatch and that this bending
facilitates mismatch recognition [76, 77]. The idea that MutS propagates the DNA bend as it
scans DNA is consistent with the conclusion from the tracking studies that MutS rotates
along the DNA during its search phase and suggests that MutS, as well as many (or most)
other specific DNA binding proteins closely track the DNA double helix. In many ways
such a scenario should not be surprising because the majority of the binding energy for
proteins that recognize specific DNA sequences results from nonspecific protein-DNA
interactions, with specific interactions providing sequence preference. For these nonspecific
interactions to be maximized, the DNA needs to adopt a conformation that results in optimal
geometry of the protein’s DNA binding pocket, which in turn facilitates sampling of
contacts required for specific site recognition and maximizes specificity by paying the cost
of bending the DNA with nonspecific protein-DNA interactions [77, 78]

Mismatch recognition by MutS

Conformational properties of MutS-mismatch complexes

Several single-molecule studies have investigated conformational changes in DNA
associated with binding of E. coli and Taq MutS to different mismatches. In an early study,
AFM was used to directly visualize MutS bound to mismatched and to homoduplex DNA
[76]. The capability of AFM to distinguish binding of MutS at homoduplex (honspecific)
DNA sites from binding on mismatches allows identification of conformations unique to the
mismatch (or specific site). In addition, analysis of the occupancies of MutS on DNA as a
function of position along the DNA in AFM images allowed the determination of the
specificities and binding affinities of MutS for mismatches, and the binding affinities
determined by AFM agreed with those determined by bulk fluorescence anisotropy studies
[79]. Notably, AFM studies found only bent DNA in MutS-DNA complexes at homoduplex
sites, but both bent and unbent conformations were observed at mismatch sites. The unbent
state is thus the result of unique interactions between the mismatch base and MutS, which
suggests that the bent conformation is an intermediate when forming the unbent state [6, 76,
77]. Notably, the DNA is bent in the crystal structure [72-75], suggesting that the crystal
structure may represent an initial recognition state. Together with the crystal structures,
these data led to the proposal that MutS binds to DNA nonspecifically and bends it in search
of a mismatch; upon specific recognition of a mismatch, MutS undergoes a conformational
change to an initial recognition complex (IRC) in which the DNA is kinked, with
interactions similar to those in the crystal structures; and MutS then undergoes further
conformational changes to the ultimate recognition complex (URC) in which the DNA is
unbent (or slightly bent) with the mismatched base possibly being flipped out [6, 76, 77]. In
this model, bending facilitates the initial recognition of the mismatched base and provides
the opportunity for the specific interaction of a conserved phenylalanine with the mispaired
base. After recognition, MutS uses the energy stored in the bent DNA to help drive a
conformational change in MutS to the unbent state, providing a “double check” before repair
is initiated. In this model, whether or not the downstream events that lead to repair occur
will be determined, in part, by the ability of MutS to form the unbent URC, and therefore,
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the efficiency of repair will be governed by the relative stability of the bent (or kinked) and
unbent state.

Further support for this model came from additional AFM studies of two mutants of Taq
MutS, with alanine substitutions in the conserved Phe-Xaa-Glu mismatch recognition motif
(MutS-F39A and MutS-E41A) [77]. These studies showed a direct correlation between the
ability of MutS to signal repair and its ability to induce an unbent conformation at the
mismatch. In addition, these studies found that the conserved Glu, but not the Phe, facilitates
MutS-induced DNA bending on homoduplex DNA, whereas at mismatches, both Phe and
Glu promote the formation of the unbent conformation. The data reveal an unusual role for
the Phe residue in that it promotes the unbending, not bending, of DNA at mismatch sites
and provided a structural explanation for the mechanism by which MutS searches for and
recognizes mismatches. A significant limitation of these studies is that AFM provides only
static snapshots of MutS-DNA complexes and thus cannot provide proof of the proposed
pathway; however, subsequent smFRET studies monitoring DNA bending support the
proposed pathway.

Sass et al. used surface-tethered DNA substrates containing a GT mismatch halfway
between a FRET donor (TAMRA) and acceptor (Cy5) located 19 bp apart, to measure DNA
bending-induced FRET efficiency changes in real time (Figure 3b) [80]. These studies
revealed that Taq MutS-GT mismatch complexes are highly dynamic, adopting as many as
six different conformations with different degrees of DNA bending. The authors developed a
method (called FRET TACKLE) to analyze the dynamic data in which they combined direct
analysis of sSmFRET transitions with examination of kinetic lifetimes to identify all of the
conformational states and characterize the kinetics of the binding and conformational
equilibria. They found lifetimes differing by as much as 20-fold and rates of interconversion
varying by 2 orders of magnitude. In a more recent study, they examined the dynamics of
MutS and MutS-E41A bound to different mismatches, including a T-bulge and GT and CC
mismatches [81]. These studies lead to the suggestion that the dynamics of the MutS-
mismatch complex could govern the efficiency of repair of different DNA mismatches [80,
81]. Although, these studies revealed additional conformational states of MutS-mismatch
complexes relative to the AFM studies, they confirmed the suggestion from the AFM studies
that MutsS first induces DNA bending upon binding and then undergoes a conformational
change to a state in which the DNA is not bent (or minimally bent). One caveat to both the
AFM and smFRET studies is that they were conducted in the absence of nucleotide or in the
presence of ADP but not in the presence of ATP. Consequently, it is possible that the
conformational properties are different in the presence of ATP.

Single-molecule multiparameter fluorescence spectroscopy has also been used to examine E.
coli MutS-induced DNA bending as well as the orientation of binding of MutS to a
mismatch [82]. In these studies, the authors used substrates similar to the previous study, in
which different mismatches are placed between a donor and acceptor fluorophores;
however, their measurements were conducted on freely diffusing molecules instead of
surface immobilized DNA molecules. They located the dyes such that MutS would interact
with the donor in one binding orientation (e.g., the phenylalanine stacking on the G vs. the T
in a GT mismatch) and measured both FRET and the anisotropy of the donor. These
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measurements reported both DNA bending and the orientation of MutS binding to the
mismatch. In addition, they used fluorescence correlation spectroscopy to measure the
apparent diffusion times, which allowed them to determine whether or not MutS was bound
to the DNA. Consistent with the studies discussed above, they observed both bent and
unbent conformations of MutS-mismatch complexes; however, because their observation
time is very short (~1 ms), they could not observe transitions between different
conformations. In addition, their work confirmed the suggestion based on MutS-mismatch
crystal structures that MutS exhibits a strong orientational preference on asymmetric
mismatches (e.g., GT vs. TG and AC vs. CA) but not on symmetric mismatches such as GG.
Coupling these data with bulk measurements, they suggest that this orientational binding
may be important for the efficiency of repair [82].

SmFRET is difficult to apply to DNA bending by MutS when the FRET from protein-bound
unbent states overlaps with the FRET from free DNA states. DeRocco et al. labeled yMutSa
using tris-NTA linked fluorophores [83, 84] bound to a Hisg tag on Msh6 [85]. Cysteine
engineering approaches are not feasible for labeling MutSa because it contains more than 30
cysteines. They used 2-color excitation and three-color sm-fluorescence detection to
simultaneously measure DNA bending and colocalization of yMutSa. These studies on CC
mismatched DNA resolved multiple bent DNA states of MutSa-DNA complexes, some of
which overlapped with free DNA.

SmFRET studies also have been conducted on human MutSp [86], which is responsible for
signaling the repair of IDLs of 2-10 bp and also can promote triplet repeat expansion [87].
They monitored the DNA conformational dynamics in the presence and absence of MutSp
of three DNA substrates: a (CA), insertion which is well repaired via MutSp signaling and a
(CAG)13 or (CAG)11-(CTG), insertion, which can form hairpins containing AA mismatches
that are resistant to repair and can lead to mutations. MutSp induced a single conformation
on the (CA), substrate in which the DNA was more bent than the unbound conformation in
the presence and absence of ATP, and ATP increased dissociation. In contrast, on (CAG)13,
MutSp induced two conformations that could interconvert, one less bent and one more bent
than the unbound substrate, and on (CAG)11-(CTG),, a single less bent state was observed
in the absence of ATP. Interestingly, in the presence of ATP, the more bent population of
MutSB-(CAG)13 complexes shifted to the less bent population from which Mutp dissociated
slowly, consistent with its expected inability to convert to a sliding clamp. These studies
coupled with biochemical studies led the authors to suggest that the conformational
dynamics of the different DNA substrates may control the ability of MutSp to signal repair
[86].

In addition to monitoring DNA bending, smFRET has also been used to report
conformational changes of Taq MutS in several contexts: the absence of DNA, during
scanning of homoduplex DNA, upon mismatch recognition, and following ATP activation
[69]. These studies employed a single cysteine mutant of Taq MutS (C42A/M88C) that
allowed donor and acceptor fluorophore attachment in domains | of the homodimer, which
contains the mismatch recognition motif (Figure 3c, 3d). SmFRET revealed that domains |
interconvert between conformations in which domains | are open (low FRET) and in which
domains I are closed (high FRET) while scanning homoduplex DNA. Upon mismatch
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recognition, MutS adopts a conformation in which domains | are closed (high FRET),
consistent with the position of these domains in the crystal structure of MutS (Figure 3d).

Monitoring mismatch recognition and ATP activation of MutS

The earliest single molecule study of MMR was the electron microscopy (EM) investigation
of the properties of E. coli MutS-DNA and MutS-MutL-DNA complexes bound to 6 kbp
DNA containing a single GT mismatch in the presence of ATP [88]. This study observed
ATP-dependent formation of large a-loop structures. MutS (or MutS and MutL) was at the
base of the loop, with the mismatch in the middle. The size of the loop increased linearly
with the incubation time and was dependent on ATP hydrolysis. MutL increased the rate of
loop formation. These findings led to the authors to suggest that ATP induces MutS to leave
the mismatch and translocate bidirectionally along the DNA away from the mismatch,
forming loops in an ATP hydrolysis dependent manner. Subsequent bulk studies, which
monitored the rate of dissociation of MutS from DNA with blocked or unblocked ends upon
the addition of ATP or ATP-yS, have indicated that MutS can form a mobile clamp in the
absence of ATP hydrolysis; however, these studies used shorter substrates [18, 29, 89].
Although it appears clear that ATP hydrolysis is not necessary for activation of MutS to a
mobile clamp state, it is possible that ATP hydrolysis could be necessary for activated MutS
to travel long distances on the DNA, which may be important in E. coli where MutS-MutL
complexes must interact with MutH at hemi-methylated GATC sites, which could be up to
1000 bp away.

A recent AFM study [90] of E. coli MutS bound to mismatch-containing DNA used
significantly shorter DNA. ATP-dependent loop formation was observed in this study;
however, loops were also seen in the absence of nucleotide and the presence of ADP with a
similar frequency but smaller size than in ATP. These latter results differ from the EM study
and previous AFM studies, in which very few loops were observed with E. coli or Tag MutS
in the presence or absence of ADP [76, 77, 88]. By analyzing the AFM volume [91, 92] of
MutS bound to DNA, Jiang and Marszalek demonstrated that two MutS dimers mediate loop
formation. The conformations of the two MutS dimers in the complex stabilizing the loop
were different in the presence and absence of ATP (Figure 4). In the absence of ATP, two
individual MutS dimers were often discernable; whereas, in the presence of ATP, the two
dimers were generally indistinguishable. A notable difference between this study and the
previous EM study [88] is that in the EM study, MutS rarely remained in the vicinity of the
mismatch upon addition of ATP, while in this AFM study, one of the MutS dimers often
remained in the vicinity of the mismatch even in the presence of ATP. This latter result led
to the suggestion that the two MutS dimers are nonequivalent, with one marking the
mismatch and one searching the DNA. The apparent differences between these two studies
may result from the differences in the lengths of the substrates (1.1 kbp vs. 6.4 kbp) and size
of the loops. In fact, in the EM study, those loops in which one MutS remains near the
mismatch are predominantly seen for complexes with shorter loops [88].

The earliest single molecule experiment detecting mismatch recognition and subsequent
sliding clamp formation employed optical trapping to monitor the force required to unwind
end-blocked DNA as a function of the position of a mismatch (Figure 5) [59]. Addition of
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yMutSa increased the required unwinding force at the location of the mismatch in the
presence of ADP. In ATP or ATP-yS, the position of the increased force (presumed to be the
location of MutSa) no longer coincided with the mismatch, suggesting a sliding clamp
mode. These behaviors required a mismatch in the DNA, further supporting the presence of
a sliding clamp. This experimental method, however, could not ascertain the dynamics of
the process.

Single molecule fluorescence methods provide a window into the dynamics of the transition
from recognition to ATP activation. Gorman et al. constructed a A DNA substrate containing
3 mismatches spaced by 38 base pairs for use in their surface tethered tracking assay [68].
They observed QD-MutSa searching homoduplex DNA and binding specifically to the
mismatches in the presence of ADP. They found the dwell time at positions consistent with
the position of the mismatches to be 9.6 minutes, which is in stark contrast to ensemble
studies that find 25 second lifetimes for yMutSa bound to a GT mismatch in the presence of
ADP [93]. These single molecule tracking and ensemble stopped flow assays may be
sensitive to different subpopulations, or the differences may result from the different
substrates employed in the single molecule and bulk studies. Alternately, the differences
may derive from the presence of three closely spaced mismatches in the single molecule
studies and/or the presence of a QD on MutSa. Examination of the diffusivity for QD-
MutSa in the presence of ATP revealed that QDMutS diffused modestly faster after sliding
clamp formation relative to during the searching phase (D= 0.057+0.064 um?/s for the
activated clamp vs. 0.009+0.011 um&/s for the searching phase). Studies of Tagq MutS also
revealed a slightly faster (1.6 fold) diffusing sliding clamp relative to the searching phase.
These results led to the suggestion that MutS no longer tracks the double helix after
activation [61, 68]. The response of the mobility of Taq MutS to altering both the salt
concentration and buffer flow rate (which puts force on the MutS bound to DNA) further
supports this conclusion [61]. The diffusivity for Tagq MutS has also been estimated from
studies measuring SMFRET between the protein and DNA [69]. In these studies, a slower
diffusivity was found for the clamp than the searching phase. The source of these differences
remains unknown, but may be related to differences in the details of the salt and buffer
conditions or the dye-labeling of MutS.

The most significant change in the ATP/ATPyS-mismatch activated state compared to the
searching state is that dwell time on the DNA is dramatically increased (hundreds vs. a few
seconds), and this activated state no longer interacts with the mismatch [60, 61, 68]. In
addition, smFRET studies on Taq MutS revealed that multiple MutS proteins could load
onto mismatch DNA with blocked DNA ends in the presence of ATP, consistent with a
sliding clamp leaving the mismatch, [61, 69].

SmFRET provides detailed information about the position of MutS at a mismatch. Two
studies have monitored mismatch recognition by monitoring FRET between donor-labeled
MutS and an acceptor fluorophore attached 9 bp from a mismatch. In one study, MutS was
labeled on domain IV [61] and in the other, it was labeled on domain I [69] (Figure 3d).
Both of these studies detected binding of MutS to the mismatch (one in the absence of
nucleotide and the other in the presence of ADP), and the dwell time at the mismatch was
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consistent with bulk biochemical studies. In addition both of these studies monitored
recognition in the presence of ATP (see below).

Experiments of this sort are complicated by the fact that fluorescent dyes attached to DNA
are flaws that MutS can recognize. In the FRET studies of MutS, the 9 bp offset of the
acceptor from the mismatch generates FRET less than 1.0 upon mismatch binding, but direct
MutS binding to the dye results in FRET nearly 1. Using this difference in FRET values,
these studies have observed direct dye binding of 10% [69] and 30% [61]. The single
molecule approach allows those direct dye-binding events to be rejected from further
analysis.

SmFRET assays have also characterized conformational changes within MutS during the
ATP-dependent conversion to the post-recognition sliding clamp. The domain | label site
used by Qiu et al. allowed detection of two sequential conformational changes as the
mismatch recognition state converts to a sliding clamp [69]. These two conformations were
detected both by monitoring intra-protein FRET between dual-labeled domains | (Figure 3c)
and by monitoring FRET between one domain | and an acceptor dye 9 bases away from the
mismatch (Figure 3a). In the latter experiments, MutS bound a mismatch yielding FRET
~0.7. About 20% of such mismatch binding events eventually converted to sliding clamps in
the presence of ATP. Before sliding commenced, MutS converted to an intermediate
conformation that generated FRET 0.5 (Figure 3e). This intermediate state, which lasts
about 1.5 seconds before MutS leaves the mismatch, is consistent a substantial movement of
the DNA interacting domain I. Measurement of intraprotein FRET (Figure 3c) also revealed
an intermediated state with the same kinetic properties as the protein-DNA FRET
measurements, further confirming this two-step transition [69]. Another FRET study
labeling MutS in domain 1V did not observe an intermediate FRET level before mismatch
release. [61] The different FRET results when labeling domain I vs. IV may indicate the
domains move in distinct ways or alternately could reflect the differences in the DNA
substrates used in the studies. Future measurements with different label attachment sites on
MutS will be useful to further clarify the precise conformation of this intermediate state.
This intermediate state could provide new surfaces that interact with downstream signaling
proteins, and in particular MutL, to regulate or determine the continuation of the mismatch
repair cascade.

Properties of MutL homologs

MutL and MutL homologs are members of the GHL ATPase family [94-98], which includes
DNA Gyrase, Hsp90, Grp94 and the type Il topoisomerases. ATP binding and/or hydrolysis
induces large conformational changes in GHL proteins, which are thought to be involved in
the signaling of cellular processes [94, 96, 99-104]. Both homodimeric bacterial MutL and
heterodimeric eukaryotic MutLa dimerize via their C-terminal domains, which are
connected to an N-terminal ATPase domain via a linker region that is predicted to be
unstructured [105-108].

Sacho et al. used AFM coupled with biochemical techniques to examine conformational
properties of MutLa [109]. They demonstrated that adenine nucleotides induce large
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asymmetric conformational changes that are associated with significant increases in
secondary structure in yeast and human MutLa (Figure 6a). By examining the
conformations as a function of nucleotides, they identified the changes in conformations
associated with nucleotide binding, hydrolysis, and release (Figure 6b). They suggested
these nucleotide-dependent conformational changes mediate the interactions of MutLa with
other proteins in the MMR pathway, coordinating the recognition of DNA mismatches by
MutSa and the activation of MutLa with the downstream events that lead to repair.

Prokaryotic MutL and eukaryotic MutLa exhibit different DNA binding preferences, with
MutL preferentially binding single-stranded DNA and MutLa preferentially binding double-
stranded DNA [95, 110]. smFRET has been used to monitor MutL interactions with a donor/
acceptor labeled DNA containing a single strand overhang [111]. Multiple MutL proteins
bound the single strand region at low salt, but there was little binding at high salt. AFM was
used in investigate the DNA binding properties of MutLa. [112] These studies revealed that
MutLa can bind cooperatively to form long, continuous tracts of protein along duplex DNA
in low salt. The AFM images also showed that MutLa can interact simultaneously with two
different strands of duplex DNA (Figure 6c¢). This latter result is consistent with experiments
demonstrating that the N-terminal domains of both yMIh1 and yPms1 bind double-stranded
DNA [110]. Because these behaviors emerged only at low salt concentrations, with only
weak DNA binding by MutLa at physiological salt concentrations, the physiological
relevance of these findings is questionable. Notably, however, MutLa must interact directly
with DNA to carry out its essential MMR function of nicking the daughter strand [36, 37].
Perhaps the interaction of MutLa with MutSa/p promotes MutLa-DNA interactions under
physiological conditions.

Single molecule tracking using QD-labeled MutLa and A DNA tethered to the surface at one
or both ends has also been used to examine the interaction of MutLa with DNA [67]. In
these studies, the observed diffusivity of MutLa, unlike MutSa, increased with increasing
NaCl concentration, with MutLa exhibiting a similar diffusivity to MutSa at 50 mM NaCl
but an ~5-fold higher diffusivity than MutSa at 150 mM NaCl. This salt dependence
suggests that diffusion of MutLa along DNA involves hopping or stepping of MutLa along
the DNA [67], at least at the higher salt concentrations. An increase in diffusivity as a
function of salt concentration is expected for 1D diffusion involving hopping because
increased electrostatic screening from higher salt concentration reduces the DNA binding
affinity, increasing the probability of micro-dissociations from the DNA [53]. The authors
also found that MutLa, unlike MutSa, could bypass nucleosomes, further supporting the
idea that MutLa may move along the DNA through a stepping mechanism. Stepping is also
consistent with the biochemical observation that the N-terminal domains of both MIh1 and
Pms1 can bind DNA and with the AFM observation that MutLa can simultaneously bind
two DNA double strands [110, 112].

In addition to this stepping mechanism, Gorman et al. also suggested that MutLa can form a
ring-like structure that encircles the DNA loosely, giving a greater diffusivity than expected
if it is required to rotate in register with the DNA helix. This latter suggestion is based on the
observation that QD-MutLa preferentially dissociates from free DNA ends relative to
blocked DNA ends when hydrodynamic force (fluid flow) was used to push QD-MutLa
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along the DNA,; whereas, QD-MIh1 alone dissociated from both blocked and unblocked
ends. Such a model seems inconsistent with their proposed stepping/hopping mechanism of
movement. It also seems inconsistent with the DNA binding and electrostatic properties of
MutLa. Specifically, the N-terminal domains contain MutLa’s DNA binding activity [110],
and the linker region (59 negative and 39 positive residues) and C-terminal domain of Pms1
are highly negatively charged [113]. The differences in end dissociation that Gorman et al.
observed between MutLa (Mhl1-Pms1) and MIh1 may simply result from the significantly
lower DNA binding affinity of MIh1 relative to MutLa [110] and to the weak homo-
dimerization constant of MIh1 (3 pM [114]). One concern with this study is that the authors
were able to analyze the diffusion properties of only 10% of the total QD-MutLa proteins
that were bound to DNA, making it possible that they are monitoring a population that may
not represent the bulk of MutLa proteins.

Downstream mismatch repair signaling involving MutL

In a recent study, Gorman et al. examined the interaction of QD-MutSa and QD-MutLa on
A-DNA containing three GT mismatches spaced by 38 bp, using MutSa and MutLa labeled
with QDs with distinct emission wavelengths. Surprisingly, they found that QD-MutLa
colocalized with QD-MutSa bound to a mismatch in the presence of ADP with a lifetime of
7.8 minutes, which is similar to the dwell time of MutSa alone in this assay. This result is in
stark contrast to bulk studies, which do not detect any interaction between MutLa and
MutSa bound to DNA containing mismatches in the presence of ADP [93, 115]. They
subsequently examined the fate of a subset of these complexes (n=35) upon the addition of
ATP. They found that 14% remain stationary, 23% dissociate directly, and the remaining
63% of QD-MutSa and QD-MutLa diffuse together as a complex, with properties that are
nearly identical ATP-activated MutSa alone. One significant limitation of these studies is
that the analysis is limited to only a single QD-MutSa and a single QD-MutLa, resulting in
only a small number of the total bound proteins being analyzed. If MMR signaling involves
multiple MutSa and/or MutLa proteins, as suggested by in vivo studies of fluorescently
tagged MutS and MutL homologs [35, 116], studies that focus on single proteins may miss
important multi-protein complexes. Perhaps in the future, it will be possible to expand these
studies to more broadly analyze the entire population of protein-DNA complexes.

The future of single molecule methods in studies of DNA mismatch repair

DNA mismatch repair proceeds by a series of transient, multi-protein interactions that
present significant challenges to experimentation using traditional biochemical methods.
Single molecule approaches are well suited to overcome these challenges and uncover the
key signaling events that lead to repair of flawed DNA. In this review, we have described
the existing state of the art in applying single molecule investigation to DNA MMR. To
date, these studies have mainly focused on the binary interaction of MutS with mispaired
DNA while only a few have included MutL. Sometime ago, DNA MMR was successfully
reconstituted in vitro with 8-10 distinct, purified proteins depending on the particular system
studied [7, 117, 118]. As our understanding of these proteins increases and as single
molecule methods continue to mature, we can envision eventually reconstituting the entire
DNA MMR reaction in a single molecule assay similar to the recent progress in studies of
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replication [119-122]. Such an assay would be an exceptional tool to tease apart the multiple
interactions that both promote and regulate DNA repair.

DNA MMR operates within the complex environment of living cells. In vitro studies,
however sophisticated, may not capture the full complement of interactions of the MMR
system with other cellular processes. Ultimately, studies in live cells will be the most useful.
Kolodner and co-workers recently took exciting steps toward visualizing DNA MMR in live
yeast cells by quantitatively imaging individual MMR foci [35]; however, these experiments
were not sensitive to assemblies of fewer than ~6 labeled molecules. Single molecule
fluorescence methods including fluorescence stoichiometry, super-resolution imaging, and
single molecule FRET have been recently applied within live cells for increasingly complex
phenomena. [123-127]. The possibility of in vivo MMR studies using SmFRET is
particularly exciting because of its sensitivity to transient multimolecular complexes, which
are difficult to observe by other methods in living cells. The use of single molecule methods
has the potential to resolve longstanding questions and controversies in the MMR field.
Furthermore, the ability to measure molecular mechanisms of DNA MMR in vivo will
enable breakthroughs in understanding connections between aberrant repair and disease.
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Figure 1.
Mechanism of human mismatch repair. Triangles, stars and lightning bolts represent the

mismatch, ATPase sites, and MutLa nicking, respectively.
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Figure2.
Single molecule tracking experiments. a) Schematic of the experimental approach. DNA is

tethered to a surface at the ends. The intervening surface is passivated in this example by a
lipid bilayer. Fluorescent dye-labeled MMR proteins are shown diffusing on the DNA. The
surface is illuminated by total internal reflection. b) Kymograph representation of single
particle tracking of protein diffusion on DNA. The vertical direction represents position
along one molecule of DNA that is extended and tethered to the surface. The horizontal
direction is time during an experimental imaging experiment. The individual colored lines
are the location of diffraction limited fluorescence spots from single proteins. Horizontal
lines represent position vs. time of proteins along the DNA. Motion of a protein along the
DNA appears as vertical changes in the line as time advances from left to right. Note, some
molecules bind or unbind the DNA during the observation, indicated by colored lines that
begin or end abruptly as they are tracked horizontally across the image. Adapted from [60].
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Figure 3.

Single molecule FRET studies. Duplex DNA is tethered to a surface by a biotin/streptavidin
interaction and MutS is added in solution. FRET pairs used include a) donor-labeled MutS
and acceptor-labeled DNA (used for reporting MutS position on DNA), b) donor and
acceptor both on DNA spanning a mismatch (used for reporting DNA bending at the
mismatch) and c¢) donor and acceptor both on MutS with unlabeled DNA (used for reporting
internal conformation of MutS). d) A crystal structure of the Tag MutS dimer with DNA not
shown (PDB-1EWR) with domains I colored green and domains IV indicated by arrows. e)
Intensity vs. time graphs for donor and acceptor emission from a single acceptor-labeled Taq
MutS interacting with T-bulge mismatch DNA with the acceptor dye 9 bp from the
mismatch (adapted [69]). Note FRET efficiency ~0.7 upon initial binding converts to
FRET~0.5 during an intermediate state before a transition to FRET~0 indicates MutsS sliding
away from the mismatch. The disappearance of emission finally indicates MutS sliding off
the end of the DNA.
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Figure 4.

AFM images of E coli MutS induced DNA looping of 1.1 kbp DNA containing a single GT-
mismatch in the absence (top) and presence of ATP (bottom). Adapted from [90]
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Schematic of DNA unwinding assay used to detect mismatch recognition and subsequent

sliding clamp formation. A bead is attached to one DNA strand and the other strand is
attached to the surface. An optical trap is used to trap the bead and pull on the DNA to

promote unwinding, and the force required to unwind the DNA is monitored. Adapted from

[59].
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Single molecule AFM imaging of MutLa and MutLa-DNA complexes. a) AFM image and
cartoons showing different conformational states of MutLa. In the cartoons, domains are
indicated by ovals, connected by a flexible linker, with the disordered linker shown as a
dashed line and ordered linker shown as a solid heavy line. MIh1 is depicted in light green
and blue, and Pms2 (yPms1) is depicted in dark green and blue. (Adapted from [109]) b)
Cartoon of the ATPase cycle deduced from the nucleotide dependence of MutLa
conformations (Adapted from [109]). ¢) AFM image showing yMutLa forming long protein
tracts on DNA and bring two double-stranded DNASs together (adapted from [112]).
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