Downloaded at Palestinian Territory, occupied on December 2, 2021

Check for
updates

Recurrent mismatch binding by MutS mobile clamps on
DNA localizes repair complexes nearby

Pengyu Hao?, Sharonda J. LeBlanc®®, Brandon C. Case“(, Timothy C. Elston®®, Manju M. Hingorani¢, Dorothy A. Erie",

and Keith R. Weninger®'

2Department of Physics, North Carolina State University, Raleigh, NC 27695; PDepartment of Chemistry, University of North Carolina at Chapel Hill, Chapel
Hill, NC 27599; “Molecular Biology and Biochemistry Department, Wesleyan University, Middletown, CT 06459; “Department of Pharmacology, University of
North Carolina at Chapel Hill, Chapel Hill, NC 27599; *Computational Medicine Program, University of North Carolina at Chapel Hill, Chapel Hill, NC 27599;
and fLineberger Comprehensive Cancer Center, University of North Carolina at Chapel Hill, Chapel Hill, NC 27599

Edited by John Tainer, Departments of Cancer Biology and of Molecular and Cellular Oncology, University of Texas M.D. Anderson Cancer Center, Houston,
TX, and accepted by Editorial Board Member Stephen J. Benkovic June 15, 2020 (received for review October 23, 2019)

DNA mismatch repair (MMR), the guardian of the genome, com-
mences when MutS identifies a mismatch and recruits MutL to nick
the error-containing strand, allowing excision and DNA resynthe-
sis. Dominant MMR models posit that after mismatch recognition,
ATP converts MutS to a hydrolysis-independent, diffusive mobile
clamp that no longer recognizes the mismatch. Little is known
about the postrecognition MutS mobile clamp and its interactions
with MutL. Two disparate frameworks have been proposed: One
in which MutS-MutL complexes remain mobile on the DNA, and
one in which MutL stops MutS movement. Here we use single-
molecule FRET to follow the postrecognition states of MutS and
the impact of MutL on its properties. In contrast to current think-
ing, we find that after the initial mobile clamp formation event,
MutS undergoes frequent cycles of mismatch rebinding and mo-
bile clamp reformation without releasing DNA. Notably, ATP hy-
drolysis is required to alter the conformation of MutS such that it
can recognize the mismatch again instead of bypassing it; thus,
ATP hydrolysis licenses the MutS mobile clamp to rebind the mismatch.
Moreover, interaction with MutL can both trap MutS at the mismatch
en route to mobile clamp formation and stop movement of the
mobile clamp on DNA. MutS’s frequent rebinding of the mismatch,
which increases its residence time in the vicinity of the mismatch,
coupled with MutL’s ability to trap MutS, should increase the prob-
ability that MutS-MutL MMR initiation complexes localize near
the mismatch.
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NA mismatch repair (MMR) plays a major role in an or-
ganism’s ability to avoid mutations, including correcting
DNA replication errors, modulating cellular responses to DNA
damaging agents, and preventing recombination between diverged
sequences. MMR is initiated by MutS and MutL proteins (1, 2).
Mutations in these proteins cause Lynch syndrome, the most
common hereditary cancer (3-6). In addition, they are linked to
sporadic cancers and cause resistance to the cytotoxic effects of
DNA-damaging agents used often in cancer treatment (7-9).
MutS initiates repair by binding to a mismatch or insertion-
deletion loop and then undergoing ATP-dependent conforma-
tional changes to form a clamp that moves along the DNA (2, 10).
This ATP-activated state of MutS also promotes its interaction
with one or more MutL proteins (2, 11, 12). Subsequently, the
MutS-MutL complex, or MutL that has been activated by MutS
(13), interacts with the strand discrimination signal to promote
nicking and excision of the error-containing daughter strand. In
eukaryotes and most bacteria, strand discrimination appears to be
achieved by interaction of the MutS-MutL complex with the
mobile DNA replication processivity clamp (PCNA in eukaryotes,
B-clamp in prokaryotes) (2, 14, 15). This interaction activates the
latent endonuclease activity of MutL to nick the daughter strand.
In contrast, in Escherichia coli, which employs methyl-directed
MMR, hemimethylated GATC sites serve as the strand discrimi-
nation signal. In this case, MutS—MutL interacts with and activates
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MutH endonuclease to nick the unmethylated strand at a hemi-
methylated GATC site up to 1 kB from the mismatch. The
mechanisms by which MutS and MutL interact with each other
and with the strand-discrimination signal to initiate downstream re-
pair events after mismatch recognition remain unresolved and con-
troversial, with several disparate models currently under debate in the
field. Although ongoing studies of MMR in various organisms could
lead to reconciliation, it is also possible that fundamental differences
in strand discrimination after mismatch recognition and mobile clamp
formation result in divergence of E. coli (methyl-directed) versus
MutH-independent (nonmethyl-directed) repair mechanisms.
Studies of E. coli MMR have led to the proposal that ATP-
bound, freely diffusing MutS clamps recruit MutL to form
MutS-MutL clamps that remain mobile on DNA (16, 17).
However, other studies using proteins from a variety of species
suggest that MutL can trap MutS at the mismatch (18) and that
multiple MutL proteins associate with MutS in complexes (12,
18-22). Given that the strand discrimination signal (PCNA\B-clamp)
is mobile in organisms using nonmethyl-directed MMR, signaling
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at a distance between the MutS—-MutL complex and the strand
identity marker is not essential (unlike the situation in E. coli methyl-
directed repair), and a mobile MutS—-MutL clamp or MutS-activated
mobile MutL clamp may not be necessary in nonmethyl-directed
MMR. For decades, it has been known that in the absence of
MutL, MutS forms a mismatch- and ATP-dependent mobile clamp in
all organisms. Despite its prevalence, the function of this
postrecognition MutS clamp and its interactions with MutL
remain poorly understood even though they play a critical role
in initiating repair.

In this work, we used single-molecule FRET (smFRET) to
investigate the properties of the MutS mobile clamp and its in-
teractions with MutL, focusing on proteins from Thermus aquaticus
(Taq), a MutH-independent MMR model system. smFRET with
Taq MMR proteins is a powerful tool for studying transient inter-
actions that initiate MMR because the proteins are amenable to
fluorophore labeling in specific, well-defined positions and are well-
behaved in vitro. On interrogating individual MutS proteins in the
long-lived mismatch- and ATP-dependent mobile clamp state on
end-blocked DNA, we unexpectedly found that the MutS clamp
undergoes frequent cycles of mismatch rebinding (or revisiting) and
mobile clamp formation without releasing DNA. Furthermore, this
mismatch rebinding requires ATP hydrolysis by MutS. Ensemble
measurements of ATPase activity confirm that the MutS mobile
clamps hydrolyze ATP while bound to doubly end-blocked DNA.
These results contrast with current MMR models that suggest ATP
hydrolysis occurs after MutS dissociates from DNA (10, 17, 23-27).
We also found that MutL stops movement of the MutS clamp on
DNA. Repetitive rebinding of the mismatch by a MutS mobile
clamp likely helps corral MutS-MutL complexes in the vicinity of
the mismatch, thereby localizing subsequent excision activity for
more efficient DNA repair.

Results

In previous experiments, we characterized conformational changes
in Taq MutS-T-bulge DNA complexes (Fig. 14) as MutS transi-
tions from mismatch recognition to a mobile clamp in the absence
and presence of MutL (18, 28). We used a 550-base pair, surface-
tethered DNA substrate containing a central T-bulge and an acceptor
fluorophore 9 bases away (Fig. 1B). Addition of MutS containing
a donor fluorophore on DNA binding domain I (M88C) (Fig. 14)
and ATP results in a sequence of readily distinguishable, distinct
FRET efficiency levels (0.7 - 0.5 - 0 — no fluorescence)
(Fig. 1 C and D). These FRET values represent mismatch binding
by MutS (0.7), a conformational change in the protein at the
mismatch (0.5), the clamp moving away from the mismatch (0),
and sliding off the free DNA end (no fluorescence). This cycle can
repeat when MutS from solution binds to a mismatch freed after a
previous mobile clamp leaves and, if both DNA ends are blocked,
multiple MutS mobile clamps can load onto the DNA (10, 17, 18,
24). These studies also showed that MutL can trap MutS in an
intermediate state at the mismatch if MutL arrives before MutS
moves away (18). However, these studies did not address the fate
and function of the postmismatch recognition MutS mobile clamp,
a long-standing question in the field that is key to understanding
the initiation of MMR.

MutS Mobile Clamps Revisit a Mismatch. In vivo, MutS will not
encounter DNA ends; therefore, we blocked the free end of our
DNA substrate to prevent the clamp from sliding off and mon-
itored the mismatch- and ATP-activated MutS mobile state over
an extended time period. To characterize the properties of single
MutS mobile clamps without complications from the signals of
multiple MutS loading on the same DNA substrate, we opti-
mized a protocol that results in no more than one MutS bound
per DNA in most cases (Materials and Methods, Fig. 1E, and SI
Appendix, Fig. S1). This protocol starts with a flow chamber
where well-spaced T-bulge DNA molecules are tethered to the
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surface. We first incubated donor-labeled MutS in the acceptor-
labeled DNA chamber in buffer without ATP, which results in
one MutS dimer bound stably at the mismatch, blocking addi-
tional binding. The chamber was then washed with buffer con-
taining ATP, which removes unbound MutS from solution and
activates conformational changes in mismatch-bound MutS for
conversion into mobile clamps (Fig. 1E, first buffer-exchange
step). This protocol results in significant fractions of DNAs with
only one MutS bound or no protein bound, and a very small
fraction with multiple MutS bound (Materials and Methods and SI
Appendix, Table S1); the analysis includes only DNAs colocalized
with exactly one MutS. The majority of MutS in these complexes
exhibits behavior consistent with mobile clamps (FRET 0), with
only a small fraction (5%) remaining at the mismatch (FRET 0.5)
(Fig. 1 F, Bottom trace; Fig. 1G, green bar). As reported previously
(24), the lifetime of a MutS mobile clamp on a blocked DNA
substrate is ~10 min.

To our surprise, only a small fraction of the ATP-induced
mobile MutS clamps (26%) exhibit constant zero FRET (Fig.
1 F, Top trace; Fig. 1G, blue bar), and the majority (69%) alter-
nate between FRET 0 and FRET 0.5 without dissociating from
DNA (Fig. 1 F, Middle trace; Fig. 1G, red bar; Fig. 1H). For these
alternating MutS molecules, the dwell-time distribution of the
FRET 0 events, which represent the process of the mobile clamp
rebinding the mismatch, fits a two-step model with lifetimes of
3.9 s and 0.5 s, indicating a hidden kinetic step that does not result
in a FRET change (18, 29, 30). The two-step kinetics indicate that
after formation, the mobile clamp must undergo some subsequent
conformational transition for it to become capable of rebinding
the mismatch. The dwell-time distribution of the FRET 0.5 events
fit a single exponential with lifetime 1.0 s (Fig. 17). The FRET
efficiency of 0.5 indicates that MutS is located at/near the
mismatch, and the width of the FRET distribution is consistent
with a single static state (Fig. 1I) (31-34). Notably, we also
observed a FRET 0.5 state as an intermediate on the path from
the initial mismatch recognition (FRET 0.7) to mobile clamp
formation (FRET 0) (Fig. 1 C and D, initial FRET 0.5 state, red
histogram). These similarities suggest that the pre- and postmobile
clamp FRET 0.5 states may represent the same (or similar)
mismatch-bound conformation of MutS, and analysis of the
kinetic properties of the observed FRET states (Fig. 1H) fur-
ther supports this idea. Specifically, the dwell-time distributions
of the pre- and postmobile clamp FRET 0.5 states exhibit
similar lifetimes (1.3 s and 1.0 s, respectively) (compare red
histograms in Fig. 1 D and I) (18, 28). Taken together, these
observations indicate that MutS repeatedly cycles between a
mobile clamp (FRET 0) and a mismatch-bound state (FRET
0.5) without dissociating from the DNA.

Our findings differ from a previous study of MutS, which was
labeled on the domain IV dimer interface (T469C) (24). That
study did not detect an intermediate MutS state during initial
clamp formation nor the MutS clamp revisiting the mismatch.
We considered the possibility that fluorophore location on MutS
might influence the results and therefore repeated the smFRET
experiments with MutS labeled at another position (E315C on
connector domain III in Fig. 14; see also SI Appendix, Fig. S2)
(30). We observed mismatch rebinding with this labeled version
of MutS as well. Furthermore, both the M88C- and the E315C-
labeled MutS proteins exhibit similar mismatch-rebinding kinetics
(compare Fig. 11 to SI Appendix, Fig. S2D) (MutS [E315C] FRET
0.5 lifetime is 1.5 s and the two-step FRET 0 lifetimes are 4.7 s
and 0.6 s). Together, these results strongly support our conclusion
that MutS mobile clamps repeatedly revisit the mismatch.

Although we observed mismatch rebinding, previous studies
have provided evidence that MutS clamps can bypass the mismatch
(17, 24, 35). Our studies are also consistent with these observations.
Specifically, given the fast diffusivity of a MutS clamp (28, 36), the
clamp is expected to slide over the mismatch hundreds of times
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Fig. 1. MutS mobile clamps revisit a DNA mismatch on end-blocked DNA. (A) Crystal structure of Tag MutS-T-bulge complex (PDB ID code 1EWQ) (64),
highlighting the domains and label positions. (B) Schematic of experiments with unblocked T-bulge DNA, 2 mM ATP, and 5 nM MutS (dimer). (C) Example
time trace of donor and acceptor intensities (Upper) and FRET (Lower) between AF555-MutS (M88C) donor and Cy5-T-bulge DNA acceptor reports MutS
binding a mismatch (FRET 0.7), transitioning to an intermediate state at the mismatch (FRET 0.5), converting to a mobile clamp that slides away (FRET 0), and
falling off the DNA end (loss of donor signal). This behavior is not observed in the absence of a mismatch or ATP. (D) FRET histograms and dwell-time
distributions for unblocked DNA experiments. Single-exponential fits to the dwell-time data are in red. Distributions are shown for the initial binding state
(0.7), the preceding mobile (0.5), and the mobile clamp states (0.0). (E) Schematic of experiments with end-blocked DNA: Addition of MutS without nucle-
otide, first buffer exchange introducing ATP (no additional MutS), and second buffer exchange introducing the nucleotide to be tested. (F) Single AF555-
MutS mobile clamps on end-blocked Cy5-T-bulge DNA exhibit three types of behaviors of donor (blue) and acceptor (red) intensities before the signals
disappear, likely due to donor photobleaching given the ~10-min lifetime of mobile clamps on DNA (24): Continuous zero FRET (Top; mismatch bypassing
clamp), FRET switching between 0 and 0.5 for at least one mismatch rebinding event (Middle; mismatch revisiting clamp), and constant FRET 0.5 (Bottom;
mismatch-bound MutS). The zero FRET population (Top) includes clamps that remain continuously mobile and any MutS colocalized with DNA in a mismatch-
independent manner (e.g., nonspecific adsorption to the surface or interaction with DNA end-blocking proteins streptavidin or anti-dig) (Materials and
Methods). (G) Fractions of MutS colocalized on DNA after the second buffer exchange with ATP, exhibiting the three behaviors described above. Color bars
and state names are as defined in F. (H) Zoom-in of a trace with MutS revisiting the mismatch. (/) Histograms of FRET values from many traces with revisiting
events show peaks at 0.5 and 0 (Upper). Dwell time distribution for the FRET 0.5 state fit with a single exponential (red) yields a 1.0 s mismatch rebinding
lifetime. Fitting the dwell-time distribution for the FRET 0 state (lowest panel) with a two-step kinetic model (red) (S/ Appendix, Supporting Methods) yields
lifetimes 3.9 s and 0.5 s for the mobile clamp states between revisits (Lower). Color bars on top of the intensity vs. time graphs indicate laser illumination color
(red = 640 nm; blue = 532 nm).
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during its ~4-s lifetime between mismatch release and rebinding on
our 550-base pair-blocked DNA (Fig. 1/ and SI Appendix, Sup-
porting Methods and Fig. S2D) (35). Importantly, the ability of MutS
mobile clamps to both bypass and rebind the mismatch indicates
the need for a switch in the clamp conformation that makes MutS
competent to bind the mismatch again.

MutS Revisiting the Mismatch Requires ATP Hydrolysis. Most current
models of MMR signaling, with the notable exception of the
translocation model from Modrich and coworkers (37-39), posit
that mismatch- and ATP-activated MutS maintains a hydrolysis-
independent mobile clamp state that does not rebind the mismatch,
and only hydrolyzes or exchanges nucleotides after dissociating
from DNA, essentially remaining unchanged as an ATP-bound,
freely diffusing clamp while on DNA (10, 17, 23-27). Our ob-
servation that MutS mobile clamps can both bypass and rebind a
mismatch sharply contrasts these models, and it implies that
MutS adopts more than one conformation on DNA. To determine
if this conformational switching is linked to its ATPase activity, we
examined the effects of different nucleotides on preformed MutS
mobile clamps (Fig. 2 A-D). First, we formed mobile clamps as
described above (Fig. 1E, up to first buffer exchange), and then
performed another buffer-exchange step with varying nucleotides
(Fig. 1E, second buffer exchange). In a control experiment to
establish a baseline, we exchanged the ATP-containing buffer
with the same buffer (Fig. 24), which resulted in 69% of the
clamps revisiting the mismatch (switching between FRET 0 and
FRET 0.5) and 26% remaining mobile (constant FRET 0).
When the second exchange buffer contains ADP instead of ATP
(Fig. 2B), there is a dramatic reduction in the revisiting fraction,
with 70% of MutS remaining in the mobile clamp state, bypassing
the mismatch. Similarly, in exchange buffers containing slowly
hydrolysable ATP-y-S or a mixture of ADP+ATP-y-S (Fig. 2 C
and D), most of the mobile clamps do not revisit the mismatch
(note that a small revisiting fraction in these conditions may be
due to residual ATP following the second buffer exchange). The
observation that ATP, but not ADP, ATP-y-S, or ADP+ATP-y-S,
promotes mismatch rebinding suggests that ATP hydrolysis and
nucleotide exchange are required for MutS mobile clamps to
switch back to a state that allows mismatch binding.

Ensemble Studies Confirm MutS Mobile Clamps on DNA Hydrolyze
ATP. The idea that MutS mobile clamps catalyze ATP hydroly-
sis without dissociating from DNA conflicts with current dogma
in the field that MutS clamps do not hydrolyze ATP while sliding
on DNA. To address this issue, we conducted bulk presteady-
state ATPase experiments comparing free MutS, MutS with
unblocked mismatch-containing DNA, and MutS clamps formed
on doubly end-blocked mismatch-containing DNA. We con-
firmed that >95% of the end-blocked DNA had neutravidin
attached to the biotinylated ends and that all of the MutS
remained bound to end-blocked DNA in the presence of ATP
using gel electrophoresis (SI Appendix, Supporting Methods and
Fig. S34).

In the absence of DNA, we observed a rapid burst of hydro-
lysis of one ATP/MutS from the high-affinity ATPase site on the
dimer at 9.4 s™!, as reported previously (40, 41), followed by
slower hydrolysis of a second ATP at 0.3 s from the low-affinity
site, and then a linear steady-state rate, k¢, at 0.2 s (Fig. 2E,
purple trace, and SI Appendix, Fig. S3 B and C). In the presence
of unblocked T-bulge DNA, the ATPase activity of MutS is
strongly suppressed, although still detectable, as reported pre-
viously (Fig. 2E, blue and red traces, and SI Appendix, Fig. S3C)
(41, 42). Upon monitoring this reaction over a longer timescale
(20 s) (Fig. 2F) in the presence of unblocked T-bulge DNA, we
observe a slow burst of two ATPs hydrolyzed per dimer at
0.15 s~ " (~60-fold slower than the burst in the absence of DNA),
which is followed by steady-state turnover at a k., of 0.12 s
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(Fig. 2F, blue trace). Note that this k., value from experiments
using unblocked DNA reflects the ATPase activity of MutS cycling
between binding a mismatch, forming a clamp, sliding on DNA,
and then off the free DNA ends; hence, it does not resolve whether
the clamp continues to hydrolyze ATP while still on DNA.

In the presence of doubly end-blocked T-bulge DNA, we again
observed a burst of two ATPs hydrolyzed per MutS dimer at
0.24 s~!, which is followed by steady-state turnover at a k¢, of
0.06 s! (Fig. 2F, red trace). In this case, the Mut$ sliding clamp
is expected to remain on DNA during the 20-s ATPase experi-
ment given its reported ~10-min lifetime on end-blocked DNA
(24). Notably, the burst of ATP hydrolysis at 0.2 s™' on both
blocked and unblocked T-bulge DNA is comparable to the
~0.4 ™" rate at which Taq MutS is known to leave the mismatch
site as a sliding clamp (24, 30, 43), suggesting that the clamp can
hydrolyze ATP as (or right after) it releases the mismatch. Be-
cause ATP hydrolysis is not required for mobile clamp formation
(10, 19, 24, 26, 28, 44-46), these observations suggest that the
forces that drive mobile clamp formation (such as DNA un-
bending) (30) also promote ATP hydrolysis when possible.

The observed steady-state ATPase activity of MutS on the
end-blocked T-bulge substrate after the burst associated with
clamp formation indicates that mobile clamps repeatedly hy-
drolyze ATP while on DNA. If rebinding to the mismatch re-
quires ATP hydrolysis, as our data suggest, the ke, of 0.06 s~
would correspond to a 16-s mismatch release-rebind cycling
time. This time is somewhat longer than the 4- to 5-s cycling time
between rebinding events measured by our smFRET measure-
ments (Fig. 1 and ST Appendix, Fig. S2). The discrepancy likely
results from slight differences in bulk and single-molecule ex-
perimental conditions, and the averaging of mobile clamp het-
erogeneity in bulk experiments (e.g., if a subpopulation of mobile
clamps dissociates from DNA following ATP-dependent mobile
clamp formation, and binds the mismatch again from solution,
the cycling time between rebinding events could appear longer in
bulk measurements). Importantly, both the sSmFRET and presteady-
state ATPase kinetics indicate that MutS mobile clamps hydrolyze
ATP while on DNA, challenging current MMR models that envision
long-lived ATP hydrolysis-independent clamps. It should also be
noted that ATP hydrolysis by MutS mobile clamps on DNA is
indirectly supported by prior reports showing that the clamp
lifetime on end-blocked DNA depends on ATP concentration
(supplementary figure 7 in ref. 24) and that MutS can promote
DNA loop formation only in conditions permitting ATP hydrolysis
(38, 39).

Our findings suggest that the function of ATP hydrolysis by
MutS in MMR after mismatch recognition is not simply to reset
the protein after it dissociates from DNA (10, 17, 24), but also to
allow it to rebind the mismatch. Specifically, ATP hydrolysis by
the MutS mobile clamp induces conformational changes that
create another mobile clamp state that is now capable of rebinding
the mismatch. Our studies cannot differentiate whether ATP hy-
drolysis by MutS mobile clamps promotes their active transloca-
tion on DNA or if they continue to diffuse passively but with an
altered conformation. The latter idea is supported by previous
studies of Taq MutS that demonstrated mobile clamps are diffu-
sive in the presence of ATP (36). Accordingly, we suggest that
MutS moves as a diffusive clamp between rebinding events inde-
pendent of ATPase activity, and that ATP hydrolysis only alters
the conformation of the clamp such that it can now rerecognize
the mismatch, which is consistent with the two-step kinetic model
required to fit the dwell-time distribution of FRET 0 events during
rebinding (Fig. 1 I, Lower). Before this ATP hydrolysis-dependent
conformational change occurs, the mobile clamp could repeatedly
bypass the mismatch without recognizing it. As such, ATP hydro-
lysis licenses the diffusive mobile clamp to rebind the mismatch.
This ATP hydrolysis-dependent clamp conformation may also have
other functions yet to be discovered. In this regard, a recent study of
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Fig. 2. Impact of nucleotide exchange on MutS revisiting a mismatch on end-blocked DNA. (A-D) Exchanging buffer after mobile clamp formation (second
buffer exchange, Fig. 1E) to introduce ADP (B), ATP-y-S (C), or ADP+ATP-y-S (D) instead of ATP (A) significantly reduces the MutS mobile clamp population
revisiting the mismatch. Color bars and state descriptions are as defined in Fig. 1F. (E and F) Presteady-state ATPase kinetics of free MutS (purple trace), and
mixed with unblocked DNA (blue trace) or doubly end-blocked DNA (red trace) shown at 2-s (E) and 20-s (F) time scales (S/ Appendix, Supporting Methods).
Exponential+linear fits to the data are overlaid on the traces as dashed lines (amplitudes and rate constants listed below the graph; residuals in S/ Appendix,
Fig. $3). MutS alone shows burst hydrolysis of one ATP/dimer at k = 9.4 + 0.2 s, the second ATP/dimer at k = 0.3 + 0.02 s™', and then a linear, steady state
keat = 0.21 £ 0.06 s™' (purple trace). On unblocked T-bulge DNA, MutS shows a slow burst of two ATP/dimer hydrolyzed at k = 0.15 + 0.03 s™", followed by
keat = 0.12 + 0.02 s7' (blue trace). On doubly end-blocked T-bulge DNA, MutS again shows a burst of two ATP/dimer hydrolyzed at k = 0.24 + 0.007 s~',
followed by k..t = 0.06 + 0.004 s~ (red trace).

yeast MMR revealed that MutSa (Msh2-Msh6) mutants with im-  between these two possibilities, we 1) loaded single MutS mobile
paired ATP binding are defective for repair in vivo even though  clamps onto DNA with a photocleavable end-block (Materials and
they continue to recruit MutLa (Mlh1-Pms1) to mismatched  Merthods and Figs. 1E and 3C), 2) exchanged to buffer containing
DNA in vitro (47), suggesting the ATPase properties of MutS  ATP or ATP+MutL (Fig. 1E, second buffer exchange), 3) re-
mobile clamps may also be important in signaling downstream  moved the end-block by photocleavage (Fig. 3C and SI Ap-
MMR events. pendix, Figs. S4 and S5), and 4) counted the number of DNAs
colocalized with MutS. Releasing the end-block decreases the
next step in MMR after mismatch- and ATP-induced activation fraction 9f MutS-bound DNA. fropl 31 to 12% n the absence of
of MutS. We examined the impact of MutL by adding it simul- MUtL (Fig. 3D and SI Appendix, Fig. 86), as moblle' Ml,lts clamps
taneously with ATP to preformed MutS mobile clamps (Fig. 1E, slide off the free DNA end (the clamps have a 2-s lifetime on the
second buffer exchange). Strikingly, the fraction of revisiting Unblocked DNA substrate) (28). In the presence of MutL, how-
clamps drops from 69 to 7%, and most of the MutS (76%) re-  €VeT, the fraction of MutS-bound DNA remains unchanged (Fig.
mains in a FRET 0 state (Fig. 3 4 and B). This MutL-induced 3D and SI Appendix, Fig. S6), indicating that MutL traps MutS on
FRET 0 state of MutS could be due to MutL locking MutS intoa ~ DNA in an immobile state away from the mismatch (FRET 0).
mobile state that bypasses the mismatch or into an immobile state ~ Again, this finding contrasts with some reports of mobile MutS—
that is held distant (>10 nm) from the mismatch. To differentiate ~ MutL clamps (17, 35), but is supported by other reports showing

MutL Traps MutS into an Immobile State. MutL recruitment is the
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Fig. 3. Effect of MutL on MutS revisiting the mismatch. (A and B) Adding MutL with ATP in the second buffer exchange (B) greatly reduces the revisiting
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(C) Schematic of experiments with UV-photocleavable DNA end-block. (D) Fraction of Cy5-T-bulge DNAs colocalizing with AF555-MutS before (white bars)
and after (black bars) end-block removal, in the absence (Left) and presence (Right) of MutL. This fraction decreases from 31 to 12% when clamps slide off
DNA. Error bars are SEM from three experiments; **P < 0.005 for two-sample unpaired t test; two-tailed P value (P = 0.005). The modest increase in mismatch-
bound population upon addition of MutL (green; compare B to A) may be because it immobilizes revisiting MutS clamps at the mismatch, consistent with our
previous finding that MutL can trap MutS at the mismatch before it forms a mobile clamp (18).

that MutL slows MutS release from DNA (19, 48-50) and that
yeast MutSo—MutLoa complexes exhibit the same slow dissociation
rate on blocked and unblocked mismatched DNA (19).

Discussion

Although several different models have been proposed for MMR
signaling after mismatch recognition (11, 12, 17, 27, 35, 47,
51-56), a prevailing view envisions formation of an ATP
hydrolysis-independent MutS—MutL sliding clamp, and is based
on two widely accepted premises: 1) ATP or nonhydrolyzable
ATP analogs activate mismatch-bound MutS to form a long-lived
mobile clamp that appears to no longer recognize the mismatch
(10, 17, 24, 35), and 2) in the E. coli methyl-directed MMR
system, MutS—-MutL must activate latent MutH endonuclease
activity at hemimethylated GATC sites that can be up to 1,000
base pairs away. It is possible that MutS-MutL mobility after
mismatch recognition is required for methyl-directed MMR in
E. coli; indeed, E. coli MutS-MutL sliding clamps have been
observed interacting with MutH, although the mobility of the E. coli
MutS-MutL clamps is about a factor of 10 slower than MutS alone
(17). In addition, recent studies of E. coli MMR suggest that MutLL
can be activated by MutS into a mobile MutL signaling clamp that
can travel and activate MutH (13). MMR in most other organisms,
however, is fundamentally different in that it does not require ac-
tivation of an endonuclease (MutH) at distant, fixed sites; instead,
the mobile processivity clamp (PCNA/B-clamp), which has a long
lifetime on DNA (57), can activate MutL endonuclease in a sta-
tionary MutS-MutL complex on DNA.

Our findings challenge both underlying foundational ideas of
the mobile MutS-MutL clamp model, at least for nonmethyl-
directed MMR. First, we show that Taq MutS mobile clamps
do hydrolyze ATP while bound to DNA, and this hydrolysis allows
frequent revisits to the mismatch. Moreover, we find that Taq
MutS-MutL complexes are immobilized on DNA, whether they
form at or away from the mismatch (Fig. 3D) (18). Below, we
discuss the implications of these findings individually and the
resulting, reimagined model of MMR.

17780 | www.phas.org/cgi/doi/10.1073/pnas. 1918517117

Free-Energy Considerations Reveal the Role of ATP Hydrolysis for
MutS Mobile Clamp Mismatch Rebinding. The ATP hydrolysis re-
quirement for MutS mobile clamps to rebind the mismatch is
expected based on energetics, because ATP binding alone allows
MutS to progress in the opposite direction from a mismatch
recognition state to a mobile clamp (10, 19, 24, 26, 28, 44-46).
Specifically, ATP-y-S is sufficient to drive formation of MutS
mobile clamps, but it does not support mismatch rebinding by
these clamps (Fig. 2). To quantify and visualize these arguments,
we generated a free-energy landscape (Fig. 44) based on our
kinetic data (18, 28, 30). It should be noted that the lifetimes of
all of the states will likely vary depending on experimental con-
ditions, such as temperature and the model organism. Using
Eyring theory (SI Appendix, Supporting Methods), we estimated
transition free energies for MutS undergoing each step in the
pathway from initial mismatch recognition (Fig. 44, state 1),
through the ATP-dependent conformational changes while bound
to the mismatch (Fig. 44, states 2 and 3) that lead to mobile clamp
formation (Fig. 44, state 4 or 5).

The long-lived mobile clamp can adopt (at least) two different
conformational states depending on ATP binding and hydrolysis.
State 4 is the mobile clamp observed in the presence of ATP-y-S,
which is incapable of mismatch rebinding, and state 5 is the
mobile clamp observed in the presence of ATP, which is com-
petent to rebind the mismatch into state 3. The existence of two
mobile clamp states of which only one is competent to rebind the
mismatch, is consistent with the two-step kinetics required to fit
the dwell-time distributions of the sliding state (FRET 0) be-
tween rebinding events (Fig. 17). ATP hydrolysis is depicted as
occurring between state 4 and state 5 because we observed that
ATP is required to revisit the mismatch; however, during the
initial mobile clamp formation in conditions that allow hydroly-
sis, it is possible that state 5 precedes state 4 (Fig. 44, light blue
dashed line). In the absence of hydrolysis, only state 4 is attained,
and state 5 is not populated. Finally, on the transition from initial
mismatch recognition to the first mobile clamp formation, ATP
hydrolysis could occur somewhere between states 1 and 5.

For simplicity, we drew the energy landscape with state 4
preceding state 5 on the initial mismatch recognition pathway.
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dependent conformational change to a new mobile clamp state (state 5), which can rebind the mismatch into intermediate state 3. The dashed red line
indicates the event requiring ATP hydrolysis/nucleotide exchange (the red ATP binding and ADP+Pi leaving) to enable mismatch rebinding by the MutS clamp
(the height of this transition is only illustrative, as it is unknown). The precise timing of ATP hydrolysis and ATP binding as MutS progress from state 4 through
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rebinding, including state 3, state 4, and state 5. The dashed gray line on the lower left represents stochastic events that could impact the ATPase turnover
rate from bulk measurements (e.g., dissociation of a subpopulation of mobile clamps from DNA and rebinding to the mismatch from solution, instead of
rebinding the mismatch on DNA). (B) Crystal structures compare E. coli MutS in the mismatch recognition state (1E3M.pdb) (Upper) (65) and the MutS—-MutL
sliding clamp state (S5AKC.pdb) (Lower) (49). The connector domain Il (residues 126 to 286) (light blue), ATPase domains (residues 568 to 800), the MutL
N-terminal domain (brown), and the DNA (red) are indicated. The second MutL N-terminal domain on the back of the clamp is a lighter shade of brown. (C)
MutS alone becomes a mobile clamp following mismatch detection (scene i). Its movement on DNA is bounded by the replication machinery and packaging of
newly synthesized DNA (nucleosome assembly, purple), and may help keep DNA flanking the mismatch transiently clear for repair. The limited range of
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The energy landscape illustrates the downhill path leading to the
first mobile clamp (Fig. 44, state 4), which is much more stable
(lower free energy) than the mismatch-bound intermediate (state
3) in the absence of hydrolysis. This difference is calculated from
the lifetime of state 3 (~1 s) (18, 28, 30) and the lifetime of MutS
mobile clamp on blocked DNA in the absence of ATP hydrolysis
(~600 s) (24), which suppresses mismatch rebinding by MutS
(Fig. 2). ATP hydrolysis raises the energy of this mobile clamp,
leading to a second mobile clamp state (state 5) that can rebind
the mismatch. This diagram also illustrates why ATP-y-S or
AMPPNP is sufficient to drive formation of MutS mobile clamps
(10, 19, 24, 26, 28, 44) because it is an energetically downhill
process leading to the most stable state (steps 1 to 4). Subse-
quently, ATP hydrolysis is necessary to raise the energy level of
the mobile clamp (state 4 or 5) and allow mismatch rebinding
every 4 to 5 s. It also explains why mobile clamps predominately
rebind the mismatch into state 3 (FRET 0.5) (Fig. 1 H and /) and
not states 1 or 2 (FRET 0.7), because these latter states have
higher free energies than state 3.

Structural Data Suggest ATP Hydrolysis by MutS Mobile Clamps Alters
the Conformation of the DNA Binding Channel. A key finding of our
study is that ATP hydrolysis allows MutS clamps to rebind the
mismatch. As discussed above, MutS exists in a mobile clamp
state on DNA both before and after ATP hydrolysis, but in
different conformations. Before the ATP hydrolysis-dependent
conformational change, the mobile clamp may repeatedly bypass
the mismatch without recognizing it, whereas after ATP hydro-
lysis the clamp can rebind the mismatch.

Insights into the mechanism whereby nucleotides control this
process can be gleaned from a recent crystal structure of an
E. coli MutS sliding clamp in complex with the N-terminal do-
mains of MutL (49). In this structure, both nucleotide binding
sites of MutS are occupied by the nonhydrolyzable ATP analog,
AMPPNP. The DNA binding domains I are not visible, but the
adjacent connector domains II are ordered and have moved away
from DNA to interact with the ATPase domains V (Fig. 4B).
Domains IV have tilted such that the DNA is pushed into a new
channel opened by the outward motion of domains I and II. In this
configuration, MutS forms a loose ring that is expected to slide
freely on the DNA, consistent with solution data. The absence of
well-ordered domains I that are essential for mismatch binding
and the crossing of domains IV imply that MutS is unlikely to
reengage the mismatch in this state. We envision this or a similar
MutS conformation to be the nonrebinding mobile clamp state 4
in our model (Fig. 44). Minimally, for this state to become com-
petent for mismatch binding, domain IV must uncross and domain
I of the mismatch-binding subunit must drop into a position that
allows contact with the mismatch. Because the connector domain II
interacts with ATPase domain V in this structure, the authors
suggested that ATP binding stabilizes the connector domain in the
open conformation (49). Taking this idea one step further, we
suggest that ATP hydrolysis by this MutS mobile clamp (state 4)
may release domain II, permitting domain I to interact with DNA
again (state 5). Now when it encounters a mismatch while sliding on
DNA, MutS is capable of binding it again (state 3). State 3 was
previously suggested to have one domain I of the MutS dimer in
contact with the mismatch and the other domain I open (30), much
like the configuration described here for state 5; thus, state 5 would
be primed to rebind a mismatch. This mechanochemical coupling
model, based on structural and solution data, explains the need for
ATP hydrolysis for a MutS mobile clamp to rebind the mismatch.

Previous studies have shown that MutL can trap MutS in state
3 before it leaves the mismatch (18, 30). Our present study
demonstrates that MutL can also stop MutS mobile clamps after
they leave the mismatch, indicating it binds MutS in either state 4
or state 5 or both. This interaction is possible since one MutS
connector domain is open, exposing the Mutl. binding site, in

17782 | www.phas.org/cgi/doi/10.1073/pnas. 1918517117

both state 4 and state 5 (Fig. 4C). The ability of MutL to interact
with multiple states of MutS on DNA, along with the ability of
MutS to repetitively bind to the mismatch, likely increases the
odds of initiating repair near the mismatch.

Conclusions

A comprehensive model of the actions undertaken by MutS and
MutL to begin mismatch repair emerges from the studies dis-
cussed above (2, 53). Once MutS recognizes a mismatch, it un-
dergoes an ordered sequence of conformational changes
associated with ADP-to-ATP exchange that license its interac-
tion with MutL (16-18, 23, 28, 30, 44, 49). If MutS is bound by
MutL before leaving the mismatch as a mobile clamp, the
MutS-MutL complex remains at or near the site (with MutS
DNA binding domains I in dynamic motion) (18). If MutS leaves
the mismatch site prior to MutL binding, ATP hydrolysis allows
the clamp to reset to a conformation that can rebind the mis-
match (Fig. 44). MutS can continue repeating this ATPase-
dependent cycle of sliding away and returning to the mismatch
until it is found and immobilized by MutL. While the mismatch is
free, additional MutS mobile clamps could be loaded onto the
DNA. During DNA synthesis, the replication fork and assem-
bling nucleosomes may function as barriers to restrict the range
of MutS movement and increase the likelihood of repeated en-
counters with the mismatch and interaction with MutL near the
mismatch (Fig. 4C). In both scenarios, MutS-MutL complexes
would be localized in the vicinity of the mismatch, which, in
addition to marking the DNA region needing repair, might also
help keep it clear of proteins, such as nucleosomes, until the
PCNA/B-clamp can activate MutL endonuclease. Localization of
MutS-MutL complexes at or near the mismatch before initial
clamp formation or after (by rebinding) provides a compelling
explanation for the clustering of multiple MutL-catalyzed nicks
near the mismatch observed in reconstituted human and yeast
MMR (14, 58, 59). Constraining the nicks in the neighborhood of
the mismatch likely enhances repair efficiency by providing
multiple, local entry points for strand excision (59). The number
of proteins and the stoichiometric ratio of MutS to MutL in the
MutS-MutL repair initiation complexes will depend on protein
concentrations as well as the timing of the events in the assembly
pathway. For example, we previously found that Taq MutS-
MutL complexes trapped at the mismatch contain one to three
MutS proteins and one to four MutL proteins (more MutL rel-
ative to MutS) (18), similar to other in vitro (19, 58) and in vivo
studies (12, 21), including our atomic force microscopy analysis
of human MMR proteins (60).

In summary, our findings require a reenvisioning of MMR, at
least in organisms that utilize nonmethyl-directed MMR, from a
model in which MutS has a passive role after mismatch recog-
nition simply functioning as an ATP hydrolysis-independent
mobile platform that helps transport MutL to a distant strand
discrimination signal, to a model in which ATP hydrolysis by
MutS mobile clamps drives repeated rebinding to the mismatch,
localizing formation of immobile MutS-MutL. complexes in its
vicinity. The next stage of repair would ensue when PCNA/
B-clamp interacts with mismatch proximal complexes to activate
MutL-catalyzed nicking of the daughter strand. These findings,
combined with atomic force microscopy and tethered particle-
motion data on human MutSa and MutLa in our companion
paper (60), provide a view of MMR initiation, with MutS-MutL
complexes assembling to mark and protect the region around a
mismatch until the error-containing strand is nicked in prepa-
ration for excision and then resynthesis to complete MMR. Be-
yond MMR, given that DNA-damage induced apoptosis appears
to be initiated by recognition of damage by MutS homologs and
subsequent recruitment of MutL. homologs (9, 61), it will be
interesting in the future to examine whether MutS exhibits
similar behavior upon interaction with damaged DNA.
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Materials and Methods

DNA Substrates and Proteins. The construction of mismatched, end-blocked
DNA substrates has been described in detail elsewhere (18). To make pho-
tocleavable DNA, we used a modified oligonucleotide purchased from Integrated
DNA Technologies with an internal photocleavable group (called Int PC Spacer;/
iSpPC)) between the last 5’ base and the digoxigenin group in the digoxigenin
modified primer (5’-/5DigN/iSpPC/GAG TCA GTG AGC GAG GAA GC-3').

The expression and purification of Tag MutS and MutL proteins has been
described previously (18, 28, 41, 43). MutS (M88C or E315C) was labeled with
Alexa Fluor 555-maleimide (AF555) with labeling efficiency ranging from 60 to
100%. We have previously verified the mismatch binding affinity and ATPase
activity of these MutS mutants is similar to wild-type Taq MutS (18, 30).

Further details about construction of smFRET DNA, about the end-blocked
DNA used in the ensemble ATPase studies, and about proteins we used are
available in the SI Appendix, Supporting Methods.

smFRET Assay Using End-Blocked DNA. Flow chambers built between a quartz
slide and a coverslip were passivated by Poly (Ethylene Glycol) (PEG), which
included a small fraction of biotinylated-PEG (details in S/ Appendix, Sup-
porting Methods). The 550-base pair biotin/dig Cy5-T-bulge DNA was added
to a passivated flow chamber whose surface was treated with streptavidin to
achieve well-spaced immobilized DNA molecules. Antidigoxigenin (anti-dig)
antibody (Roche Diagnostics, 11333089001) was then added to the chamber
at 20 pg/mL for 15 min to block the free end of the immobilized DNA. To
minimize the number of DNA molecules with multiple MutS mobile clamps,
the experimental protocol (Fig. 1E) was optimized by first incubating MutS
with DNA in buffer without ATP, resulting in MutS bound stably at the
mismatch, which in turn blocks additional MutS binding. Specifically, 5 nM
(dimer; 10 nM monomer) AF555 Tag MutS was injected into the chamber to
bind the T-bulge (bufferA: 20 mM Tris-HCl, pH 7.8, 100 mM sodium acetate,
and 5 mM MgCl,). After 15 min, the chamber was washed with bufferA
containing 2 mM ATP to 1) remove unbound MutS molecules from solution
and prevent additional MutS binding to DNA, and 2) activate conforma-
tional changes in mismatch-bound MutS for conversion into mobile clamps.
This protocol results in few DNAs being loaded with multiple MutS mobile
clamps, and about 10% of DNA loaded with a single MutS mobile clamp (the
remaining DNA did not have MutS bound) (S/ Appendix, Table S1). S/ Ap-
pendix, Fig. S1 shows that 80% of MutS colocalized with DNA is at the
mismatch before addition of ATP, and 5% remains at the mismatch after
addition of ATP (nonzero, stable FRET), confirming that ATP efficiently
converts mismatch-bound MutS to mobile clamps (S/ Appendix, Fig. S1). We
have previously established that a mismatch is required for efficient MutS
loading onto surface immobilized DNA, as negligible MutS binding is de-
tected in our assay on fully matched duplex DNA regardless of the presence
of nucleotides in the buffer (18, 28, 30, 62). After MutS mobile clamps were
established, the buffer was exchanged to bufferA containing various nu-
cleotides as indicated in the text and figures (2 mM ATP, 2 mM ADP, 2 mM
ATP-y-S, or 0.1 mM ADP + 0.1 mM ATP-y-S). In experiments with MutL, the
solutions contained bufferA augmented with 2 mM ATP + 200 nM MutL. For
final imaging, all experiments also included glucose oxidase, catalase, and
2% (wt/vol) glucose in the buffers for oxygen scavenging and 100 pM
cyclooctatetraene for triplet-state quenching (imaging buffer).

The prism-type total internal reflection, single-molecule fluorescence
microscope, and our data analysis routines have been described previously
(18, 30, 62, 63). FRET efficiency is calculated as E = Ia/(/a + Ip), where I and Ip
are background and leakage corrected acceptor and donor intensities, re-
spectively. Additional details about the microscope and data analysis are
available in SI Appendix, Supporting Methods. Note that while most of the
revisiting events were transitions between FRET 0 and 0.5, about 2%
exhibited transitions from FRET 0 to 0.5 to 0.7, which matches the levels in
initial mismatch binding events shown in Fig. 1C (0.7 — 0.5 — 0). For pop-
ulation analyses, single-molecule fluorescence or FRET time traces with do-
nor lifetime shorter than 100 s or donor number over 2 were rejected. Traces
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with at least one sequence of transitions of zero — nonzero — zero were
categorized as FRET-switching molecules. Traces with constant zero FRET
were categorized as “FRET zero” molecules while traces with constant
nonzero FRET were categorized as “FRET non-zero.” Note that nonspecifi-
cally surface-attached MutS that randomly colocalize with a DNA will falsely
contribute to the “FRET zero” population.

DNA End-Block Release Assay. For experiments monitoring MutS clamps on
photocleavable end-blocked DNA, 550-base pair Cy5-T-bulge DNA contain-
ing biotin on one end and the photocleavable digoxigenin on the other was
immobilized on the surface of PEG-passivated, streptavidin-coated chambers
and blocked with anti-dig as described above. To remove the anti-dig end-block,
the chambers were exposed to 365-nm light (Doctor UV, DRUV-HH-365HP, 7
Watt, at 1-cm distance, 36 W/cm?) for a total of 90 s, smoothly moving the 5-mm
diameter illumination spot around in the 5-mm x 20-mm chamber. S/ Appendix
contains characterization of the efficiency of the photocleavage reaction
(S Appendix, Supporting Methods and Fig. S4) and controls (S/ Appendix,
Supporting Methods Figs. S4 and S5).

To determine the effects of ATP and MutL on MutS clamps sliding on
photocleavable end-blocked DNA (Fig. 3C), AF555-MutS was first injected to
chambers prepared with photocleavable, end-blocked Cy5-T-bulge DNA in
buffer without any nucleotide for 15 min. Buffer exchange with ATP-containing
buffer (no additional MutS) then established single MutS mobile clamps on the
end-blocked DNA. Next, imaging buffer containing 2 mM ATP or 2 mM ATP +
200 nM MutL was injected into the chamber. Two chambers were prepared
identically in this way, and one was exposed to UV light for 90 s to remove the
end-block while the other was left alone for 90 s before measuring MutS oc-
cupancy. All buffer wash volumes and incubation times were kept uniform across
all four conditions tested in Fig. 3D to minimize any effects from spontaneous
MutS dissociation [MutS mobile clamp lifetime on blocked DNA is 10 min (24)].
The fraction of MutS-bound DNAs was calculated as the number of MutS mol-
ecules colocalized with DNA over the number of DNA molecules. All experiments
were repeated three times with sets of independently prepared chambers. Each
repeat included three videos of 40-s length under each condition. No traces were
rejected based on a short time to photobleaching.

Further evidence that releasing the end-block permits the MutS mobile
clamp to slide off the resulting free end is provided by the decrease in the
mismatch revisiting MutS fraction from 46% (end-blocked DNA) to 6%
(end-block released) in the absence of MutL (S/ Appendix, Fig. S6 A and B). In
the presence of MutL, 2% of the MutS clamps revisit the mismatch on end-
blocked DNA and this fraction remains unchanged upon releasing the end-
block (SI Appendix, Fig. S6B), which also supports the conclusion that MutL
stops MutS clamp movement on DNA. Traces with at least one zero —
nonzero — zero FRET transition were categorized as revisiting molecules.
The fraction of revisiting was calculated as the number of revisiting MutS
molecules over the number of MutS colocalized with DNA.

ATPase and Gel Mobility-Shift Assays, Energy Landscape Construction, and
Diffusion Calculations. S/ Appendix contains additional methodological
details about the ATP hydrolysis and Pi release assay with end-blocked
DNA, the gel mobility-shift assay of MutS-DNA complexes, construction
of the energy landscape (Fig. 4A), and estimating the number of times dif-
fusive MutS sliding clamps cross the mismatch between rebinding events.

Data Availability. Primary data for this paper are available from Dryad at
https://doi.org/10.5061/dryad.612jm641d.
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