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ABSTRACT

MutS homologs identify base-pairing errors made in
DNA during replication and initiate their repair. In the
presence of adenosine triphosphate, MutS induces
DNA bending upon mismatch recognition and sub-
sequently undergoes conformational transitions that
promote its interaction with MutL to signal repair. In
the absence of MutL, these transitions lead to for-
mation of a MutS mobile clamp that can move along
the DNA. Previous single-molecule FRET (smFRET)
studies characterized the dynamics of MutS DNA-
binding domains during these transitions. Here, we
use protein-DNA and DNA-DNA smFRET to moni-
tor DNA conformational changes, and we use kinetic
analyses to correlate DNA and protein conforma-
tional changes to one another and to the steps on
the pathway to mobile clamp formation. The results
reveal multiple sequential structural changes in both
MutS and DNA, and they suggest that DNA dynam-
ics play a critical role in the formation of the MutS
mobile clamp. Taking these findings together with
data from our previous studies, we propose a unified
model of coordinated MutS and DNA conformational
changes wherein initiation of mismatch repair is gov-
erned by a balance of DNA bending/unbending ener-
getics and MutS conformational changes coupled to
its nucleotide binding properties.

INTRODUCTION

Maintaining integrity of genetic information is essential
during DNA replication. DNA synthesis is inherently ac-

curate due to the high fidelity of DNA polymerases, which
have an error frequency of ~10~7. On rare occasions, bases
are misincorporated, resulting in non-Watson/Crick base
pairs or insertion/deletion loop (IDL) errors (1-3). DNA
mismatch repair (MMR) increases the fidelity of DNA
replication up to 1000-fold by correcting base-base mis-
matches and IDLs introduced during DNA replication
(1,2,4,5). Uncorrected errors can lead to mutations, ge-
nomic instability and cancer (1,6,7). In humans, mutations
in MMR genes are responsible for Lynch Syndrome and
linked to >80% of hereditary non-polyposis colorectal can-
cer cases as well as many sporadic cancers (7-10).

MMR is highly conserved across all organisms and has
been reconstituted and investigated in vitro, mainly with
Escherichia coli, yeast and human proteins (3,11-13). In
all organisms, MMR is initiated by binding of MutS ho-
mologs to a base-base mismatch or IDL followed by
adenosine triphosphate (ATP)-dependent conformational
changes to form a mobile clamp that can move along the
DNA (14). Although the function of mobile clamp state
remains unclear, ATP activation of MutS homologs is re-
quired for the downstream events that lead to repair. Specif-
ically, the ATP-activated MutS homolog recruits MutL
homologs and promotes removal of the error-containing
DNA segment and resynthesis (1-3). MutS and MutL ho-
mologs are heterodimers (MutSa [MSH2:MSH6]; MutLa
[MLH1:PMS2]) in eukaryotes and homodimers in prokary-
otes; however, the prokaryotic MutS adopts asymmet-
ric properties upon nucleotide and/or mismatch binding.
Specifically, only one subunit interacts with the mismatch,
and nucleotide binding to one subunit alters the affinity of
nucleotides for the other subunit (15,16). Due to its similar-
ity to eukaryotic MMR, the Thermus aquaticus (Tag) MMR
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system is a good model system to aid our understanding of
human MMR (17-26).

The crystal structures of Tag and E. coli MutS and hu-
man MutSa bound to heteroduplex DNAs containing sev-
eral different mismatches have shed light onto the inter-
actions that govern mismatch recognition (17,18,27-29).
MutS is an asymmetric disc-shaped dimer containing two
channels separated by Domains I, with the DNA in the
lower channel and the ATPase sites at the top of the up-
per channel (Domains V), ~60A from the DNA (Figure
1A). The DNA binding domains (Domains I and IV) from
the two subunits encircle the DNA and make mostly non-
specific contacts (Figure 1A). The only specific contacts
made between MutS and the mismatch are by Phe and Glu
from one subunit, which are in the Phe-Xaa-Glu motif that
is conserved in prokaryotes (17,27) and in the eukaryotic
MutS homolog MSH6 (29). For mismatch recognition, the
conserved Phe stacks with a mispaired or inserted base,
which is rotated slightly into the minor groove, and the Glu
forms a hydrogen bond with the base (17,27,29). All of the
MutS-mismatch—-DNA structures show DNA kinked with
a 45°-60° bend angle, suggesting that DNA bending cou-
pled with local flexibility at the mismatch may be impor-
tant in mismatch recognition (17,27,30,31). Atomic force
microscopy (AFM) and Forster/fluorescence resonance en-
ergy transfer (FRET) (single molecule and bulk) studies
have identified multiple DNA conformations in MutS-
mismatch DNA complexes ranging from significantly bent
to unbent (or slightly bent) (19-21,24,32-34). Furthermore,
previous studies revealed that the ability of a MutS-DNA
complex to transition from the bent to unbent state corre-
lates with its propensity to signal repair (20,24). Although
these findings suggest that MutS-induced DNA bending
and unbending partially controls MMR, the studies were
conducted in the absence of ATP, which is required for both
initiation and progression of MMR (1,15,16,18,23,35-41).
ATP is known to induce conformational changes in the
MutS-DNA complex that promote the transition from mis-
match bound state to states that signal repair. In addition,
ATP-induced DNA unbending by MutS has been observed
(32,42). Nevertheless, our knowledge of the ATP-dependent
pathway to form the signaling state is incomplete. Here,
we address this gap by characterizing MutS-induced DNA
bending in the presence of ATP by following the dynamic
DNA conformational changes as MutS transitions from a
mismatch recognition complex to a mobile clamp state.

We use single-molecule FRET (smFRET) to monitor the
dynamics of 7ag MutS-induced DNA bending/unbending
during mismatch recognition and mobile clamp forma-
tion. This study complements our previous smFRET-based
investigation of dynamic conformational changes in Tag
MutS during the same process (23,26). FRET between
donor-labeled MutS and acceptor-labeled mismatch DNA
reports on the position of a MutS domain relative to the
mismatch, intra-protein FRET between donor and accep-
tor dyes on mobile Domains I reports protein conforma-
tional changes, and FRET between donor and acceptor
dyes flanking the mismatch directly reports dynamic DNA
bending/unbending (Figure 1B). Correlating the data from
these experiments allows us to characterize the protein and
DNA conformational changes along the observed sequen-
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1: Protein(M88C)-DNA 2: Protein-Protein(M88C)

Current study

3: Protein(E315C)-DNA 4: DNA-DNA

Figure 1. Labeling strategies for snFRET experiments. (A) Crystal struc-
ture of 7ag MutS homodimer (PDB ID 1EWQ). The monomers are col-
ored blue (subunit A) and green (subunit B). Domains are represented by
different shades of blue or green. The DNA backbone is gold. Domains I
through V and dye label sites (M88 and E315) are indicated. (B) Cartoons
show labeling strategies used to study conformational dynamics of 7ag
MutS-DNA interactions. MutS is depicted with blue and green monomer
units. Green and red circles represent donor and acceptor fluorophores,
respectively. The DNA segments contain a mismatch (red line). The label
below each cartoon indicates the donor—acceptor positions. 1: One Do-
main I of 7ag MutS labeled at M88C (a dynamic position on MutS) with
AF555 (donor) and a 550-bp T-bulge substrate labeled with Cy5 (acceptor)
9 bp 3’ from the mismatch, used to monitor interaction with the mismatch
DNA in previous studies (23,26). 2: One donor and one acceptor (AF555
and AF647) on M88C of Domains I used to monitor the dynamics of the
DNA binding domains in previous studies (23,26). 3: One Domain I of
Tag MutS labeled at E315C (a relatively non-mobile site on MutS) with
AF555 (donor) and a 550-bp T-bulge substrate labeled with Cy5 (acceptor)
9 bp 3’ from the mismatch, used to monitor interaction with the mismatch
DNA in the current study. 4: 68-bp T-bulge DNA substrate labeled with
a TAMRA and Cy5 FRET pair separated by 19 bp, used in this study to
directly probe the DNA conformation upon initial mismatch recognition
and mobile clamp formation.

tial steps in the pathway leading to mobile clamp formation.
As seen with our previous studies on protein conforma-
tional changes, the current experiments monitoring DNA
conformations indicate a preferred pathway of DNA bend-
ing states. Together, these results offer a unified model of
the protein and DNA conformational changes that govern
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initiation of MMR and reveal a critical role for DNA dy-
namics in the process.

MATERIALS AND METHODS
Proteins

The C42A/E315C Tag MutS variant plasmid was pre-
pared by QuikChange site-directed mutagenesis (Agilent).
All MutS proteins were expressed in E. coli BL21(DE3) cells,
and purified by (NHy4),SO4 precipitation (24%) and dialysis
against buffer A (50 mM Tris—HCI, pH 7.5, 50 mM NaCl, 1
mM ethylenediaminetetraacetic acid, 5% w/v glycerol), fol-
lowed by Q-sepharose chromatography (50-350 mM NaCl
gradient) in buffer A (23,34,43). C42A/E315C MutS was
labeled with Alexa Fluor® 555 (AF555) fluorophore with
90% labeling efficiency on a monomer basis, as described
previously (23,34). Section I of the Supplementary Data
and Supplementary Table S1 describe how the labeling effi-
ciency was calculated.

DNA substrates

The 68-base pair (bp) substrate utilized for DNA bend-
ing experiments was prepared with the following fluores-
cently labeled DNAs (IDT): b-CTC TAG AGG ATC CGC
TGA GGC CAG CTG AGG CCT GGC TGA GGA TTG
CTG A(T*)G AAT TCA CTG GCC GTC G; dig-CGA
CGG CCA GTG AAT TCA TCA GCA ATC TCT CAG
CCA G/iCy5/GC CTC AGC TGG CCT CAG CGG ATC
CTC TAG AG. The ‘b’ represents 5’ biotinylation and ‘dig’
represents 5 digoxigenin modification to facilitate block-
ing of the free end (DNA was not end-blocked in this
study). The bold and underlined T is a single thymine in-
sertion (T-bulge), T* is linked to a TAMRA dye (IDT pro-
vided TAMRA NHS Ester through a dT base) and /iCy5/
marks an internal CyS5 label (synthesized by IDT). A graph-
ical representation of the duplex DNA with attached dyes
is shown in Supplementary Figure S1. The sequence was
based on DNA substrates used in previous studies, with the
only change being substitution of T* to allow for labeling
(23,26). The fluorophore separation (19 bp) was based on
previous studies (21,24). The duplex substrate was prepared
by heating the complementary strands to 94°C for 2 min
and then slowly cooling to room temperature. Annealed
substrates were stored at 4°C for up to 2 weeks. The 550-
bp DNA substrate utilized for AF555-MutS-E315C:Cy5-
DNA experiments was prepared as described previously
(26).

Dye mobility simulation

We used Crystallography & NMR System (CNS) software
to simulate the position of dyes attached at E315C on MutS
(PDB code: 1EWQ); Supplementary Figure S5). Cy3 and
Cy5 dyes were used in the simulation due to the lack of
a published structure for AF555 (44-46). The simulation
yielded average positions of the dye atoms, and the mass
centers of the dye molecules were marked for distance mea-
surements. Conjugation of dye to DNA was accomplished
based on the internal dye structure published by IDT (47).

Surface preparation for experiments

Quartz slides and glass coverslips were cleaned by bath son-
ication in acetone, ethanol and KOH in that order, then
rinsed and stored in water. For protein-DNA FRET exper-
iments, functionalized PEG-passivated surfaces were pre-
pared as follows. Methoxy-poly (ethylene glycol)-silane,
MW 2000 (Laysan Bio) and biotin-poly (ethylene glycol)-
silane, MW 3400 (Laysan Bio) were aliquoted in 20 and
2 mg quantities in a glove box. Both slides and coverslips
were dried with compressed air. A total of 80 wl of wa-
ter was added to the methoxy-PEG-silane aliquot, vortexed
to mix and air bubbles were removed by short centrifuga-
tion. A 2 mg aliquot of biotin-PEG-silane was dissolved
with 10 wl of water. A total of 1 pl of the biotin-PEG-
silane was added to the methoxy-PEG-silane solution to ob-
tain a 1:100 biotin/non-biotin ratio. The PEG-silane mix-
ture (~40 pl) was applied to the quartz slide and covered
with the coverslip, avoiding introduction of air bubbles. The
slide was incubated overnight inside a small box containing
water to saturate humidity and prevent evaporation of the
PEG solution. The coverslip was removed and both slide
and coverslip rinsed thoroughly with deionized water on the
functionalized surface and allowed to dry in air. The slides
were treated with a second round of methoxy-PEG-silane
to improve blocking (48). In both types of experiments,
flow channels were constructed from double sided tape be-
tween the slide and coverslip. For DNA-DNA FRET ex-
periments, slides were functionalized by incubating the flow
cells with 1 mg/ml biotinylated BSA for 5 min and then
rinsed. In both experiments, the biotin-presenting surfaces
were incubated with 0.1 mg/ml streptavidin solution for
5 min, rinsed and then DNA was added at ~10 pM for
S min or until a well-spaced coverage of individual DNA
molecules was obtained.

Protein-DNA FRET. CyS5-labeled 550 bp T-bulge DNA
surfaces were exposed to solutions containing 10 nM
AF555-labeled MutS-E315C and 2 mM adenosine diphos-
phate (ADP) or ATP for imaging as described below.

DNA-DNA FRET. Experiments were conducted in two
ways: (i) by pre-incubating 20 or 200 nM MutS (unlabeled
MS88C) and T-bulge DNA with 10 wuM ADP, then flowing
in 2 mM ADP or ATP, washing out a significant amount of
unbound MutS (‘flow’ experiments), and (ii) by injecting 10
or 100 nM MutS (unlabeled M88C or E315C) with 2 mM
ADP or ATP into the flow cell containing surface-attached
T-bulge DNA. Tubing was attached to drilled holes in the
quartz slide to allow for buffer exchange during data acqui-
sition in the “flow’ experiments. Because multi-state events
are rare relative to the 70% single state events (presumably
MutS with ADP bound), we compiled data from multiple
experiment days to generate the histograms and transition
density plots (TDPs) (Figures 4 and 5; Supplementary Ta-
bles S4 and 5). The independent replicate used 10 nM MutS
and was conducted by the second method described above
(Supplementary Figures S10-13).

At the higher MutS concentrations, we must consider the
potential effect of tetramers on our observations (19,49—
52). The independent replicate (Supplementary Figures



S10-13) was conducted at 10 nM. There is excellent agree-
ment between the FRET values and kinetic rates extracted
from both replicates (Supplementary Table S5); therefore, if
tetramerization is occurring at the higher concentrations, it
has no measurable effect on the observed FRET or kinetics.

Single-molecule FRET imaging

The samples are imaged using a through-prism total inter-
nal reflection fluorescence microscope. Donor and acceptor
excitation are achieved using 532 and 640 nm lasers, respec-
tively. The fluorophore emission is collected through a 60X,
1.2 N.A. water immersion objective, and the image is split by
a DualView optical splitter with a 645 nm dichroic mirror.
The donor and acceptor signals then pass through optical
filters before detection by an emCCD camera (585/70 band-
pass filter for AF555/TAMRA, 655 longpass filter for Cy5).
To observe changes in FRET over time, movies of 800-1000
frames at 100 ms/frame are collected using the following
excitation sequence: (i) brief excitation of the acceptor flu-
orophore (~1 s) to locate DNA molecules; (ii) excitation
of the donor fluorophore (~2 min) to monitor changes in
FRET; (iii) brief excitation of the acceptor fluorophore (~5
s) to reveal whether the acceptor has photobleached. All ex-
periments are performed at room temperature in 50 mM
Tris-HCI pH 7.8, 100 mM sodium acetate, 5 mM magne-
sium chloride and 2% glucose (w/v), in the presence of an
oxygen scavenging and triplet state quenching system of 100
U/ml glucose oxidase, 1000 U/ml catalase, 0.05 mg/ml cy-
clooctatetraene and 143 mM 2-mercaptoethanol.

Data analysis

The donor (D) and acceptor (A) signals corresponding to
single molecules were detected on separate halves of the em-
CCD camera and mapped to each other based on images
of fixed beads appearing in both channels. Fluorescence in-
tensity versus time traces were generated for the localized
donor (Ip) and acceptor (I5) using a custom MATLAB pro-
gram. The signals were corrected for background and leak-
age between channels, and the apparent FRET efficiency
(E) was calculated as E =I5 /(Ip + I4) without gamma cor-
rections (53). Only those time traces exhibiting changes in
FRET were analyzed; traces with constant FRET over the
entire observation window were not analyzed further for
transitions. Only traces with fluorescence intensities consis-
tent with one protein and/or DNA molecule were analyzed.
FRET traces showing evidence of protein-dye interactions
(i.e. changes in fluorescence intensity of either the donor
or acceptor fluorophore that are not anti-correlated) were
also discarded from the analysis. Histograms of dwell times
were fit to single exponential decays or kjks(exp(—kast) —
exp(—kit))/(k; — k) to account for a two-step process with
two characteristic kinetic rates k; and k,. An estimate of er-
ror in dwell-time measurements is 0.4 s, which is two mea-
surement bins on each side of the transition. Consequently,
states that last <1 s may be missed, which will result in an
underestimation of the rate constants (or overestimation of
the lifetimes). Previous studies suggest that accurate deter-
mination of kinetic lifetimes using the two-step model re-
quires the detection limit to be five times faster than the
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lifetime (54). In addition, lifetimes shorter than twice the
detection limit can have very large error (54). For our exper-
iments, these limits suggest that lifetimes <2 s determined
from the two-step model may have large errors.

Protein-DNA FRET. MutS binding events were identified
based on the criteria described above. Transitions and dwell
times for kinetic analysis of AF555-MutS-E315C:Cy5-
DNA experiments were extracted from raw FRET effi-
ciency traces by manual identification as described previ-
ously (23,26).

DNA-DNA FRET. Determination of transitions and ki-
netics was carried out as described in detail in our recent
publication (55). Briefly, a Gaussian derivative kernel (GK)
and a modified Chung—Kennedy filter (CK) that takes into
account the anti-correlation requirement for FRET (56)
were used to detect transitions in FRET efficiency using a
custom MATLAB program. We detect transitions using the
two independent GK and CK algorithms. After detection
of transitions by these two methods, the statistical signifi-
cance of each transition is determined by a #-test and ac-
cepted if P < 0.05. GK transitions are identified by detect-
ing inflection points in the signal that results from convolv-
ing the FRET trace with a GK of various widths. CK tran-
sitions are identified by finding local maxima in the stan-
dard deviations of forward and backward predictor win-
dows of several data points. Windows that contain transi-
tions have large standard deviations. Taking a weighted av-
erage based on their individual confidence scores, we recon-
cile the timing of transitions identified by the two comple-
mentary methods. A separation of at least two data points
is required between transitions. Transitions identified by the
program undergo final verification by visual inspection. The
GK and CK parameters used to analyze these data are out-
lined in Supplementary Table S3.

Once the transitions were determined, FRET-TACKLE
(FRET Transition Analysis Coupled with Kinetic Lifetime
Evaluation) analysis was used to extract the pertinent mech-
anistic information from the compiled data (21,24). With
this method, distinct molecular conformations are identi-
fied by their characteristic FRET and kinetic lifetime prop-
erties. This approach allows molecular states with the same
extent of DNA bending (i.e. the same FRET) but distinct
kinetics to be distinguished, and vice versa. Figures 4 and
5 show the three DNA bending states (Bent States 1-3) in
the pathway to MutS mobile clamp formation. Dwell times
for Bent States 1 and 3 in the DNA bending experiments
were resolved 73 and 69% of the time, respectively. On some
occasions, dwell times for Bent States 1 or 3 could not be
determined due to the observation window or fluorophore
blinking or photobleaching.

RESULTS

In previous studies, we examined the interaction of MutS
with mismatched DNA by monitoring FRET between
MutS labeled with a donor at M88C in Domains I and
DNA labeled with an acceptor near a T-bulge (unpaired sin-
gle thymine insertion), in the presence of ADP or ATP (Fig-
ure 1). In complementary experiments, we also examined
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DNA-induced conformational changes in MutS by moni-
toring intra-protein FRET between donor- and acceptor-
labeled Domains I (23,26). The current study expands
upon the previous work by focusing on conformational
changes in DNA during its interaction with MutS. We take
two complementary approaches to monitor DNA dynam-
ics. The first approach employs FRET between AF555-
labeled MutS, with the dye located at E315C in Domains
IIT (AF555-MutS-E315), and DNA labeled with an accep-
tor (Cy5) located 9 bases 3’ from a T-bulge. These experi-
ments are similar to our previous studies with MutS labeled
at M88C (23,26); however, M88C is in Domains I which
is highly mobile, whereas crystal structures and molecu-
lar dynamics simulations suggest that E315 is in a region
of the protein that is non-mobile (Figure 1A and Supple-
mentary Figure S2) (17,27,43,57-59). As described below,
measuring FRET between AF555-MutS-E315C and CyS5-
DNA enables us to monitor DNA conformational changes,
while simultaneously following MutS mobile clamp forma-
tion. In the second approach, we monitor DNA conforma-
tional changes directly by measuring FRET between donor
(TAMRA) and acceptor (Cy5) dyes flanking the T-bulge
and separated by 19 bp. Aligning the sequence of transitions
and comparing the kinetic data from this complementary
set of experiments allows us to correlate and characterize in
detail the protein and DNA conformational changes that
occur during mismatch recognition and subsequent forma-
tion of the MutS mobile clamp.

Protein—-DNA FRET senses DNA conformational changes

Previously, we monitored the conformational dynamics of
MutS as it binds to a mismatch and subsequently forms
a mobile clamp by smFRET using a 550-bp DNA sub-
strate with Cy5 located 9 bases 3’ from a T-bulge and Tagq
MutS labeled with AF555 at M88C in the mismatch bind-
ing Domain I, which moves upon mobile clamp forma-
tion (Figure 1A) (23,26). In the current study (Figure 2A),
we performed experiments with MutS labeled at E315C
located at the end of the lever domain, which is not ex-
pected to be a dynamic region of the protein based on com-
parisons of different crystal structures and molecular dy-
namics simulations (17,27,43,57-59) (Supplementary Fig-
ure S2). We tested the activity of AF555-MutS-E315C by
measuring the binding/bending, unbending and dissocia-
tion rates for T-bulge DNA, as well as the ATPase kinetics,
using bulk stopped-flow kinetic measurements (Supplemen-
tary Figure S3). In DNA unbending/dissociation experi-
ments in the absence of nucleotides, AF555-MutS-E315C
exhibits a similar, perhaps marginally reduced, rate (0.04
s~!) compared to wild-type (0.06 s~!) and unlabeled MutS-
E315C (0.05s™"). ATP and ADP accelerate DNA unbend-
ing (~1.5 s7!), as reported previously for wild-type MutS,
followed by DNA dissociation (0.2 s~!) at a slightly slower
rate than reported previously for wild-type (0.5 s~') and
similar to that of AF555-MutS-M88C (0.2 s7!) (23,26,34).
Also, AF555-MutS-E315C catalyzes a burst of ATP hydrol-
ysis in the absence of DNA, which is suppressed when it
binds T-bulge DNA, again as reported previously for wild-
type MutS (16). These data all suggest that the label at E315
may only slightly alter MutS activity.

In the smFRET studies, we observe single step binding
and release events (loss of donor and acceptor signal) of
AF555-MutS-E315C to the Cy5-T-bulge DNA in the pres-
ence of ADP (Supplementary Figure S4A). The distribu-
tion of FRET efficiencies fits to a Gaussian centered at
0.21 (Supplementary Figure S4B). The observed FRET of
0.21 is consistent with the distance between dye positions
on MutS-E315C and DNA, based on the crystal structure
(Supplementary Figure S5) and assuming a Forster radius
of ~50A-60A, which is typical for the FRET pairs used in
these studies (60). These results are analogous to those from
previous experiments with AF555-MutS-M88C, except in
that case, the FRET efficiency is 0.65 due to the difference
in dye locations (23). The distribution of dwell-times for this
state fits well to a single exponential with a lifetime of 4.3 s
(Supplementary Figure S4C). This lifetime is slightly longer
than that of AF555-MutS-M88C (2.2 s), perhaps due to the
label at E315C.

In the presence of ATP, the majority of the T-bulge bind-
ing events with AF555-MutS-E315C (71%) are similar to
those observed in the presence of ADP, as is the case with
MutS-M88C (23). This population represents MutS that
has hydrolyzed ATP and retains ADP (16). The remaining
29% of binding events with MutS-E315C exhibit sequential
conformational changes to a mobile clamp state (as mea-
sured by differences in FRET). Specifically, we observe the
transitions: low FRET (0.15) — intermediate FRET (0.5)
— zero FRET — no fluorescence signal (Figure 2B and
C; Supplementary Table S2). The initial FRET value of
0.15 is slightly lower than the value observed in the pres-
ence of ADP (0.21) and represents initial mismatch recog-
nition, while FRET 0.5 represents a conformational change
in the MutS-T-bulge complex prior to mobile clamp forma-
tion (zero FRET) and dissociation (no fluorescence). (We
can distinguish the mobile clamp from dissociation because
zero FRET indicates that the donor [MutS] is still on the
DNA, but away from the mismatch, and loss of all fluores-
cence indicates protein dissociation or donor photobleach-
ing.) In previous experiments with AF555-MutS-M88C, we
also observed a sequential pattern of transitions, albeit with
different FRET values: high FRET (0.65) — intermediate
FRET (0.45) — zero FRET (mobile clamp) — no fluores-
cence signal (protein dissociation or photobleaching). For
MutS-M88C, the transition from FRET 0.65 to FRET 0.45
results from a large conformational change in Domains I of
the MutS homodimer (23); however, E315C in Domain III
is not expected to be very mobile (17,27,57,59), which sug-
gests that the large change in FRET between dyes on MutS-
E315C and DNA arises from the dynamics of the DNA in
the complex. If so, the structural interpretation would be
that DNA straightens out and perhaps rotates such that the
label near the T-bulge moves toward the upper channel of
MutS (Figure 1A and Supplementary Figure S5). This in-
terpretation is consistent with conclusions from bulk FRET
studies on E. coli MutS, which suggest that DNA moves to-
ward the upper channel upon mobile clamp formation (58).

Examination of the kinetics of the transitions during mo-
bile clamp formation for MutS-E315C shows that the dwell-
time distribution of the first binding state (0.15) exhibits a
clear rise and decay (Figure 2D and Supplementary Fig-
ure S4D), indicating two rate-limiting steps (61,62) between
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Figure 2. smFRET between AF555-MutS-E315C and Cy5-DNA reveals multistep transition to a mobile clamp. (A) Schematic of smFRET experiment
with AF555-labeled MutS-E315C and Cy5-labeled T-bulge DNA (550 bp). The mismatch is bound by Tag MutS at the single thymine insertion (T-bulge)
(blue arrow). The black lines with yellow circles represent biotinylated-PEG and the purple diamonds represent streptavidin. Green and red circles represent
AFS555 (donor) and CyS (acceptor) dyes, respectively. (B) Example fluorescence traces in the presence of 2 mM ATP. The blue and magenta traces represent
the donor and acceptor signals, respectively, and the black trace shows calculated FRET efficiency. AF555-MutS-E315C is in solution during the entire
experiment. There is no fluorescence signal in the traces prior to AF555-MutS-E315C binding mismatch-containing Cy5-DNA (acceptor). Upon MutS
binding, donor and acceptor signals are immediately observed, representing FRET between MutS and the DNA. A sequential pathway is observed in the
presence of ATP upon MutS binding to the mismatch, then transitioning to the mobile clamp state (low FRET — intermediate FRET — zero FRET).
(C) Histograms of the distribution of FRET for AF555-MutS-E315C binding to Cy5-DNA in the presence of 2 mM ATP. The first binding state (gray)
is low FRET, with the peak centered at 0.15, similar to that observed in the presence of ADP (Supplementary Figure S4B). The second state preceding
mobile clamp (purple) exhibits intermediate FRET centered at 0.5, and the final state (red cityscape), before loss of fluorescence, is centered at zero FRET
and is consistent with a mobile clamp (23). The fluorescence signal disappears immediately after the protein slides off the free DNA end. (D) Plots of the
distribution of dwell times for each state fit to one or two exponentials (see ‘Materials and Methods’ section). The dwell-time distribution for the low FRET
states (top, gray bars; n = 126) fits to two exponentials (1] = 5.3 s, 7o = 5.3 s, red line), and the dwell-time distributions for the intermediate FRET state
(middle, purple bars; n = 186), and mobile clamp FRET state (bottom, red bars; n = 184) fit to single exponentials with the respective lifetimes of 7 = 1.2
sand T = 1.3 s. We performed a replicate with a second protein prep (Supplementary Figure S4D). The averages of FRET values and lifetimes for the two
replicates are reported in the main text and Supplementary Table S2.
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FRET 0.15 and the next FRET state (0.5), and therefore the
existence of two states with FRET 0.15 (designated as 0.15
and 0.15%). Fitting the data with a two-step kinetic model
yields lifetimes (7) of 5.2 and 5.5 s (Supplementary Table
S2). These findings parallel the results with MutS-M88C,
wherein we also observed two kinetically distinct states in
the first binding event, albeit with shorter apparent lifetimes
(0.9 and 2.8 s) (Supplementary Table S6). The longer life-
times for MutS-E315C may result from the label at this posi-
tion slightly altering the dynamics of the protein. It is worth
noting that the lifetimes resulting from these fits to the two-
step model can have substantial uncertainty (54) (see ‘Ma-
terials and Methods’ section). The distributions of dwell-
times for the intermediate state (FRET 0.5) that precedes
mobile clamp formation and for the mobile clamp state
(FRET 0) both fit well to single-exponential decays with
lifetimes of 1.2 and 1.4 s, respectively. These lifetimes are
within error of those for MutS-M88C-DNA FRET (FRET
0.45: T = 1.5 s; FRET 0: 2.2 s) and for MutS-M8&8C in-
traprotein FRET measurements that reported the relative
movements of Domains I in the dimer (FRET 0.65: t = 1.3
s; FRET 0.2 [mobile clamp]: t = 2.4 s) (23). The observa-
tion that both M88C and E315C exhibit a specific sequence
of three states (resolved by FRET and kinetics) with com-
parable lifetimes prior to mobile clamp formation strongly
suggests that these experiments are reporting on different
conformational properties of each of the three states.

DNA-DNA FRET reveals a previously hidden conforma-
tional state

To directly monitor the conformation of mismatched DNA
upon MutS binding in the presence of ADP and ATP, we
measured smFRET using a 68-bp substrate with a T-bulge
flanked by TAMRA and Cy5 dyes in the presence of unla-
beled MutS (Figure 3A), as done in previous experiments
performed in the absence of nucleotides (21,24,63). In the
absence of MutS, the DNA exhibits steady FRET with a
single peak centered at 0.2 (Supplementary Figures S7C
and 8A), which is consistent with the separation between
the two fluorophores (19 bp). In the presence of saturat-
ing concentrations of ADP (2 mM) and unlabeled MutS, we
observe brief anti-correlated changes in the donor and ac-
ceptor fluorescence intensities corresponding to increased
FRET, which indicates DNA bending (Figure 3B). These
events occur only in the presence of MutS and the T-bulge
(see homoduplex control in Supplementary Figure S8), and
the distribution of FRET states reveals two peaks: one cen-
tered at FRET 0.2, which corresponds to free DNA, and the
other at FRET 0.36, which corresponds to a single MutS-
bound state (Figure 3C). This change in the FRET from
0.2 to 0.36 is similar to that observed with MutS in the
absence of nucleotide (21,24) and is consistent with MutS-
induced DNA bending as observed in the crystal structures
and AFM experiments (17,19,64). Plots of the dwell-time
distributions of the bent states (0.36) are fit well by a single
exponential, and the lifetime (3.1 s; Figure 3D) is similar
to that obtained for protein-DNA FRET for both MutS-
MS8BC (2.3 s) (23) and MutS-E315C (4.3 s; Supplementary
Figure S4C), consistent with these different FRET mea-
surements representing the same transition. Taken together,

the results indicate that these single FRET events represent
ADP-bound MutS binding and bending, and then unbind-
ing from the mismatch (23,26).

In the presence of ATP (Figure 3E), ~70% of the bending
events mirror those in the presence of ADP, with transitions
resulting in a single bent state with FRET 0.35 (Figure 3F),
as expected from the protein—-DNA FRET experiments. The
distribution of dwell times fits to a single exponential func-
tion with a lifetime of 3.2 s (Figure 3G). These results are
nearly identical to those obtained from DNA-DNA FRET
experiments performed in the presence of ADP (Figure 3C
and D), indicating that they report ADP-bound MutS bind-
ing and unbinding from DNA. In the remaining 30% of
MutS-induced DNA bending events detected in the pres-
ence of ATP, we observe transitions between more than one
bent state (Figure 4A). Most traces exhibit two or three
transitions, which do not include the mobile clamp state, be-
cause it cannot be differentiated from protein dissociation
in DNA-DNA FRET experiments.

Although the changes in FRET efficiency between the
different bent states are small, we have developed a rig-
orous analytical method to identify and validate genuine
transitions, which has been described previously in detail
(21,55) and outlined in the ‘Materials and Methods’ sec-
tion. Briefly, we detect transitions using two independent
algorithms, a GK and a modified CK filter. After detection
of transitions by these two methods, the statistical signifi-
cance of each transition is determined by a #-test and ac-
cepted if P < 0.05. Computationally determined transitions
are verified by visual inspection. To unambiguously deter-
mine the transition pathway, the observed changesin FRET
are compiled into a TDP (Figure 4B) (21,24). This plot re-
veals that the majority of bending transitions during mobile
clamp formation follow a preferred pathway between three
bent states in addition to free DNA (F): from free DNA
(low FRET) to an intermediate FRET (Bent State 1; B1),
to a slightly higher FRET (Bent State 2; B2), to another
intermediate FRET (Bent State 3; B3), back to free DNA
(Figures 4 and 5A). Plots of the distribution of FRET for
the sequentially observed states reveal single peaks for each
state centered at 0.34 for B1, 0.43 for B2 and 0.34 for B3
(Figure 4C and Supplementary Figures S10-13). The dis-
tributions of dwell times for B1, B2 and B3 fit to single ex-
ponentials with lifetimes of 3.2, 2.3 and 1.4 s, respectively
(Figure 5B and Supplementary Figure S12E). The single
exponential fits indicate that there are no hidden states in
the DNA bending FRET measurements. This result con-
trasts with the MutS-DNA FRET and MutS-M88C intra-
protein FRET measurements, where the dwell-time distri-
butions for the first observed FRET state indicate that there
are two states with the same FRET values (FRET 0.15 and
0.15* with MutS-E315C, Figure 2D; 0.65 and 0.65* with
MutS-M88C (26); FRET 0.9 and 0.9* with MutS-M88C
intra-protein FRET, Supplementary Figure S6). The DNA
bending experiments in this study appear to have unmasked
the nature of the state hidden in protein-labeled FRET mea-
surements. Notably, in all of these studies, we observe a well-
defined sequence of three states prior to mobile clamp for-
mation (note that the mobile clamp cannot be distinguished
from dissociation in the DNA-DNA FRET experiments).
Correlating these states suggests that Bl and B2 in the DNA
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Figure 3. smFRET of MutS-induced DNA bending shows a single bent state for all binding events with ADP and the majority of binding events with
ATP (70%). (A) Schematic of a surface-attached 68-bp DNA FRET substrate bound by 7ag MutS at the T-bulge (blue arrow). The yellow circles represent
biotinylated-BSA and the purple diamonds represent streptavidin. Green and red circles represent TAMRA (donor) and CyS (acceptor) dyes, respectively.
Experiments were conducted with 10 nM 7ag MutS and 2 mM ADP (B-D) or with 20-200 nM 7aq MutS (see ‘Materials and Methods’ section) and 2 mM
ATP (E-G). (B and E) Example donor (blue) and acceptor (magenta) fluorescence time traces and the corresponding FRET efficiency (yellow). The raw
FRET data was smoothed using a modified CK filter (see ‘Materials and Methods’ section) to aid in visualizing the transitions (black lines). Transitions
were identified using the raw data. The low FRET and high FRET states are Free DNA (F) and Bent DNA (B), respectively (see Supplementary Figures
S7 and 8 for the homoduplex DNA control and the TDPs). (C and F) Histograms of FRET states. (D and G) Distribution of dwell-times for high FRET
states (Bent DNA) fit to single exponential functions (n = 179 for ADP; n = 335 for ATP). (H) Summary of predominant pathway showing states and

FRET values.

bending experiment represent the two kinetically resolved
states contained within the first FRET event on the path-
way in the protein—-DNA and intra-protein FRET studies.
In addition, B3 in the DNA bending studies represents the
distinguishable FRET state prior to mobile clamp forma-
tion in the labeled-protein studies. From here on, we refer
to these states as B1, B2 and B3.

The consistency among the kinetics for these states mea-
sured by the different FRET reporters supports their iden-
tification as the states on a three-step sequential pathway.
The lifetimes of B3, which is the best-determined state, mea-
sured by all the different experiments are within 10% of one

another (average 1.35 s; standard deviation 0.1 s). With the
exception of E315C, the lifetimes of B1 are all within 15% of
the mean (average 2.8 s; standard deviation 0.4 s). The life-
time of Bl for E315C is significantly longer (5.5 s), which
we attribute to the impact of a fluorophore at this label site.
The lifetimes for B2 have the largest variation among exper-
iments (ranging from ~1 to 5 s); however, these lifetimes are
the most difficult to determine accurately. Specifically, this
parameter results from fitting to the two-step kinetic model,
and it is highly sensitive to missed events with short dura-
tion, near our detection limits (54). Notably, the B2 lifetime
determined from the DNA bending FRET experiments (2.3
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S10-13 and Table S5.

s) is near the middle of the range of the lifetimes deter-
mined from the labeled-protein FRET experiments. Taken
together, these results strongly suggest that the three bend-
ing states (B1, B2 and B3) correspond to states seen in the
MutS-DNA and intra-protein FRET experiments (Figure
6).

DISCUSSION

To initiate MMR, MutS must first locate and recognize a
mismatch. After mismatch recognition, ATP induces con-

formational changes in the MutS-DNA complex such that
MutS can convert to a mobile clamp state and/or inter-
act with MutL to trigger the cascade of events that leads
to DNA repair (3). In previous smFRET studies, we mon-
itored the interaction of MutS with mismatched DNA and
the associated conformational changes in DNA-binding
Domains I of MutS (23,26). The findings revealed that after
mismatch recognition, MutS converts into a mobile clamp
via two sequential conformational transitions that are ac-
companied by large movements of Domains I. In the cur-
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Figure 5. Kinetics of the bent states along the pathway to mobile clamp. (A) A schematic of the predominant bending pathway observed in presence of
ATP (Figure 4). (B) Dwell-time distributions for Bent State 1 (blue bars; n = 111), Bent State 2 (green bars; n = 153) and Bent State 3 (purple bars; n =
105) each fit to single exponential decays (red lines). These individual bent states correspond to the states introduced in Figure 4. Cartoons to the right of
the dwell-time distributions suggest conformations associated with each state. Supplementary Figure S9 shows a breakdown of the kinetics for each bent
state and TDPs for binding events with 2 and 3 states and for experiments conducted with unlabeled MutS-M88C and MutS-E315C.

rent study, we expanded our smFRET repertoire to moni-
tor corresponding conformational changes in DNA during
the same ATP-dependent transitions (Figure 1B).

Our measurements of ATP-dependent MutS-induced
DNA bending reveal the following pathway: Free DNA
(FRET 0.2) — Bent State 1 (FRET 0.34) — Bent State 2
(FRET 0.43) — Bent State 3 (FRET 0.34) — mobile clamp
and/or free DNA (FRET 0.2) (Figure 4). Similar domi-
nant bending transitions were observed in the absence of
nucleotides in our earlier studies (21,24), which led us to
suggest that conversion of DNA to an unbent (or slightly
bent) conformation was a necessary precursor to formation

of the MutS mobile clamp (19-21,24,65). The current re-
sults support and extend this conclusion.

By comparing FRET transitions and kinetic data
from complementary measurements utilizing four different
strategies (Figure 1B), we have been able to identify coor-
dinated conformational changes in both MutS and DNA
as MutS transitions from initial mismatch recognition to a
mobile clamp state (Figure 6). These transitions are linked
to changes in ADP and ATP occupancies of the MutS
dimer, as suggested in previous studies (15,16,39). Homod-
imeric Tag MutS contains two ATPase sites that communi-
cate with one another, resulting in asymmetric ATP binding
and hydrolysis in the two sites (15,16,39). In the absence of
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standard deviation for the replicates.

DNA, one site has high affinity for ATP and the other for
ADP (ATP:ADP liganded), although the overall ATPase
cycle can produce transient states with varying nucleotide
occupancies, including ATP:ATP, ADP:ADP, empty:ADP
and empty:ATP (15). Our data, together with the previous
structural and functional studies on MutS DNA binding
and ATPase activities (15,23,26,66-70) as well as MutS and
DNA dynamics (19-21,23,24,26), allow us to propose a de-
tailed model of MutS and DNA conformational changes
that govern mismatch recognition and lead to MutL recruit-
ment and mobile clamp formation.

In the absence of DNA, MutS exists mainly in two con-
formations: one with Domains I open (MutS-M88C intra-
protein FRET 0.2) and the other with Domains I closed
(MutS-M88C intra-protein FRET 0.9) (23,26). During the
one-dimensional search for a mismatch, Domains I close
to interact with DNA (23). This closure appears to ‘push’
on the DNA to induce bending, which is facilitated electro-

statically by the conserved Glu of the Phe-Xaa-Glu motif
in Domains I (19,20). Upon mismatch recognition, Phe and
Glu from one MutS subunit make specific contacts with one
base of the mismatched pair, and the DNA transitions from
a smooth bend to a kink at the mismatch (19,20), as ob-
served in the crystal structures (17,18,27-29,64). This state
corresponds to B1 (Figure 6), and is similar to states we have
observed previously without nucleotides (21,24). In the ab-
sence of nucleotides, MutS can remain at the mismatch for
long periods (> 30 s), visiting multiple bent states (19,21,24).
When MutS is doubly-liganded with ADP, MutS stays at
the T-bulge for only 2-4 s and induces a single bent state that
is indistinguishable from B1 (Figures 3C and 4C). MutS-
DNA complexes that contain one ATP and one ADP can
progress from Bl through an ordered sequence of states
leading to formation of a mobile clamp (23,26). After ini-
tial recognition (B1), the MutS—T-bulge complex undergoes
two additional conformational transitions prior to mobile



clamp formation, one of which is expected to be associated
with ADP-ATP exchange to form an ATP:ATP liganded
state (71). The first transition after recognition results in ad-
ditional DNA bending at the mismatch (B2), with Domains
I maintaining a similar position (0.9 in MutS-M88C intra-
protein FRET for both B1 and B2). The increase in bend-
ing likely results from slight Domain I movements that push
further on the DNA. This idea is consistent with subtle dif-
ferences in the positions of Domains I seen in crystal struc-
tures of a MutS-T-bulge complex liganded with either ADP
or the ATP transition state analog ADP-beryllium fluoride
(18,64). Subsequently, this state (B2) transitions to a state
that precedes the mobile clamp (B2 to B3) through coordi-
nated conformational changes in both DNA and MutS Do-
mains I. Specifically, Domains I separate (i) and the DNA
begins to unbend (ii), moving away from Domains I (iii) and
toward the upper channel closer to lever Domains 111 (iv)
(i: M88C-M88C intra-protein FRET 0.9* to 0.65; ii: DNA
FRET 0.43 to 0.34; iii: M88C-DNA FRET 0.65* to 0.45;
iv: MutS-E315C-DNA FRET 0.15* to 0.5). At this point,
MutS can recruit MutL to the mismatch or convert to a mo-
bile clamp (26). Together, the data suggest that DNA un-
bending and the associated opening of Domains I to form
B3 is critical for activating the downstream events that lead
to repair. Consistent with this idea, statically bent palin-
dromic mispairs (72) are bound tightly by MutS, but the
complex does not recruit MutL in vitro and such mispairs
are refractory to repair in vivo (19,73-75). Accordingly, we
posit that Bent State 3 is a central regulatory element gov-
erning MMR, because it is required for both conversion of
MutS to a mobile clamp and for recruitment of MutL to
initiate repair.

Insight into the structural features of this state can
be gleaned from a recent crystal structure of the E. coli
MutS—-MutL complex containing two non-hydrolyzable
ATP analogs (58). Although Domains I are disordered in
this structure, the adjacent connector Domains II are or-
dered, and there is a large shift in their positions relative
to the E. coli MutS-DNA-ADP structure (17,27). The re-
located connector domains interact with the ATPase Do-
mains V and expose part of the MutL binding surface on
MutS. Our finding that MutL can interact with B3 while
MutS remains at the mismatch (26) suggests that Domain
I of subunit A (MSH6, eukaryotic homolog) remains en-
gaged with the mismatch while Domain I of subunit B
(MSH2, eukaryotic homolog) moves up toward the ATPase
Domains, such that the connector Domain can interact with
MutL. We speculate that movement of subunit B Domain
I may be driven, in part, by the straightening of DNA dur-
ing the transition from B2 to B3. Our previous studies (23)
suggest that the transition from B1 to B2 is associated with
ADP-ATP exchange, and it is tempting to speculate that
the transition from B2 to B3 may be coupled with changes
in nucleotide occupancy. Our data showing that Domains
I oscillate between open and closed in the mobile clamp
state (23) further raise the possibility that the diffusively-
translocating MutS mobile clamp (14) could continue to
cycle through ATP hydrolysis and ADP release. These de-
tails advance our understanding of how coordinated struc-
tural transitions of mismatch DNA and MutS are coupled
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to nucleotide occupancy at the asymmetric ATPase sites on
MutS.

The ordered sequence of events in the MutS—mismatch
complex leading to MutL recruitment and the mobile clamp
formation also suggests a push-me/push-back model for
the energetics of MutS—-DNA interactions. In this model,
MutS bends DNA at a mismatch upon initial recognition;
ADP-ATP exchange in MutS results in MutS pushing fur-
ther on the DNA to increase bending (B2); the increased
stress in DNA is released by DNA unbending (B3) and
pushing back on the protein to partially open Domains I,
perhaps aided by changes in nucleotide occupancy, which in
turn drives conformational transitions in MutS toward for-
mation of a mobile clamp. The energy from DNA unbend-
ing in the B2 to B3 transition may be sufficient to drive the
release of MutS Domains I from the mismatch, providing a
plausible explanation for the observation that mobile clamp
formation can occur in the presence of non-hydrolyzable
ATP analogs (14,22,23). This push-me/push-back model
intimates that local DNA flexibility plays a central role in
mismatch verification and impacts whether a given DNA
site bound by MutS will go on to be repaired (31), and it
provides a structural framework for understanding differ-
ences in repair efficiencies based on the type of mismatch
or its sequence context (76-80). If the DNA is too stiff for
MutS to induce bending, then MutS will not be able to
recognize the mismatch. Alternatively, if the DNA is stat-
ically bent and cannot undergo the unbending transition to
Bent State 3, MutS cannot recruit MutL to complete repair.
In summary, our experiments correlating conformational
changes in the protein and DNA reveal key structural tran-
sitions and driving forces that lead to the initiation of DNA
MMR. Applying this correlational approach in future in-
vestigations should yield deeper insights into why repair-
deficient mismatches and MutS mutants disrupt initiation
of MMR.
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