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ABSTRACT: The first step in DNA mismatch repair (MMR) is the recognition of DNA mismatches or
nucleotide insertions/deletions (IDLs) by MutS and MutS homologues. To investigate the conformational
properties of MutS-mismatch complexes, we used single-molecule fluorescence resonance energy transfer
(smFRET) to examine the dynamics of MutS-induced DNA bending at a GT mismatch. The FRET
measurements reveal that the MutS—GT mismatch recognition complex is highly dynamic, undergoing
conformational transitions between many states with different degrees of DNA bending. Due to the
complexity of the data, we developed an analysis approach, called FRET TACKLE, in which we combine
direct analysis of FRET transitions with examination of kinetic lifetimes to identify all of the conformational
states and characterize the kinetics of the binding and conformational equilibria. The data reveal that
MutS—GT complexes can reside in six different conformations, which have lifetimes that differ by as much as
20-fold and exhibit rates of interconversion that vary by 2 orders of magnitude. To gain further insight into the
dynamic properties of GT—MutS complexes and to bolster the validity of our analysis, we complemented our
experimental data with Monte Carlo simulations. Taken together, our results suggest that the dynamics of the
MutS—mismatch complex could govern the efficiency of repair of different DNA mismatches. Finally, in
addition to revealing these important biological implications of MutS—DNA interactions, this FRET

TACKLE method will enable the analysis of the complex dynamics of other biological systems.

MutS and MutS homologues are the primary cellular com-
ponents that identify DNA mismatches and lesions and signal the
cellular events that ultimately lead to either DNA mismatch
repair or cell cycle arrest (/—9). It has been hypothesized that
interactions between MutS and DNA are lesion-dependent,
where different DNA substrates introduce different contacts
between MutS and the DNA as well as varied DNA flexibility
and conformational changes in MutS (3, 4, 10—12). These
different interactions are suggested to be fundamental for the
ability of MutS to differentiate between distinct DNA defects and
to signal different cellular fates in response (either MMR" or cell
cycle arrest) (10, 11).

The nature of the MutS—mismatch DNA and MutS—DNA
lesion recognition complexes has been identified in several
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high-resolution crystal structures (2, 5—7). In these structures,
MutS and hMutSa induce a well-defined kink in the DNA at a
base—base mismatch, a base insertion/deletion (IDL), or a base
lesion (2, 5—7). DNA bending by MutS has been suggested to
serve an important role in mismatch identification, specificity,
and response signaling (2, 3, 6, 13). However, structures of MutS
bound to several different DNA mismatches, each of which
repaired with a different efficiency in vivo, reveal mismatch-
independent interactions between MutS homologues and the
DNA, where the majority of contacts and DNA kinking are
nearly identical in all structures (2, 5—7, 14, 15). A similar
protein—DNA interface was also revealed in structures of MutSa
bound to a DNA base lesion (2). The lack of differentiation
between distinct DNA lesions and mismatches by MutSa in these
studies has led to the proposal that downstream events, rather
than specific MutS—DNA interactions in the initial recognition
complex, control specific mismatch repair efficiency or signaling
specific cellular pathways for the different DNA lesions (2). This
model, however, creates a structure—function disconnect, as it is
unclear why identical structures of MutS—DNA complexes
would be repaired with different efficiencies or, furthermore,
how they could signal different overall cellular responses.
Atomic force microscopy (AFM) studies provided hints that
partially resolve this structure—function anomaly. AFM imaging
of MutS binding at a mismatch identified two resulting DNA
conformations, bent and unbent (3, /3). The existence of multiple
mismatched DNA—MutS complex conformations supports a
mechanism in which variable MutS—DNA interactions and
conformational states allow MutS to differentiate between

©2010 American Chemical Society
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Ficure 1: (A) FRET reporter for measuring MutS-induced DNA bending. A FRET donor and FRET acceptor are tethered to a 50 bp
strand of DNA. The fluorescent dyes are located 19 bp apart with the GT mismatch located approximately halfway between the two dyes.
Upon MutS-induced DNA bending at the mismatch, the separation between the dyes decreases, and a FRET signal with an increased
magnitude is observed. (B) FRET efficiency distribution of states in the absence (black cityscape) and presence (solid gray bars) of MutS for
two DNA substrates: one without a mismatch (GC homoduplex, a) and one containing a mismatch (GT mismatch, b). The shift in the FRET
distribution for MutS bound to a GT mismatch reveals mismatch-specific DNA bending induced by the protein. (C) Sample FRET donor,
FRET acceptor, and corresponding FRET efficiency traces for GT-mismatched DNA in the presence of MutS. Molecules sample a number
of different FRET states, or bend angles, ranging from unbent (low FRET) to bent (high FRET), with very different kinetic rates of exchange

among these states.

different types of mismatches or DNA lesions (3, /3). Distribu-
tions of DNA bend angles from AFM images of mismatched
DNA—-MutS complexes are broad, suggesting that these
complexes could be dynamic. We used single-molecule fluore-
scence resonance energy transfer (smFRET) to investigate the
potential of dynamic transitions among distinct bent and
unbent DNA conformational states in mismatched DNA—
MutS complexes.

In contrast to the static depictions of mismatched DNA—
MutS complexes prevalent in leading models of DNA MMR
and reinforced by the available high-resolution structures,
single-molecule FRET reveals that Thermus aquaticus (Taq)
MutS—DNA complexes are extremely dynamic, undergoing
many transitions between multiple bent and unbent DNA
conformations (Figure 1). To accurately identify the unique
states sampled in these complexes and the transitions among
them, we developed an analysis approach, FRET transition
analysis combined with kinetic lifetime examination of states

(FRET TACKLE), which applies multiple criteria (FRET
efficiencies, transition density analysis, and kinetic lifetime
analysis) in identifying unique states buried in complex FRET
efficiency data such as those observed for GT-mismatched
DNA—MutS complexes.

This analysis revealed a diverse DNA—protein conformational
landscape and demonstrated that the MutS—mismatch DNA
recognition complex does not solely reside in a rigid bent
conformation, as suggested from crystal structures (2—7), and
does not simply interconvert between two states, as suggested by
AFM studies (3, 13), but rather samples a number of different
bent and unbent DNA conformations with a variety of kinetic
rates. Detailed analysis of the kinetics and stabilities of each state,
complemented by Monte Carlo simulations of the complete
kinetic scheme, suggests functional significance for the different
conformations. The highly dynamic nature of this initial mis-
match recognition complex revealed by single-molecule FRET
TACKLE suggests that the dynamics and the kinetic behaviors
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of the different conformational states for MutS bound to
different DNA mismatches or lesions may control the repair
efficiencies of different mismatches in vivo and may also have a
role in signaling downstream cellular responses.

EXPERIMENTAL PROCEDURES

Protein and DN A Substrates. MutS from T. aquaticus was
overexpressed in Escherichia coli and purified as previously
described (16). HPLC-purified labeled and unlabeled single-
stranded oligonucleotides were purchased from Integrated
DNA Technologies. DNA substrates contained a TAMRA-
labeled oligonucleotide (5'-biotin-TGT CGG GGC TGG CTT
AAG GTG TGA AAT ACC TCA TCT CGA GCG TGC
CGA TA-TAMRA-3') annealed to a Cy5-labeled oligonucleo-
tide (5-TAT CGG CAC GTT CGA GATG-Cy5-3') for the
creation of a duplex DNA fragment containing a GT base—
base mismatch (Figure 1A). Oligonucleotides were annealed in
buffer containing 20 mM Tris-HCI (pH 7.8), 100 mM NaOAc,
and 5mM MgClyina 1:1 ratio at 65 °C for 20 min followed by
slow cooling. When the temperature reached 55 °C, an addi-
tional complementary strand was added and annealed to
complete the duplex DNA substrate (5-AGG TAT TTC
ACA CCT TAA GCC AGC CCC GACA-3'). The substrate
was allowed to slowly cool to room temperature and was
stored on ice or at 4 °C. The annealed DNA substrate was
assessed using gel electrophoresis and via observation of
localized donor and acceptor fluorescence signals once
tethered to the surface for fluorescence analysis (described
below). Molecules without both a FRET donor and a FRET
acceptor were omitted from the analysis. Control experi-
ments were also performed using DNA substrates that
did not contain a mismatch to ensure that the presence of
the nick at the 5" end of the FRET acceptor (Figure 1A) did
not affect the observed fluorescence intensities and FRET
efficiencies.

Fluorescence Microscopy. Quartz microscope slides and
flow channels were prepared as previously described (/7). The
surface in the channel was treated first with biotinylated BSA
(Sigma, 1 mg/mL, 5 min incubation) followed by streptavidin
(Invitrogen, 0.1 mg/mL, 5 min incubation), similar to methods
previously described (/8). Annealed biotinylated, fluorescently
labeled, mismatched DNA was added to the treated surfaces at a
concentration ranging between 10 and 30 pM for 5 min, and the
unbound DNA was removed when the sample was rinsed with
chilled buffer [20 mM Tris-HCI (pH 7.8), 100 mM NaOAc, and
5 mM MgCl,]. Samples were imaged at room temperature in
the rinsing buffer described above, with the addition of enzy-
matic oxygen-scavenging components [2% glucose (Sigma), 1%
p-mercaptoethanol (Fluka), 0.1 mg/mL glucose oxidase (Sigma),
and 0.025 mg/mL catalase (Sigma)] to enhance fluorophore
lifetime and with the addition of triplet state quencher
cyclooctatetraene (Aldrich) (~50 uM) to reduce dye blinking.
Images were collected both in the presence and in the absence
of MutS. Protein was allowed to bind the DNA for at least
5 min prior to image collection. Single-molecule FRET traces
were also collected for mismatched DNA—MutS complexes
bound to streptavidin-exposed, biotinylated polyethylene gly-
col (PEG)-coated quartz slides (/9). Similar dynamics were
observed for these complexes on both surfaces (Figures S1 and
S6 of the Supporting Information), ensuring that the dynamics
were not the result of interactions of the protein and/or the
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DNA with the BSA-coated quartz surface. Furthermore, the
consistency of the FRET TACKLE kinetics with bulk kinetics
of MutS—DNA complexes also suggests limited interactions
of MutS or the DNA with the surface that could affect the
kinetics of the complexes.

Data were collected using a prism-type total internal
reflection fluorescence (TIRF) laser microscope as described
previously (17, 20). Two lasers were directed onto the prism, one
at 532 nm to directly excite the donor dye (TAMRA) and one at
635 nm in an alternating sequence to directly excite the acceptor
dye (Cy5) at the quartz—solution interface. Fluorescence emis-
sion was collected through a 60x 1.2 NA water immersion
objective and split by a 645dcrx dichroic mirror (Chroma) into
short and long wavelength paths. These paths were filtered for
TAMRA and Cy5 emissions using HQ 585/70 and HQ 700/75
bandpass filters (Chroma), respectively. The spectrally resolved
emissions were relayed as side-by-side images onto a charge-
coupled device camera (Cascade 512B, Roper Scientific). Images
were exposed at 10 frames per second and collected using
software written in house.

Observed intensities of single molecules were integrated with
software written in house to produce individual fluorescence
emission time traces as described previously (20). Emission traces
were background subtracted and corrected for leakage of the
donor signal into the acceptor channel (~5%). Molecules not
confirmed to contain exactly one donor and one acceptor
fluorophore were excluded from further analysis. FRET efficien-
cies were calculated from the respective donor and acceptor
emissions as £ = (I4)/(Ip + Is), where Ip and I, are the
corrected intensities of the donor fluorophore and acceptor
fluorophore, respectively.

FRET TACKLE Data Analysis. We apply a Gaussian
derivative kernel algorithm to isolate FRET transitions in single-
molecule traces (21). This algorithm (described in the Supporting
Information and available at https://www.cs.unc.edu/Research/
nano/cismm/download/edgedetector/index.html) yields each FRET
efficiency sampled in a given FRET trace as well the time the
molecule spends at that FRET efficiency (“dwell time”, or A7) and
the transition sequence (Figure S2 of the Supporting Information).
Dwell times associated with the first and last FRET states in each
trace are not accurately known and are discarded (Figure S2 of the
Supporting Information, states / and 12).

To perform kinetic lifetime analysis of states, FRET values
across the entire distribution were grouped in small segments of
FRET efficiencies (FRET + 0.005) and a dwell time distribution
was generated for the state [plot of frequency vs dwell time
(Figure 3)]. The exponential fit to this plot provides the kinetic
rate of the state (fit parameter 1/7), and the inverse (7) represents
the “lifetime” of the state. A single-exponential fit represents a
single lifetime, or single species, at that FRET efficiency. A
double-exponential fit would produce two kinetic rates and
two lifetimes, implying that two species reside at that FRET
efficiency (Gelles and co-workers, manuscript submitted for
publication) (22). We applied an f~test to determine if a double-
exponential fit was warranted for the lifetime distributions shown
in panels D and E of Figure 3 (Supporting Information) (23).
When two adjacent FRET efficiencies converge to the same
lifetime (or lifetimes), those FRET efficiencies are grouped
together and refit to produce a combined lifetime for that state.
For example, the lifetime associated with FRET 0.33 is deter-
mined to be 1.9 s, and the lifetime associated with FRET 0.34 is
determined to be 2.0 s (from the exponential fit parameters).
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Table 1: FRET Efficiency Ranges and Lifetimes for Each Unique GT—MutS State

FRET lifetime from fits, average
state efficiency description independent experiments [7 (s)] Xz ¢ lifetime? [ (s)]

free DNA 0-0.29 free DNA 2.3¢ 2784 39+23
5.5¢ 41
37 344

U 0.30—0.40 low FRET, unbent GT—MutS complex 1.4¢ 111 3.5+2.1
6.3¢ 73
3.0° 194

U* 0.41-0.50 unstable intermediate GT—MutS complex (unbent) 0.76“ 88 0.53+£0.25

0.57¢ 29
0.27° 105

I 0.41-0.50 stable intermediate GT—MutS complex (intermediately bent) 5.6¢ 88 8.7+2.7
9.5¢ 29
10.9” 105

B* 0.51-0.60 unstable intermediate GT—MutS complex (bent) 1.4¢ 242 224+1.8
4.4¢ 22
0.96" 185

B 0.51-0.70 high FRET, bent GT—MutS complex 17¢ 1621 13+3.3
13¢ 340
10 1581

SB 0.70—1.0 very high FRET, superbent GT—MutS complex 20¢ 73 17+4.1
18¢ 91
11’ 691

“Lifetime of the DNA conformation determined at 200 nM MutS. “Lifetime of the DNA conformation determined at 20 nM MutS. <> of
each exponential fit is calculated as 3 (vgi; — Vqaw)*- For the distributions in which a double-exponential fit was applied, an f-test was performed to
confirm the suitability of applying the double-exponential fit vs a single-exponential fit (Experimental Procedures and Supporting Information).
“Average lifetimes for all states except free DNA determined from the analysis of states in three independent experiments, two performed at
200 nM MutS and one at 20 nM MutS. The average lifetime of free DNA is determined solely from the two independent experiments performed at

200 nM MutS.

These two FRET states have similar lifetimes (within error)
and, as a result, are combined as the same state. This process
is repeated across the FRET efficiency distribution until all
states with unique lifetimes are isolated (Figure 3) (additional
details of this analysis are described in the Supporting
Information).

We distinguished the lifetime and corresponding kinetic rate of
SB from the lifetime of B by separating these two FRET states
into individual dwell time distributions (Figure S3 of the Sup-
porting Information) and refitting to obtain the exact lifetimes
for each state (Table 1 and Figure S3). As expected, the lifetimes
for both states were similar (16 and 14 s for B and SB,
respectively).

Each three-dimensional peak identified in the transition den-
sity distribution (Figure 2A) was fit to a two-dimensional (2D)
Gaussian function using the following equation:

-1 X —Xo 2
= A
Z Zo‘l’ exp{2(1 _C0r2)|:<xwidth>

N (y —yo> * 2eor(x —x,)(y —¥o)

Ywidth XwidthVwidth

(1)

where x,, y,, and z, are the offsets in the x, y, and z dimensions,
respectively, Xyiqmn and yyiam are the breadths of the Gaussians in
both the x and y dimensions, respectively, A is the peak
amplitude, and cor is a correlation parameter representing
deviation from the x—y orthogonal (angular skew in the peak).
Each 2D Gaussian peak isolated by applying this analysis across
the entire transition density distribution (Figure S4 of the
Supporting Information) is shown in Figure 2B.

On the basis of a standard kinetic branching mechanism (24),
the kinetic rates of each transition are determined by the

following set of equations:
kyapp = ku—u* +ku—1 + ky—p +ku—B + ku—sB + Ku—free
(2)

kys app = kur—u + kur—ps +kuyr—p +kur—sg + kus—pree  (3)
kiapp = ki—u + ki—p* + ki—p + ki—sB + Ki—frec (4)

kg app = Ky + Ky + kps—p + kpi—sp + kpiofree ~ (5)
kapp = kp—u 4 kg—u+ + kp—1 + kp—p+ + kp—sB + kB—frec (6)

ksBapp = ks—u + ksp—u+ + ksp—1 + ksp—p* 4 ksp—B + ksB—free
(7)

The rates of individual transitions are calculated by the
probability of occurrence of a given transition by the branching
ratios:

N\‘ -y
N X, total

(8)

kx -y = kx,app

where x and y represent the states comprising the transition and
N represents the number of times a transition was observed from
that state (Table 2). Additional details on the FRET TACKLE
analysis approach are provided as Supporting Information.

RESULTS

We used single-molecule FRET (smFRET) to monitor the
dynamics of Tag MutS-induced DNA bending. DNA substrates
that have a FRET donor (TAMRA) and a FRET acceptor (Cy5)
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FIGURE 2: Transition density distributions for conformational transitions induced by MutS on GT-mismatched DNA. (A) Raw transition
density plot showing 2942 conformational transitions observed in 701 molecules. (B) Diagram outlining individual transition peaks embedded in
the transition density plot determined from the 2D analysis shown in Figure 4 and Figure S4 of the Supporting Information. Each ellipse
represents an individual transition peak. Red and cyan ellipses represent binding and unbinding transition peaks, respectively, while black ellipses
represent conformational transitions among states with different FRET efficiencies. (C) Transition density plot generated from summing the 2D
Gaussian fits of each transition peak determined from the 2D analysis shown in Figure 4 and Figure S4. The TDP of the sum of the individual
transition peaks generates a smoother version of the TDP of the raw transition data (A). (D) Transition density plot generated from Monte Carlo
simulations of 3000 transitions given the kinetic scheme determined using FRET TACKLE. The FRET efficiencies associated with each state were
assigned on the basis of the average FRET efficiencies determined from the 2D Gaussian peak fits (Figure 4 and Figure S4), and the breadth
associated with each FRET efficiency was set to 0.075 on the basis of the breadth of the FRET efficiency of the distribution for free DNA
(Figure 1B). The MC-simulated TDP is very similar to the TDP of the raw data (A) when appropriate error and bias are applied to the simulated
data (error parameter of 0.10 and bias parameter of 0.36 shown in panel D).

located 19 bp apart with a GT base—base mismatch located
approximately halfway between the two fluorophores were an-
nealed, tethered to a quartz surface, and excited using prism-type
total internal reflection fluorescence microscopy (Experimental
Procedures and Figure 1A) (17), and the FRET efficiency between
the dyes was measured in real time. In the absence of MutS, the
DNA molecules exhibit a constant FRET efficiency for the duration
of the trace, with an average FRET efficiency of 0.24 (Figure 1B).
On the basis of a helical model of DNA (25—27), the FRET dye pair
separation was determined to be 72 A, yielding an approximate
Forster distance (R,) of 59 A {FRET = 1/[1 + (r/R,)"]}, similar to
that determined for this pair in a previous study (25, 28). Using
this R, and geometric analysis of the DNA FRET reporter with a
single kink located at the mismatch, this FRET assay is expected
to be sensitive to changes in DNA bending ranging from 0° to
120°. Recent studies have shown that some fluorescent dyes stack
on the ends of the DNA duplex, spending only a fraction of time in
free rotation and invalidating the isotropic averaging of the «*
rotational coefficient used to determine the exact Forster distance,
and in turn FRET efficiency, for a FRET pair (29). In other words,
both bending and twisting or untwisting of the DNA may
contribute to observed changes in FRET efficiencies. Although this
stacking prevents a direct interpretation of FRET efficiencies as
quantitative DNA bend angles, it does not affect our ability to
identify distinct conformational states of MutS—DNA complexes
(described below).

To identify nonspecific interactions of MutS with the DNA,
with the fluorescent dyes, or with the nick on the 5’ side of the Cy5

dye (Figure 1A and the Supporting Information), we measured
FRET efficiency traces using a non-mismatched DNA substrate
in both the absence and presence of 200 nM MutS (Figure 1B and
Figure S6 of the Supporting Information). The FRET time traces
are nearly identical with and without MutS and do not exhibit
any transitions between distinct FRET states. This result is
expected because insignificant binding of MutS to this DNA
substrate is detected in bulk fluorescence anisotropy experi-
ments (4). The slight shift in the center of the FRET efficiency
distribution (Figure 1B) may reflect a change in the local
environment of the fluorescent dyes due to MutS nonspecifically
interacting with the DNA without causing significant bending.
No changes in the spectra or intensities of Cy5 (at the nick) or
TAMRA (at the free end of the DNA) in the presence of 200 nM
MutS were observed (Figure S6 of the Supporting Information).
These results are consistent with (i) the low binding affinity of
MutS for homoduplex DNA (Kp ~ 20 uM) (4, 30), (i) AFM
images of MutS and nicked DNA that did not reveal any
preference for nicked sites (unpublished results), and (iii) mis-
match repair assays that demonstrated the efficiency of repair is
independent of the position of the nick [from 10 to > 100 bp from
the mismatch (37)]. Taken together, these results indicate that
nonspecific binding of MutS to the DNA, if there is any, does not
significantly alter the observed FRET efficiencies.

In contrast to homoduplex DNA FRET traces, individual
time traces for many GT-mismatched DNA molecules show
transitions between different FRET states in the presence of
MutS (Figure 1C and Figure S1 of the Supporting Information),
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Supporting Information.

and the FRET distribution is significantly altered relative to
that of free DNA (Figure 1B). Analysis of the individual time
traces for hundreds of molecules using an edge-finding algo-
rithm (described in Experimental Procedures and Supporting
Information) reveals that GT—MutS complexes switch back
and forth between several conformations with significantly
different FRET efficiencies (Figure 1C), indicating large
conformational transitions of the DNA. Intensity time traces
for single dye-labeled GT mismatched DNA (containing
the FRET donor in the absence of the FRET acceptor or the
FRET acceptor in the absence of the FRET donor) in the
presence of MutS did not show any fluctuations in the
dye intensity (Figure S6 of the Supporting Information),
revealing that the anticorrelated intensity changes for dual-
labeled GT-mismatched DNA in the presence of MutS are the
result of MutS-induced DNA bending and/or twisting and not
fluctuations in the emission spectra or intensities of the dyes.

From these dynamic smFRET traces, we are able to determine
the distribution of FRET states (Figure 1B) as well as identify the
specific states before and after each transition, the dwell times
(Ar) associated with each state, and the kinetics of interconver-
sion between states (Figure S2 of the Supporting Information).

Kinetics and Thermodynamics of GT—MutS Complexes
Revealed by FRET TACKLE. To characterize the transi-
tions between different FRET states, we constructed three-
dimensional (3D) histogram plots of the frequency of transitions
between each of the states (called transition density plots, or
TDPs) (Figure 2) (32, 33). Specifically, the number of times a
given transition occurs (for example, from FRET 0.40 to FRET
0.60) is tabulated for all molecules, and the FRET efficiencies
before (e.g., 0.40) and after (e.g., 0.60) the transitions are plotted
on the y and x axes, respectively, with the number of times the
transition occurs plotted on the z axis (Figure 2). Peaks above the
diagonal line represent transitions from higher FRET to lower
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Table 2: Kinetic Rates, Transition Probability Ratios (Ny—,/Ny o), and Partition Ratios (Q) of GT—MutS Binding, Unbinding, and Conformational

Transitions
transition rate (s~ ) N/ Ny sotal” 0° = kylk,
GT—MutS complex transitions UtoB 0.38 0.56 15
BtoU 0.026 0.42
U*to B 0.59 0.45 95
Bto U* 0.0062 0.099
ItoB 0.039 0.25 14
Btol 0.0027 0.043
B*to B 0.10 0.15 53
B to B* 0.0019 0.030
B to SB 0.0039 0.063 0.28
SBto B 0.014 0.19
U to SB 0.15 0.22 6.8
SBto U 0.022 0.31
U* to SB 0.45 0.34 38
SB to U* 0.012 0.17
U to U* 0.0094 0.014 0.12
U*to U 0.077 0.059
1to SB 0.028 0.18 4.5
SBtol 0.0062 0.087
B* to SB 0.16 0.23 21
SB to B* 0.0075 0.10
Utol 0.047 0.07 2.5
ItoU 0.019 0.12
U to B* 0.036 0.053 0.21
B*to U 0.17 0.25
U* to B* 0.028 0.021 0.8
B* to U* 0.035 0.052
Ito B* 0.0054 0.034 not determined
B*tol not determined
MutS binding—unbinding transitions” free to U 0.041 0.096 3.8 x 10°
U to free 0.054 0.081
free to U* 0.019 0.043 53 x 10°
U* to free 0.18 0.13
free to T 0.052 0.12 4.0 x 10°
I to free 0.065 0.42
free to B* 0.049 0.11 1.2 x 10°
B* to free 0.21 0.31
free to B 0.25 0.58 57 %107
B to free 0.022 0.35
free to SB 0.020 0.046 1.3 x 107
SB to free 0.0098 0.14

“Transition rates were determined from the kinetic branching equations shown in eqs 2—7. "Transition probability ratios were determined as the
ratio of the number of times a given transition occurred to the total number of transitions recorded from that state in total. “Partition ratios for
each transition were calculated as the ratio of the forward and reverse rates and were used to calculate the relative free energies between each state
(Supporting Information). “Association constants for the binding and unbinding transitions are determined at a MutS concentration of 200 nM.
These values result in an average dissociation constant of 13 nM, consistent with the dissociation constant determined in the bulk by fluorescence

anisotropy (40 nM) (4).

FRET (more DNA bending to less DNA bending), while peaks
below the diagonal line represent transitions from lower FRET
to higher FRET (less DNA bending to more DNA bending)
(Figure 2).

In a study of the dynamic binding and unbinding of RecA to
DNA, transition densities were used to identify unique confor-
mational states in the complexes (32, 33). The TDP for the
GT—MutS molecules (Figure 2A), however, shows a complex
distribution of transitions between multiple FRET states, with a
number of overlapping transition peaks, making identification of
the number of unique conformational states difficult from
analysis of the transition densities alone. To overcome this
limitation, we developed a modified analysis method called
FRET TACKLE, which combines direct analysis of FRET
transitions (32, 33) with kinetic lifetime analysis of individual
states (34—36). As summarized below (and described in further
detail in the Supporting Information), FRET TACKLE not only

is a powerful method for isolating unique states from complex
FRET efficiency distributions but also yields the rates of transi-
tions among the different states as well as the relative stabilities of
all the states, providing a complete quantitative picture of the
dynamics of the GT—MutS complexes.

Kinetic Lifetime Examination of FRET States Reveals
Six Different States. Previous single-molecule FRET studies
have reported using lifetimes to identify and characterize differ-
ent species among various FRET states or within a single range of
FRET efficiencies (18, 22, 35, 37, 38). We employ a similar
approach to identify a complete set of states with unique lifetimes
for GT—MutS complexes. Briefly, the observed events are
grouped by FRET values into bins with a full width of 0.01.
The distribution of lifetimes within each bin is fit to an exponential
decay function or the sum of two exponential decays (Figure 3)
(Experimental Procedures and Supporting Information) (23).
If the lifetimes (t) of the fits for adjacent bins are the same
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FIGURE 4: Separation of transition peaks in the TDP by FRET efficiencies. (A) Contour image of the transition density distribution shown in
Figure 2A. Black arrows represent transitions to a high-FRET state not isolated by lifetime examination (conformation SB). (B) Transition
density distribution for a section of transitions from an individual state (U). Individual peaks are cross-sectioned (C) and fit to 2D Gaussian
distributions. Complete documentation of this analysis across the entire TDP is shown in Figure S4 of the Supporting Information.

(within the errors of the parameters of the fits), those bins are
pooled, and the resultant set of dwell times grouped by wider
FRET bins is refit. This process is repeated until a unique set of
states grouped into FRET bands that exhibit distinct lifetimes is
obtained (Figure 3; Experimental Procedures and Supporting
Information). From this analysis, we identified six unique con-
formational states for GT-mismatched DNA in the presence of
MutS (Figure 3 and Table 1).

The state comprising the lowest FRET range (FRET 0—0.29)
overlaps with the FRET efficiencies observed for GT-mis-
matched DNA in the absence of MutS (Figure 3A). In addition,
the lifetime of this state is consistent with bulk kinetic studies
that determined the mismatch binding rate of Tag MutS to be 3 x
10° M~ s (39). Specifically, this bimolecular association
rate predicts the lifetime of the unbound state at 200 nM MutS
to be 1.7, which is very similar to our experimental result [7,, =
3.9 4+2.3s(Table 1)]. To verify that this state is indeed free DNA,
we conducted the experiment at a reduced concentration of
MutS. Lowering the MutS concentration results in a significant
increase in the lifetime of the FRET state associated with free
DNA [t = 37 s (Table 1)], while the lifetimes of the remaining
GT—MutS conformations do not change significantly (Table 1).
These results confirm the separation of FRET efficiencies
representing unbound DNA from those representing MutS-
bound, unbent DNA conformations using lifetime analysis.

The other five states represent different conformations of
GT—MutS complexes, with the FRET values of these states
loosely indicating the extent of DNA bending. We define the
lower-FRET conformations as “unbent” or U. These states differ
from free DNA by lifetime and also exhibit FRET efficiencies
slightly different from those of free DNA, which may result from
slight DNA bending or a change in the twist of the DNA induced
by MutS. Higher-FRET conformations, which clearly result
from a significant decrease in the distance between the FRET
donor and FRET acceptor, are defined as “bent” or B (Figure 3
and Table 1). The stable, intermediately bent state is denoted
conformation I. Conformational states with short lifetimes are
predicted to be unstable states with respect to the other states and

are denoted with asterisks [unstable, unbent (U*) or unstable,
bent (B*)].

Although FRET values between 0.61 and 1.0 converged to a
single lifetime, suggesting a single species, transitions between
states within this FRET range are seen in the TDP (Figure 4A,
discussed below), indicating that two species exist within this
range of FRET efficiencies. This additional conformational state
is denoted as conformation SB [“superbent” GT—MutS complex
(Table 1)]. This state appears to occupy very high FRET
efficiencies (FRET 0.70—1.0) but does not have a lifetime unique
from that of conformation B (Figure S3 of the Supporting
Information).

Isolating Unique States in Transition Density Plots.
Once states are identified by kinetic lifetime analysis, these states
can be used to tease apart all transitions comprising the transition
density distribution (Figures 2A and 4A). As described in
Experimental Procedures and the Supporting Information, this
analysis is performed in two parts. First, the TDP is sliced into
individual FRET efficiency ranges that correspond to each
FRET state, and each slice is cross-sectioned to isolate individual
transition density peaks for every transition (Figure 4 and Figure
S4 of the Supporting Information). Second, for those peaks that
contain two species (e.g., U* and I), the two species are separated
by lifetime (Figure 5 and Figure S5 of the Supporting In-
formation). Each of the peaks is then fit to a 2D Gaussian,
which are combined to generate the calculated TDP shown in
Figure 2C. From the transition density analysis (Figures 4, 5, S4,
and S5), the probabilities of transitions among every isolated
state can be directly determined (Table 2).

Kinetic Scheme and Free Energy Diagram of DNA—
MutS Binding and Conformational Transitions. Because
our FRET TACKLE analysis provides the lifetimes of all
GT—MutS states (Table 1 and Figure 3) as well as the prob-
abilities for transitions between each of the states (Table 2), we
can determine the rate constants for every observed transi-
tion (Experimental Procedures). The calculated kinetic rates (and
the corresponding transition ratios) are shown in Table 2 and
Figure 6. These rates fully characterize the kinetic scheme
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time (red line, A) between the two states to &1 s.

and were used to generate a free energy diagram for MutS
interacting with GT-mismatched DNA (Figures 6 and 7 and
the Supporting Information). Notably, the relative free energies
of all the states were calculated for every transition pathway
(for example, the relative free energy for the B — B* transition
was compared to that determined for B— U — B* and B — free
DNA — B¥* transitions, etc.), and the relative free energies
are consistent independent of path [within a few tenths of a
kilocalorie per mole (Figure 7)]. This result strongly supports the
kinetic scheme in Figure 6 and demonstrates the robustness of the
FRET TACKLE analysis.

The complete kinetic scheme of these complexes identified by
smFRET TACKLE is also consistent with bulk studies of these
complexes. First, the average dissociation constant of these
complexes determined from smFRET is 13 nM, comparable to
results previously reported using EMSA, AFM, and fluorescence
anisotropy (4, 40). Second, the lifetime of the unbound state is
consistent with bulk kinetic studies (39).

Simulations of the Kinetic Mechanism Determined via
FRET TACKLE. To complement the experimental results and
to further explore the dynamics and evolution of states visited
during a single MutS binding event at a GT mismatch, we
simulated the complete kinetic mechanism for the binding and
conformational equilibria (Figure 6 and Table 2) using two
different methods: similarity transform and Monte Carlo. We
used the similarity transform method (described in the Support-
ing Information) to perform ensemble simulations (4/) and
Metropolis Monte Carlo (MC) to simulate the conformational
trajectories of single GT—MutS complexes (42). We examined
the effect of different conditions, such as different MutS con-
centrations (Figure 8A,B) and different initially bound states, on
the kinetic evolution of the GT—MutS complexes. As discussed
below, these simulations offer interesting details that are difficult

to capture via simple examination of the experimental data
(Supporting Information). Furthermore, the agreement between
the results from the simulations and the experimental data
supports and verifies the kinetic scheme identified by FRET
TACKLE and confirms that 3000 transitions are sufficient
to define the kinetic mechanism (Supporting Information and
Table S2). Finally, to further examine the agreement between the
simulations and experiment, we added the error to the MC
simulations to generate a TDP, and this MC TDP is very similar
to the experimental TDP (Figure 2, panel D vs panel A).

To gain insight into the properties of individual MutS—DNA
complexes, we used MC to examine the fate of MutS when bound
to DNA in each of the six different conformations (U, U*, I, B¥,
B, or SB). We performed Monte Carlo simulations (20000) of
single binding events (MCSBE), where each MutS—DNA con-
formation was used as the starting state and the simulation halted
when MutS dissociated from the DNA. For a given starting state,
these simulations yield information about the length of time
MutS spends bound to the DNA, the number of conformational
transitions and the number of different states visited in a single
binding event (SBE), and the likelihood that different states are
visited (Figure 8C and Table 3).

The MCSBE reveals an average lifetime of MutS on the DNA
of 38 s (Table 3), which is consistent with our smFRET
experimental results. However, the average time that MutS
spends on the DNA depends on the starting state in ways that
cannot be easily predicted from the relative stabilities of the states
(Figure 8C). For example, I is a relatively stable state (Figure 7),
but MutS spends the least amount of time bound to the DNA
(29.8 s) when I is the starting conformation in the simulation; on
the other hand, U* is one of the least stable states (Figure 7), but
binding into U* results in a relatively long residence time of MutS
on the DNA [37.8 s (Figure 8C)]. The distributions of the length
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are listed in Table 2.

of time MutS spends bound to the DNA, independent of the
starting state in the simulation, are extremely broad, ranging
from a few seconds to several minutes (Figure 8C). This hetero-
geneity in residence times of MutS on the DNA results from the
large number of conformations that MutS—GT complexes can
adopt coupled with the significant differences in barriers for
transitions between states (Figure 7).

Notably, the MCSBE indicates that MutS rarely samples all
six MutS—DNA conformations in a single binding event.
Specifically, the average number of conformational transitions
during a single binding event is 4.3, and the average number of
different conformations visited during a single binding event is
only 2.6 (Table 3). Consequently, the conformational states
sampled by MutS and, therefore, the residence time on the

DNA are highly dependent on the initial conformational state.
For example, starting in I, MutS visits on average only 1.6 other
conformations and has the shortest residence time on the
DNA (Table 3 and Table S3 of the Supporting Information).
However, if the complex does not readily dissociate, it may
change conformation to a long-lived state (such as SB) and/or
undergo repeated transitions between the bent and unbent states
(Table S3). An extreme example of this phenomenon was
observed in a simulation in which MutS resided on the DNA
for 450 s, and the complexes visited the unbent, bent, and
superbent states 28, 33, and 18 times, respectively, before
dissociation finally occurred. It is also interesting to note that
there is no relation between the distribution of states visited
and residence time of MutS on the DNA. Taken together,
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the MCSBE results show that conformations visited by MutS— to the mismatch, are highly dependent on the initial conformation
DNA complexes, as well as the length of time MutS spends bound of the MutS—DNA complex (Table 3 and Table S3).
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Table 3: Summary of MCSBE Simulations Showing the Average Lifetime MutS Spends on the DNA (Figure 8C) as Well as the Total Number of
Conformational Transitions and States Sampled in a Single Binding Event for a Given Initial State in the Simulation

MCSBE initial state

U U* 1 B* B SB average at equilibrium
residence time on the DNA (s) 38.80 37.81 29.82 30.33 41.44 46.50 38.61
no. of conformational transitions in SBE 4.97 4.94 3.60 4.34 4.19 4.96 4.28
no. of unique states sampled in SBE (including the initial state) 291 3.12 2.45 2.85 2.43 3.05 2.59

DISCUSSION

Although there have been many biochemical and crystal-
lographic studies of the mismatch repair protein MutS, the
molecular mechanisms that underlie its cellular function remain
unclear (2, 13, 43—46). This single enzyme must perform a
number of different jobs, from identifying mismatched bases
and signaling repair to identifying DNA damage due to oxidative
or chemotherapeutic stresses and signaling apoptosis (8, 9,
47-50). In addition, MutS and MutS homologues play roles in
other cellular processes, including double-strand break repair,
meiotic and mitotic recombination, and transcription-coupled

repair (13, 51—55). Crystal structures of MutS and MutSa bound
to several different DNA mismatches and a DNA lesion are very
similar, showing a single bent (or kinked) DNA conformation
with similar MutS—DNA interfaces (2, 5—7). While these
structures have provided invaluable information about
MutS—DNA interactions, they do not provide an explanation
for the observations that different mismatches are repaired with
different efficiencies (2, 5—7, 14, 15, 56). In fact, the similarities of
the structures of these complexes would suggest that all mis-
matches and some DNA lesions are recognized by MutS in a
similar manner and would be repaired with similar efficiencies.
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Other studies have begun to address this conundrum. Experi-
ments using AFM imaging have revealed that MutS—DNA
complexes exist in more than a single conformation (3) and
suggest that the dynamics of these complexes may be important
for signaling DNA repair (3, 13).

To investigate the conformational and dynamic properties
of the MutS—mismatch recognition complex, we used single-
molecule FRET to characterize the DNA conformations of
MutS—GT complexes and to monitor changes in conformation
in real time. Our results reveal that this complex is highly
dynamic, with MutS inducing at least six different DNA con-
formations when bound to a GT mismatch. In addition, the
lifetimes of the different conformations differ by as much as
20-fold (Table 1), and the rates of interconversion between
different states vary by 2 orders of magnitude (Table 2). The
complexity of the conformational properties of the MutS—
mismatch DNA complex led us to develop an analysis approach
called FRET TACKLE, which allowed us to identify all states
sampled, the relative stability and lifetimes of all the states, and
the rates of binding to and interconversion between the different
states. Supplementing the kinetics identified by FRET TACKLE
with Monte Carlo simulations of single molecules allows us to
better understand the transition properties between the states and
offers clues about the functional roles of these states in mismatch
repair initiation by MutS.

FRET TACKLE Reveals the Potential Roles of Differ-
ent Conformational States in the MutS— Mismatch Recog-
nition Complex. The detailed kinetic scheme and relative
stabilities determined for GT—MutS binding, unbinding, and
conformational fluctuations (Figures 6 and 7) demonstrate the
complex dynamics that can govern interactions within the
MutS—mismatch recognition complex. These data, combined
with Monte Carlo simulations of single binding events (Figure 8C
and Table 3), provide substantial insight into the potential roles
of the six different states in mismatch recognition by MutS.

(i) MutS Binding and DNA Bending Occur Concomi-
tantly. Inspection of the complete kinetic scheme of the
GT—MutS complex (Figure 6 and Table 2) reveals that MutS
preferentially binds a GT mismatch in a bent conformation, with
59% of all binding transitions occurring directly to conformation
B (Table 2). The rate of MutS binding to state B is at least 5 times
faster than the rate of binding to any other state, and the
bimolecular rate of binding to B (1.25 x 10° M ™" s~ ") is similar
to the ensemble binding rate measured in bulk studies (3 x
10° M ™" 571 (39). In addition, in bulk studies, the rate of MutS
binding to a mismatch exhibits a linear dependence on the
concentration of MutS (from 150 to 500 nM) (39), and in our
studies, lowering the concentration of MutS from 200 to 20 nM
results in the expected increase in the lifetime of free DNA
(Table 1). The MutS concentration dependence on the rate of
DNA binding follows the law of mass action for MutS concen-
trations ranging from 20 to 500 nM, suggesting that MutS
binding to DNA is “diffusion-limited”. Interestingly, although
the binding of MutS to a mismatch appears to be diffusion-
limited, the bimolecular rate is 1—3 orders of magnitude slower
than would be expected for a protein the size of MutS (57, 58). A
simple explanation for this relatively slow diffusion-limited
binding rate is that MutS has a low probability of productive
collision with the DNA (57, 59). Consistent with this idea, the
DNA binding domains are disordered in the crystal structure of
Taq MutS in the absence of DNA (6). Taken together, these
results suggest that binding of MutS to DNA is an induced-fit
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process, in which both MutS and the DNA simultaneously
undergo significant conformational rearrangements. Further-
more, the similarity in the rate of binding to conformation B
with the rate of binding measured in the bulk studies (39) suggests
that binding and bending are concerted processes (60). Our
results show that binding directly to all other conformations is
slower than binding in the bent conformation (B), indicating that
the formation of the other states is likely not diffusion-limited but
limited by a conformational change after MutS binds the DNA.
These results may suggest that MutS always passes through bent
state B upon DNA binding, but in some cases, the residence
time may be too short to be observed with current experimental
capabilities.

(if) MutS Preferentially Binds DNA in a Bent Confor-
mation and Then Undergoes a Transition to an Unbent
Conformation. After binding to stable bent state B, the
GT—MutS complexes preferentially undergo a transition to
unbent DNA conformation U or MutS dissociates from the
DNA, with all other transitions being 4—14 times slower
(Figure 6 and Table 2). Specifically, 39% of all conformational
transitions of the GT—MutS complexes (not including binding
and dissociation transitions) occur between states U and B. This
preferred conformational pathway supports the previously pro-
posed model for DNA mismatch recognition based on AFM
studies, in which MutS searches for mismatches by bending the
DNA and then undergoes a transition to an unbent state that is
suggested to signal repair (3, /3). In addition, the higher stability
of bent state B relative to unbent state U is also consistent with
the AFM data (3, 61). Taken together, the AFM and single-
molecule fluorescence results support the hypothesis that the bent
DNA conformation represents an initial recognition complex
and that the subsequent MutS-induced unbending of the DNA
may be necessary to signal repair (3, /3).

(iiiy SB and I May Represent Kinetically Trapped Alter-
nate Bent Conformations. Once MutS—GT complexes enter
conformation U, they most likely transition back to B or enter
conformation SB, with all other transitions being 4—16 times
slower (Table 2 and Figures 6 and 7). Conformation SB is similar
to Bin that the two states exhibit nearly identical lifetimes (Figure
S3 of the Supporting Information), and they both preferentially
undergo a transition to U (Figure 6 and Figure S4 of the
Supporting Information). Although SB is only slightly less stable
than B, the rate of MutS binding to SB is 10 times slower than the
rate of binding to B, and SB is rarely formed directly upon MutS
binding to the DNA (Table 2 and Figure 7). Interestingly, the
lower stability of SB relative to that of B results from the slower
rate of binding to SB and not a faster rate of dissociation. In fact,
the rate of dissociation from SB is slower than that from any
other conformation (Table 2 and Figure 7). These results suggest
that SB may be a kinetically trapped alternate bent conforma-
tion. Perhaps as MutS—GT complexes undergo the transition out
of unbent state U back to bent state B, which involves large
changes in DNA bending, MutS forms an alternative set of
protein—DNA contacts, resulting in the formation of SB. This
hypothesis is plausible given that the DNA binding domains of
MutS are disordered in the crystal structure in the absence of
DNA (6), and these domains may therefore provide the necessary
protein flexibility required to accommodate large DNA confor-
mational changes, such as those from U to B.

While SB is rarely populated directly from free DNA, the
predominant pathway to the formation of intermediately bent
conformation I is via MutS binding to free DNA and directly
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forming I, although the rate of binding to I is 5 times slower than
the rate of binding to B (Table 2). In addition, our Monte Carlo
simulations reveal that when MutS is bound in conformation I, it
is more likely to dissociate from the DNA than to undergo a
transition to any other conformational state, with ~40% of the
transitions out of I resulting in MutS dissociation (Figure 6 and
Table 2). Additionally, MC simulations reveal that if MutS binds
to I, it has the shortest average residence time on the DNA and
undergoes the fewest conformational changes (Table 3 and
Figure 8C). This observation is consistent with the relatively
high free energy barriers for transitions out of state I (Figure 7).
These results, taken together with the observation that I is
relatively stable compared to the other GT—MutS states
(Table 1 and Figure 7), imply that conformation I may comprise
a stable set of protein—DNA contacts, unique from the other
states, which must be broken for a transition to occur from I to
one of the other states.

The kinetic properties of SB and I suggest that these are stable
conformations in local free energy minima that are off the
preferred transitional path (free DNA — B < U, afore-
mentioned). A recent study following the sliding of MutS
homologue Msh2-Msh6 along undamaged DNA revealed that
the free energy landscape of one-dimensional diffusion of MutS
along DNA is rugged and contains a series of deep traps that
may serve as a probing mechanism employed by MutS to
distinguish among correctly paired DNA, mismatches, IDLs,
and lesions (/). The energy landscape and kinetics that we
observe for conformations SB and I suggest that these states may
have a similar role for MutS bound to a GT mismatch. While
these conformations may represent states that are off-path for
mismatch repair, they could be on-path for some other cellular
fate.

(iv) U* and B* Represent Unstable Intermediate States.
U* and B* have the highest relative free energies (Figure 7),
comprise a small percentage of the equilibrium population of
states (Figure 8A,B), and are short-lived (Table 1), with the
lowest transition barriers (Table 2 and Figure 7). Although U*
and B* are similar in lifetime and stability, the formation of these
states and their fates, once formed, are significantly different. U*
most likely forms as an intermediate in transitions between B and
SB, whereas B* appears to form mainly as an intermediate
between U and B or SB. Although both U* and B* have similarly
fast dissociation rates (Figure 7 and Table 2), MutS is much more
likely to dissociate from the DNA if the MutS—GT complex is in
conformation B* than in U* (30% and 13%, respectively), and
the time MutS spends on the DNA is significantly shorter if it
binds to state B* than if it binds to state U* (Table 3). Specifically,
when the complexes are in conformation B*, MutS is more likely
to dissociate from the DNA than to undergo a transition to any
other state, whereas complexes in state U* preferentially undergo
a transition to other conformational states, especially B and SB,
rather than result in dissociation of MutS (Figure 7). Taken
together, these observations suggest that U* is an on-path,
unstable intermediate state and that B* is an off-path, unstable
intermediate state.

(v) The Dynamics of Protein—DNA Complexes Follow
Trends Similar to Those of Protein and RNA Folding. The
free energy diagram of GT—MutS complexes is similar to free
energy landscapes of protein folding, suggesting that the rules
that govern protein folding funnels may also apply to DNA—
protein dynamics (62—64). The diagram of barriers between
transitions dramatically demonstrates that these complexes have
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a “bumpy” free energy landscape with a series of local free energy
minima. The energy landscape reveals a preferred pathway of
biomolecular complexes down the free energy funnel (Figure 7)
despite the presence of unstable intermediate states that may
form along the way, similar to protein folding phenomena. The
presence of local free energy minima, or kinetic traps, is also
reminiscent of off-path, kinetically trapped states identified in the
folding transitions of ribozymes (65—67). In ribozyme folding,
these states have been suggested to represent a number of pheno-
mena, including misfolded conformations, structural intermediates,
or states residing on alternative folding pathways (65—68). Perhaps
similar trends apply to dynamics of protein—DNA complexes.

(vi) Dynamic Trend: Large Changes in DNA Bending
Dominate the MutS—GT Complex. A striking feature of the
dynamics of GT—MutS complexes is that most transitions
involve large changes in DNA bend angles. Specifically, the most
frequently observed transitions within the complexes occur
between states that reside on distant ends of the bending
continuum (i.e., B < U, SB < U, B < U*, SB < U*) even
though I, which is intermediately bent, is stable. In addition,
transitions between B and SB, which have similar extents of DNA
bending, generally proceed through an unbent intermediate (U or
U*). These large conformational changes may be related to
energy associated with bending DNA and the apparent flexible
nature of the DNA binding domains of MutS (6). The optimum
conformation for MutS bound to DNA is one in which the DNA
is bent, but the optimum conformation of DNA is unbent (3),
which may result in metastable states where the optimum
conformations of MutS and DNA are driving the interconver-
sions, with MutS driving DNA bending and DNA driving
unbending. Because the energy of DNA bending and unbending
is greater the larger the angle change, the large conformational
changes may be required to form the unbent states. This
observation may explain the high likelihood of dissociation when
the complexes form the intermediately bent state I. While state I
may overcome the barriers to transition into a bent conformation
(noting that other than dissociating, I is most likely to undergo a
transition to SB or B), it does not readily undergo a transition to
the unbent state. Perhaps the energy of unbending is insufficient
to drive the transition from I to U and ultimately results in the
complexes either sinking into a kinetic trap or dissociating.

The Dynamics of the MutS—Mismatch Recognition
Complex Could Have a Role in Signaling Repair or
Apoptosis. It has been suggested that the conformational
dynamics of DNA—MutS complexes are important for signaling
DNA repair and MutS-dependent damage-induced apoptosis
(3, 10). In this work, we demonstrate that GT—MutS complexes
can adopt several different conformations, with highly variable
rates of interconversion between conformations, where the fastest
rate is ~0.59 s~ (U* — B) and the slowest 0.0019 s! (B — B¥).
With the average lifetime of MutS on the DNA being ~40 s, the
sampling of different states becomes largely dependent on the
“starting” conformational state (Table 3). Furthermore, the long
lifetimes of the stable states (i.e., conformations B and SB)
prevent MutS from achieving conformational equilibrium during
a single mismatch binding event, where the lifetime of MutS on
the DNA is not long enough to sample all six conformational
states in a single binding event. In fact, on average, MutS
undergoes only four to five conformational changes and samples
two to three different states in a single binding event (Table 3). In
addition, although MutS samples only the intermediate states for
a fraction of its time spent on the DNA, the fact that the
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GT—MutS complex typically changes conformation four or five
times after a binding event highlights the role of these less stable
states in determining the states visited in a single binding event
(Table 3). Furthermore, the bulk kinetic simulations reveal that
the system is slow to reach equilibrium (20 s at 200 nM and 80 s at
20 nM), and prior to the complex reaching equilibrium, the
relative amounts of MutS—DNA complexes in the different
states depend on the concentration of MutS (Figure §). As a
result, the distribution of states becomes an important feature of
the mismatched DNA—MutS complex and may be different
for MutS bound to different DNA mismatches or lesions. We
can speculate that the relative distributions and kinetics of
states sampled in these complexes may vary among different
mismatches and DNA lesions and could play a role in the relative
repair efficiencies or entry into different pathways in response
to ATP.

For GT-mismatched DNA bound by MutS, the kinetic
scheme in conjunction with MC simulations suggests roles
that each different state may play in the recognition pathway.
Conformation B likely serves as the primary recognition state,
and conformation U perhaps has a role as the repair signaling
state (3, 13). The transition patterns and stability of states I and
SB suggest that these conformational states may be kinetic
minitraps and are perhaps nonproductive for signaling repair
of a GT mismatch, while conformation U* appears to be an
unstable, on-path intermediate state and B* an unstable, off-path
intermediate state. Although these complex dynamics could
represent other localized events between MutS and the mismatch
and nearby base pairs, or MutS transiently moving away from
and returning to the mismatch, it is certain that complex
protein—DNA dynamics are occurring. Additional studies of a
number of different mismatches and DNA lesions, as well as
studies of these complexes in the presence of cofactors such as
ATP and MutL, will be interesting and will truly begin to unravel
in further detail the functional roles of these states in overall
mismatch recognition and signaling by MutS.

Conclusions. The broad distribution of conformational states
and diverse kinetics that we observe for mismatched DNA—
MutS complexes using single-molecule FRET encouraged the
development of the FRET TACKLE analysis approach. This
approach applies multiple criteria (FRET efficiency values,
transition properties, and kinetic lifetime analysis) to identify
the number of unique states, their relative stabilities, and the rates
of exchange among multiple states in a diverse FRET distribu-
tion. FRET TACKLE allows the distinction between two states
that have the same FRET efficiencies but different lifetimes and
the distinction between two states that have identical lifetimes but
different FRET efficiencies. This analysis approach was essential
for identifying the six unique conformational states of GT—MutS
DNA—protein complexes (in addition to the unbound DNA
state), as well as for determining the complete kinetic scheme and
free energy landscape of the dynamic, equilibrium fluctuations
among these states. In addition, FRET TACKLE will be useful
for teasing apart the dynamics and kinetics of other complex
biological systems.

These results begin to address key questions regarding the roles
of each of the MutS—mismatch DNA conformational states
in the DNA mismatch repair pathway. The most stable states
(B and U) may serve essential mismatch repair recognition
and signaling roles, while other stable states (I and SB) could
represent nonproductive conformations or conformations that
serve a different cellular function, with a number of intermediate
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states (U* and B*) sampled along the way. The many different
conformational species and the dynamics between them require a
new perspective on the way mismatch repair initiation is per-
ceived. These results show the dynamic nature of mismatch repair
initiation by MutS and reveal the fluidity of the MutS—mismatch
recognition complex. The ability of these molecular complexes to
sample a number of different states with a variety of interconver-
sion kinetics may serve a fundamental role in how MutS leads
to activation of repair of different mismatches and, further-
more, induces different cellular processes in response to ATP
or different DNA mismatches or lesions, such as cisplatin and
0-6-methylguanine. This work sets the stage for future studies of
MutS bound to a number of different DNA mismatches and
lesions along with experiments that aim to determine the fates of
different conformations upon the addition of ATP, which will
further elucidate the relationship between dynamic MutS—DNA
structures and the function of MutS. These future directions will
be telling with regard to the role of different DNA conforma-
tional states in the MutS response signaling mechanism. Overall,
these studies provide a window into the complexities and
dynamics of proteins interacting with DNA.
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