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Deciphering the Mismatch Recognition Cycle in MutS and MSH2-MSH6
Using Normal-Mode Analysis
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ABSTRACT Postreplication DNA mismatch repair is essential for maintaining the integrity of genomic information in prokary-
otes and eukaryotes. The first step in mismatch repair is the recognition of base-base mismatches and insertions/deletions by
bacterial MutS or eukaryotic MSH2-MSH6. Crystal structures of both proteins bound to mismatch DNA reveal a similar molecular
architecture but provide limited insight into the detailed molecular mechanism of long-range allostery involved in mismatch recog-
nition and repair initiation. This study describes normal-mode calculations of MutS and MSH2-MSH6 with and without DNA. The
results reveal similar protein flexibilities and suggest common dynamic and functional characteristics. A strongly correlated
motion is present between the lever domain and ATPase domains, which suggests a pathway for long-range allostery from
the N-terminal DNA binding domain to the C-terminal ATPase domains, as indicated by experimental studies. A detailed analysis
of individual low-frequency modes of both MutS and MSH2-MSH6 shows changes in the DNA-binding domains coupled to the
ATPase sites, which are interpreted in the context of experimental data to arrive at a complete molecular-level mismatch recog-
nition cycle. Distinct conformational states are proposed for DNA scanning, mismatch recognition, repair initiation, and sliding
along DNA after mismatch recognition. Hypotheses based on the results presented here form the basis for further experimental
and computational studies.
INTRODUCTION

DNA mismatch repair (MMR) pathways maintain the integ-

rity of genomic DNA by eliminating errors incorporated

during replication and recombination. The initial steps of

DNA-mismatch recognition and repair initiation in the post-

replication MMR pathway are mostly conserved from

bacteria to humans with MutS in prokaryotes and MutS

homologs (MSH) in eukaryotes recognizing defective

DNA and initiating repair (1–3). A functional MSH protein

leading to correct mismatch recognition and subsequent

deletion is especially important in humans for the avoidance

of cancer phenotypes (4).

Prokaryotic MutS is comprised of monomers with iden-

tical sequence, termed S1 and S2, although it forms a struc-

tural heterodimer when bound to DNA (5,6). MutS is known

to recognize base-base mismatches and short base insertions

or deletions, leading to their successful repair. In eukaryotes,

at least seven variants of MSH have been identified. They

form a number of heterodimers, of which MSH2-MSH6

corresponds most closely to MutS (with MSH2 correspond-

ing to S2, and MSH6 corresponding to S1) (2). Like MutS,

the MSH2-MSH6 complex also recognizes basepair

mismatches and single base insertions or deletions with

high efficiency, but does not efficiently recognize longer

base insertions or deletions (1,2).

After MutS or MSH2-MSH6 is successfully associated

with a mismatch, a complex is formed in the presence of

ATP with MutL in prokaryotes (7) or MutL homologs
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(MLH) in eukaryotes (8) to promote downstream repair

events. Crystal structures of prokaryotic MutS from Escheri-
chia coli (E. coli) (6), Thermus aquaticus (5), and human

MSH2-MSH6 (9) bound to different basepair mismatches

or a single thymine insertion/deletion have become available.

The structures all show the same architecture with two main

functional sites at opposite ends of the dimer: a DNA-binding

site and an ATPase site. As evidenced by the crystal struc-

tures, the clamp and DNA-binding domains (domains IV

and I, respectively) from both chains (S1 and S2 of MutS or

human MSH2-MSH6) encircle the mismatched DNA

(Fig. 1). However, only the DNA-binding domain of one of

the chains is in direct contact with the mismatch, giving rise

to structural and functional asymmetry between the dimer

moieties. Specific contacts with the mismatch base are made

through a conserved ‘‘Phe-X-Glu’’ motif in the DNA-binding

domain of chain S1 in MutS and MSH6. Insertion of this motif

into the minor groove of the DNA is coincident with signifi-

cant DNA bending (~60�) and minor groove widening at

and around the mismatch site compared to canonical DNA.

The bent conformation of the DNA is further stabilized

through nonspecific contacts from the clamp domain.

The nucleotide-binding domains (NBDs; domain V)

reside on the opposite end of the protein with the ATP-

binding sites (ATPase sites) lying close to the dimerization

interface. Biochemical studies have provided evidence for

functional coupling between DNA scanning, mismatch

recognition, repair initiation, and ATPase activity (10–13),

which suggests allosteric signaling within the MutS or

MSH dimers. Each MutS ATPase domain belongs to the

ATP binding casette (ABC) superfamily (14) and is

comprised of functionally important residues from both
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FIGURE 1 Crystal structure of

MSH2-MSH6 in front (A) and sideways

(B) orientation. Protein domains are

indicated online in red (I, DNA

binding), orange (II, connector), yellow

(III, lever), green (IV, clamp) and blue

(V, ATPase) and in shades of gray in

print. DNA is indicated in light (base-

pairs) and dark (backbone) brown, and

bound ADP molecules are magenta.

Darker shades refer to MSH6; lighter

shades refer to MSH2. (C) Close-up

view of the NBD highlights the Walker

A motif in yellow, the Walker B motif

in orange, and the signature loop in

green.
chains, as shown in Fig. 1 C (15). The NBD residing in each

particular chain consists of Walker A and Walker B loops

that are important for nucleotide phosphate binding and

phosphate catalysis, respectively. Another loop containing

a conserved phenylalanine residue (596 in MutS, 650 in

MSH2, and 1108 in MSH6) stacks with the nucleotide

adenine ring and the cavity is completed by the signature

loop of the opposite monomer, which has been suggested

to play an important role in catalysis. Several studies have

suggested that the ATPase activities of the two chains are

strongly correlated with each other and follow a sequential

rather than simultaneous pattern of ATP hydrolysis (10).

Moreover, both sites show intrinsic asymmetry in the

ATPase activity, with nucleotide-binding affinities changing

significantly for each ATPase site during the recognition

cycle (10–13,16). In free enzyme or when bound to regular

DNA, the chain that contacts the DNA mismatch (S1 or
Biophysical Journal 96(5) 1707–1720
MSH6) has a higher affinity for ATP compared to the other

chain, whereas chain S2 or MSH2 binds mostly ADP

(13,16). It is further known that ATP hydrolysis occurs

rapidly in S1/MSH6 when the protein is bound to regular

DNA and that ADP release is the rate-limiting step (11).

The ATPase site of the other chain has a much slower hydro-

lysis rate (13). These results highlight a differential behavior

of the two ATPase sites when the protein is bound to regular

DNA, as depicted schematically in Fig. 2. During scanning

of regular DNA, the NBD of chain S1/MSH6 binds ATP fol-

lowed by fast hydrolysis to ADP. However, since exchange

of ADP for ATP does not occur as rapidly as hydrolysis,

ADP will be bound to this site for the majority of the time.

At the same time, ADP is also bound predominantly to the

other NBD of chain S2/MSH2.

Experimental data suggest that mismatch binding

promotes the exchange of ADP for ATP while stalling
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FIGURE 2 The dynamic behaviors

of the ATPase site in both chains are

represented along an arbitrary hori-

zontal time axis. Alterations among

three possible nucleotide-binding states

(ADP/ATP/free) of the NBD are shown

along the vertical axis with the help of

curves that represent different hydro-

lysis patterns during functionally impor-

tant phases of the protein.
ATP hydrolysis of S1/MSH6 (11,12). The resulting pro-

longed ATP-bound state at S1/MSH6 ‘‘authorizes’’ recogni-

tion of a mismatch by the DNA binding domain, whereas

ATP is readily hydrolyzed when the DNA binding domain

is bound to regular DNA (17). Furthermore, stable ATP

binding by S1/MSH6 ultimately leads to reduced ADP-

binding affinity in the ATPase site of S2/MSH2. This presum-

ably enhances the ATP-binding affinity of S2/MSH2 (13).

The dual ATP-bound state is believed to trigger a conforma-

tional change to a sliding clamp conformation whereby the

mismatch is released by the DNA-binding domain and rebind-

ing of mismatched DNA is inhibited (12,13). Of interest,

a recent single-molecule study on MSH2-MSH6 demon-

strated that the sliding motion along DNA after mismatch

recognition is independent of ATP hydrolysis (18).

Although there is a general understanding of the long-

range allostery of MutS and its homologs involved in recog-

nition and repair initiation, the molecular-level events

leading to the functional correlation between N-terminal

DNA mismatch recognition and C-terminal nucleotide

binding and hydrolysis have remained elusive. Further

advances in this respect have been hindered by the fact

that the available crystal structures show only the

mismatch-bound state and do not provide information about

the different nucleotide-bound combinations in the two

ATPase domains. Until now, the complex interplay between

functional states of the two ATPase- and DNA-binding sites

has mostly been elucidated by biochemical kinetic studies

that failed to provide a molecular-level understanding of

the process. Experiments may continue to reveal additional

information for different functional states; however, confor-

mational sampling of proteins can also be studied by theoret-

ical means. Molecular-dynamics simulations that often offer

insights in this regard are not easily applicable to MutS

because of the long timescales of the mismatch recognition

process and the large system size of the MutS-DNA

complex. Normal-mode analysis (NMA) is an alternative

strategy for studying large-scale conformational changes in

biomolecules. NMA relies on a harmonic approximation of

the potential energy surface around a minimum energy struc-

ture, and the resulting lowest-frequency dynamic modes

often resemble biologically relevant functional motions

(19,20). Here, we applied NMA to study the conformational
dynamics of MutS and its eukaryotic homolog MSH2-

MSH6. The results suggest a new molecular-level under-

standing of the long-range allosteric pathway in the functional

interplay among DNA mismatch recognition, nucleotide-

binding activity, and repair initiation. A structural characteriza-

tion of distinct conformational states, along with the elucidation

of a complete functional cycle, offers possible avenues for vali-

dating the proposed cycle through experiments.

MATERIALS AND METHODS

Normal-mode (NM) calculations were performed on E. coli MutS and its

human homolog, MSH2-MSH6, in the absence of any bound nucleotides.

Calculations were performed on each protein in the presence or absence of

DNA, resulting in a total of four sets of NM calculations. These are referred

to as MSH-DNA, MSH-free, MutS-DNA, and MutS-free for MSH2-MSH6

with DNA, MSH2-MSH6 without DNA, MutS with DNA, and MutS

without DNA, respectively. Initial structures of E. coli and human protein

were obtained from Protein Database (PDB) IDs 1E3M (6) and 2O8B (9),

respectively, and missing loops were constructed using MODELLER (21).

The structures were then extensively energy minimized using the

CHARMM22/CMAP force field (22) and distance-dependent dielectric

(3 ¼ 4). The root mean-square deviations (RMSDs) of the minimized struc-

tures with respect to the crystal structures were 2.08Å, 2.42Å, 1.28Å, and

2.06Å for MSH-DNA, MSH-free, MutS-DNA, and MutS-free, respectively.

Low RMSD values indicate that extensive minimization in the absence of

explicit water or DNA does not lead to significant structural deviations

from the crystal structure. NMs were calculated by means of the block-NM

approach using the VIBRAN module in CHARMM (23,24), version c33a2,

and with the same force field as used for minimization. Only low-frequency

modes were analyzed in both proteins because they are the most relevant

for describing functional motions involving the entire complex. To calculate

the similarity between individual modes among MutS and MSH2-MSH6, we

defined the overlap index for each pair of modes (i,j) as jð
P

k

Sik$HjkÞ=kj,

where k is the number of aligned residues of MutS and MSH, Sik is the kth

component unit vector of the ith mode of MutS, and Hik is the kth component

unit vector of the jth mode of MSH. Each dot product contributing to the sum

is between unit vectors and can possess a maximum value of 1 for residue pairs

moving in exactly the same direction, or a value of�1 for residue pairs moving

in exactly the opposite direction. The value of the overlap index can thus reach

a maximum value of 1 for an ideal case in which all aligned residues of two

proteins are moving in exactly the same or opposite direction. The sequence

alignment between MSH2-MSH6 and MutS was taken from previous work

(9). Molecular graphics were generated using PyMOL (25).

RESULTS AND DISCUSSION

NM calculations were carried out to explore the possible

conformational dynamics of MutS and MSH2-MSH6 from
Biophysical Journal 96(5) 1707–1720



1710 Mukherjee et al.
Biophysical Journal 96(5) 1707–1720
the perspective of the crystal structures. Apart from conduct-

ing NMA calculations on both proteins with bound DNA, we

also considered proteins without DNA to allow dynamics

beyond the DNA mismatch bound form. Results from the

analysis of MutS and MSH2-MSH6 in the presence and

absence of DNA are discussed below. Data from four

different sets of NM calculations are referred to as MSH-

DNA, MSH-free, MutS-DNA, and MutS-free for MSH2-

MSH6 with DNA, MSH2-MSH6 without DNA, MutS

with DNA, and MutS without DNA, respectively.

Flexibility of MutS and MSH2-MSH6 from NMs
and x-ray data

Root mean-square fluctuations (RMSFs) provide information

about inherent protein flexibility. They can be deduced from

experimental B-factors or can be calculated from NMs (26).

The results in Fig. 3, A–D, show that the RMSFs calculated

from experimental B-factors are uniformly high due to the

limited resolution of the MSH2-MSH6 crystal structure

(2.75 Å) and do not provide significant information about

relative domain fluctuations. RMSFs from B-factors of the

MutS crystal structure (with a resolution of 2.2 Å) are still

high but indicate increased flexibility in MutS domains I

and IV, and parts of III, in particular for chain S2. In contrast,

RMSFs calculated from the first 10 NMs show significant

differences in the domain movements. MutS-free and MSH-

free exhibit large flexibility in the DNA binding and clamp

domains (I and IV) and a lesser degree of flexibility between

the lever domains (III). In contrast, the ATPase domains (V)

show comparably low structural fluctuations. Mode calcula-

tions for MutS-DNA and MSH-DNA provide qualitatively

similar results, but with damped flexibility in the clamp

domains and in the DNA-binding domains of chain MSH6

and MutS S1. Fig. 4, A–D, show both proteins colored accord-

ing to the B-factors calculated from NM RMSF values.

The NMA-based dynamics of MutS and MSH2-MSH6 are

remarkably similar between chains, as well as between the

prokaryotic and eukaryotic enzymes. MSH6 and domain I

of MSH2 appear to be slightly more rigid compared to

MutS, which may relate to the functional specialization of

MSH2-MSH6. One may speculate that MutS requires

increased flexibility to recognize both mismatches and

longer insertions/deletions, in contrast to MSH2/MSH6,

which recognizes only mismatches and single base inser-

tions/deletions. Although an absolute comparison of RMSF

FIGURE 3 RMSF of Ca atoms as a function of residue number calculated

from the first 10 NMs (online: red, without DNA; black, with DNA) and

from crystallographic B-factors according to RMSFXray ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3B=8p2

p

(blue, thick dots) for MSH6 (A), MSH2 (B), MutS S1 (C), and MutS S2

(D). Discontinuities in the RMSF x-ray curve are due to missing residues

in the crystal structures. Protein domains are indicated by colored bars (on-

line), with red, orange, yellow, green, and blue for domains I, II, III, IV, and

V, respectively. Chain MSH6/MutS S1 is indicated by dark shades, and

MSH2/MutS S2 is indicated by light shades.
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FIGURE 4 Protein backbone showing thermal fluctuations color-coded by B-factors calculated from RMSF of the first 10 modes for MSH-free (A),

MSH-DNA (B), MutS-free (C), and MutS-DNA (D). The color scale for B-factors is provided at the end of the figure.
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values from a small number of NMs between proteins of

different sizes may be problematic, very similar results

were obtained when motions of the first 100 modes were

accumulated (data not shown).

Furthermore, it appears that MSH2 and MutS S2 are

slightly more flexible than MSH6 and MutS S1, respectively,

with the exception of the clamp domain for MSH-DNA and
MutS-DNA systems. The increased flexibility in domain I of

MSH2 or MutS S2 and the decreased flexibility of the clamp

domain compared to the other chain correspond to the struc-

tural asymmetry of MutS and MSH2-MSH6. The increased

flexibility of domain I of MSH2/MutS S2 probably results

from the fact that they do not make considerable contacts

with the DNA, whereas extensive DNA contacts of the
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clamp domains of MSH2/MutS S2 compared to the other

chain accounts for its decreased flexibility. It was observed

that the clamp domain of MSH2 and MutS S2 makes 83

and 86 atomic contacts with the DNA, respectively, whereas

that of MSH6 and MutS S1 makes only 62 and 42 contacts,

respectively. It was further observed that the clamp and lever

domains of MutS S1 are more flexible compared to those of

MSH6, which again is a result of fewer atomic contacts made

by the clamp of S1 with the DNA compared to MSH6. The

number of atomic contacts was calculated by considering

protein heavy atoms around 5Å of the DNA in the minimized

structure of both proteins. Finally, Fig. 4 highlights that the

clamp and lever domains of MSH2 in MSH-DNA are

slightly more flexible than the corresponding domains in

MutS S2 of MutS-DNA. These differences are probably

the result of the proteins being bound to DNA segments of

varying lengths. MutS-DNA has a longer DNA (3 basepair

steps more than MSH-DNA), which topologically constrains

the mobility of MutS S2, giving rise to a more rigid S2 clamp

compared to that of MSH2. The portion of the lever domain

of S2 that is tightly connected to the clamp also undergoes

some degree of rigidification. The rigidification of MutS

S2 may be more close to reality, as DNA undergoing repair

in the cell is much longer than that observed in the crystal

structures. It should also be mentioned that substantially

longer DNA can alter the extent of flexibility observed in

the clamp of the other chain, namely, S1 and MSH6. Hence,

difference in the flexibility of clamp and lever due to the

presence of a much larger DNA cannot be directly inferred

from these studies using fragmented DNA. The only

observed fact is that an overall decreased flexibility of the

clamps and levers will result in both chains when compared

to DNA-free systems.

Finally, it was observed that the RMSF for protein with

DNA spikes at residues 1275–1281 in MSH6 and residues

663–666 in MutS S2. This is likely a manifestation of the

tip effect (27) and is considered physically meaningless.

Correlated motions in MutS and MSH2-MSH6

Covariance plots averaged over the 10 lowest NMA modes

were calculated to examine correlated motions in all four

systems under investigation. The results shown in Fig. 5

indicate similar overall correlations in MutS and MSH2-

MSH6 in the absence and presence of DNA. Furthermore,

both chains of MutS and MSH2-MSH6 show similar average

correlation patterns, with only minor variations, despite the

structural asymmetry of the complex. Common to all

chains are correlations within each domain, reflecting

rigid-body domain motions, such as correlations between

adjacent domains II (connector domain) and III (lever

domain), between III and V (ATPase domain), and between

I (DNA binding domain) and II. Whereas correlations

within the same subunit are generally positive, correlations

between dimer moieties are mostly negative, with the
Biophysical Journal 96(5) 1707–1720
exception of a strong positive correlation between the two

ATPase domains and the two clamp domains as a result of

dimerization.

The plots indicate a high positive correlation between the

lever domains and parts of the ATPase domains immediately

FIGURE 5 Average covariance from the first 10 modes in MSH2-MSH6

(A, upper triangle: MSH-free; lower triangle: MSH-DNA) and MutS

(B, upper triangle: MutS-free; lower triangle: MutS-DNA). Protein domains

in both chains are indicated by colored bars following the same color scheme

as in Fig. 3.
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adjacent to the lever, including the ATPase-binding sites.

Experiments suggest the presence of long-range allostery

between the N-terminal DNA-binding domain and the C-

terminal ATPase domains; however, a clear understanding

of the allosteric pathway is lacking. Strong correlations

between the ATPase sites and lever domains highlight the

propagation of signals within the two functional sites via

the levers. Furthermore, the DNA-binding domain in

MSH6 and MutS S1 has a strong negative correlation with

the ATPase domain in MSH2 and MutS S2, respectively,

in particular for MSH-DNA and MutS-DNA, again suggest-

ing conserved domain motions that are important for

allostery.

Correspondence between MutS and MSH2-MSH6
modes

The analysis of RMSFs and motional correlations indicates

that MutS and MSH2-MSH6 exhibit similar dynamic charac-

teristics in both the presence and absence of DNA. Further-

more, the correlation analyses from the first 10 modes

suggests dynamic coupling between DNA binding and

ATPase activity. To explore this point in more detail, the

10 lowest-frequency modes were individually compared

between different states of the same protein, i.e., between

MSH-free and MSH-DNA or between MutS-free and

MutS-DNA. The same comparison was also performed

between different proteins, i.e., MSH-free and MutS-free

and MSH-DNA and MutS-DNA. Table 1 shows the overlap

indices calculated between any pair of modes from four

different systems as described in Materials and Methods.

An overlap index value of 1.0 means that atoms move in

identical directions in the two modes that are compared,

and a value of 0.0 means that motions are entirely orthogonal

or that atom motions have zero amplitude. Although a value

of 1.0 or close to it is unlikely even for very similar struc-

tures, visual inspection of the MutS and MSH modes indi-

cates that the motions are qualitatively similar when overlap

indices are at 0.6 and above and, to a lesser but still substan-

tial extent, when values are between 0.5 and 0.6, especially

when MutS is compared with MSH. Relatively low overlap

indices despite visually similar motions are due to uncer-

tainties in the alignment between the two proteins, with

a sequence identity of only 21% and 24% for MSH2 and

MSH6 (9); differences in structure; and significant overall

flexibility due to the multidomain nature of both MutS and

MSH.

Table 1 shows that the highest degree of overlap on

a mode-by-mode basis exists between MSH-free and

MSH-DNA, and also between MSH-free and MutS-free

systems. There is a lesser degree of one-to-one correspon-

dence between MutS-free and MutS-DNA, and also between

MSH-DNA and MutS-DNA, with individual modes being

reordered more significantly according to frequencies in

these systems. High one-to-one overlap is found between
modes 1, 2, 3, 4 of MSH-free and modes 1, 5, 3, 4 of

MutS-free; between modes 1, 3, 4, 9, 10 of MSH-DNA

and modes 2, 5, 4, 9, 10 of MutS-DNA; between modes 1,

2, 4, 5, 8, 9 of MSH-DNA and modes 2, 3, 4, 5 and 9, 10,

7 of MSH-free; and between modes 1, 2, 3, 5 of MutS-

DNA and modes 2, 5, 3 and 9, 7 of MutS-free. It is apparent

that many modes do not match on a one-to-one basis, but

share common features with multiple modes (e.g., mode 2

of MSH-free matches modes 2, 5, and 8 of MutS-free). It

is known from previous studies that the complex domain

motions that are responsible for altered functional states in

a large protein are often better represented as a combination

of low-frequency modes. Our studies also suggest that the

low-frequency modes of both MSH and MutS exhibit

almost similar domain flexibility, whereas specific protein

dynamics are often seen to occur as a combination of

multiple modes showing different degrees of mode mixing

in both proteins. The degree of mode mixing observed in

this study will likely change as a result of using different

force fields or coarse-grained models, but low-frequency

NM space will likely be conserved in all NM analyses,

provided the starting structure remains the same. Thus, the

main aim of this study is to highlight the conserved nature

of domain motions in both proteins, rather than to highlight

any specific mode or modes responsible for the protein

function.

The presence of DNA alters the structural flexibility to

some extent, as evidenced by the differences between modes

in the presence and absence of DNA. For example, mode 1 is

present in MSH-free and MutS-free but not in MSH-DNA or

MutS-DNA. As described in more detail below, the mode

involves large motions of the clamp domains that are not

possible in the presence of DNA. Visual inspection further

reveals that altered motions of the clamp and DNA-binding

domains for structures in the presence and absence of

DNA is a major factor in reduced mode overlap indices

between the two protein systems, despite otherwise similar

overall motion. Of interest, MSH modes are much more

conserved in MSH-free and MSH-DNA systems than in

the two MutS systems. This suggests that protein flexibility

is altered more in MutS than in MSH2-MSH6 through

specific DNA interactions, especially near the DNA-binding

domain and clamps. This further reflects a more rigid overall

structure in MSH2-MSH6 that is optimized to interact

with mismatched DNA, whereas MutS requires more struc-

tural flexibility to interact with both mismatched DNA and

significantly distorted DNA structures with insertions or

deletions.

In this study, we focus more on modes from MSH-free

and MutS-free because they are more likely to indicate

motions from the known mismatch-bound crystallographic

structures toward alternate states during DNA scanning

and MMR. A comparison of the modes between MSH-

free and MutS-free indicates that modes 1, 3, 4, and 9

from both complexes significantly overlap and may be
Biophysical Journal 96(5) 1707–1720
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TABLE 1 Overlap index for a pair of modes, each from two different sets

Mode No. 1 2 3 4 5 6 7 8 9 10

MSH-free (rows) versus MutS-free (columns)

1 0.8 0.1 0.2 0.2 0.0 0.1 0.2 0.3 0.2 0.1

2 0.2 0.5 0.1 0.0 0.6 0.1 0.3 0.5 0.0 0.1

3 0.0 0.3 0.8 0.3 0.2 0.2 0.1 0.0 0.3 0.1

4 0.2 0.1 0.2 0.6 0.3 0.5 0.3 0.3 0.2 0.1

5 0.1 0.5 0.1 0.1 0.5 0.4 0.3 0.2 0.1 0.2

6 0.1 0.0 0.1 0.5 0.2 0.3 0.3 0.3 0.4 0.1

7 0.2 0.2 0.1 0.1 0.3 0.0 0.5 0.3 0.3 0.5

8 0.3 0.2 0.1 0.1 0.0 0.4 0.5 0.5 0.5 0.0

9 0.1 0.2 0.2 0.2 0.2 0.4 0.1 0.0 0.6 0.3

10 0.1 0.3 0.1 0.3 0.0 0.4 0.2 0.1 0.2 0.3

MSH-DNA (rows) versus MutS-DNA (columns)

1 0.5 0.6 0.4 0.0 0.0 0.0 0.0 0.2 0.0 0.1

2 0.3 0.5 0.4 0.1 0.1 0.2 0.1 0.3 0.1 0.2

3 0.3 0.2 0.2 0.2 0.8 0.0 0.4 0.0 0.2 0.0

4 0.3 0.2 0.5 0.6 0.2 0.3 0.0 0.1 0.2 0.0

5 0.0 0.1 0.2 0.3 0.2 0.5 0.3 0.1 0.3 0.1

6 0.3 0.2 0.0 0.2 0.3 0.5 0.0 0.1 0.2 0.4

7 0.3 0.0 0.1 0.4 0.0 0.4 0.0 0.3 0.1 0.2

8 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.0 0.2 0.4

9 0.1 0.2 0.0 0.2 0.2 0.0 0.1 0.0 0.7 0.1

10 0.1 0.0 0.2 0.1 0.1 0.2 0.4 0.4 0.1 0.6

MSH-DNA (rows) versus MSH-free (columns)

1 0.5 0.7 0.0 0.1 0.3 0.0 0.2 0.1 0.0 0.2

2 0.1 0.0 0.9 0.1 0.2 0.0 0.2 0.2 0.1 0.2

3 0.5 0.4 0.1 0.2 0.4 0.4 0.3 0.4 0.2 0.2

4 0.2 0.1 0.1 0.9 0.2 0.3 0.2 0.3 0.3 0.0

5 0.2 0.0 0.2 0.0 0.6 0.2 0.4 0.1 0.7 0.0

6 0.2 0.2 0.2 0.1 0.0 0.4 0.3 0.0 0.2 0.2

7 0.0 0.0 0.2 0.0 0.1 0.5 0.2 0.2 0.4 0.1

8 0.0 0.2 0.0 0.1 0.3 0.3 0.1 0.1 0.0 0.8

9 0.0 0.1 0.3 0.1 0.1 0.2 0.7 0.2 0.2 0.0

10 0.0 0.0 0.1 0.0 0.2 0.4 0.2 0.4 0.1 0.1

MutS-DNA (rows) versus MutS-free (columns)

1 0.5 0.6 0.4 0.3 0.2 0.3 0.3 0.4 0.1 0.0

2 0.4 0.3 0.2 0.3 0.6 0.1 0.2 0.4 0.1 0.2

3 0.2 0.2 0.7 0.3 0.1 0.2 0.1 0.1 0.6 0.1

4 0.1 0.2 0.4 0.2 0.0 0.5 0.3 0.5 0.3 0.4

5 0.2 0.2 0.0 0.3 0.5 0.4 0.6 0.0 0.1 0.1

6 0.3 0.1 0.2 0.5 0.1 0.1 0.2 0.3 0.0 0.2

7 0.4 0.3 0.1 0.0 0.4 0.0 0.2 0.1 0.4 0.3

8 0.1 0.1 0.2 0.1 0.3 0.2 0.3 0.3 0.2 0.2

9 0.2 0.1 0.2 0.2 0.2 0.2 0.2 0.4 0.1 0.3

10 0.2 0.2 0.2 0.1 0.1 0.2 0.0 0.1 0.3 0.3

Values R0.5 are in bold; values R0.6 are also in italic.
considered equivalent. Modes 2 and 5 overlap significantly,

suggesting that these modes are simply reordered with

respect to their frequencies. However, there is also overlap

between mode 2 of both complexes, suggesting common

features in both modes. Otherwise, there is significant

mode overlap along the diagonal for modes 7–9 and

additional limited off-diagonal overlap for modes 6–10.

Overall, mode overlaps between MSH-DNA and MutS-

DNA are lower, but high overlap indices are again limited

mostly to diagonal or nearby off-diagonal elements,

with modes 1, 2, 3, 4, 5, 6, 9, and 10 of MSH-DNA corre-

sponding to modes 1 and 2, 2, 5, 4, 6, 6, 9, and 10 of MutS-

DNA.
Biophysical Journal 96(5) 1707–1720
Low-frequency modes in MSH2/MSH6

Our analyses indicate that the dynamic characteristics are

largely conserved between MutS and MSH2-MSH6 in both

the presence and absence of DNA. This is not surprising, but

it is also not trivial given the structural differences between

the eukaryotic and prokaryotic enzymes and the slightly

different biological functions. In the following, we describe

the lowest-frequency modes in more detail, with a focus on

the modes of MSH-free.

The protein motion during each of the first five modes of

MSH-free is shown in Fig. 6. Close-up views of the ATPase

domains of selected modes are shown in Fig. 7. Modes 6–10
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of MSH-free and all 10 modes of MutS-free and MutS-DNA,

as well as those for MSH-DNA, are shown in Figs. S1–S5 in

the Supporting Material. Movies for mode 1 (Movies S1a

and S1b), mode 2 (Movies S2a and S2b), mode 3 (Movies

S3a and S3b), mode 4 (Movies S4a and S4b), and mode 5

(Movies S5a and S5b) of MSH-free are also provided. Initial

visual inspection suggests the following general conclusions

about the nature of domain motions in both MutS and MSH2-

MSH6: 1), Most of the modes show an overall breathing

motion of the DNA-binding cavity involving the clamp

and DNA-binding domains. The parts of the clamp domains

that are directly bound to the DNA backbone always show

damped motion in proteins with DNA, although movements

of other parts of the DNA-binding cavity show a similar kind

of breathing motion. Such an opening/closing motion of the

DNA-binding cavity corresponds to conformational transi-

tions between a mismatch-bound state and scanning/sliding

conformations where the interaction with DNA is presumed

to be weaker. 2), Many modes show a correlation between

opening/closing of the DNA-binding cavity and alterations

in the ATPase domain, in particular the nucleotide-binding

cleft. This finding establishes that both MutS and MSH2-

MSH6 are capable of allosteric communication between

DNA-binding and ATPase activity. The correlation between

motions of the DNA-binding domains and the ATPase

domains varies because it may involve the MSH6, MSH2,

or both ATPase domains in an alternating fashion. 3), A

mode that affects the nucleotide-binding cleft in both

ATPase domains in the same manner and at the same time

is not observed in any of the four cases studied. This finding

agrees with the experimental evidence that ATPase activity

in MSH2-MSH6 involves the two domains in a sequential

rather than a simultaneous fashion (10).

The individual modes are described in detail below:

Mode 1 involves a wagging motion of the clamp domain

along the direction of the DNA. The rotating motion around

the core, which is apparent in the rest of the enzyme, results

from a fixed center of mass. If the protein is aligned at

domains I, II, III, and V, only the clamp domain IV moves

in this mode. Mode 1 involves both chains to the same extent.

The exact functional role of this mode is unclear, but it may

be related to the translocation of MSH2-MSH6 along DNA

in the absence of mismatch when the clamps do not establish

strong contacts with the DNA backbone. This mode is absent

in both proteins bound to DNA mismatch, presumably due to

residue contacts with the bent DNA.

Mode 2 consists of a partial opening/closing motion of

the DNA-binding site that is less pronounced than in some

of the other modes. The unique aspect of this mode is the

FIGURE 6 Mode motions of MSH-free projected onto the minimized

crystal structure for modes 1 (A), 2 (B), 3 (C), 4 (D), and 5 (E). Motions

are indicated by colored arrows (online) in the direction of the mode vectors

for every sixth residue. Motions involving the clamp, DNA-binding, and

ATPase domains are shown in green, red, and blue, respectively.
Biophysical Journal 96(5) 1707–1720
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alternating opening/closing of the nucleotide-binding clefts

between the MSH2 and MSH6 ATPase domains (Fig. 7).

It appears likely that this mode is involved in coupling

MSH6 and MSH2 ATPase activity in a sequential fashion.

As mentioned above, mode 2 in MSH-free has high overlap

with mode 5 of MutS-free. However, this is due to similar

motions in the DNA-binding, clamp, and core domains.

The alternating opening/closing of the two nucleotide-

binding sites is not present in mode 5 of MutS-free, but is

seen instead in mode 2 of MutS-free. An alternating

ATPase movement that correlates similarly to motions in

the DNA-binding cavity is also observed in mode 1 of

FIGURE 7 Close-up views of the motions in the NBD of MSH-free

during modes 2 (A), 3 (B), and 5 (C). Arrows are placed on each Ca atom

in every three consecutive residues, and only displacements of more than

1Å are shown. The two chains and bound nucleotides follow the same color

scheme (online) as in Fig. 1 C.
Biophysical Journal 96(5) 1707–1720
MutS-DNA and MSH-DNA, suggesting that the interdomain

correlation is conserved in all systems.

Mode 3 couples opening of the DNA-binding site with

closing of the nucleotide-binding cleft in MSH2. The

opening of the DNA-binding site is achieved by the move-

ment of the clamp domains away from the DNA, as well

as the movement of the DNA-binding domain in MSH6

out of the plane of the MSH2-MSH6 complex. Relative to

the DNA, this motion moves domain I out of the DNA

groove rather than along its helical axis. In the open form

of this mode, most DNA contacts of MSH6 near the

mismatch site are lost and the DNA can essentially slide

freely relative to MSH2-MSH6. This mode is highly

conserved in all other systems of MutS and MSH, and is

thus expected to play an important role in the protein’s func-

tional cycle. An almost identical mode is observed for modes

2 and 3 for MSH-DNA and MutS-DNA. We note, though,

that the overlap index between the two modes in MSH-

DNA and MutS-DNA is small due to altered clamp move-

ments in MutS-DNA, but otherwise they show similar

domain motions.

Mode 4 consists mainly of a sideways motion of the clamp

and part of the lever domains toward either the MSH2 or

MSH6 side of the enzyme. This mode is asymmetric with

respect to the overall complex. A symmetric version of this

mode would result in clamp domain separation and lead to

an open dimer where the clamp domains are far away from

each other, as proposed for the DNA-free complex from

small-angle x-ray scattering (28). The symmetric mode is

not observed, presumably due to limitations of the harmonic

approximation in NMA.

Mode 5 involves closing of the DNA-binding cavity that is

coupled with opening of the nucleotide-binding cleft in

MSH6. The closing of the DNA-binding cavity is achieved

primarily by the motion of the clamp domains directly

toward the DNA. A similar overall motion is also found in

mode 2 of MutS-free, although the coupling between

opening and closing of the DNA-binding cavity with

changes in the ATPase domain of MutS S1 is more

pronounced in mode 6 of MutS-free. It is likely that MutS-

free achieves a motion equivalent to the MSH-free mode 5

through a combination of modes 2 and 6. A similar corre-

lated motion between the DNA-binding cavity and ATPase

domains is further observed in mode 5 of MSH-DNA and

mode 4 of MutS-DNA.

Functional cycle of MSH2-MSH6 and MutS
from NMs

The crystal structures of MutS and the MSH2-MSH6

complex show only the mismatch-bound conformation. It

is clear, however, that other functional states are involved

during scanning of regular DNA, authorization of MMR,

and sliding of the enzyme along DNA during and immedi-

ately after repair before DNA scanning is resumed. On the
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molecular level, these different states are likely reflected in

altered conformations of MSH2-MSH6 and MutS. X-ray

crystallographic approaches have not identified alternate

states of MSH2-MSH6, but there is evidence of alternating

ATP- and ADP-bound states from small-angle x-ray scat-

tering (28), where ATP binding has resulted in more compact

protein conformations. The NMA presented here offers for

the first time, to our knowledge, insights into the functional

dynamics of MSH2-MSH6 and MutS beyond the known

DNA-mismatch bound crystal structures. By combining the

conserved low-frequency modes in a sequential fashion, it

is possible to propose, for the first time, a complete func-

tional cycle of MSH2-MSH6 and MutS that is in full agree-

ment with experimental observations. The proposed molec-

ular-level picture of the cycle is illustrated in Fig. 8 and

described in detail below.

DNA binding

The functional cycle of MSH2-MSH6 and MutS begins with

binding to newly replicated DNA. Experimental data suggest

that DNA-free MutS is present in an open form. Upon asso-

ciation with DNA, the clamp domains are presumed to close.
The asymmetric mode 4 indicates how the clamp domains

might separate, starting from the DNA-bound form, without

significantly affecting the structure of the rest of the enzyme.

DNA scanning and mismatch recognition

Once MSH2-MSH6 or MutS is bound to DNA, it will begin

scanning for base mismatches. According to single-molecule

experiments, MSH2-MSH6 moves along regular DNA via

one-dimensional diffusion (18), whereas DNA-binding

kinetics indicate that the protein is not bound strongly to

DNA in the absence of a mismatch (1,29,30). In contrast,

MSH2-MSH6 and MutS interact closely with mismatched

DNA in a highly bent form, as evidenced by the crystal struc-

tures (5,6,9). The formation of highly bent DNA is greatly

facilitated by the presence of base mismatches or base inser-

tions/deletions (31) and is believed to be the main feature by

which mismatch DNA basepairing is recognized (1). The

transition from scanning to mismatch recognition is therefore

expected to involve a significant change in the DNA-binding

domain from a relaxed conformation with relatively weak

protein-DNA interactions to a tightened conformation in

which the enzyme holds on to highly bent DNA. The
FIGURE 8 Schematic diagram repre-

senting distinct conformational states

during the functional cycle of MSH2-

MSH6 or MutS.
Biophysical Journal 96(5) 1707–1720
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opening/closing motion of the DNA-binding cavity in mode

5 of MSH2-MSH6 describes such a transition in molecular

detail.

The transition from DNA scanning to mismatch recogni-

tion is coupled to the fast exchange of ADP to ATP and subse-

quent stalling of ATP hydrolysis in MSH6, according to

kinetic experiments (10–13). Mode 5 couples closing of the

DNA-binding cavity to opening of the MSH6 or MutS S1

nucleotide-binding cleft, and vice versa. The nucleotide-

binding cleft is sandwiched between the Walker A motif

and a loop, which acts as a flap over the adenine moiety.

This loop contains a conserved Phe residue (Phe596 in

MutS, Phe650 in MSH2, and Phe1108 in MSH6) that stacks

with the adenine ring in all available crystal structures.

Previous studies of ATP binding in some ATPases revealed

that binding often induces tightening of the site that is required

for ATP hydrolysis, as suggested by an increase in the hydro-

phobicity of the binding pocket (32) or closing of specific

loops in the presence of the nucleotide, resulting in a tightened

cavity (33). We hypothesize that an open nucleotide-binding

cleft in the MSH2-MSH6 and MutS ATPase domains encour-

ages ATP binding but inhibits hydrolysis. In contrast, closing

of the ATPase cavity predominantly involves movement of

the loop bound to the adenine ring toward the catalytic center

(Walker B motif), thereby ensuring successful ATP catalysis.

Mode 5 therefore provides a molecular-level picture of how

mismatch recognition through deformation of DNA at the

mismatch site might be coupled to the experimentally

observed changes in MSH6 ATP activity.

In most of the crystal structures of MSH2-MSH6 and

MutS, ADP or a nonhydrolyzable ATP analog is present in

both or any one of the chains, although only one MutS struc-

ture with bound ATP on both chains has been reported so far

(15). The difficulties of observing the protein with stable

ATP bound MSH6/S1 may be attributed to crystal packing

that does not allow the formation of ATPase domains that

are truly catalytically inactive (15). Thus, the crystal struc-

ture with ATP at S1 may not be fully representative of the

true nonhydrolyzable state of the protein; rather, it may

represent a different trapped intermediate state.

Initiation of repair

The next step after base mismatch recognition is initiation of

the repair process. This involves binding of MutL/MLH to

MutS/MSH2-MSH6 (1–3), which then signals further down-

stream events. Furthermore, kinetic studies indicate that

ADP exchanges for ATP in the MSH2 ATPase domain

subsequent to ATP binding in the MSH6 ATPase domain

(13). The sequential coupling of ATP binding to the two

ATPase domains mirrors alternating ATP hydrolysis activity

in other dimerized ATPase domains as in ABC transporters

(34), and can be understood in terms of the alternating

opening/closing of the nucleotide-binding clefts seen in

mode 2. We hypothesize that the initially very open
Biophysical Journal 96(5) 1707–1720
ATP-binding site in MSH6 after mismatch recognition

partially closes upon ATP binding, which in turn leads to

opening of the MSH2 ATP-binding site according to mode

2 and subsequent exchange of ADP for ATP in MSH2.

Mode 2 also involves structural rearrangement outside the

ATPase domain, indicating that the enzyme assumes

a distinct conformation at this step of the functional cycle,

possibly to facilitate MutL/MLH binding.

Repair and mismatch release

Recent experiments suggest that after the initiation of repair,

MSH2-MSH6 and MutS form a mobile clamp state that slides

along the DNA in search of downstream repair proteins

(12,13,18,35,36). A transition from the mismatch-bound state

to a sliding conformation requires reopening of the DNA-

binding cavity to a form that still holds the DNA but is not

competent to rebind mismatched DNA (12). Moreover, this

sliding activity is not powered by ATP hydrolysis. This tran-

sition remains to be elucidated by experimental studies. We

propose that the most conserved mode in both proteins, i.e.,

mode 3, describes the molecular events involved in the forma-

tion of sliding clamp conformation. In mode 3, the DNA-

binding cavity is opened by the release of the clamps from

the DNA coupled to a large motion of the DNA-binding

domain perpendicular to the DNA helix. As a result, intimate

interactions with the mismatch through the DNA groove

become impossible. This is particularly true for interactions

involving the highly conserved Phe-X-Glu motif, which is

known to interact specifically at the mismatch site

(5,6,9,15). The protein is capable of sliding along the DNA

in this state. The release of DNA mismatch binding and sliding

according to mode 3 is coupled to a tightening of the MSH2

ATP-binding site, which would facilitate eventual ATP hydro-

lysis in MSH2 and allow recovery of the DNA scanning mode.

Although specific NMs have been mentioned in descrip-

tions of molecular events during scanning, mismatch

binding, and sliding clamp formation, it is likely that opening

and closing of the DNA-binding cavity actually occurs as

a result of multiple low-frequency modes. This is even

more likely because almost all of the low-frequency modes

studied, except mode 1 in MSH-free and MutS-free, exhibit

some kind of breathing motion of the DNA-binding cavity

that involves different domain motions, such as those of

the clamps, levers, and DNA-binding domain. The specific

modes used to describe the conformational changes in the

functional cycle only show the necessary synchronization

between the opening/closing of the DNA-binding cavity

and the ATPase cleft, and thus are used to describe the exper-

imentally observed allosteric effects.

Validation through experiments and further
simulation

The results from the NM calculations presented here allow us

to make a number of predictions about the functional
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dynamics of MutS and MSH2-MSH6 and the existence of

additional functional states that have not been characterized

on a molecular level to date. In particular, we propose molec-

ular-level details of long-range allosteric coupling between

the N-terminal DNA-binding domains and the C-terminal

ATPase sites, as well as coupling between the two adjacent

ATPase sites, which are known to exhibit a sequential

pattern of action. In addition, the results presented here

provide an atomic level characterization of distinct states in

the functional cycle of MutS and MSH2-MSH6. A more

open DNA scanning conformation is proposed and a sliding

clamp state is predicted whereby the DNA-binding domain is

rotated out of the enzyme to result in structures that are

significantly different from the crystal structure. These find-

ings should stimulate further experimental and computational

studies to validate the predictions made here. In particular,

structural experiments could probe the nature of the DNA

scanning and sliding conformations based on the predictions

presented here, and biochemical studies could test mutations

that would disrupt the proposed domain movements. Further-

more, the proposed structures for alternate functional states

could be subjected to more extensive computational studies

to examine their stability and transitions between those states.

CONCLUSIONS

Results from NM calculations of MSH2-MSH6 and MutS

were used to develop a molecular-level picture of distinct

conformational states involved in their functional cycles. A

comparison of the modes between MSH2-MSH6 and MutS

reveals striking similarities, indicating that the two enzymes

are not just structurally but also dynamically and function-

ally equivalent on the molecular level. The most important

result indicates the presence of a strong motional correlation

between the ATPase domains and the lever domains in all

low-frequency modes analyzed, whereas individual modes

highlight the specific nature of the correlation between

the N-terminal DNA-binding domains and the ATPase

domains. This indicates that both MutS and MSH2-MSH6

are structurally capable of establishing long-range allostery

during their functional cycle. Based on a detailed analysis

of the lowest-frequency modes in the context of the available

experimental data, a detailed mechanism is proposed that

involves DNA scanning, mismatch recognition, repair initia-

tion, and sliding of MSH2-MSH6/MutS along DNA before

scanning is resumed.

NM calculations can provide an approximate view of bio-

logically relevant dynamics in biomolecules, but are limited

by the theoretical nature of the methodology. The ideas pre-

sented here suggest a number of experiments that could vali-

date and extend the proposed mechanism of DNA mismatch

recognition by MSH2-MSH6 and MutS. Furthermore, the

NM results can serve as starting points for additional compu-

tational studies to investigate the proposed functional states

and transitions between them in more detail.
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