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DNA mismatch repair is an essential safeguard of
genomic integrity by removing base mispairings that
may arise from DNA polymerase errors or from
homologous recombination between DNA strands. In
Escherichia coli, the MutS enzyme recognizes mis-
matches and initiates repair. MutS has an intrinsic
ATPase activity crucial for its function, but which is
poorly understood. We show here that within the
MutS homodimer, the two chemically identical
ATPase sites have different af®nities for ADP, and the
two sites alternate in ATP hydrolysis. A single residue,
Arg697, located at the interface of the two ATPase
domains, controls the asymmetry. When mutated, the
asymmetry is lost and mismatch repair in vivo is
impaired. We propose that asymmetry of the ATPase
domains is an essential feature of mismatch repair
that controls the timing of the different steps in the
repair cascade.
Keywords: ABC ATPase/alternating ATPase/asymmetry/
DNA mismatch repair/MutS

Introduction

During replication of the genome, the DNA mismatch
repair (MMR) system screens the genome for errors
produced by the DNA polymerase. Additionally, MMR
will remove base mispairs that may arise as a consequence
of homologous recombination as well as some chemical
errors (Aquilina and Bignami, 2001; Bellacosa, 2001;
Marti et al., 2002). In Escherichia coli, three proteins
initiate MMR. The ®rst, MutS, recognizes mispaired and
unpaired bases (1±3 bases), collectively called mismatches
(Su and Modrich, 1986; Parker and Marinus, 1992). After
binding to a mismatch, MutS binds the second protein
MutL which, in turn, activates the endonuclease MutH.
MutH then nicks the transiently unmethylated daughter
strand. At the site of the single-stranded nick, exonu-
cleases and helicases are loaded on the DNA and directed
to remove the daughter strand containing the mispaired
base. In eukaryotes, the system is conserved, albeit more
complex, with several MutS homologues (MSHx) that
form heterodimers (MSH2±MSH6, called MutSa; and
MSH2±MSH3, called MutSb) with different mismatch
speci®cities (Bellacosa, 2001; Marti et al., 2002).
Likewise, the MutL homologues (MLHx and PMSx)
also form heterodimers called MutLa (composed of

MLH1±PMS1 in yeast and MLH1±PMS2 in humans)
and MutLb (composed of MLH1±MLH3 in yeast and
MLH1±PMS1 in humans). In humans, mutations in the
mismatch repair genes hMSH2, hMSH6 and hMLH1 cause
predisposition to a frequent form of hereditary cancer
called hereditary non-polyposis colorectal cancer
(HNPCC) (Lynch and de la Chapelle, 1999).

In order to bind MutL, MutS needs to both recognize a
mismatch and bind ATP. The role of ATP binding and
hydrolysis has been studied intensively, but has led to
different interpretations. In one model, it is proposed that
MutS is a motor protein that uses ATP turnover to propel
itself along the DNA (Allen et al., 1997; Blackwell et al.,
1998). A second model predicts that MutS is a molecular
switch that uses ATP binding and ATP hydrolysis to
toggle between an active and inactive state (Gradia et al.,
1997). The molecular switch model also predicts that after
MutS has bound a mismatch, addition of ATP will cause
MutS to form a so-called `sliding clamp' that will diffuse
away from the mismatch along the DNA until it reaches an
open end, where it falls off (Gradia et al., 1999; Iaccarino
et al., 2000). A third model proposes that MutS uses ATP
to help it discriminate between heteroduplex and homo-
duplex DNA, and to `authorize' initiation of repair after
mismatch binding. In contrast to the previous two models,
it proposes that movement away from the mismatch is not
required for initiation of repair (Junop et al., 2001).

Although it is apparent that mismatch recognition and
ATP binding are both required for formation of the
MutS±MutL complex (Galio et al., 1999; Blackwell et al.,
2001; Bowers et al., 2001; Scho®eld et al., 2001), it
remains unclear how the communication between ATP
and mismatch binding is orchestrated. Also, the regulation
of the subsequent steps in the repair cascade is still largely
unsolved, although an important role for MutL is evident
as it not only forms a complex with MutS, but also
stimulates DNA nicking by MutH (Hall and Matson,
1999), and DNA unwinding by UvrD (helicase II)
(Yamaguchi et al., 1998).

Previously, we have determined the crystal structure of
E.coli MutS (DC800) binding to a DNA oligomer
containing a single G:T mismatch (Lamers et al., 2000).
The protein used for this structure lacks the C-terminal
non-conserved 53 amino acids, but is pro®cient in
mismatch recognition, ATPase activity and ATP-induced
DNA release, and is able to complement mismatch repair
in a MutS-de®cient strain. In the crystal structure, two
MutS molecules form a clamp that embraces the DNA
(Figure 6A). The DNA-binding domains and ATPase
domains are located at opposite ends of the complex, >90 AÊ

apart. At the DNA-binding end, the two monomers
encircle the DNA, but only one monomer contacts the
mismatch directly. At the other end of the MutS complex,
the two ATPase domains form the major interface of the
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MutS dimer. The overall features of this structure are very
similar to those of a Taq MutS structure reported at the
same time (Obmolova et al., 2000). Previously, the
ATPase domain of MutS has been classi®ed as belonging
to the superfamily of ABC ATPases (Gorbalenya and
Koonin, 1990) which includes the ABC membrane
transporters such as cystic ®brosis transmembrane
conductance regulator (CFTR), histidine permease and
P-glycoprotein, and several DNA maintenance/repair
enzymes including UvrA, SMC and RAD50. In the
different crystal structures of ABC ATPases, several
conformations of the ATPase dimer have been observed
[HisP (Hung et al., 1998), MalK (Diederichs et al., 2000),
RAD50 (Hopfner et al., 2000), MutS (Lamers et al., 2000;
Obmolova et al., 2000), MsbA (Chang and Roth, 2001)
and BtuCD (Locher et al., 2002)]. However, among these,
only one dimer type has been observed multiple times: in
the two MutS structures, in RAD50 and recently in the
structure of BtuCD. It is also this dimer conformation that
®ts best with biochemical data (Jones and George, 1999;
Hopfner et al., 2000; Junop et al., 2001; Mannering et al.,
2001; Qu and Sharom, 2001).

The structure of E.coli MutS is not only asymmetric in
mismatch binding but the chemically identical ATPase
domains are also asymmetric in their nucleotide-binding
mode. The monomer recognizing the mismatch binds an
ADP molecule while the other monomer is empty. In
contrast, the Taq MutS structures show no asymmetry in
nucleotide binding (Obmolova et al., 2000; Junop et al.,
2001). Nevertheless, it was shown that the two Taq MutS
ATPase sites interact closely, suggesting that they could
act sequentially (Junop et al., 2001). Asymmetry of the
ATPase domains has also been observed in the differential
effect of ATPase mutants for the human and yeast MSH2
and MSH6 proteins (Iaccarino et al., 1998; Studamire
et al., 1998; Bowers et al., 2000), but it remains unclear if
the asymmetry in the ATPase domains plays a role in the
DNA mismatch repair. Here we show that the two ATPase
domains of the E.coli MutS dimer are asymmetric not only
in the crystal structure but also in solution. The two
chemically identical ATPase domains bind ADP with
different af®nities and alternate during ATP hydrolysis
even in the absence of DNA binding. Loss of asymmetry
decreases the rate of hydrolysis, prevents ATP-induced
release of DNA and ultimately affects mismatch repair
in vivo.

Results

Nucleotide binding properties of MutS
To investigate the structurally observed asymmetry of the
ATPase domains (Lamers et al., 2000), we asked if this
asymmetry is present in solution and whether it affects the
ATPase reaction. In this analysis, we make use of
comparisons between wild-type MutS and an Arg697 to
alanine mutant (R697A), that we created because analysis
of the structure predicted that it could be important for the
asymmetry of the ATPase domains.

As a ®rst step, we wanted to determine binding
constants for the nucleotides. However, we had noticed
previously that MutS retains a nucleotide after puri®cation
by two lines of evidence. First, in an ATPase assay in
which ATP is regenerated from ADP, activity was found

prior to addition of ATP to the reaction mixture. Secondly,
when MutS was crystallized in the absence of nucleotides,
electron density for ADP was clearly visible in the
monomer binding to the mismatch (data not shown).
This implies that MutS must bind the nucleotide with high
af®nity, enabling it to retain the nucleotide during
puri®cation. In order to determine the nature of the
nucleotide, and to quantify the amount bound by puri®ed
MutS, the nucleotide was released from the protein
through boiling and quanti®ed in a bioluminescence
assay. As shown in Figure 1A, no ATP could be observed
in wild-type MutS. However, the amount of ADP in MutS
was close to 50% of the protein (monomers MutS),
suggesting that within the MutS dimer, only one of the two

Fig. 1. The MutS dimer has two non-equivalent ADP-binding sites.
(A) Amount of ATP and ADP retained by puri®ed MutS (wild-type and
R697A) as measured in a luciferase assay. (B) Filter binding studies on
wild-type and R697A MutS (5 mM) with increasing amounts of radiola-
belled ADP. (C) Diluting out ADP from wild-type MutS. Black dots
show the amount of radiolabelled ADP retained by MutS after dilution
in a ®lter binding assay. Lines indicate theoretical dilution curves of a
two-site binding model, with one site having a Kd of 10 mM and the
second site as indicated in the graph.
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monomers retains ADP with high af®nity. This ®nding is
in agreement with earlier results obtained for human
MutSa, where only ADP, but no ATP, could be detected
(Blackwell et al., 1998). The R697A mutant was expressed
and puri®ed under conditions identical to the wild-type
protein, showing no differences in multimerization as
assayed by size exclusion chromatography (data not
shown). However, R697A MutS no longer retains a
nucleotide since neither ATP nor ADP could be detected
in the bioluminescence assay (Figure 1).

To investigate whether both nucleotide-binding sites of
the MutS dimer can bind ADP, we attempted to saturate
both by adding increasing amounts of radiolabelled ADP
in a ®lter binding assay. Figure 1B shows 100% saturation
(monomers MutS), indicating that the second site can bind
ADP, albeit with lower af®nity than the ®rst site. The
binding curve in Figure 1B can be used for calculating
approximate dissociation constants (Kd) but, since the high
af®nity site of wild-type MutS is already fully saturated
when puri®ed, no information about its af®nity results
from this experiment. An apparent dissociation constant
(Figure 1C). could be calculated by diluting out the
nucleotide. At intermediate dilutions (5±0.5 mM), the low
af®nity site rapidly loses the ADP. The high af®nity site,
however, retains the nucleotide even at very low concen-
trations (6.25 nM), leading to an estimated Kd of <0.1 mM.
This value is in agreement with MutS retaining ADP
during the puri®cation, where it is never more dilute than
1 mM. When we use the value of 0.1 mM for the high
af®nity site to ®t a two-site binding model to the binding
curve of Figure 1B, we obtain a Kd for the second site of
~10 mM (Table I).

In the R697A mutant, both monomers can bind ADP,
but with a lower net af®nity. Interestingly, ®tting a two-
site model to the binding curve of R697A MutS results in
two sites with an equal af®nity of ~10 mM, again showing
that in R697A MutS the high af®nity site is lost.

The effect of asymmetry on ATP hydrolysis
The data presented above strongly suggest that the two
ATPase domains of the MutS dimer are asymmetric in
nature. Next, we wanted to know whether there is an effect
of the asymmetry on ATP hydrolysis. Analysis of the
ATPase activity did not indicate cooperativity between the
two domains, since the Hill coef®cient is equal to 1. To see
whether the two domains alternate during hydrolysis, we
inhibited ATPase activity by the addition of the non-
hydrolysable ATP analogue AMPPNP. In such an experi-
ment, one of two outcomes can be expected. If only one
monomer within the MutS dimer can hydrolyse ATP, or if
both monomers hydrolyse independently from each other,
50% reduction in activity at 50% occupation of AMPPNP
is expected. In contrast, if both monomers hydrolyse ATP,
but in an alternating manner, occupation by AMPPNP in
one monomer will also inhibit the other monomer, as it
cannot progress without the ®rst site completing hydro-
lysis. Thus, with an alternating ATPase, a much stronger
reduction of activity at 50% occupation of AMPPNP is
expected. For this experiment, the relative af®nities for
ATP and AMPPNP were determined by competing out
radiolabelled ADP with unlabelled ATP or AMPPNP
(Figure 2A and B). The two nucleotides competed with the
bound ADP to the same extent, indicating that they are

bound by MutS with equal af®nities. In the ATPase
inhibition experiments (Figure 2C), we found that at equal
concentrations of ATP and AMPPNP, the activity of wild-
type MutS was reduced by ~90%. In contrast, the R697A
mutant shows only 50% inhibition of ATPase activity at
equimolar concentrations of ATP and AMPPNP.

To con®rm that inhibition of ATP hydrolysis in one site
will prevent hydrolysis in the other nucleotide-binding
site, we performed a vanadate (Vi) trapping experiment.
Previously, vanadate was shown to inhibit ATP hydrolysis
in the ABC ATPases, P-glycoprotein (Urbatsch et al.,
1995b) and MalK (Sharma and Davidson, 2000), by
forming a stable complex of ADP-Vi. In the trapping
experiment, MutS was incubated with radiolabelled ATP
in either the presence or absence of vanadate. Next, an
excess of cold ATP was added to compete out the
radiolabelled nucleotide. As shown in Figure 3A, in the
presence of vanadate, both ATPase domains can bind a

Fig. 2. Inhibition of ATPase activity by AMPPNP. Competition of
bound radiolabelled ADP with cold ATP or AMPPNP in (A) wild-type
MutS and (B) R697A MutS. (C) Relative inhibition of ATPase activity
by AMPPNP for wild-type and R697A MutS. The ATP concentration
was kept constant, while the AMPPNP concentration was increased.
Assay conditions were equal to those in (A) or (B).
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nucleotide, although with somewhat reduced af®nity when
compared with binding in the absence of Vi. After washing
with cold ATP, most of the radiolabelled nucleotide is
washed out after the pre-incubation with ATP only.
However, after the pre-incubation with ATP and vanadate,
only half of the bound nucleotide can be released with cold
ATP. This is consistent with the observation that the two
sites are asymmetric in nucleotide binding. Although both
monomers can bind a nucleotide in the presence of Vi, only

one site can be stably trapped by ADP-Vi. In a subsequent
experiment, we analysed ATP hydrolysis after Vi trapping.
For this, we used conditions identical to those used above,
with the only difference that the pre-incubation step was
performed with cold ATP, while the wash step was
performed with radiolabelled ATP to monitor ATP
hydrolysis afterwards (Figure 3B and C). Pre-incubation
with ATP alone did not affect the rate of hydrolysis
(~12.5 mM ADP/min), but pre-incubation with vanadate
resulted in a reduction up to 80% (~2.7 mM ADP/min).
This implies that Vi trapping in one monomer indeed
inhibits hydrolysis in the other monomer. Interestingly, in
R697A MutS, vanadate could not be stably trapped and,
consequently, little inhibition of ATPase activity was
observed.

Finally, we used a pulse±chase experiment to analyse
ATP hydrolysis during steady state. Here, radiolabelled
ATP was incubated with MutS and subsequently chased
with an excess of unlabelled ATP, after which the reaction
was stopped with EDTA. As shown in Figure 4A, after
addition of the ATP chase, a single turnover of 0.5 mM
ATP was observed, equivalent to half the amount of MutS
monomers. This indicates that during steady-state ATPase
activity, hydrolysis takes place in only one monomer at a
time. In contrast, for the R697A mutant, no additional
hydrolysis is observed after the ATP chase (Figure 4B).

An additional observation suggests that the two ATPase
sites are coupled in hydrolysis. It has been shown that in
MutS, the rate-limiting step in hydrolysis is the release of
ADP (Gradia et al., 1999; Bjornson et al., 2000). With the
Km of the ATPase activity being similar to the Kd of the
low af®nity site, the release of ADP apparently takes place
in the low af®nity site. Nevertheless, mutation of Arg697
did not affect the Km of the protein, but still resulted in a
>10-fold decrease in activity. Since the R697A mutation
primarily affects the high af®nity site, this suggests that in
addition to the low af®nity site, the high af®nity site also
plays an important, but separate role in ATP hydrolysis.

Communication between the ATPase and
DNA-binding domains
In the crystal structure, it was observed that the asymmetry
in mismatch binding is `synchronized' with nucleotide
binding: the monomer binding to the mismatch also retains
the nucleotide, while the other monomer does neither.
Hence, we have studied the effect of asymmetry on the
communication between the ATPase domain and the
DNA-binding domain. For this purpose, ADP binding was
measured in the presence and absence of homoduplex and
heteroduplex DNA oligomers. As shown in Figure 5A,
both types of DNA reduce the af®nity for ADP, with the
strongest effect observed for heteroduplex DNA. The
R697A MutS behaves qualitatively similarly, but in this
mutant the effect of homoduplex DNA is less (Figure 5B).

Table I. ADP binding and ATP hydrolysis

Kd1 (mM) Kd2 (mM) Km (mM) kcat (/min) Hill coef®cient Inhibitiona

Wild type <0.1 10.3 6 1.8 8.7 6 1.0 13.2 6 0.8 1.08 90%
R697A 9.6 6 2.0 9.6 6 2.0 5.1 6 0.7 1.1 6 0.1 1.04 50%

aInhibition of ATP hydrolysis at an equal molar ratio of ATP and AMPPNP.

Fig. 3. Vanadate trapping and ATPase inhibition. (A) MutS (5 mM)
was incubated with radiolabelled ATP with or without vanadate (Vi).
Samples were spotted directly onto nitrocellulose ®lters or washed ®rst
with a large excess of unlabelled ATP as indicated. (B and C) ATPase
inhibition in wild-type and R697A MutS. In conditions identical to (A),
MutS was incubated with unlabelled ATP with or without vanadate,
after which labelled ATP was added to measure ATPase activity.
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In the opposite direction, the communication from
ATPase domains to DNA-binding domains is strongly
reduced in R697A MutS. R697A MutS still discriminates
between homo- and heteroduplex DNA as pro®ciently as
wild-type, albeit with somewhat reduced af®nities
(Table II). However, the ATP-induced release of DNA is
nearly completely lost in the mutant MutS (Figure 5C),
even though at the ATP concentration used both mono-
mers will bind ATP (Figure 2B). This is consistent with the
observed effects of the R697A mutation on nucleotide
binding, where the high af®nity site is lost. Apparently, in
this mutant, a stable ATP-bound state cannot be achieved,
resulting in the decreased DNA release.

In vivo repair: R697A MutS has a mutator
phenotype
To analyse the importance of Arg697 in mismatch repair
in general, we performed in vivo complementation assays
to monitor the mutation frequency of R697A MutS
(Table II). R697A MutS has a mutator phenotype similar
to the control mutant E694N which is defective in ATP
hydrolysis (data not shown), and which has a strong
mutator phenotype (D.Georgijevic and N.de Wind, per-
sonal communications). As shown above, the loss of
asymmetry of the ATPase domains affects both ATPase
activity (Table I) and ATP-dependent DNA release
(Figure 5C). Because these activities are crucial to the
functioning of MutS, disruption of either one, or both, will
impair mismatch repair in general, leading to the observed
mutator phenotype in vivo.

Structural analysis of asymmetry in the MutS
ATPase domains
Arg697 was mutated after detailed analysis of the
interactions at the interface of the two ATPase domains
(Figure 6). In the two monomers, this residue contributes
most clearly to the asymmetry of the two domains
(Figure 6B). It is located in a loop (residues 695±703)
that immediately follows the DE motif (Walker B motif).
These `DE-loops' are in close proximity to each other and
contact one another in an asymmetric fashion (Figure 6C,
D and E). The DE-loop of monomer A is in a position that
clashes with the P-loop of the opposing monomer B
(residues 615±620), preventing it from binding a nucleo-
tide. In contrast, the DE-loop of monomer B does not
interfere with the nucleotide-binding site of its opposing
monomer A, which is free to bind a nucleotide (Figure 6D).
The two DE-loops are connected directly through Arg697
of monomer B (ArgB697) that hydrogen-bonds to the

Fig. 4. Pulse±chase experiments on steady-state ATP hydrolysis for the
wild type (A) and R697A MutS (B). During steady-state hydrolysis of
radiolabelled ATP (35 mM), ATPase activity was quenched with EDTA
at different time points (open circles), or ®rst chased with a large
excess (10 mM) of unlabelled ATP (arrow) before EDTA quenching
(®lled circles).

Fig. 5. Communication between ATPase and DNA-binding domains.
(A) ADP binding in the absence or presence of homoduplex (GC) or
heteroduplex (GT) DNA for wild-type MutS. (B) ADP binding for
R697A MutS in the presence of DNA. (C) Relative amounts of DNA
bound to MutS in the absence or presence of ADP or ATPgS. DNA
bound by wild-type MutS in the absence of nucleotides was set to
100%.
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carbonyl oxygen of Gly698 in the DE-loop in monomer A.
In contrast, the reverse contact (of Arg697 of monomer A
to the DE-loop in monomer B) is absent, and this side
chain makes no protein contacts.

The nucleotide-binding studies of MutS showed that in
the absence of Arg697, the high af®nity site is lost
(Figures 1 and 3). This suggests that Arg697 promotes
nucleotide binding in one monomer, rather than preventing
binding in the other. By crossing over to the DE-loop of
monomer A, ArgB697 pulls along its own DE-loop,
thereby removing it from the P-loop of monomer A, which
is now free to bind ADP. We have shown that although the
two ATPase domains can bind ATP simultaneously, ATP
hydrolysis can only take place in one site at a time
(Figures 2, 3 and 4). In the low af®nity site of monomer B,
a residue of the Walker B motif, Glu694, has been
displaced from the position that is necessary for coordinat-
ing the magnesium. This movement is brought about by
ArgB697 that hydrogen bonds to GluB694 while it reaches
over to the DE-loop of the opposing monomer (Figure 6E).
Since Glu694 is essential for hydrolysis (Junop et al.,
2001), displacement from its position is likely to affect
ATP hydrolysis.

Crystal structure of R697A MutS
To see how the R697A mutation causes an uncoupling of
the ATPase domains, we crystallized the R697A MutS
mutant in complex with mismatched DNA, in both the

absence and presence of 100 mM ADP. Crystals grown in
the absence of ADP appeared to be twinned and could not
be used for structure determination. The crystals obtained
in the presence of ADP, however, were not twinned and
resulted in a structure to 2.6 AÊ (Table III). Outside the
ATPase domains, no signi®cant changes could be
observed in the structure when compared with the wild-
type protein. However, within the two ATPase domains,
several changes are apparent (Figure 6F). The most
obvious difference is that under conditions identical to
the wild-type MutS crystallization (100 mM ADP), both
monomers now bind ADP. In addition, the glutamate of
the DE motif of monomer B (GluB694) is no longer
displaced, and is now free to coordinate the Mg2+. Finally,
with Arg697 no longer present, there are no contacts
between the DE-loops of monomer A and B.

Surprisingly, this did not result in a complete restoration
of symmetry. The conformation of the DE-loop in
monomer B is still in the same position as in the wild-
type protein. The DE-loop of monomer A is no longer
®xed by ArgB697, but its conformation is not identical to
the other monomer, but in between the DE-loop of wild-
type monomer A and monomer B. These differences may
be due to the binding of the mismatched DNA that affects
ADP binding in both wild-type and R697A MutS as
observed in the ®lter binding studies (Figure 5). The
twinning of the nucleotide-free crystals, however, suggests
that in the absence of ADP, the two domains could be
symmetric in nature.

Discussion

Asymmetry of the ATPase domains in MutS
homologues
In this work, we have shown that the two chemically
identical ATPase domains of the E.coli MutS dimer are
asymmetric in nucleotide binding and are coupled in ATP
hydrolysis. The data presented on the ATPase activities of
the two domains strongly favour an alternating ATP
hydrolysis mechanism. Inhibition of one site by AMPPNP
or ADP-Vi simultaneously inhibits the other site, which
cannot be explained simply by negative cooperativity as
no such behaviour was observed for ATP hydrolysis
(Table I). In addition, it was shown that during steady-state
ATPase activity, hydrolysis takes place in only one
monomer at a time. At the heart of this asymmetry lies a
conserved arginine, Arg697, located at the interface of the
two ATPase domains. Analysis of the crystal structure
showed that Arg697 of each monomer contacts the
opposing monomer in an asymmetric manner, promoting
nucleotide binding in one monomer, while preventing
hydrolysis in the other. Mutation of this single residue

Table II. DNA binding and in vivo repair

Kd-GT (mM) Kd-GC (mM) Kd-GC/Kd-GT ATP releasea (%) Rifampicin resistanceb

Wild type 0.44 6 0.05 9.5 6 0.9 21.6 4 0.2 6 3.8
R697A 0.92 6 0.10 17.8 6 1.9 19.3 25 45 6 12
E694N ± ± ± ± 45 6 15
mutS± ± ± ± ± 29 6 4

aRelative amount of DNA bound in the presence of ATPgS when compared with the amount bound in the absence of nucleotides (Figure 5C).
bMedian number of rifampicin-resistant colonies per 1 3 108 cells plated out.

Table III. Data collection and re®nement statistics

Data set
Space group P212121

Cell dimensions (AÊ ) 89.9, 92.4, 261.6
Resolution (AÊ ) 30±2.6
Rmerge (%) 12.4 (65.7)
I/sI 4.6 (1.1)
Redundancy 3.5
Completeness (%) 98.7 (99.1)
Re®nement
Re¯ections 65 273
Rfree re¯ections 1240
R®nal (%) 21.5
Rfree (%) 24.9
No. of atoms

Total 13 420
Protein 12 286
DNA 714
Ligands 64
Water 356

R.m.s.d. bonds (AÊ ) 0.010
R.m.s.d. angles (°) 1.133

Numbers in parentheses refer to the highest resolution shell
(2.74±2.60 AÊ ).
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leads to loss of the high af®nity site. As a result, the
transition state analogue ADP-Vi can no longer be trapped,

radiolabelled ATP can be washed out before it is
hydrolysed, and ATP binding no longer releases DNA as

Fig. 6. Structural analysis of asymmetry. (A) Structure of the MutS dimer in complex with mismatched DNA. Protein is coloured in grey, with
ATPase domains of monomer A and B coloured in green and blue, respectively, and mismatch binding domains of monomer A and B in light green
and light blue. DNA and ADP are in red. (B) The two ATPase domains viewed along the arrow in (A). The ADP molecule in monomer A is coloured
in brown; the side chains of the two Arg697 (coloured in grey) are located at the centre of the interface of the two ATPase domains. (C) Schematic
representation of the asymmetric interactions of the ATPase domains of monomer A (green) and B (blue). (1) ArgB697 hydrogen-bonds to the back-
bone of GlyA698 in the DE-loop of monomer A, while the reverse contact does not take place. (2) As a result, the DE-loop of monomer A clashes
with the P-loop of monomer B, which is thus inhibited from nucleotide binding. (3) Simultaneously, ArgB697 also hydrogen-bonds to and displaces
GluB694. (D) Close-up of the nucleotide-binding site of monomer A in green, with the opposing monomer B in blue. (E) Same view as (D), but now
viewed from monomer B. (F) Same view as (E), but of R697A MutS. The position of the DE-loop in monomer A and B of wild-type MutS is indi-
cated in grey and black, respectively. In the absence of Arg697, no contacts are made between the two DE-loops, and both monomer A and B now
bind ADP-Mg2+. (G) Structure-based sequence alignment of MutS homologues and paralogues, and related ATPases. The conserved Arg697 is col-
oured in orange, and marked with an asterisk (*). The Walker B motif is boxed, and indicated by (**). Secondary structural elements are indicated by
a green arrow (b-strand) or a blue tube (a-helix). PDB accession codes E.coli MutS, 1E3M; Taq MutS, 1EWQ; RAD50, 1F2U; SMC, 1E69; TAP1,
1JJ7; HisP, 1B0U; MalK, 1G29; RecA, 2REB; RepA, 1G8Y; gp4, 1E0J; F1, 1BMF.
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ef®ciently as in the wild-type protein. In addition, the
mutation uncouples the two ATPase domains in hydro-
lysis, as binding of AMPPNP or ADP-Vi in one site no
longer inhibits hydrolysis in the other subunit.

In the crystal structures of Taq MutS (Obmolova et al.,
2000; Junop et al., 2001), the equivalent of Arg697
(Arg666) does not have any contacts with the opposing
monomer and, accordingly, no asymmetry of the ATPase
domains was observed. The reason for the difference from
the E.coli MutS structure is not clear, but may be caused
by different crystal contacts. Nevertheless, sequence
alignment (Figure 6G) shows that Arg697 is strictly
conserved in all MutS homologues, with the exception of
MSH5 where the arginine has been replaced by a lysine. In
contrast, the MutS2 proteins (Eisen, 1998) (also called
MutS paralogues, MSP; Culligan et al., 2000) that are
believed not to be involved in DNA repair, do not show
conservation of the arginine. The conservation of the
arginine and adjacent residues (GRGT/G) suggests that
asymmetry of the ATPase domains is a conserved feature
of all MutS homologues. Indeed, a mutation was found in
the DE-loop of MSH6 (GRGT®GRGI) in a Dutch
HNPCC patient (Berends et al., 2002). Also, a mutation
at the same position in yeast MSH6 (GRGG®GRGD) was
shown to cause a dominant mutator phenotype, with
abnormal stimulation of ATPase activity by DNA, and a
strongly decreased ATP-induced release of DNA (Hess
et al., 2002). Moreover, the ATPase domains of the yeast
and human MSH2±MSH6 heterodimers were also found to
be asymmetric in function (Iaccarino et al., 1998;
Studamire et al., 1998). Hence, it seems likely that the
asymmetry of the ATPase domains and the alternating
ATP hydrolysis are conserved features of all MutS
homologues, and essential for mismatch repair.

The DE-loop in other ATPases
Asymmetry of ATPase domains is not a unique feature of
MutS among the ABC ATPases; several others have been
shown to be asymmetric and/or alternate their ATPase
activity. These include the CFTR (Carson et al., 1995), the
multidrug resistance protein Pgp (Urbatsch et al., 1995a),
the histidine transporter HisP (Kreimer et al., 2000) and
the maltose transporter MalK (Sharma and Davidson,

2000). However, Arg697 is only conserved in the MutS
homologues, and is absent in the other ABC ATPases
(Figure 6G). They do, however, all have a loop in a
position similar to the DE-loop of MutS. In this view, it is
interesting to note that in the structurally related ATPase
domains of RecA-like ATPases (Murzin et al., 1995), an
insertion is found at the position of the DE-loop that is
involved in regulation of ATP binding and hydrolysis
(Figures 6G and 7). In RecA (Story et al., 1992) and the
hexameric helicases gp4 (Sawaya et al., 1999) and RepA
(Niedenzu et al., 2001), this insertion referred to as loop 1
makes direct contacts with the DNA, a strong effector of
ATPase activity. In a similar fashion, in the F1 synthetase,
the insertion makes contact with the central stalk, or
g-subunit, that couples the protonmotive force to ADP
binding and ATP synthesis in the ATPase domains
(Abrahams et al., 1994). Thus, although Arg697 of MutS
does not have any structural homologues in closely related
ATPases, the DE-loop on which it is located is important
in other ATPases. Being directly connected to the Walker
B motif that is crucial for the coordination of a magnesium
ion, it is an ideal tool for the control of hydrolysis. Subtle
changes in its position will remove the residues of the
Walker B motif from their position, and hence prevent
hydrolysis. The way in which the tool is controlled (by
DNA in the helicases, by the g-subunit in F1 synthetase, or
the opposing monomer in MutS) has determined the shape
and position of the loop during evolution. Because
asymmetry is also present in several ABC transporters, it
will be interesting to see whether these are also controlled
through the DE-loop or whether nature has developed
other means to control asymmetry.

Function of asymmetry in DNA mismatch repair
The alternating activity of the ATPase domains has diverse
functions in the different ATPase families. In the F1
synthetase, it is used for the sequential binding of ADP-Pi,
formation of ATP and ATP release (Abrahams et al.,
1994). In the ABC membrane transporters, it is coupled to
substrate transport (Kreimer et al., 2000; van Veen et al.,
2000), while, in the helicases, alternating hydrolysis is
suggested to propel the helicase along the DNA during
DNA unwinding (Patel and Picha, 2000; Singleton et al.,

Fig. 7. The DE-loop in different ATPases showing the different interactions with effectors. The sequences aligned in Figure 6G are coloured in black.
(A) Escherichia coli MutS dimer binding to mismatch DNA (coloured in dark grey), with the DE-loop contacting the other ATPase domain. (B) Top
view from the bovine F1-ATPase, with the DE-loop in contact with the central stalk (g-subunit) (also coloured in black). (C) Bacteriophage T7 gp4
helicase, and (D) E.coli RepA helicase in which the DE-loop is thought to contact a centrally located DNA.
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2000). However, it is not directly clear what the function
of the alternating ATPase in DNA mismatch repair could
be. The strong effect of the loss of asymmetry on DNA
release suggests that it is needed for proper cooperation of
mismatch and ATP binding in order to attract MutL. In this
way, the asymmetry of the ATPase domains is used to
emphasize the asymmetry in the mismatch binding and
could help to orient MutL binding, much like the model
described in Junop et al. (2001). In higher species, this
asymmetric MutL binding could have been the origin of
the heterodimeric MutL dimers found in eukaryotes. It is
interesting to note that the asymmetry of ATPase domains
is already present prior to DNA binding. Hence, it is
possible that the nucleotide state of the ATPase domains
controls the DNA binding, rather than vice versa. In other
words, before a mismatch is bound, it is already decided by
the nucleotide state of each monomer, which monomer
will bind the mismatch. This is similar to the eukaryotic
heterodimers, where only one of the two monomers is
designated to bind a mismatch.

In addition, it is likely that asymmetry of the ATPase
domains is also used at later stages in repair. If only needed
to emphasize asymmetry for MutL binding, a single
functional ATPase domain would suf®ce. However, in
eukaryotes, both ATPase domains are necessary, since the
double mutation of both ATPase domains leads to a more
severe phenotype than either single mutation alone
(Iaccarino et al., 1998; Studamire et al., 1998). Also,
mutation of the ATPase domain of MSH2 or MSH6
appeared to affect different stages of mismatch repair
(Bowers et al., 2000). The repair process is a complex
cascade of events, which involve recognition of the
mismatch by MutS and assembly of the MutS±MutL
complex, activation of MutH, loading and guiding of
exonucleases and helicases to remove the correct stretch of
DNA, and resynthesis of the daughter strand. We propose
that rather than only being needed for release of mismatch
DNA at the beginning of the repair process, as is put
forward in the existing models, the ATPase activities of
MutS also function in later stages of repair. To ensure
proper timing of the different events, the alternating
ATPase activities of the MutS dimer would be well suited
to form the centre of coordination. Binding of ATP in the
correct ATPase domain would invoke one stage of repair,
while hydrolysis of ATP would allow for the other
monomer to bind ATP and initiate the next stage in repair.

Materials and methods

Reagents and sample preparation
All chemicals were purchased from Merck, unless stated otherwise. ATP,
ADP, AMPPNP and ATPgS were obtained from Fluka, and a- and g-32P-
labelled ATP from Pharmacia-Amersham. R697A MutS was constructed
through site-directed mutagenesis of wild-type MutS plasmid pMQ372
(kindly provided by M.Marinus) or pM800 for DC800 MutS (Lamers
et al., 2000). E694N MutS plasmid was kindly provided by N.de Wind.
All MutS proteins were puri®ed as described in Lamers et al. (2000). The
heteroduplex oligomer contains a G:T mismatch at position 9 (Lamers
et al., 2000). The homoduplex oligomer contains a G:C base pair at this
position. All reactions were in MutS buffer containing 250 mM NaCl,
20 mM HEPES pH 7.5 and 10 mM MgCl2.

Luciferase assay
Concentrations of ATP and ADP in puri®ed MutS were determined as
described in Blackwell et al. (1998) using the ATP bioluminescent assay

kit (Sigma). Dilute concentrations of MutS (0.5, 1 and 2 mM, 100 ml) were
boiled for 10 min at 100°C to release the bound nucleotide. For
calibration, similar amounts of pure ATP and ADP were treated in the
same way. ADP was measured after conversion to ATP by pyruvate
kinase (Roche). All luciferase activity was measured in a TD-20/20
luminometer (Turner Designs).

ADP ®lter binding assay
Filter binding studies were performed using a Schleicher & Schuell
Minifold II slot-blot apparatus and a 0.45 mm nitrocellulose ®lter (BA-
85). MutS (5 mM) was incubated with different amounts (1±60 mM) of
radiolabelled ATP for >30 min at room temperature to achieve complete
hydrolysis of ATP to ADP. The extent of hydrolysis was monitored by
separating ATP and ADP using thin-layer chromatography (TLC). For the
diluting-out experiment, 5 mM MutS was incubated with 50 mM
[a-32P]ATP to saturate both sites. Subsequently, 10 ml aliquots were
diluted in MutS buffer to a ®nal volume of 10±800 ml
([MutS] = 5±0.062 mM) before spotting on the ®lter. For the DNA effect
on ADP binding, 8 mM of hetero- or homoduplex DNA was included in
the reaction mixture containing 5 mM MutS and 3.125±25 mM ATP. For
the competition assays, 6.25 mM radiolabelled ATP was incubated with
5 mM MutS. Subsequently, cold ADP, ATP or AMPPNP were mixed
brie¯y with the MutS mixture and spotted immediately on the ®lter. In the
vanadate trapping experiment, 5 mM MutS, 35 mM [a-32P]ATP and
100 mM vanadate were incubated for 1 h. Samples were spotted directly
onto the ®lter, or washed ®rst with 1 vol. of 1 mM unlabelled ATP.
Sodium ortho-vanadate (Sigma) stock solution was prepared as described
in Goodno (1982), and boiled before use. Dried nitrocellulose ®lters were
exposed to an imaging plate, read-out with a BAS 1000 phosphoimager
(Fuji) and quanti®ed with Tina software (Raytest).

Radioactive ATPase assay
For the effect of vanadate on ATPase activity, 5 mM MutS was incubated
with 35 mM ATP and 100 mM vanadate for 1 h. Then, 1 vol. of 1 mM
radiolabelled ATP was added to the mixture, the reaction was quenched
by the addition of 1 vol. of 0.5 M EDTA and placed on ice. In the
pulse±chase experiment (Hingorani et al., 1997), 1 mM MutS was
incubated with 35 mM radiolabelled ATP and quenched at different time
points, or ®rst chased with 1 vol. of 10 mM unlabelled ATP before
quenching. A 0.5 ml aliquot of the reaction mixtures was spotted onto a
PEI-cellulose TLC plate (Merck) and developed in 0.5 M ortho-
phosphoric acid/KOH pH 3.8. Dried TLC plates were exposed to an
imaging plate and quanti®ed as described above.

Spectrophotometric ATPase assay
ATPase activity of MutS was measured by coupling ATP hydrolysis to
oxidation of NADH (Panuska and Goldthwait, 1980). Wild-type MutS
(5 mM) or R697A MutS (10 mM) were mixed with 1±50 mM ATP and
hydrolysis measured during 5 min. For inhibition of ATPase activity by
AMPPNP, reactions were performed with 6.25 mM ATP and 1.6±25 mM
AMPPNP (wild-type MutS), or 25 mM ATP and 3.1±50 mM AMPPNP
(R697A MutS).

DNA ®lter binding assay
DNA af®nity studies were performed in a similar fashion to the ADP ®lter
binding studies. MutS was incubated for ~30 min with different amounts
of 32P-radiolabelled hetero- or homoduplex DNA and spotted onto
nitrocellulose ®lters. For heteroduplex DNA, 1 mM MutS and 0.5±4 mM
DNA were used. For homoduplex DNA, 5 mM MutS and 5±40 mM DNA
were mixed. For ATP-induced release of DNA, 1 mM MutS was
incubated with 1 mM heteroduplex DNA and 150 mM ADP or ATPgS for
15 min before spotting onto the ®lter.

Modelling of substrate binding and ATPase activity
All binding data were ®tted to either a single site binding model

Sbound� � � Bmax Stotal� �
Kd � Stotal� � �1�

or a two-site binding model

Sbound� � � Bmax1 Stotal� �
Kd1 � Stotal� � �

Bmax2 Stotal� �
Kd2 � Stotal� � �2�
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where Sbound is the amount of bound ligand (i.e. ADP or DNA), Stotal is the
total amount of ligand, Bmax is the total amount of the binding sites and Kd

is the dissociation constant.
For the kinetic data, the following equation was used:

V � Vmax S� �n
Kn

m � S� �n �3�

where Vmax is the maximal activity, S is the concentration of the substrate
(ATP), n is the Hill coef®cient, and Km is the substrate concentration
where V = 1/2 3 Vmax. For all modelling of wild-type MutS, it was taken
into account that 50% of the MutS population retained ADP. Model ®tting
was performed by least-square minimization using the Solver add-in of
Excel (Microsoft).

Rifampicin resistance assay
Spontaneous mutation rates were monitored by rifampicin resistance
assay as described by Wu and Marinus (1994). In brief, a MutS-de®cient
strain RK1517 (kindly provided by P.Modrich) was transformed with
wild-type MutS, R697A MutS, E694N MutS or empty vector. Overnight
colonies were picked, and grown in LB to near saturation (OD600 ~1). All
cells were found to grow at similar rates, implying that the mutations in
MutS are not toxic to the cells. Subsequently, 1 3 108 cells were plated
out on LB plates containing 50 mg/ml rifampicin and incubated at 37°C
overnight. All strains were plated out in eight different dishes and each
experiment was performed twice.

Structure determination of R697A MutS
Crystals of R697A DC800 were grown in either the absence or presence
of 100 mM ADP under conditions described earlier (Lamers et al., 2000).
X-ray diffraction data were collected at 100 K on beamline ID14-EH2 at
the ESRF synchrotron in Grenoble. All data were processed using
MOSFLM (Leslie, 1992) and SCALA (Evans, 1997). The model of wild-
type MutS (PDB accession code 1E3M) was used for rigid-body
re®nement in Refmac5 (Murshudov et al., 1997); manual model building
was performed in O (Jones et al., 1991), and ®nal re®nement was done
with Refmac5 using the TLS option (21 domains), and ARP/wARP
(Lamzin and Wilson, 1997) to build the solvent atoms. Details of
crystallographic analysis are given in Table III. The ®nal structure of
R697A DC800 was submitted to the protein data bank under accession
number 1N69.

Structure-based sequence alignment of ATPases
A structural homology search for the ATPase domain of MutS (residues
568±741) was performed using the DALI server (Holm and Sander,
1993). The ®rst 15 hits were all found to be part of one of three ATPase
families of the SCOP database (Murzin et al., 1995) `RecA protein-like
(ATPase domains)', `ABC transporter ATPase domains-like' and
`extended AAA-ATPase domain'. Several members of each family
were used for structural comparison, using lsqkab (Kabsch, 1976) for
superposition of the Walker A motif. Initial sequence alignments were
created with ClustalX (Thompson, 1997), and subsequently modi®ed
manually according to the crystal structures.
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