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Summary

The Escherichia coli MutS and MutL proteins have
been conserved throughout evolution, although their
combined functions in mismatch repair (MMR) are
poorly understood. We have used biochemical and
genetic studies to ascertain a physiologically relevant
mechanism for MMR. The MutS protein functions as
aregional lesion sensor. ADP-bound MutS specifically
recognizes a mismatch. Repetitive rounds of mis-
match-provoked ADP—ATP exchange results in the
loading of multiple MutS hydrolysis-independent slid-
ing clamps onto the adjoining duplex DNA. MutL can
only associate with ATP-bound MutS sliding clamps.
Interaction of the MutS-MutL sliding clamp complex
with MutH triggers ATP binding by MutL that enhances
the endonuclease activity of MutH. Additionally, MutL
promotes ATP binding-independent turnover of idle
MutS sliding clamps. These results support a model
of MMR that relies on two dynamic and redundant
ATP-regulated molecular switches.

Introduction

Mismatched nucleotides arise from polymerase misin-
corporation errors, recombination between heteroallelic
parental DNAs, and chemical or physical DNA damage.
The initiation of postreplication mismatch repair (MMR)
in E. coli requires the MutS, MutL, MutH, and DNA ade-
nine methylase (Dam) proteins (for review see Modrich
and Lahue, 1996). Excision-resynthesis is accomplished
by directing MMR to the newly replicated error-con-
taining DNA strand via recognition of transiently under-
methylated GATC Dam sites. Only MutS (MSH) and MutL
(MLH) homologs appear to have been conserved
throughout evolution (for review see Kolodner, 1996).
Mutation of hMSH2 and hMLH1 account for the majority
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of hereditary nonpolyposis colorectal cancer (HNPCC)
families (for review see Muller and Fishel, 2002, and
references therein).

The mechanism of MMR is uncertain. Both MSH and
MLH proteins contain consensus NTP binding domains
and exhibit ATPase activity (Ban and Yang, 1998a; Haber
and Walker, 1991). The MutS homologs belong to the
Walker A/B sequence motif of NTPase families (Walker
et al., 1982), while the MutL homologs belong to the
unrelated GHKL or Bergerat-fold ATPase/kinase family
(Bergerat et al., 1997; Mushegian et al., 1997). Debate
about the MMR mechanism centers on the role of ATP
hydrolysis and the mode of signal transduction between
mismatched nucleotides and the excision machinery
(Fishel et al., 2000).

Foundational studies by Modrich and colleagues re-
vealed that MutS specifically bound mismatched DNA
(Su and Modrich, 1986). In the presence of MutL and
ATP, the MutS protein protection footprint on a mis-
match was expanded (Grilley et al., 1989) and a MutH-
dependent endonuclease activity at a hemi-methylated
GATC site was activated (Welsh et al., 1987). The MutH
incision was found to direct unwinding and degradation
of the unmethylated DNA strand by the coordinated
action of UvrD helicase and one of four ssDNA exo-
nucleases (RecJ, Exol, ExoVIl, and ExoX [Matson, 1986;
Viswanathan and Lovett, 1998; Yamaguchi et al., 1998]).
Depending on the location of the MutH incision relative
to the mismatch, the resulting excision gap occurred in
either direction but invariably traversed only the interval
between a Dam site to just past the mismatch (Cooper et
al., 1993; Grilley et al., 1993). Resynthesis of the resulting
single-stranded gap appeared to be performed by the
Pol 1l holoenzyme (Lahue et al., 1989).

Based on these studies an MMR mechanism was pro-
posed, which we term the Hydrolysis-Dependent Trans-
location Model (Modrich, 1989; Modrich and Lahue,
1996). It posits the assembly of an MutS-MutL complex
at the mismatch which motors via ATP hydrolysis bi-
directionally, creating a looped structure (Allen et al.,
1997). Such a DNA tracking process was envisioned to
link MutS mismatch recognition with MutH endonucle-
ase activity at a nearby GATC site as well as to provide
directionality for subsequent loading of UvrD helicase
and a ssDNA exonuclease.

Studies of the human MSH proteins led to a second
mechanism which we term the Molecular Switch Model
(see Fishel et al., 2000). It is based on the relatively
recent observation that hMSH heterodimeric complexes
(hMSH2-hMSH6 or hMSH2-hMSH3) display significant
mismatch-dependent ATPase activity (Gradia et al.,
1997; Wilson et al., 1999). ATP binding by hMSH proteins
was shown to result in the formation of a DNA sliding
clamp capable of hydrolysis-independent diffusion for
several thousand nucleotides (Gradia et al., 1999). Itera-
tive loading of multiple sliding clamps was proposed
to mark the mismatch region as well as to provide a
directional gradient of clamps along the DNA duplex
surrounding the mismatch site (Gradia et al., 1999;
Heinen et al., 2002). ATP hydrolysis only occurred when
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the hMSH proteins dissociated from the DNA ends
(Gradia et al., 1999). These observations accounted for
their low ATPase activity (Gradia et al., 1997, 2000; Haber
and Walker, 1991; Hess et al., 2002) and identified the
rate-limiting step as exchange of bound ADP for ATP
at the mismatch site rather than ATP hydrolysis during
translocation. This process appeared remarkably similar
to the control of G protein molecular switches by
GDP—GTP exchange (for review see Sprang, 1997).
Based on these results a modification of the Hydrolysis-
Dependent Translocation Model was introduced, which
incorporated a two-site ATPase, although ATP hydroly-
sis was still required to propel movement along the DNA
(Blackwell et al., 1998b).

The MutS structure revealed a homodimer clamped
around a mismatched DNA substrate (Lamers et al.,
2000; Obmolova et al., 2000) that largely confirmed pre-
viously predicted hinge and clasp domains (Guerrette
et al., 1998). Only the nucleotide-free and ADP-bound
forms of MutS have been solved, since infusion of ATP
or ATP~S disintegrates the MutS crystal (Junop et al.,
2001). These observations suggest conformational tran-
sition(s) occur upon ATP binding. Structural analysis of
an N-terminal MutL fragment (Ban and Yang, 1998a),
combined with peptide-mapping studies of the S. cere-
visiae and human homologs (Guerrette et al., 1999; Tran
and Liskay, 2000), suggested that MutL might form an
ATP-dependent clamp-like structure similar to topo-
isomerase Il (Berger and Wang, 1996).

Computer-predicted protein-protein interfaces of
MutS, MutL, and MutH (Ban and Yang, 1998a, 1998b;
Lamers et al., 2000; Obmolova et al., 2000) led to a third
MMR mechanism that we term the Static Transactiva-
tion Model (Junop et al., 2001). In this model, a DNA
scanning process concludes with a mismatch interac-
tion that enhances the lifetime of ATP-bound MutS,
which leads to the formation of a static MutS-MutL-
MutH complex on or near the mismatch DNA site. This
heterotrimeric complex (bound to DNA) was suggested
to collide in trans with a GATC site, provoking MutH
endonuclease incision (Junop et al., 2001; Schofield et
al., 2001). It was not immediately evident how such a
random collision in three-dimensional space could di-
rect an excision tract from the Dam site toward the
mismatch site. The commonly observed ATP-depen-
dent release of MutS from a mismatch in the absence
of MutL and/or MutH was considered an abortive repair
event.

Here we have addressed the inconsistencies between
the MMR models by developing physiologically relevant
biochemical reactions. We detail the mechanism of
MutS and MutL in the activation of MutH and confirm
these results with genetic studies. Our results refine the
Molecular Switch Model and define the role of ATP in
the complex processes of MMR.

Results

The MutS Protein Contains an Intrinsic
Mismatch-Dependent ATPase Activity

Most previous studies of MSH ATPase activity have
been performed under nonphysiological conditions that
include salt concentrations at or below 50 mM (Alani et
al., 1997; Biswas et al., 2001; Blackwell et al., 2001a),

at 200 mM (Drotschmann et al., 2002), or in the absence
of DNA (Junop et al., 2001). Using a model 41-mer, we
found that the MutS protein displayed a mismatched
DNA-stimulated ATPase activity that was dependent on
salt concentration (Figure 1A). Maximal stimulation of
the mismatch-dependent MutS ATPase activity oc-
curred between 100 and 160 mM NaCl (Figure 1A); nota-
bly, this is the consensus physiological salt range (Re-
cord et al., 1998; Schultz and Solomon, 1961) and the
optimum for the complete MMR reaction in vitro (Black-
well et al., 1998a). Below 50 mM and above 250 mM
salt, there is no discrimination between mismatched and
duplex DNA (Figure 1A). Both the yeast and human MSH
ATPases display a similar salt dependence (Gradia et
al., 2000; Hess et al., 2002).

We examined the stimulation of the MutS steady-state
ATPase by Michaelis-Menten analysis in the presence
of a G/T mismatch (k../K, = 0.28 uM~"-min~"; K, = 23 =
2.2 pM), a G/C control duplex (k../K, = 0.1 pM~'-
min~'; K, = 31 = 5.1 uM), or in the absence of DNA
(kea/Krn = 0.09 pM~"-min~"; K, = 20 = 1.2 uM) (Figure
1B). These results are qualitatively similar to the yeast
and human MSH proteins (Gradia et al., 1997; Hess et
al., 2002; Wilson et al., 1999).

The steady-state ATPase cycle can be conceptually
divided into y-phosphate hydrolysis and the release of
ADP prior to ATP binding. As with the hMSH proteins,
we found no difference in the rate of single-step
v-phosphate hydrolysis in the presence of a G/T mis-
match, G/C duplex, or in the absence of DNA (see Gradia
et al., 1997 for method; data not shown). These results
suggest that the MutS ATPase is unlikely to be controlled
by vy-phosphate hydrolysis at physiologically relevant
salt concentrations.

We examined ADP release by prebinding MutS with
[*H]-ADP and measuring the kinetic loss of ADP follow-
ing the addition of excess unlabeled ATP plus DNA
(where indicated). We observed significantly acceler-
ated ADP release in the presence of the G/T mismatch
(ty» <5 s) compared to the G/C duplex (t;», = 10 s) or to
the absence of DNA (t;;, = 30 s) (Figure 1C). Little or no
ADP was released in the absence of exogenous ATP
(data not shown). These results suggest that ADP re-
lease is facilitated by a mismatch and concurrent ATP
binding (ADP—ATP exchange).

The amount of ADP—ATP exchange by MutS in the
absence of DNA and in the presence of G/C duplex was
surprising (Figure 1C). These results contrast with the
hMSH proteins, which show very little ADP—ATP ex-
change in the absence of DNA and at least a 20-fold
reduction in the rate of ADP—ATP exchange in the pres-
ence of G/C duplex DNA compared to G/T mismatched
DNA (Gradia et al., 1997; Wilson et al., 1999; unpublished
data). To determine whether DNA ends might contribute
to these differences, we examined ADP—ATP exchange
using oligonucleotide DNA substrates in which both
ends were blocked with biotin-streptavidin. The rate of
ADP—ATP exchange in the presence of double blocked-
end G/T mismatch DNA appeared largely unaffected
(ty2 <5 s; Figure 1D), but the rate of exchange in the
presence of double blocked-end G/C duplex DNA now
appeared identical to the rate in the absence of DNA
(t;2 = 30 s). These observations suggest that MutS
ADP—ATP exchange and consequent ATPase activity
are activated by exposed DNA ends, a condition that is
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Figure 1. Mismatch-Dependent Activation of the MutS ATPase and ADP—ATP Exchange Activities

The ATPase and ADP—ATP exchange assays were performed without DNA (A), with G/C control DNA (®), or with G/T mismatch DNA (H).
(A) Effect of salt on the MutS ATPase activity. Reactions were performed with 100 nM MutS and 300 nM DNA.

(B) Kinetic analysis of the MutS ATPase. Assays were performed as in (A) with MutS (50 nM; in the presence of DNA) and MutS (100 nM; in
the absence of DNA) at 140 mM NaCl. The velocity of the reaction is plotted as a function of ATP concentration, and the curves were fitted

to the Michaelis-Menten equation (Gradia et al., 2000).

(C) ADP—ATP exchange by MutS. Reactions were performed with MutS (100 nM) and open-ended oligonucleotide DNA substrate (100 nM;
where indicated). The MutS protein was preincubated with 3 .M [*H]-ADP on ice. The release of bound [°*H]-ADP was monitored following

the addition of 25 uM ATP and DNA (where indicated).

(D) Same as (C) except biotin-streptavidin double blocked-end DNA was substituted for the open-ended DNA. Standard deviations were

calculated from at least three independent experiments.

likely to be rare in vivo. Together these results suggest
that mismatch-provoked ADP—ATP exchange is a de-
termining factor in MutS recognition specificity.

MutS Functions as a Mismatch-Dependent
Molecular Switch

Mismatched DNA binding studies with MutS have been
largely performed at or below 50 mM salt (Allen et al.,
1997; Biswas et al., 2001; Blackwell et al., 2001a; Jiricny
et al., 1988; Su and Modrich, 1986). We examined MutS
mismatch binding at physiological salt using the IAsys
Total Internal Reflectance (TIR) system. The TIR system
measures changes in the refractive index induced by
the accumulation of mass on a measuring surface and
correlates with real-time binding isotherms in a closed-
cuvette system under conditions of continuous equilib-
rium. TIR differs significantly from the continuous-flow
Biacore plasmon resonance system in which equilibrium
binding must be theoretically extrapolated. We used a

model 82-mer (containing the core 41-mer sequence)
for these and all subsequent DNA binding studies to
control for an apparent DNA length-dependence associ-
ated with MutS-MutL complex formation (Blackwell et
al., 2001b; data not shown).

We observed significant binding of MutS to a G/T
mismatch (t;, = 60 s; K, = 16 nM) compared to G/C
duplex DNA (Figure 2A). Nonspecific association with
the DNA end accounts for the majority of binding to
the G/C duplex DNA (Supplemental Data, http://www.
molecule.org/cgi/content/full/12/1/233/DC1; Supplemen-
tal Figure S1). The MutSeG/T mismatch complex was
stable to buffer replacement that removes unbound
MutS (Figure 2A) as well as to the addition of 500 uM
ADP (data not shown). Our observations appeared quali-
tatively similar to Blackwell et al. (2001a), except that
we were unable to detect any mismatched or duplex
DNA binding in presence of ATP or ATP~S. It is likely
that many of these differences may be traced to the
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Figure 2. Interdependent Modulation of MutS Mispair Binding and ATP Binding

Total Internal Reflectance (TIR) real-time binding and dissociation isotherms of MutS to an 82-mer DNA were measured using the IASys system.
Binding of MutS to DNA is reflected in the increase in response units with time. (A) Binding specificity of MutS. Binding was initiated by the addition
of MutS (200 nM) to a cuvette containing the G/T mismatch DNA (blue tracing) or G/C control DNA (red tracing). Following binding, the solution
was replaced with an identical buffer except without MutS or nucleotide. The stability of the bound fraction was monitored over time. Multiple TIR
binding experiments using variable concentrations of MutS protein were performed to determine association (k.ss..) and dissociation (Kissoc)
constants. From these values, an equilibrium dissociation constant (Kp) was calculated for the interaction of MutS with a G/T mismatch.

(B) The effect of ATP and ATPyS on the stability of the MutS bound to G/T mismatch DNA. TIR binding of MutS to G/T mismatch DNA was
performed as in (A). Following binding the buffer was replaced with an identical buffer that included 1 mM ATP (blue trace) or ATPyS (green
trace) and the effect monitored over time.

(C) TIR dissociation isotherms of MutS as a function of ATP concentration. MutS protein was bound to a G/T mismatch DNA as in (A). Unbound
MutS was removed and dissociation of MutS initiated by the addition of the indicated amount of ATP. The resulting loss in the response units
of bound MutS was monitored over time.

(D) Comparison of dissociation constants for ATP-dependent release from a G/T mismatch and ATP binding in the presence of G/T mismatched
DNA. Response units lost at 2 min (@, black) and the binding of MutS (300 nM) to [**S]-ATP~S in the presence of G/T mismatched DNA (M,
green) were plotted as a function of ATP concentration. The resulting curves were fitted to a hyperbolic plot and the K, a1 for ATP-dependent
release and Kyarr for DNA-independent ATPyS binding determined (shown in box). Standard deviation was calculated from at least three
independent experiments.

continuous-flow Biacore system, the substantially al- (Kpatp = 0.6 wM, plotted in green in Figure 2D). The
tered binding kinetics, and/or nonphysiological salt con- correlation between Kg..arr @and Kp.arp together with the
ditions. The MutL protein does not appear to bind ADP—ATP exchange and ATPase data (Figure 1) are
ssDNA, dsDNA, or mismatched DNA at physiologically consistent with the conclusion that interaction of MutS
relevant salt concentrations (data not shown). These with mismatched DNA provokes releases of bound ADP,
results contrast with those of the yeast MLH proteins consequent binding of ATP, dissociation from a mis-
performed at 25 mM salt (Hall et al., 2001). match, and the initiation of the MutS ATPase cycle.
When ATP or ATP~S is added to MutS prebound to
the G/T mismatch, the MutS protein rapidly dissociates MutL Only Forms a Specific Complex
from the DNA (t,,, <5 s; Figure 2B). These results demon- with ATP-bound MutS Clamps
strate ATP/ATPyS-dependent, but hydrolysis-indepen- Previous studies that projected an interaction between
dent, dissociation of MutS from mismatched DNA. We bacterial, yeast, and human MSH and MLH proteins
determined the concentration of ATP and ATPyS that have exhibited a variety of conflicting conditions, inter-
resulted in half-dissociation of MutS from G/T mismatch action partners, and DNA dependence (Galio et al., 1999;
DNA (Figure 2C and data not shown; K yp.are = 0.5 M, Gu et al., 1998; Habraken et al., 1998; Plotz et al., 2002;
plotted in black in Figure 2D; identical for ATPyS, data Prolla et al., 1994; Raschle et al., 2002; Schofield et al.,
not shown) and compared it to the ATP+S binding affinity 2001; Spampinato and Modrich, 2000). We hypothesized

of MutS in the presence of the G/T mismatched DNA that the incongruities might be traced to three variable
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Figure 3. Examination of an MutS-MutL Gel Shift Complex on
Blocked-End G/T Mismatch DNA

MutS-MutL interaction on 82 bp biotin-streptavidin double blocked-
end G/T mismatch DNA. Binding was initiated by the addition of
MutS (100 nM) followed by sequential addition of ATP or ATPyS (1
mM) and MutL (100 nM). Where indicated, a 400-fold excess of
unlabeled 82 bp G/T mismatch DNA or G/C duple competitor was
added after MutL incubation. Gel shift analysis was performed on
a 5% native PAGE (see Experimental Methods).

(A) MutS/MutL binding to biotin-streptavidin double blocked-end
G/C control DNA (Sb-G/C-bS).

(B) MutS/MutL binding to biotin-streptavidin double blocked-end
G/T mismatch DNA (Sb-G/T-bS).

(C) Same as (B) except that a 400-fold excess unlabeled 82 bp G/C
control DNA competitor was added following binding incubation
(and further incubated 10 min).

(D) Same as (B) except that a 400-fold excess unlabeled 82 bp G/T
mismatch DNA competitor was added following binding incubation
(and further incubated 10 min). The migration positions of the biotin-
streptavidin double blocked-end G/C control DNA (Sb-G/C-bS); the
biotin-streptavidin double blocked-end G/T mismatch DNA (Sb-G/
T-bS); the MutS-G/T mismatch DNA complex (GS); the MutS-MutL-
G/T mismatch super-shifted complex (SU) are indicated.

factors: nonphysiological salt conditions, inadequately
characterized adenosine nucleotide bound/free forms
of MutS, or open-ended DNA substrates.

We performed DNA binding and complex formation
studies between MutS and MutL using a biotin-strepta-
vidin double blocked-end DNA substrate at physiologi-
cal salt concentration (Figures 3A-3D). In the absence
of adenosine nucleotide (data not shown) or in the pres-
ence of ADP, MutS formed a quantitative and specific
gel shift (GS) complex on double blocked-end G/T mis-
match DNA (Figure 3B, lane 2) compared to a double
blocked-end G/C duplex DNA (<5%; Figure 3A, lane 2).
The MutS GS complex on the double blocked-end G/T
mismatch DNA was stable to the subsequent addition of
a 400-fold excess of unlabeled G/C duplex competitor
(Figure 3C, lane 2) but was completely eliminated after the

addition of a 400-fold excess of unlabeled G/T competitor
(Figure 3D, lane 2). These results are consistent with previ-
ous studies (Jiricny et al., 1988) and demonstrate both
specificity and reversibility of mismatch-recognition by
MutS. The addition of MutL to this basic MutS binding
reaction did not alter the specificity or reversibility exhib-
ited by the MutS GS complex (Figures 3B-3D, lane 3). We
conclude that MutL does not significantly interact with or
affect MutS that is bound to a mismatch.

The MutS GS complex was retained on double
blocked-end G/T mismatch DNA in the presence of ATP
or ATP~S (Figure 3B, lanes 4 and 6). This complex was
largely unaffected by the subsequent addition of either
excess unlabeled G/C competitor or G/T competitor
(Figures 3C and 3D, lanes 4 and 6). The complete resis-
tance of the MutS GS complex to competitor DNA is
most consistent with the formation of an irreversible
ATP-bound MutS clamp that is trapped on the double
blocked-end G/T mismatch DNA (Blackwell et al., 2001 a;
Gradia et al., 1999). We also found that the steady-state
MutS ATPase in the presence of double blocked-end
mismatched DNA was reduced to a background similar
to that without DNA (data not shown). Since ADP—ATP
exchange readily occurs on double blocked-end mis-
matched DNA (Figure 1D), we conclude that dissociation
from open ends is required to complete the ATPase
cycle (y-phosphate hydrolysis).

The step-wise addition of MutL to MutS clamps
formed in the presence of ATP did not appear to alter
significantly the mobility of the GS complex on blocked-
end G/T mismatch DNA (Figure 3B, compare lanes 4
and 5). Furthermore, subsequent addition of excess un-
labeled G/C competitor did not affect the stability of this
GS complex (Figure 3C, lane 5). However, the addition
of excess unlabeled G/T competitor resulted in the com-
plete elimination of the GS complex (Figure 3D, lane 5).
This pattern appeared similar to the reversibility of MutS
mismatch binding in the absence of ATP (see Figure 3D,
lane 2), suggesting that MutL induces reversibility of the
MutS GS complex formed in the presence of ATP without
affecting the specificity for mismatched DNA.

In contrast, the step-wise addition of MutL to MutS
clamps formed in the presence of ATPyS resulted in a
quantitatively supershifted (SU) complex (Figures 3B-
3D, lane 7) that remained stably bound in the presence
of excess unlabeled G/T competitor (Figure 3D, lane 7).
These results suggest that the MutL-induced reversibil-
ity of the ATP-bound MutS GS complex requires ATP
hydrolysis. The formation of a SU complex is consistent
with the conclusion that MutS-MutL is trapped in an
irreversible ternary complex in the absence of ATP hy-
drolysis. Interestingly, a ternary complex between G pro-
teins and their corresponding GAPs is stabilized by
GTPyS (Sprang, 1997). These observations are most
consistent with the hypothesis that MutL only interacts
with ATP- or ATPyS-bound MutS clamps and may then
induce ATP hydrolysis-dependent turnover.

ATP Binding and Hydrolysis by MutL are not Required
for Either the Interaction with or Turnover of MutS
Sliding Clamps

Since the gel shift studies could not address the individ-
ual roles of ATP binding/hydrolysis by MutS or MutL,
we developed a double blocked-end DNA substrate for
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TIR by annealing a 5’ biotin oligonucleotide with an oli-
gonucleotide containing 5’ fluorescein. The biotinylated
end was attached to the TIR surface via streptavidin,
and anti-fluorescein antibodies were used to block the
remaining duplex end. We found that the MutS protein
bound the biotin/fluorescein (b/f) double blocked-end
G/T mismatch substrate as efficiently as a single-end
biotinylated G/T mismatch attached to the TIR surface
(compare Figures 4A and 2A).

The individual ATP binding activities were examined
by changing solution conditions in step-wise manner.
As with an open-ended DNA substrate, replacement of
the initial binding buffer with MutS-free buffer did not
significantly reduce the amount of MutS bound to the
G/T mismatch (compare Figures 2A and 4A). Further-
more, there was no increase in mass on the TIR surface
following step-wise addition of MutL to the MutS-bound
b/f double blocked-end G/T mismatch DNA (Figure 4A).
These results confirm the gel shift studies (Figures 3B-
3D, lane 3) and are consistent with the conclusion that
MutL does not interact with and/or affect a MutS homo-
dimer that is bound at the G/T mismatch (Figure 4A)

We examined the effect of ATP or ATPyS on MutL
association with MutS clamps (Figure 4B). Following the
initial binding (see “MutS,” Figure 4B, tracings 1-5), the
reaction solution was replaced with a buffer containing
ATP or ATPyS (see “MutS Dissn. ATP/ATP~S,” Figure
4B, tracings 1-5). For all the reactions shown in Figure
4B, no more than 10%-20% of the initially bound MutS
was released. These results demonstrate that the major-
ity of b/f G/T mismatch DNA contained double blocked-
ends that trapped ATP- or ATPyS-bound MutS clamps.
An apparently nonspecific mass increase in the pres-
ence of ATP (but not ATPyS) (Figure 4B, tracings 1-3)
was eliminated by a nucleotide-free buffer wash (see
“Buffer wash,” Figure 4B, tracings 1-3). Together, these
results suggest that TIR may be used to visualize the
formation and processing of ATP- or ATPvyS-bound
MutS clamps

Unlike MutS bound to a mismatch (Figure 4A), the
addition of MutL protein to trapped ATP- or ATPyS-
bound MutS sliding clamps produced a significant mass
increase (see “MutL Assn.,” Figure 4B, tracings 1-5;
compared to Figure 4A, “MutL”). By comparison with
Figure 4A, these results imply that MutL only interacts
with ATP- or ATPyS-bound MutS clamps. The on-rate
(kon) of MutL with ATP- or ATPyS-bound MutS clamps
(kon = 2.8 min~") appears equivalent to the association
of MutS with mismatched DNA (k,, = 2.6 min~") and does
not require exogenous ATP (Figure 4B, tracing 1; data
not shown). However, the MutS-MutL complex appears
to be maintained by the inclusion of exogenous ATP
with the MutL (compare the gradual loss of mass in
Figure 4B, tracing 1, with the stability of Figure 4B, trac-
ing 2). These observations are consistent with previous
results (Galio et al., 1999; Figure 3) and suggest that
MutL promotes the turnover of MutS clamps that may
rapidly reform in the presence of exogenous ATP.

To test this hypothesis, we introduced excess G/T
mismatch competitor (see “G/T Competitor,” Figure 4B,
tracings 1-5). We observed a kinetic loss of mass only
when the MutS clamps were initially formed with ATP
(Figure 4B, tracings 1-3). The MutS clamps formed with
ATP~+S were stable to exogenous G/T competitor re-
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Figure 4. ATP Binding/Hydrolysis by MutL Are Not Required for
Interaction with ATP-Bound MutS Sliding Clamps

(A and B) Real-time TIR analysis of the MutL interaction with MutS
bound to G/T mismatch DNA was performed using IASys. (A) The MutS
protein (200 nM) was bound to G/T mismatch DNA in buffer B (marked
“MutS”). The unbound material was removed by replacement with buffer
B without MutS protein (marked “Buffer”). At approximately 9 min, MutL
(200nM final) in buffer B was added (marked “MutL”). At approximately
17 min, the unbound material was removed by replacement with buffer
B without protein (marked “Buffer”). Note the stability of the MutS-G/T
mismatch complex over the course of 20 min (loss of no more than
3%-5% of initial response units). (B) The addition of MutL to trapped
MutS sliding clamps. The individual effect of ATP or ATPyS on MutS-
MutL complex formation was determined. The MutS (200 nM) was bound
to the b/f double blocked-end G/T mismatch DNA (marked “MutS”) as
in (A). The binding for each of the five curves was similar to (A) and the
axis was eliminated here to facilitate comparison. Replacement of the
binding buffer with buffer B containing ATP or ATP~S traps MutS sliding
clamps bound to b/f double blocked-end G/T mismatch DNA (marked
“MutS Dissn. ATP/ATPyS”). The unbound material was removed by
replacement with buffer B without MutS protein or adenosine nucleotide
(marked “Buffer wash”). The MutL protein (200nM final) in buffer B was
then added (marked “MutL Assn”) with or without ATP or ATPYS (1 mM).
After 10 min, an approximately 50-fold excess of 82 bp G/T mismatch
DNA was added (marked “G/T Competitor”). Predicted protein configu-
ration(s) are indicated in brackets below tracings. Adenosine nucleotide
content for each tracing at the “MutS Dissn.” and “MutL Assn.” steps
is indicated in right insert.

gardless of whether ATP or ATPyS was included with
MutL (Figure 4B, tracings 4 and 5). These results suggest
that clamp release occurs by intrinsic MutS ATP hydroly-
sis thatis accelerated by MutL and refractory for ATPyS-
bound MutS clamps. In support of this hypothesis, we
observed insensitivity to exogenous G/T competitor by
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MutS sliding clamps formed in the presence of ATP
when subsequent MutL addition included ATP~S (Figure
4B, tracing 3). We conclude that ATP-bound MutS
clamps released by MutL may reform as ATPyS-bound
MutS clamps in the TIR closed system (see initial release
and then stabilization of mass in Figure 4B, tracing 3).
Once the majority of ATP-bound MutS clamps are recy-
cled to ATPyS-bound MutS clamps, they become insen-
sitive to exogenous G/T competitor (Figure 4B, tracing
3). Taken as a whole these results suggest that ATP
binding and hydrolysis by MutL are not required for
MutS sliding clamp interaction or turnover.

The estimated off rates (k) for the various protein-
DNA and protein-protein complexes were as follows:
MutS-ATP sliding clamp on blocked-end DNA (ks =
0.03 min~") << MutS-G/T mismatch (ks = 0.2 min~") =
MutS-ATP-MutL (k. = 0.5 min~") << MutSeATP sliding
clamp on open-ended DNA (k. = 9 min~"). These obser-
vations place the rate of MutL-dependent removal of
ATP-bound MutS sliding clamps in the same order of
magnitude as the dissociation of MutS from a mismatch,
but at least 10-fold faster than the intrinsic dissocia-
tion of trapped ATP-bound MutS sliding clamps from
blocked-end DNA.

MutL Functions as a MutH-activated

Molecular Switch

We determined that multiple ATP-bound MutS sliding
clamps were iteratively loaded onto a circular DNA con-
taining a G/T mismatch which may then form multiple
MutS-MutL complexes (Supplemental Data; Supple-
mental Figure S2A). Moreover, both MutS and MutS-
MutL complexes appeared capable of ATP hydroly-
sis-independent diffusion of at least 1 kb along duplex
DNA (Supplemental Data; Supplemental Figures S2B
and S2C; see Figure 5D). To facilitate biochemical as
well as genetic studies, we reconstructed three pre-
viously described site-specific mutations of MutL in con-
served ATPase domains of the Bergarat-fold [MutL(E29A);
MutL(R95F); MutL(N302A); Ban et al., 1999]. These muta-
tions did not complement the mutator phenotype exhib-
ited by an E. coli mutL strain nor did the purified mutant
proteins display measurable ATPase activity (data not
shown; Ban et al., 1999). Furthermore, we observed
no significant ATP binding by the MutL(E29A) or
MutL(R95F) proteins (Figure 5A; Ban et al., 1999). How-
ever, to our surprise the MutL(N302A) protein displayed
enhanced ATP binding activity (Kp = 20 M) compared
to wild-type MutL (K, = 90 wM; Figure 5A). These obser-
vations contrast with those of Ban et al. (1999) and are
likely to be the result of a second mutation (R95F) found
in the original construct (unpublished data; Junop et al.,
2001).

We found no difference between the MutL(E29A),
MutL(R95F), and MutL(N302A) proteins compared to the
wild-type MutL with respect to (1) release/turnover of
MutS sliding clamps (Figure 5B, compare lane 6 with
related controls in lanes 1-5), (2) formation of an SU
complex with MutS in the presence of ATPyS on double
blocked-end G/T mismatch DNA (Figure 5C, compare
lanes 4-7 with related controls in lanes 1-3), or (3) hydro-
lysis-independent diffusion of the ATPyS-bound MutS-
MutL complex off a G/T mismatch substrate (Figure 5D,

compare lanes 6-13 with lanes 1-5; see also Supple-
mental Data and Supplemental Figure S2). These results
parallel the TIR studies (Figure 4B) and support the con-
clusion that ATP binding and hydrolysis are not required
for MutL to interact with MutS and/or promote turnover
of MutS sliding clamps.

Purified MutH protein does not bind or hydrolyze ATP
(data not shown). Furthermore, MutH does not affect
MutS mispair binding activity, MutS or MutL ATPase
activity, or the formation/release of the MutS-MutL com-
plex (data not shown). However, MutH appeared to pro-
mote a significant dose-dependent increase in ATP
binding by MutL (K, = 16 uM) that saturated at an equi-
molar ratio of the proteins (Figure 6A; data not shown).

The ATP binding activity of MutL in the presence of
MutH appeared similar that of MutL(N302A) protein
(compare Figures 5A and 6A). Moreover, the addition of
MutH to MutL(N302A) did not further alter its ATP bind-
ing activity (data not shown). These results suggested
that ATP binding by the MutL(N302A) protein might be
constitutively activated. To test this possibility we exam-
ined MutH endonuclease activity on a hemimethylated
oligonucleotide containing a single GATC site (Figure
6B). We determined that in the presence of ATP or
ATP~S, MutL was capable of activating the MutH endo-
nuclease (Figure 6B), although less efficiently than in
the presence of MutS with a mismatch (data not shown).
This minimal system allowed us to examine the ATP
dependence of MutH activation by MutL without the
complication associated with MutS ATP binding and/or
ATPase activities.

Wild-type MutL activated the MutH endonuclease
(Kappeate = 130 wM; Vo = 2.3 fmol/hr), while MutL(R95F)
protein did not (Figure 6B). As expected, the MutL
(N302A) protein appeared substantially more efficient
than wild-type for activation of the MutH endonuclease
(Kappeatr = 52 puM; Vinox = 6 fmol/hr) (Figure 6B). These
results support the hypothesis that MutH provokes ATP
binding by MutL, which in turn enhances MutH endonu-
clease activity.

Overexpression of MutL Results in a Dominant
Mutator Phenotype

The MutS, MutL, and MutH proteins exist in approxi-
mately equimolar concentration in the bacterial cell
(Feng et al., 1996). We examined the genetic effect(s)
of altering cellular levels of the wild-type and mutant
MutL proteins using an arabinose-inducible promoter
(Guzman et al., 1995). Growth in arabinose resulted in
overproduction of the wild-type and mutant MutL pro-
teins in an E. coli mutL strain (Figure 6C) as well as in
wild-type E. coli, although the background of endoge-
nous wild-type MutL obscured accurate quantitation in
the latter strain (data not shown). These results suggest
that arabinose induction substantially increases the lev-
els of the wild-type and mutant MutL proteins without
significant protein degradation.

Following arabinose induction of MutL for 3-4 genera-
tions in wild-type E. coli, the frequency of Lac™ mutants
(reversion of a —1 bp frameshift; Cupples et al., 1990)
was found to increase 56-fold over the vector alone
(Figure 6D). These results suggest that overexpression
of MutL is a dominant mutator. A similar overexpression
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Figure 5. MutL ATP Binding/Hydrolysis Mutants Do Not Affect MutS Sliding Clamps Interaction/Release or Hydrolysis-Independent Diffusion
of the MutS-MutL Sliding Clamp Complex

(A) The equilibrium binding of ATPyS by MutL mutant proteins. Filter binding was used to calculate the equilibrium disassociation constants
(Kp) for [*°S]-ATPvS binding by wild-type MutL (@), MutL(N302A) (M), MutL(R95F) (A), and MutL(E29A) (X).The curves were fitted to a hyperbolic
plot and the disassociation constants calculated [MutL K, = 90 uM; MutL(N302A) K, = 20 wM; ATPYS binding to MutL(E29A) and MutL(R95F)
was negligible].

(B) The effect of MutL ATP binding/hydrolysis mutant proteins on the release of MutS sliding clamps. Binding to the 82 bp biotin-streptavidin
double blocked-end G/T mismatch DNA (Sb-G/T-bS) was initiated by the addition of MutS (100 nM) followed by sequential addition of ATP
(1 mM), and MutL (100 nM) where indicated. A 400-fold excess of unlabeled 82 bp G/T mismatch DNA competitor was added after MutL
incubation in reactions indicated. Gel shift analysis was performed on a 5% native PAGE. The MutL mutant type added to MutS is shown on
the left. Release of the ATP-bound MutS sliding clamp shifted complex (GS) only in the presence of the MutL mutant proteins and excess
G/T mismatch competitor (“G/T comptr.”) indicates competent release activity.

(C) A stable MutS-MutL complex is formed by MutL ATP binding/hydrolysis mutant proteins. Gel shift analysis was performed as described
in (B) except ATPyS was used exclusively instead of ATP.

(D) Hydrolysis-independent diffusion of MutS-MutL complexes formed with ATP binding hydrolysis MutL mutant proteins. Binding and MutS-
MutL complex formation was performed as in (C) in the presence of ATPyS except that the 2.9 kb circular DNA containing a G/T mismatch
(circular G/T DNA) was substituted for the 82 bp DNA and a 400-fold excess of control G/C competitor was present. Gel shift analysis was
performed as in Figure S2. Following MutS-MutL complex formation [SU], the circular G/T DNA was linearized with Scal and MutS-MutL
complexes allowed to dissociate to an unshifted linear (UL).

of MutL(R95F) increased the frequency of Lac* reversion
mutants throughout the experiment (including during

gesting that induction of the mutant protein was detri-
mental. Quantitative analysis revealed that the survival

uninduced growth) to a final level that was 540-fold
above vector alone and 10-fold above wild-type MutL
(Figure 6D). Since overexpression levels appeared iden-
tical, the escalation of Lac™ reversion mutants produced
by MutL(R95F) compared to wild-type MutL suggests
an additional level of dominant mutator activity.
Overexpression of MutL(N302A) resulted in a slightly
lower Lac* reversion frequency compared to overex-
pression of wild-type MutL (Figure 6D). However, during
arabinose induction the number of bacterial colonies
that retained the MutL(N302A) plasmid declined, sug-

of bacterial cells containing the vector alone, wild-type
MutL, and MutL(R95F) was insensitive to a wide range
of arabinose-inducing conditions (Figure 6E). However,
80% of the cells containing MutL(N302A) did not survive
even at very low arabinose concentrations (0.02%; Fig-
ure 6E). Moreover, the remaining 20% of survivors ap-
peared to inactivate the arabinose-dependent over-
expression of MutL(N302A) (data not shown). These
observations suggest that overexpression of constitu-
tively activated MutL(N302A) was lethal. We conclude
that relative protein levels are important for proper muta-
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Figure 6. Activation of MutL ATP Binding by MutH and Consequent Enhancement of the MutH Endonuclease Activity

(A) The MutH protein enhanced ATP+S binding by MutL. Filter binding was used to calculate the equilibrium disassociation constants (Kp) for
[*3S]-ATPyS binding to MutL (®) (K, = 90 M) and MutL plus MutH (V) (K, = 16 p.M).

(B) Activation of MutH endonuclease by MutL mutant proteins. MutH (25 nM) endonuclease activity on a 40 bp DNA containing a single
hemimethylated GATC site DNA was monitored in the presence of 500 nM wild-type and mutant MutL proteins at varying concentrations of
ATP. The 20 nt ssDNA product was analyzed on denaturing urea/PAGE and visualized by Phosphorlmager. The amount of product was
quantitated and endonuclease activity (femtomole product) plotted as a function of ATP concentration for wild-type MutL (®), MutL(N302A)
(M), and MutL(R95F) (A) proteins. A representative product analysis is shown at the top of the graph. Standard deviation was calculated from
at least three independent experiments.

(C) Western analysis of wild-type and mutant MutL following arabinose induction. Wild-type and mutant MutL proteins were placed under the
control of the arabinose-inducible promoter (pBAD) and introduced into an E. coli mutL strain. Protein overexpression was induced by growth
in 0.02% arabinose for 2 hr. Clarified protein extracts were separated by SDS/PAGE and probed with MutL antibody. Uninduced controls are
shown (time 0) and purified MutL as a marker.

(D) Overexpression of wild-type and mutant MutL results in a dominant mutator phenotype. Overexpression was performed as in C in wild-
type E. coli containing a -1 frameshift Lac* reversion marker. Mutants per 107 cells (median) were determined by counting the number of
Lac™ GC—AT revertants in cells from six independent cultures. The median values (and range) obtained for each of the proteins pre- and
postinduction is shown.

(E) Survival of bacterial cells expressing wild-type and ATP binding/hydrolysis MutL mutants. The growth characteristics of cells overexpressing
different MutL mutants were determined as a function of arabinose concentration. The number of cells surviving after induction was measured
as a fraction of the initial number of cells inoculated in medium containing arabinose.

tion-suppression activities of MutL and that inappropri-
ate activation of MutL is detrimental. A dominant muta-
tor phenotype suggests at least two nonexclusive
possibilities: (1) overexpression of MutL sequesters
other MMR components, preventing them from func-
tioning in MMR, or (2) overexpression of MutL induces
rapid turnover of MutS sliding clamps, effectively disen-
gaging the MMR signal. We currently favor the latter
hypothesis because of the extraordinary dominant mu-

tator phenotype displayed by the MutL(R95F) mutation
which lacks ATP-dependent MutH activation activity but
retains substantial MutS clamp turnover activity.

Discussion
Prevailing models for MMR appear founded on a wide

variety of nonphysiological conditions that have signifi-
cantly affected biochemical interpretation(s). Here we
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have determined physiological salt conditions that max-
imize mismatch discrimination by the MutS ATPase as
well as detail the circumstances under which the MutL
ATPase forms a quantitative and functional complex
with MutS. These data place significant restrictions on
MMR models.

Considering Mechanisms for Mismatch Repair
Within a narrow window of salt concentration (100-160
mM) that is physiologically relevant, MutS displays sig-
nificant mismatch-dependent ATPase activity that is
regulated by mismatch-provoked ADP—ATP exchange.
The DNA binding, ATPase, and ADP—ATP exchange
activities in the presence of duplex DNA, widely used
as a basis for other MMR models, appears largely to
result from MutS interaction with free DNA ends, a condi-
tion that is rare in vivo. The background ATPase in the
absence of DNA may reflect the intrinsic inefficiency of
the system, the absence of a regulatory factor, or per-
haps a mechanism to ensure MutS remains largely ADP-
bound: the form with maximum mismatch discrimi-
nation.

The Hydrolysis-Dependent Translocation Model re-
quires directional control of the MutS and/or MutL
ATPase along the DNA. While it is clear that mismatch-
provoked ATP binding induces the formation of MutS
sliding clamps (Blackwell et al., 2001a; see Results),
once these sliding clamps have transited off the mis-
match and onto the adjacent duplex DNA, there are no
known molecular controls capable of regulating/pro-
voking ATP hydrolysis and/or ADP—ATP exchange.
Such controls are necessary to complete the proposed
two-site ATPase cycle that biases DNA translocation
events away from the mismatch (Blackwell et al., 1998b).
Similarly, the Static Transactivation Model appears in-
consistent with a number of biochemical observations.
For example, the formation of along-lived heterotrimeric
MutS-MutL-MutH complex would appear unlikely since
MutL actually promotes the release of ATP-bound MutS
sliding clamps from DNA (Figure 3). Perhaps a more
compelling dilemma surrounds the assembly and stabil-
ity of any macromolecular machine. Even models incor-
porating protein complexes with conformationally bi-
ased interactions should account for catastrophic
dissociation during the biological event. One solution
that is not apparent in either of the above models is
molecular redundancy.

A Complete Molecular Switch Model

for Mismatch Repair

Our results refine the original Molecular Switch Model
for MMR to incorporate the dynamic and redundant
properties of both MutS and MutL (Figure 7). We propose
that MutS functions as a mismatch sensor (Figure 7A).
Recognition of mismatched nucleotides by MutS pro-
vokes ADP—ATP exchange that defines this protein as
a molecular switch (Fishel, 1998; Vale, 1996). ATP bind-
ing by MutS results in the formation of a stable hydroly-
sis-independent sliding clamp that is capable of diffu-
sion for at least 1 kb along the DNA adjacent to the
mismatch (Figure 7A; Supplemental Figure S2B). Follow-
ing the dissociation/diffusion of one ATP-bound MutS
sliding clamp from the mismatch, the site is exposed to
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Figure 7. The Molecular Switch Model for Bacterial Mismatch
Repair
See Discussion for explanation.

iterative loading of multiple MutS sliding clamps (Figure
7B; Supplemental Figure S2A). Continuous loading of
multiple MutS sliding clamps advances the location of
the rearward diffusion reflecting-barrier for any single
sliding clamp. Thus, the linear rate of sliding clamp
movement away from the mismatch is likely to be sub-
stantially faster than predicted by a random walk (Mul-
rooney et al., 1996).

In addition to DNA ends, it is possible that normal
fluctuations in duplex DNA may transiently mimic a mis-
match-like structure and permit binding, ADP—ATP ex-
change, and clamp-formation by MutS. However, such
short-lived DNA structures are unlikely to load multiple
MutS sliding clamps. To minimize the biological conse-
quences of such transient structures, we propose that
athreshold number of localized ATP-bound MutS sliding
clamps are required to initiate MMR. In support of this
hypothesis, studies with GFP-tagged MutS and MutL
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have visualized MMR proteins moving away from grow-
ing replication forks (Smith et al., 2001). The strong fluo-
rescence signals seem to imply that tens to hundreds
of MutS and/or MutL molecules localize to a MMR event.
Multiple mismatch-localized sliding clamps solve two
crucial requirements for an MMR model: mismatch rec-
ognition and DNA tracking capable of orienting the mis-
match region with a downstream GATC site.

The role of MutL has been enigmatic. We show that
the MutL protein only interacts with ATP-bound MutS
sliding clamps (Figure 7C; Figures 3-5). We also demon-
strate that the MutS-MutL complex is capable of hydro-
lysis-independent diffusion along DNA (Supplemental
Figure S2). No qualitative difference between the diffu-
sion properties of MutS sliding clamps and the MutS-
MutL sliding clamps was observed.

Once the MutS-MutL complex is formed, MutL ap-
pears to perform two functions. First, MutL enhances
the unloading of MutS sliding clamps (Figures 3D and
7C). This unexpected and unique function likely serves
as an abortive reaction that removes unused sliding
clamps in the absence of other key MMR components.
The MutS clamp-unloading function occurs indepen-
dent of ATP binding or hydrolysis by MutL (Figure 5). A
second function for MutL physically connects the MutS
sliding clamps to the MutH endonuclease (Figure 7D;
Figure 6). The interaction with MutH protein enhances
ATP binding by MutL that in turn appears to significantly
enhance the endonuclease activity of MutH (Figure 6).
These results define MutL as a protein-activated molec-
ular switch.

While the exact mechanism of MutL activation of MutH
endonuclease is unknown, it is likely that ATP binding
by MutL results in a long-lived MutS-MutL-MutH endo-
nuclease-competent intermediate (Figure 7D; Hall et al.,
1998; Spampinato and Modrich, 2000). Interestingly, a
constitutively activated mutant, MutL(N302A), induces
significant cellular lethality (Figure 6D). There are at least
two possible mechanisms that might contribute to le-
thality: (1) MutL(N302A) inappropriately activates the
MutH endonuclease activity, leading to ssDNA scissions
and genetic catastrophe, or (2) MutL(N302A) inappropri-
ately interacts with some other replication and/or repair
machinery, thereby decreasing cell viability.

Application of the Molecular Switch Model to

the Excision of the Nascent DNA Strand

Our data do not directly address the steps following
MutH endonuclease incision at a hemimethylated GATC
site. However, a testable mechanism for the completion
of MMR that incorporates the properties of UvrD heli-
case may be easily visualized (Figure 7E). The UvrD
helicase initiates unwinding from a single-strand scis-
sion (Matson, 1986) and helicase processivity is signifi-
cantly enhanced by the addition of MutS plus MutL (Ya-
maguchi et al., 1998). We consider the possibility that
the UvrD helicase or a ssDNA intermediate generated
during unwinding provokes ATP binding by MutL similar
to that demonstrated by MutH (Figure 7E). A MutS-MutL
sliding clamp linked to UvrD is appealing because of its
similarity to B-clamp processivity factor and its associa-
tion with the Pol Il holoenzyme (O’Donnell et al., 1992).
However, it would appear equally likely that MutL forms

asecond ATP-dependent sliding clamp that surrounds a
displaced single-strand, thus stabilizing a UvrD helicase
intermediate and ultimately introducing processivity.

Fundamental Redundancy

Multiple dynamic MutS-MutL sliding clamps introduce
significant redundancy into the Molecular Switch Model.
At any stage of the MMR process, the protein compo-
nents may encounter catastrophic and/or induced dis-
sociation. However, multiple MutS-MutL sliding clamp
complexes remain associated with the residual interme-
diate(s) and ensure that the MMR reaction may be rap-
idly restarted from the last end-point. This process
would appear completely iterative until the excision tract
disrupts the mismatch that is responsible for the initial
loading of MutS sliding clamps. The Molecular Switch
Model then satisfies the final and perhaps most signifi-
cant requirement of MMR: the excision tracts are direc-
tional and cover only the DNA region between GATC
incision to just past the mismatch. This model appears
easily adaptable to the eukaryotic MSH and MLH homo-
logs and ultimately eukaryotic MMR.

Experimental Procedures

DNA Substrates

Oligonucleotides were synthesized by Midland Certified Reagent
Company (Midland, Texas). DNA substrates for ATPase analysis
(41 bp) were prepared by using the following strands (5'—3’):
T-strand, CCGCTGAATTGCACCGAG CTTGATCCTCGATGATCCTA
AGC; C-strand, CCGCTGAATTGCACCGAGCTCGATCCTCGATGAT
CCTAAGC; G-strand, GCTTAGGATCATCGAGGATCGAGCTCGGTG
CAATTCAGCGG. The site of the mismatch (G/T) or match (G/C) is
indicated in bold. The G-strand was annealed to the T-strand (G/T
substrate) or the C-strand (G/C substrate) in 10 mM Tris (pH 8.0),
1 mM EDTA, 500 mM NaCl. The annealed product was purified from
the single strands by using BND cellulose as previously described
(Gradia et al., 1997).

For ADP—ATP exchange studies, the above 41-mer strands were
synthesized with a biotin linked to the 3'-end. The annealed products
were purified using a HPLC on a Waters SepPak column. Double-
end blocked substrates were prepared by addition of 20-fold excess
streptavidin. Analysis of the blocked substrate using a 5% native
PAGE indicated that more than 90% DNA was blocked on both
ends. The 82 bp substrates were prepared by using the following
strands: T-strand, AACTATAGGGCGAATTGGGTACCGCTGAATTG
CACCGAGCTTGATCCTCGATGATCCTAAGCTAAGCTTCAGCTCC
AGCTTT; C-strand, AACTATAGGGCGAATTGGGTACCGCTGAATT
GCACCGAGCTCGATCCTCGATGATCCTAAGCTAAGCTTCAGCTC
CAGCTTT; G-strand, AAAGCTGGAGCTGAAGCTTAGCTTAGGATC
ATCGAGGATCGAGCTCGGTGCAATTCAGCGGTACCCAATTCGCC
CTATAGTT. The G/T mismatch and the G/C duplex DNA were pre-
pared by annealing the G-strand with the T-strand and the C-strand,
respectively. Annealed products were purified by BND-cellulose.

For gel-shift experiments the above 82-mer strands were synthe-
sized with a biotin group linked to the 81% nucleotide (biotinylated
deoxythymidine). The annealed product was purified on a HPLC
using a SepPak column. DNA was labeled by T4 polynucleotide
kinase and the ends were blocked by the addition of 20-fold excess
streptavidin. The double-end blocked substrate was purified by gel-
extraction using native PAGE as described (Gradia et al., 1999).

For TIR IAsys studies the above 82-mer strands were synthesized
with the following modifications: the G-strand contained a fluores-
cein group attached to the 5’-end, and the C-strand and T-strand
contained a biotin group attached to the 5'-end. The T- or the
C-strand was annealed with 4-fold molar excess of the G-strand.
The DNA was stored at 4°C and bound to the cuvette surface as
described below.

Circular DNA substrates containing a single G/T mismatch were
prepared as described (Gradia et al., 1999).
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DNA substrate for MutH endonuclease assay was prepared by
annealing the following strands: CH, strand, CACTACGTGAACCAT
CACTG["A]TCAGCGTAACGAAGAGCCC (where ["A] refers to N-6
methyl adenine); complimentary GATC strand, GGGCTCTTCGTT
ACGCTGATCAGTGATGGTTCACGTAGTG. The annealed product
was purified on a Waters SepPak column by HPLC.

Protein Purification

Wild-type MutS and MutL proteins were purified as described (Galio
et al., 1999; Grilley et al., 1989; Haber and Walker, 1991). His-tagged
MutL mutants were purified on a Ni** affinity column (Feng and
Winkler, 1995; Gradia et al., 1997), followed by chromatography on
MonoQ (Feng and Winkler, 1995). His-tagged MutH was purified on
Ni?* affinity chromatography followed by gel filtration on S-200 and
concentration on Mono Q. Proteins were dialyzed extensively
against 25 mM HEPES-NaOH (pH 7.5), 100 mM NaCl, 20% glycerol,
1 mM DTT, 1 mM EDTA, snap-frozen in liquid N,, and stored at
-70°C. Western analysis was performed as previously described
(Aronshtam and Marinus, 1996).

ATPase Assays

The ATPase activity of MutS was measured in a reaction buffer (20
wl) containing 25 mM HEPES-NaOH (pH 7.5), 1 mM DTT, 10 mM
MgCl,, 15% glycerol, 50 pg/ml BSA, 140 mM NaCl (except where
indicated), 0.5 mM ATP, and 16.5 nM [y—?%P] ATP. Reactions were
performed at 37°C for 30 min and stopped by the addition of 400
wl of 10% activated charcoal (Norit) containing 1 mM EDTA. Norit
was removed by centrifugation and 100 pl aliquots of the superna-
tant were counted by liquid scintillation to measure the released
phosphate. Standard of deviation was calculated from at least three
independent experiments.

ADP—ATP Exchange

ADP—ATP exchange was performed as previously described
(Gradia et al., 1997). The MutS protein (100 nM) was preincubated
in Buffer A (25 mM HEPES-NaOH [pH 7.5], 1 mM DTT, 15% glycerol,
10 mM MgCl,, 100 pg/ml acetylated BSA, 100 mM NaCl) containing
3.0 uM [*H]-ADP at 23°C for 10 min. Reactions were then placed on
ice. We noted that bound [°*H]-ADP was stable (=1%) on ice for up
to 2 hr. To measure ADP—ATP exchange, an equal volume of Buffer
A containing 50 uM ATP was added and the reaction incubated at
23°C for indicated times. Little or no release of ADP was observed
in the absence of exogenous ATP. The reaction was stopped by
diluting with 3 ml ice-cold stop buffer (25 mM HEPES-NaOH [pH
7.5], 10 mM MgCl,, 100 mM NaCl) and immediately filtering over a
prerinsed Millipore HAWP nitrocellulose membrane. The filters were
washed with 3 ml of ice-cold stop buffer, air dried, and equilibrated
overnight in 4 ml scintillation fluid (Scintiverse, Fisher Scientific)
before counting. Standard of deviation was calculated from at least
three independent experiments.

ATP~S Binding

Binding of ATPyS was measured in Buffer A containing 12% gly-
cerol. MMR proteins (1.0 wM) were incubated at 37°C for 30 min in
Buffer A containing ATPyS concentrations as indicated, supple-
mented with 0.3 wM [*®*S]-ATP~yS. Reactions were placed on ice for
30 min and filtered as described for ADP—ATP exchange studies.
Filters were dried and counted as described above. Standard devia-
tion was calculated from at least three independent experiments.

Gel Shift Analysis

DNA substrate binding (20 wl) was performed in Buffer A containing
50 wg/ml BSA, 100 ng polydl-dC, 25 nM ADP, and 10 fmol [**P]-
labeled DNA. Reactions were initiated by the addition of MutS (100
nM) and incubation at 37°C for 5 min. This was followed by sequential
addition and incubation of reagents in the following order (where
indicated): ATP or ATPyS (1 mM, 10 min), MutL (100 nM, 10 min).
Competitor DNA or Scal endonuclease was then added as required
and the incubation continued for an additional 10 min. Reactions
with 82 bp oligonucleotide substrate were separated at 4°C on 5%
native PAGE in Tris-borate buffer at 25 mA for 2 hr (Maniatis et al.,
1982). Reactions with circular DNA were analyzed by electrophore-
sis on 1% agarose gel in Tris-Acetate buffer at 80 V for 90 min

(Maniatis et al., 1982). Gels were dried and exposed to a phos-
phorimager (Molecular Dynamics). The results are representative of
at least three independent experiments.

Total Internal Reflectance

Real-time total internal reflectance (TIR) analysis was performed
using the lAsys (Affinity Sensors). A biotin-coated cuvette measure-
ment surface was used for the analysis in Buffer B (25 mM HEPES-
NaOH [pH 7.5], 10 mM MgCl,, 110 mM NaCl, 1mM DTT, 2% glycerol,
150 pg/ml BSA). Streptavidin was bound to the cuvette surface
and the increase in response units followed until equilibrium was
established (3-5 min). Excess streptavidin was removed with re-
peated washing with phosphate buffered saline (PBS [Maniatis et
al., 1982]). The 82 bp DNA substrate containing 5’ fluorescein on the
G-strand and 5’ biotin on the complimentary T-strand (G/T mismatch
DNA) or C-strand (G/C duplex DNA) was added to streptavidin-
coated cuvette, equilibrium of response units established, and un-
bound DNA removed by repeated washing with PBS. In reactions
using double-end blocked DNA, the 5’-fluorescein end was blocked
using anti-fluorescein Fab fragment (0.4 ng; Molecular Probes, Eu-
gene, OR). The anti-fluorescein Fab fragment (0.4 pg) was retained
in all the subsequent buffers. The cuvette was then equilibrated
with Buffer B prior to binding analysis. Binding was initiated by the
addition of MutS (200 nM) in the Buffer B containing 25 pM ADP
(30 pl), and the change in response units followed until equilibrium
was established. We found that the addition of 25 M ADP did not
alter the kinetics or total binding of MutS to the G/T mismatch DNA.
Unbound protein was removed in the “replace” mode by replacing
the binding buffer with fresh Buffer B without protein or nucleotide
(30 pl). MutS release was performed by adding ATP or ATPyS (1 mM)
in Buffer B (30 pl). Unbound protein and free nucleotide were re-
moved and replaced with fresh Buffer B (30 pl). MutL association
was performed in the “retain” mode. The MutL (200 nM final) protein
was added in Buffer B (30 pl) containing the appropriate nucleotide
and the binding monitored for 10 min. We noted that the addition
of Buffer B (30 pl) without MutL did not significantly alter the level
of response units (bound material) over a 10 min period. The 82 bp
G/T competitor DNA was then added (15 pl) in the same buffer and
monitored for 10 min. The resultant curves were imported from the
original data using FAST-PLOT software (Affinity Sensors, Cam-
bridge, UK).

MutH Endonuclease

MutH endonuclease activity was measured in Buffer C (256 mM
HEPES-NaOH [pH 7.5], 1 mM DTT, 18% glycerol, 10 mM MgCl,, 135
wg/ml acetylated BSA, 100 mM NaCl, 5 nM [*2P]-DNA substrate).
Reactions were initiated by the addition of the MutH (25 nM) and
MutL (500 nM) proteins, varying ATP concentrations (as indicated),
and incubating at 23°C for 1 hr. An equal volume of endonuclease
stop solution (80% formamide, 10 mM EDTA) was added to stop
the reaction. Reactions were heated to 95°C for 2 min and products
separated on a 15% denaturing urea-PAGE (Maniatis et al., 1982).
Endonuclease products were quantitated by Phosphorimager (Mo-
lecular Dynamics). The amount of endonuclease product (in femto-
moles) was determined. Standard deviation was calculated from at
least three independent experiments.

Media

Cells were grown in LB medium (Miller, 1992) or minimal medium
consisting of M9 salts (Miller, 1992) plus 0.1% or 0.01% glycerol
(Gly), solidified with 1.5% agar when appropriate. Carbenicillin
(Carb) was added to rich medium at 100 pg/ml and to minimal
medium at 50 wg/ml. For transcriptional induction, 0.02 to 0.2%
arabinose (Ara) was added to M9 Gly medium. Lac™ revertants were
selected on solid M9 plus 0.1% lactose (Lac) medium.

Mutation Frequency

Strain CC108 (Cupples et al., 1990) was transformed with the vector,
pBAD24 (Guzman et al., 1995), pKM157 (pBAD24-mutL*, obtained
from M. Marinus), pPBAD24-N302A, and pBAD24-R95F. The resulting
strains were grown to saturation in M9 0.1% Gly plus Carb. Each
culture was diluted 10°-fold into M9 0.01% Gly plus Carb, and 200
wl aliquots (containing ~4 X 10° cells) dispensed into each of 24
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microtiter wells. These cultures were grown for 72 hr at 37°C, then
50 pl from each microtiter well (containing approximately 7 X 10°
cells) was added to 50 pl of M9 0.1% Gly plus 50 wg/ml Carb with
and without 0.02% Ara. The remaining 100 .l of each primary culture
was used to measure cell growth and mutation as described below
for the secondary cultures. The secondary cultures were grown for
an additional 72 hr at 37°C. Five microliter aliquots were removed
from six wells into M9 salts and appropriate dilutions plated on LB
and LB plus Carb to determine the cell numbers. The entire contents
of the microwells were mixed with 2 X 10° cells of strain FC755 (a
nonreverting Lac™ scavenger strain) and plated in minimal top agar
on solid M9 plus Lac medium. Lac* colonies were counted after
the plates were incubated for 48 hr at 37°C. During the second
growth period, without Ara, the cell numbers of all the strains in-
creased 10-fold; with Ara, the cells carrying the vector increased
10-fold, cells carrying mutL* or R95F increased 5-fold, and the cells
carrying N302A increased 5-fold if titered on LB, but did not increase
at all if titered on LB plus Carb (see Figure 6C). The mutation rates
of the strains did not change during the second growth under nonin-
ducing conditions. The results in Figure 6C are the median number
of Lac™ colonies divided by the number of cells as determined on
LB plus Carb.

Survival under Inducing Conditions

The four strains were grown to saturation in M9 0.1% Gly plus
Carb and diluted 10°%-fold into the same medium; 100 pl aliquots
(containing approximately 2 X 10° cells) were dispensed into 12
microtiter wells. After incubating for 72 hr at 37°C, 4 wells were
combined, to give 3 samples for each strain, and plated at various
dilutions on solid M9 0.1% Gly plus Carb plus 0, 0.02, 0.068, and
0.2% Ara. Surviving colonies were counted after the plates were
incubated for 48 hr at 37°C. The ratios of the number of survivors
at each arabinose concentration to the number of cells at 0% Ara
are given in Figure 6E. Because both numbers have associated
errors, these ratios and the standard errors for the ratios were calcu-
lated using the formula found in Rice (1995).
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