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In the Saccharomyces cerevisiae Msh2p-Msh6p complex, mutations that were predicted to disrupt ATP
binding, ATP hydrolysis, or both activities in each subunit were created. Mutations in either subunit resulted
in a mismatch repair defect, and overexpression of either mutant subunit in a wild-type strain resulted in a
dominant negative phenotype. Msh2p-Msh6p complexes bearing one or both mutant subunits were analyzed
for binding to DNA containing base pair mismatches. None of the mutant complexes displayed a significant
defect in mismatch binding; however, unlike wild-type protein, all mutant combinations continued to display
mismatch binding specificity in the presence of ATP and did not display ATP-dependent conformational
changes as measured by limited trypsin protease digestion. Both wild-type complex and complexes defective in
the Msh2p ATPase displayed ATPase activities that were modulated by mismatch and homoduplex DNA
substrates. Complexes defective in the Msh6p ATPase, however, displayed weak ATPase activities that were
unaffected by the presence of DNA substrate. The results from these studies suggest that the Msh2p and Mshé6p
subunits of the Msh2p-Msh6p complex play important and coordinated roles in postmismatch recognition
steps that involve ATP hydrolysis. Furthermore, our data support a model whereby Mshép uses its ATP
binding or hydrolysis activity to coordinate mismatch binding with additional mismatch repair components.

In organisms ranging from Escherichia coli to humans, mis-
match repair pathways that recognize and repair both base pair
mismatches and small insertion/deletion mismatches have
been identified. Such mismatches can result from DNA repli-
cation errors, genetic recombination, and DNA damage; if
uncorrected, these errors become fixed in the genome upon
DNA replication (reviewed in references 15, 34, 41, and 42). In
E. coli, the MutHLS system directs repair of base pair mis-
matches that result from DNA replication errors so that the
newly replicated DNA strand is excised (reviewed in references
15, 34, 41, and 42). Our understanding of MutHLS repair was
aided by the development of an E. coli in vitro mismatch repair
reaction that was reconstituted from purified components (36).
This assay showed that three components, MutSp, MutLp, and
MutHp, played critical roles in initiating the repair process. A
MutSp dimer appears to be the key mismatch recognition
protein, as it binds to heteroduplex DNA containing base pair
mismatches and up to 3-nucleotide (nt) insertions/deletions
(41, 45, 54, 55). MutLp is thought to play the role of a molec-
ular matchmaker by binding to the MutSp-mismatch DNA
complex and mediating the activation of MutHp, an endonu-
clease that nicks only the unmethylated strand of hemimethy-
lated GATC sites that are present immediately after passage of
the replication fork (7, 20, 41, 50). Strand incision by MutHp,
which can occur 3’ or 5’ to a mismatch, is then followed by
excision, resynthesis, and ligation steps, resulting in the re-
moval of the mismatch on the newly replicated strand, with the
parental DNA strand serving as a template for repair (7).

Components of the mismatch repair reaction appear to be
highly conserved in prokaryotes and eukaryotes, as homologs
of E. coli MutSp and MutLp have been identified in Saccha-
romyces cerevisiae, Xenopus, Drosophila, mouse, and human
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cells (reviewed in references 34 and 42). In S. cerevisiae, six
mutS homologs (MSH1 to MSH6) and four mutL homologs
(PMS1, MLH1, MLH?2, and MLH3) have been identified (re-
viewed in references 15, 34, and 42). It is unclear how parental
and replicated DNA strands are distinguished in eukaryotes, as
methylation does not appear to play a role in strand discrim-
ination and no eukaryotic homologs of mutH have been iden-
tified (15, 34, 42). It is also unclear why there are so many
MutSp and MutLp homologs in eukaryotes whereas only a
single homolog of each protein is found in E. coli. One possi-
bility is that multiple homologs evolved to allow for specialized
mismatch recognition functions. Studies of both yeast and hu-
man cells support this idea: in both organisms, a heterodimer
of Msh2p and Msh6p forms to repair mismatches resulting
from nucleotide substitution and single-nucleotide insertion/
deletion mutations, and a heterodimer of Msh2p and Msh3p
forms to repair DNA slippage events that result in 2- to 4-nt
insertion/deletion mismatches (1, 2, 17, 23-25, 29, 31, 33, 38,
43, 44).

While all of the components in the E. coli mismatch repair
system have been identified, little is known at the mechanistic
level about how mismatch recognition by MutSp and its ho-
mologs results in the activation of downstream components.
Studies to address this issue have focused on biochemical in-
teractions between purified components and structure-func-
tion analyses of the MutSp and MutLp homologs (5, 7, 16, 20,
25, 30, 36, 47). These studies have indicated that ATP binding,
hydrolysis, or both function in key control points in the mis-
match repair reaction. Of the three components required for
mismatch recognition and incision of the newly replicated
strand in E. coli, only MutSp and its homologs have been
shown to bind and hydrolyze ATP via a highly conserved
Walker type A nucleotide binding motif (5, 22, 30). Mutant
MutS and Msh2 proteins (referred to as mutSp and msh2p,
respectively) that contain amino acid substitutions in the nu-
cleotide binding domain are defective in mismatch repair and
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confer a dominant negative phenotype when overexpressed in
wild-type strains (5, 22, 30, 59).

A series of biochemical and genetic studies of bacteria, S.
cerevisiae, and humans have suggested that MutSp homolog-
ATP interactions play an important role in multiple steps in
the mismatch repair reaction. These studies have shown that
ATP is important for the modulation of mismatch recognition,
the recruitment of additional mismatch repair factors, in some
cases the translocation of the mismatch repair complex along
DNA, and the activation of proteins such as MutHp that play
arole in strand discrimination steps (5-7, 17, 19-21, 25, 30, 36,
44, 57). Studies that demonstrated the ATP requirement in
mismatch repair included the following. First, in the bacterial,
yeast, and human systems, ATP or the nonhydrolyzable analog
ATP~S was shown to be required for the formation of MutSp
homolog-MutLp homolog complexes at a mismatch site (20,
21, 25). Second, in the presence of ATP or ATPyS, the mis-
match binding specificity of the bacterial, yeast, and human
MutSp homologs was dramatically decreased (2, 17, 19, 20, 31).
Finally, in the presence of ATP, MutSp and MutLp formed
a-shaped looped structures on linear DNA substrates contain-
ing a mismatch (6). The positioning of the MutSp dimer at the
base of the loop was consistent with the idea that ATP hydro-
lysis by MutSp enabled a MutSp-MutLp complex to translocate
bidirectionally away from a mismatch site (6). Such a proposed
activity is attractive because it can also explain how a complex
of MutSp and MutLp could, in a step requiring ATP hydroly-
sis, encounter and activate MutHp at hemimethylated GATC
sites located several kilobase pairs away from a mismatch (6, 7,
36).

While the amino acid sequences of the MutSp homologs are
highly conserved between prokaryotes and eukaryotes, the or-
ganization of the eukaryotic mismatch binding factors into
Msh2p-Msh6p and Msh2p-Msh3p complexes that display dif-
ferent mismatch binding specificities raises questions about the
role of each subunit in mismatch recognition. While ATP ap-
pears to modulate the mismatch binding specificity of the eu-
karyotic and prokaryotic MutS homolog proteins in similar
ways, it is unclear whether the two ATPases that are present in
MutSp homolog complexes are coordinated and whether eu-
karyotic homologs display an in vitro translocation activity
similar to that observed for MutSp. The role that each subunit
plays in mediating interactions between MutSp and MutLp
homologs and between factors involved in strand discrimina-
tion is also unclear.

The differences between the prokaryotic and eukaryotic sys-
tems encouraged us to examine the eukaryotic MutSp homolog
subunit’s interactions with ATP. We focused on the S. cerevi-
siae Msh2p-Msh6p complex as a model because genetic anal-
ysis of msh2 and msh6 null mutations indicated that the
Msh2p-Msh6p complex plays a major role in recognizing base
pair and single-nucleotide insertion/deletion mismatches (33,
38) and biochemical analyses indicated that the Msh2p-Msh6p
complex displayed both mismatch binding and ATP hydrolysis
activities (2, 31). In this study, we used genetic and biochemical
analyses to show that the ATPase activity of each subunit of
Msh2p-Msh6p is coordinated during at least two discrete steps
in mismatch repair. First, this analysis indicated that both the
Msh2p and Msh6p subunits appear to be equally required in
mediating ATP-dependent conformational changes in the
complex that result in the modulation of mismatch binding
specificity. Second, in mutant complex analyses, we observed
that the Msh6p ATPase activity was responsive to the presence
of mismatched DNA substrates whereas the Msh2p ATPase
appeared unresponsive. Third, genetic analyses of strains over-
expressing msh2 or msh6 gene products that contain ATP
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binding domain mutations resulted in a dominant negative
phenotype. Taken together, our data suggest a role for the
Msh6p subunit in relaying mismatch binding signals and a role
for both subunits in downstream mismatch repair functions
once the signaling event has been completed. A model consis-
tent with the data obtained is presented.

MATERIALS AND METHODS

Strains and genetic procedures. E. coli and yeast strains were grown under
conditions described previously (5, 40, 49). E. coli RKY1400 (thr leuB6 thi thyA
trpC1117 hsrk12 hsmkl12 St recA13) was kindly provided by R. Kolodner and
was used to amplify and manipulate all plasmids described in this report. S.
cerevisiae FY23 (MATa ura3-52 leu2Al trplA63 [58]) and the FY23 derivatives
EAY252 (MATa ura3-52 leu2Al trpIA63 msh2A::TRPI), EAY420 (MATa
ura3-52 leu2Al trpl A63 msh3A::hisG), and EAY337 (MATa ura3-52 leu2Al
trpl A63 msh6A::hisG) were used in dominance and complementation studies.
These strains were transformed with the following episomal vectors individually
or in pairs: pEAES1 (GAL10-MSH6 TRPI 2um [5]), pEAE84 (GALI10-msh6-
GD987 TRPI 2um [this report]), pEAE20 (GAL10-MSH2 URA3 2 um [3]),
pEAE27 (GAL10-msh2GD693 URA3 2um [5]), pEAE86 (GALI0-MSH2 TRP1
2pm [this report]), and pEAES7 (GAL10-msh2-GD693 TRPI 2pm [this report]).
S. cerevisiae BI5464 (MATo ura3-52 trpl leu2Al his3A200 pep4::HIS3 prb]1 A1.6R
canl GAL) was obtained from the Yeast Genetic Stock Center and was the
parental strain used for the overexpression and purification of Msh2p-Msh6p and
the mutant derivative complexes. Msh2p-Msh6p complex was purified from
BJ5464 transformed with pEAE20 and pEAES51 (EAY359), msh2-GD693p-
Msh6p complex was purified from BJ5464 transformed with pEAE27 and
pEAE51 (EAY360), Msh2p-msh6-GD987p complex was purified from BJ5464
transformed with pEAE20 and pEAES4 (EAY532), and msh2-GD693p-msh6-
GD987p complex was purified from BJ5464 transformed with pEAE27 and
pEAES4 (EAYS533).

Yeast strains were transformed with episomal vectors by the lithium acetate
method described by Geitz and Schiestl (18). Mutation rates in FY23, EAY420,
and EAY337 strains containing wild-type and mutant MSH2 and MSH6 overex-
pression plasmids were determined by measuring forward mutations to canava-
nine resistance (4, 48). DNA slippage events were measured by detecting frame-
shift events resulting in resistance to 5-fluoro-orotic acid (5-FOA) in FY23-
derived strains containing pEAA69 [(GT),s-URA3 ARSH4 CEN6 LEU2], a
LEU2 plasmid derived from pSH44 (27, 53). In both the mutator and DNA
slippage studies, tested strains were streaked to form single colonies on selective
minimal plates containing 2% galactose and 2% sucrose. Eleven independent
colonies were suspended in water, and appropriate dilutions were then plated
onto minimal medium containing 2% each galactose and sucrose with or without
canavanine (Sigma, St. Louis, Mo.) for the mutator assays or with or without
5-FOA (U.S. Biological, San Antonio, Tex.) for the DNA slippage studies (27,
48, 49). The median frequency of canavanine and 5-FOA resistance was deter-
mined for each strain. Each experiment was repeated 2 to 10 times. We chose to
analyze our genetic data by the Wilcoxon rank-sum test to avoid making assump-
tions about the shape of the population distribution. Most data were evaluated
by this rank-sum test, where P values of <0.05 were considered significant (8).
The DNA slippage data were analyzed by the x? test, where P values of <0.05
were considered significant (8).

Media, reagents, and chemicals. Trypsin and endo-Glu proteases were a gift
from the Cornell Biotechnology analytical-synthesis facility. ATP, GTP, and
deoxynucleoside triphosphates (INTPs) were purchased from Pharmacia (Upp-
sala, Sweden); [y->*P]JATP was obtained from Amersham (Arlington Heights,
1ll.), and ADP and AMP-PNP (adenylyl-imidodiphosphate) were purchased
from Sigma and Boehringer Mannheim (Indianapolis, Ind.), respectively. BA85
0.45-pm-pore-size nitrocellulose filters were purchased from Schleicher &
Schuell (Keene, N.H.). Protein concentrations were determined by the Bradford
dye method, using bovine serum albumin (BSA) as a standard (12), and reagents
were obtained from Bio-Rad (Richmond, Calif.). Purified antihemagglutinin
(anti-HA) mouse monoclonal antibody (clone 12CAS5) was purchased from
Boehringer Mannheim. For column chromatography, PBE94 and Resource Q
were purchased from Pharmacia, and single-stranded DNA (ssDNA)-cellulose
(catalog no. D8273) was purchased from Sigma; all resins were precycled ac-
cording to the manufacturers’ instructions.

To obtain anti-Msh2p and anti-Msh6p polyclonal antibodies, rabbits were
immunized with sodium dodecyl sulfate (SDS)-polyacrylamide gel-isolated
Msh2p and Msh6p by previously described methods (26). A single rabbit was
injected with one initial and two booster injections for each antigen (~100 pg of
each polypeptide per injection). Rabbits were housed and handled by members
of the Center for Research Animal Resources, Cornell University. Western
blotting was performed according to the manufacturer’s instructions, using the
Immun-blot alkaline phosphatase assay system (Bio-Rad). Polypeptides were
transferred to nitrocellulose by using a Bio-Rad semidry electrophoretic transfer
system and incubated with primary antibody at a 1:5,000 dilution overnight and
anti-rabbit immunoglobulin G secondary antibody at a 1:3,000 dilution for 2 h.

Nucleic acid techniques. All restriction endonucleases, T4 polynucleotide ki-
nase, T4 DNA ligase, T4 DNA polymerase, and Vent polymerase were from New
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England Biolabs and used according to manufacturer’s specifications. Oligonu-
cleotide synthesis and double-stranded DNA sequencing of the entire subcloned
fragment used to make the msh6-GD987 allele was performed at the Cornell
Biotechnology analytical-synthesis facility. High-pressure liquid chromatogra-
phy-purified oligonucleotides used in the filter binding studies were purchased
from Operon Technologies, Inc. (Alameda, Calif.). Oligonucleotide concentra-
tion determination, annealing conditions, and 5’ labeling using [y-*P]JATP and
T4 polynucleotide kinase were performed as described previously (3, 13). The
DNA sequences of the +1 and homoduplex oligonucleotides used in the filter
binding studies are the same as described by Alani et al. (5).

Site-directed mutagenesis of MSH6 to create the msh6-GD987 allele in
pEAES84 was performed by the overlap extension PCR method (28). pEAAG9
[LEU2 promoter-(GT),,-URA3 ARSH4-CEN6 LEU2| was derived from pSH44
(27) and was constructed by inserting the 2.0-kb HindIII LEU2 promoter-
(GT),5-URA3 fragment from pSH44 into the HindIII site of pRS305 (11a, 14).
Plasmid DNA was isolated by alkaline lysis, and all DNA manipulations were
performed as described previously (37).

Biochemical techniques. Overexpression, purification, and gel filtration anal-
ysis of Msh2p-Msh6p was performed as described previously (2). Msh2p-msh6-
GD987p, msh2-GD693p-Msh6p, and msh2-GD693p-msh6-GD987p complexes
were purified and analyzed by the same procedures. For the trypsin proteolysis
studies, the procedure for purification of the Msh2p-Msh6p complex was mod-
ified as follows. After elution from ssDNA-cellulose, Msh2p-Msh6p fractions
were applied in 200 mM NaCl-1X buffer A (25 mM Tris [pH 7.5], 1 mM EDTA,
10 mM B-mercaptoethanol) to a 0.67-cm? by 1.0-cm Source 30Q column (Phar-
macia) at 10 ml/h and washed with 5 volumes of 200 mM NaCl-buffer A. The
column was then eluted with 30 ml of a linear gradient from 0.20 to 1.0 M NaCl
run in buffer A at 10 ml/h. Peak fractions containing Msh2p-Msh6p protein
eluted at ~400 mM NaCl. These fractions were pooled and concentrated up to
5 mg/ml with a Microcon 50 concentrator as instructed by the manufacturer
(Amicon). The purity of protein preparations was monitored by SDS-polyacryl-
amide gel electrophoresis (PAGE) with 8% polyacrylamide gels (35) and by
measuring binding to +1 and homoduplex oligonucleotide substrates (see Fig. 1
and 2) (2).

Immunoprecipitation reactions were performed at 4°C as follows. Msh2p-
Msh6p and mutant derivative complexes (26 pg of each) were incubated with 55
ng of 12CAS5 affinity-purified antibody in 200 pl of 0.5 M NaCl-1X buffer A.
After a 1-h rocking incubation, 84 pl of a 1:1 mixture of protein A-Sepharose
beads and 0.5 M NaCl-1X buffer A was added. After incubation for an addi-
tional hour, samples were centrifuged in an Eppendorf centrifuge at 3,000 rpm
for 30 s. The supernatant was removed, and the protein-Sepharose beads were
successively washed four times with 200 .l of 0.5 M NaCl-1X buffer A and twice
with a 200-pl solution containing 0.1 M NaCl, 25 mM Tris (pH 7.5), 2.0 mM
MgCl,, 0.1 mM dithiothreitol (DTT), 0.01 mM EDTA, and 40 p.g of BSA per ml
(0.1 M NaCl-1X ATPase buffer). The protein A-Sepharose beads were then
resuspended with 42 pl of 0.1 M NaCl-1X ATPase buffer and stored on ice prior
to use in the ATPase assays described below.

Trypsin protease digestions were performed at room temperature in 20-pl
reaction mixtures containing 3.0 p.g of Msh2p-Msh6p complex, 0.03 g of trypsin,
25 mM Tris (pH 7.5), 0.01 mM EDTA, 0.1 mM DTT, and 2 mM MgCl,.
Endo-Glu digestion was performed under the same conditions except that 0.3 pg
of endo-Glu was substituted for trypsin. When specified, NTPs, dNTPs, ADP,
and AMP-PNP were included at 400 pM and homoduplex, +1, and single-
stranded oligonucleotides were included at 250 nM. These reagents were added
prior to protease addition, and the reaction mixture was preincubated for 15 min
at 30°C. Protease was then added, and the reaction mixtures were incubated at
room temperature for 60 min. After the incubation, samples were immediately
boiled for 3 min in SDS-PAGE sample buffer and loaded onto an 8% polyacryl-
amide gel for analysis by SDS-PAGE.

DNA binding assays. DNA binding assays were performed as described pre-
viously (3, 13). The 37-mer homoduplex and +1 oligonucleotide substrates used
in this study were identical to those described previously (5). Following incuba-
tion, samples were analyzed by filter binding to KOH-treated nitrocellulose
filters (39), using a Hoefer Scientific Instruments (San Francisco, Calif.) model
FH225V filtering unit.

ATPase assays. ATPase assays were performed in 60-pl reaction mixtures
containing 0.3 pg of Msh2p-Msh6p or mutant derivative, 1.2 to 100 pM
[y-**P]ATP, 25 mM Tris (pH 7.5), 2.0 mM MgCl,, 0.1 mM DTT, 0.01 mM
EDTA, and 40 pg of BSA per ml. When specified, homoduplex and +1 oligo-
nucleotide substrates were included at 167 nM. The reactions were incubated for
15 min at 30°C, and the amount of ATP hydrolyzed was determined in Norit A
absorption assays (13). K, and V,,, measurements were determined from
Eadie-Scatchard and Lineweaver-Burk plots (51), using data obtained in the
standard ATPase assay in which the concentration of [y->*P]ATP was varied
from 1.2 to 33.3 wM. The two plotting methods yielded identical K,,, and V.,
values in the ATPase studies performed in the absence of DNA substrate.
ATPase assays were performed on immunoprecipitated Msh2p-Msh6p and mu-
tant derivative complexes as follows. A 0.3-pg aliquot of immunoprecipitated
Msh2p-Msh6p-protein A-Sepharose bead complex (determined by comparing
the concentration of immunoprecipitated protein after SDS-PAGE with that of
purified Msh2p-Msh6p) was added to 60-pl reaction mixtures containing 100 wM
[y-**PJATP, 25 mM Tris (pH 7.5), 2.0 mM MgCl,, 0.1 mM DTT, 0.01 mM
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FIG. 1. (A) Alignment of the P-loop motif of purine nucleotide binding
proteins found in E. coli MutSp, human Msh2p, and S. cerevisiae Msh2p and
Msh6p. The amino acid substitutions resulting in the msh2-GD693 and msh6-
GD987 alleles are indicated in bold. (B) SDS-PAGE (8% gel) analysis of purified
Msh2p-Msh6p (lane 1), msh2p-GD693p-Msh6p (lane 2), Msh2p-msh6-GD987p
(lane 3), and msh2-GD693p-msh6-GD987p (lane 4) complexes. M, molecular
weight standards; relative molecular masses are indicated in kilodaltons.

EDTA, and 40 pg of BSA per ml. Reaction mixtures were incubated at room
temperature for 60 min on a Varimix rocker. The amount of ATP hydrolyzed was
then determined in Norit A absorption assays (13).

RESULTS

Genetic analysis indicates that both msh6 and msh2 P-loop
mutants display a dominant negative phenotype. A key feature
of MutS homolog proteins is that they contain a highly con-
served phosphate binding loop (P-loop) that is found in purine
nucleotide binding proteins (Fig. 1A) (22). Substitutions in
highly conserved residues of Salmonella typhimurium MutSp,
E. coli MutSp, and S. cerevisiae Msh2p indicated that the P-
loop motif is required for mismatch repair function and over-
expression of these mutant proteins in the corresponding wild-
type organism resulted in a dominant negative phenotype (5,
22, 59). Biochemical and genetic analyses of these mutant
proteins suggest that they are defective in post-mismatch rec-
ognition steps that require ATP hydrolysis (5, 22).

Genetic analysis of the S. cerevisiae msh2A and msh6A mu-
tations indicated that each confers a strong mutator phenotype
(Table 1) (reviewed in references 15 and 34). We assessed
these phenotypes in a canavanine resistance assay that mea-
sured the frequency of base pair and single-nucleotide frame-
shift mutations in the CANI gene and in a DNA slippage assay
that measures poly(GT) tract alterations (principally 2- and
4-nt loop insertions/deletions) that disrupt the URA3 open
reading frame and render cells resistant to the uracil analog
5-FOA (27, 53). As described previously and shown in Table 1,
msh2A strains display a strong mismatch repair defect in both
the canavanine and DNA slippage assays, msh6A strains dis-
play a repair defect primarily in the canavanine assay, and
msh3A strains display a repair defect primarily in the DNA
slippage assay. These data are consistent with the Msh2p-
Msh6p pathway repairing base pair and single-nucleotide in-
sertion/deletion mismatches (reviewed in reference 34).

Previous analysis indicated that overexpression of the msh2-
GD693 P-loop allele in wild-type strains resulted in a mutator
phenotype that was similar to that observed in msh2A strains
(Tables 1 and 2) (5). Genetic analysis of the msh2-GD693
allele, coupled with biochemical analysis of the msh2-GD693p-
Msh6p complex, suggested that mutant complexes defective in
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TABLE 1. Median frequencies of spontaneous mutations and DNA slippage events in msh2A, msh3A, and msh6A strains bearing the
msh2-GD693 and msh6-GD987 alleles on GALI0 2pm plasmids®

Frequency
Relevant genotype Canavanine resistance assay Poly(GT) tract alteration assay
Median (107°) Relative to wt Median (10~%) Relative to wt

wt 0.98 1 3.6 1

msh2A 43 44 118 33

msh6A 15 15 6.5 1.8
msh6A, vector 28 19 NT NT
msh6A, pGAL10-MSH?2 18 12 NT NT
msh6A, pGAL10-MSH6 6.7 4.4 NT NT
msh6A, pGALI10-msh2-GD693 26 17 NT NT
msh6A, pGAL10-msh6-GD987 57 38 NT NT
msh3A 1.6 1.6 59 16

msh3A, vector 1.6 1.6 NT NT
msh3A, pGAL10-MSH?2 3.8 2.5 NT NT
msh3A, pGAL10-MSHG6 4.2 2.8 NT NT
msh3A, pGAL10-msh2-GD693 52 35 NT NT
msh3A, pGAL10-msh6-GD987 37 25 NT NT

“ Wild-type (wt; FY23), msh2A (EAY252), msh3A (EAY420), and msh6A (EAY337) strains were transformed individually with pEAES1 (pGAL10-MSH6), pEAE20
(pGAL10-MSH2), pEAE27 (pGALI10-msh2-GD693), and pEAES4 (pGAL10-msh6-GD987) and tested for forward mutations to Can". Vector refers to control plasmids
that lacked MSH2 or MSH6 sequences. Strains were also transformed with pEAAG9 [(GT),,-URA3 ARS CEN] and, where indicated, tested in the poly(GT) tract
alteration assay described in Materials and Methods. The median frequency was determined from 11 independent colonies for each experiment. The averages of 2 to

10 independent experiments are presented. NT, not tested.

the Msh2p ATPase activity were unresponsive to ATP (5). To
determine whether an analogous mutation in the Msh6p ATP
binding domain would confer a similar phenotype, we con-
structed an msh6 allele containing an analogous P-loop muta-
tion. As shown in Fig. 1, the msh6-GD987 allele contains a
glycine-to-aspartic acid change in the same position of the
P-loop as is present in the msh2-GD693 allele.

A GALI0 2p.m overexpression plasmid containing the msho-
GDY87 allele was transformed into a msh6A strain to assess
complementation and into wild-type and msh3A strains to de-
termine whether the allele confers a dominant negative phe-
notype. Galactose induction studies indicated that msh2-
GD693p and msh6-GD987p were expressed to similar levels by

the GALI0 promoter, as each displayed ~1% of total protein
in wild-type strains (reference 3 and data not shown). As shown
in Table 1, the msh6-GD987 mutation failed to complement the
msh6A phenotype and instead displayed an enhanced mutator
phenotype. Overexpression of the msh6-GD987 allele in a wild-
type strain resulted in an 11-fold increase in the mutation
frequency as measured in the canavanine resistance assay (P =
0.008) (Table 2). In the same assay, the msh2-GD693 allele
displayed a 62-fold increase (P = 0.008) in mutation frequency
over the wild type (Table 2); this increase in frequency was
significantly greater than that observed for the msh6-GD987
allele (P = 0.019). It is important to note that overexpression
of Msh6p did not result in the complete complementation of

TABLE 2. Median frequencies of spontaneous mutations and DNA slippage events in wild-type strains bearing the msh2-GD693 and
msh6-GD987 alleles on GAL10 2pm plasmids®

Frequency

Relevant plasmid

Canavanine resistance assay

Poly(GT) tract alteration assay

Median (107°)

Relative to wt Median (107%) Relative to wt

Vector 1.5
pGALI10-MSH2 32
pGALI0-MSHG6 4.0
pGALI10-msh2-GD693 93
PpGALI10-msh6-GDYS7 17
Vector, vector 1.2
pGALI10-MSH?2, vector 1.8
pGALI0-MSH6, vector 2.8
pGALI0-MSH2, MSH6 23
PGALI10-msh6-GD987, vector 17
pGALI0-MSH2, msh6-GD987 16
PGALI10-msh2-GD693, vector 44
PpGALI0-msh2-GD693, MSH6 169
PpGALI10-msh2GD693, msh6GD987 193

1 3.4 1

2 3.4 1
2.7 5.7 1.7

62 69 20
11 17 5.0
1 NT NT
1.5 NT NT
2.3 NT NT
1.9 NT NT
14 NT NT
13 NT NT
37 NT NT
141 NT NT
161 NT NT

@ Strain FY23 (wild type [wt]) was transformed individually or in pairs with pEAES1 (pGALI10-MSH6), pEAES6 (nGAL10-MSH?2), pPEAES7 (pGALI10-msh2-GD693),
and pEAES4 (pGALI10-msh6-GD987) and tested for forward mutations to Can’. Vector refers to control plasmids that lacked MSH2 or MSH6 sequences. These strains
were also transformed with pEAAG9 [(GT),s-URA3 ARS CEN] and, where indicated, tested in the poly(GT) tract alteration assay described in the Materials and
Methods. The median frequency was determined from 11 independent colonies for each experiment. The averages of 2 to 10 independent experiments are presented.

NT, not tested.
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TABLE 3. ATPase activities of Msh2p-Msh6p and mutant derivatives”

Complex K, (pM) Vimax (NM ADP/min)? keye (min™1) keal K
Msh2p-Msh6p 7.6, 6.8, 8.0 253, 142, 156 12.2,6.9, 75 1.1
msh2-GD693p-Msh6p 17,13, 15 120, 123, 126 5.8, 6.0, 6.1 0.40
Msh2p-msh6-GD987p 17, 27 63, 56 3.0, 2.7 0.13
msh2-GD693p-msh6-GD987p 24 12 0.58 0.024

“K,, and V,,,, measurements for the ATPase activities of wild-type and mutant complexes were determined in the absence of DNA substrates as described in
Materials and Methods. Measurements were made on several independently prepared preparations, and the values determined for each preparation are shown.

? Per 0.3 pg of complex.

< Determined by using the average values for K,,, and k., for each preparation.

the msho6A strain (Table 1); we believe that overexpression of
Msho6p decreases the efficiency of mismatch repair because
lower expression of MSH6 allows for complete complementa-
tion of a msh6A strain and overexpression of MSH6 in a wild-
type strain results in a weak dominant negative phenotype
(Table 2 and reference 53a).

We hypothesize that the dominant negative phenotype con-
ferred by the msh6-GD987 allele is primarily restricted to de-
fects in the repair of MSH6- but not MSH3-dependent repair
events. Consistent with this idea were these observations. First,
the weaker dominant negative phenotype observed for the
msh6-GD987 allele than observed for the msh2-GD693 allele
paralleled the respective mutator phenotypes conferred by the
msh6A and msh2A mutations but not the msh3A mutation
(Tables 1 and 2). Second, overexpression of the msh6-GD987
allele in a wild-type strain resulted in a smaller increase in the
frequency of poly(GT) tract alterations compared to overex-
pression of the msh2-GD693 allele (5- versus 20-fold [Table 2];
P << 0.05, x* test). The increase in tract alteration due to
overexpression of the msh6-GD987 allele was also lower than
the frequency of tract alteration observed in msh3A strains (5-
versus 16-fold [Tables 1 and 2]; P << 0.05, x? test). Third, we
observed a mutator phenotype in msh3A strains overexpressing
msh6-GD987p that was higher than that observed for wild-type
strains overexpressing msh6-GD987p (Tables 1 and 2). This
observation is reminiscent of the higher mutation rate ob-
served in msh3 msho6 strains than in msho6 strains (33, 39).

The two dominant negative alleles displayed different phe-
notypes when the corresponding wild-type partner subunit was
also overexpressed. As shown in Table 2, the dominant nega-
tive phenotype exhibited by the msh2-GD693 allele was en-
hanced by cooverexpression of Msh6p (P = 0.007) whereas the
msh6-GD987 dominant negative phenotype was unchanged
by co-overexpression of Msh2p. Co-overexpression of msh6-
GD987p and msh2-GD693p in a wild-type strain resulted in a
dominant negative phenotype that was similar to that observed
when msh2-GD693p and Msh6p were co-overexpressed.

Biochemical purification of wild-type and mutant Msh2p-
Msh6p complexes. Previously, we showed that the msh2-
GD693p-Msh6p complex displayed a mismatch binding activity
that was indistinguishable from that of the wild-type complex
with respect to its discrimination between homoduplex and
mismatch substrates (5). However, the wild-type and mutant
proteins displayed different properties when binding assays
were performed in the presence of ATP. In the presence of
ATP, bacterial, yeast, and human mismatch binding complexes
were unable to discriminate between homoduplex and mis-
match substrates; however, specific mismatch binding activity
was still observed when reactions were performed in the pres-
ence of ADP or the nonhydrolyzable analog AMP-PNP (see
Fig. 3) (2, 17, 19, 20, 30). Previously we observed that the
msh2-GD693p-Msh6p complex, which would be expected to be
defective in ATP binding, hydrolysis, or both, retained mis-

match binding activity in the presence of ATP (5). While the
ATPase activity of this complex was less than that of the wild-
type complex, there was still a significant residual ATPase
activity (~67% of the wild-type level), suggesting that the
residual activity was due to the Msh6p ATPase (Table 3) (5).

The residual ATPase activity that was observed in the msh2-
GD693p-Msh6p complex encouraged us to examine the DNA
binding and ATPase activities of Msh2p-msh6-GD987p com-
plexes. We previously purified the Msh2p-Msh6p and msh2-
GD693p-Msh6p complexes from yeast using strains that co-
overexpressed MSH2 and MSH6 from GALI0 2um vectors (ref-
erences 2 and 5; Materials and Methods). The yield and purity of
the msh2-GD693p-Msh6p, Msh2p-msh6-GD987p, and msh2-
GD693p-msh6-GD987p complexes were similar to those ob-
tained for the Msh2p-Msh6p complex (Fig. 1; Materials and
Methods). Like the Msh2p-Msh6p and msh2-GD693p-Msh6p
complexes, both subunits of the Msh2p-msh6-GD987p and msh2-
GD693p-msh6-GD987p complexes copurified during purification
and eluted in a Superose 6HR gel filtration column as a single
complex (reference 5 and data not shown). Finally, the ratio of
Msh2p to Msh6p upon SDS-PAGE was indistinguishable for
wild-type and mutant complexes immunoprecipitated with an an-
tibody specific to the HA epitope present in Msh2p (reference 2;
data not shown; Materials and Methods).

Mismatch binding specificity of mutant complexes is similar
to wild-type specificity. In filter binding assays, the Msh2p-
Msh6p complex displayed an approximately five- to sevenfold-
higher binding specificity for an oligonucleotide DNA sub-
strate containing a +1 base pair mismatch compared to a
homoduplex oligonucleotide (Fig. 2). Briefly, this assay mea-
sured the binding of Msh2p-Msh6p to a **P-labeled +1 duplex
oligonucleotide mismatch substrate in the presence or absence
of unlabeled +1 and homoduplex competitors. The +1 sub-
strate contains a single adenine nucleotide insertion in position
16 of a 37-mer duplex oligonucleotide (5). A similar binding
specificity for bacterial, yeast, and human mismatch repair
complexes was demonstrated in both filter binding and gel shift
assays (1, 2, 9, 16, 17, 32, 44, 54, 55).

To compare the binding specificities of wild-type and mutant
complexes, we performed competitive filter binding assays in
which 0.3 g (1.2 pmol) of Msh2p-Msh6p, Msh2p-msh6-GD987p,
or msh2-GD693p-msh6-GD987p was incubated in a 1:1 molar
ratio with *?P-labeled +1 substrate plus various amounts of un-
labeled competitor (Fig. 2). In a previous study (2), we measured
the stoichiometry of binding of the Msh2p-Msh6p complex to the
+1 mismatch substrate by incubating a constant concentration of
Msh2p-Msho6p in the presence of increasing amounts of **P-la-
beled +1 substrate. Surprisingly, a biphasic curve was observed.
At low concentrations of DNA substrate, a linear relationship was
observed. When the stoichiometry of DNA substrate to Msh2p-
Msh6p reached 1:1, the slope of the curve decreased but re-
mained constant even at DNA substrate concentrations that were
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sixfold greater than the concentration of Msh2p-Msh6p. This
complex mode of binding prevents us from determining the K,.

Because we cannot measure the K, for binding, we tested
whether Msh2p-Msh6p specifically recognized mispaired bases by
performing competition assays under conditions where Msh2p-
Msh6p was incubated with *?P-labeled +1 mismatched substrate
at a ratio of 1:1. At this concentration of DNA substrate, the
binding of Msh2p-Msh6p complex to substrate was typically 15 to
25% of total input counts. The addition of specific amounts of
unlabeled +1 competitor substrate resulted in the expected cor-
responding decrease in binding to the **P-labeled +1 substrate.
Theoretical and experimental considerations have demonstrated
that the discrimination between two competitors can be deter-
mined by measuring the maximal horizontal separation between
the binding curves resulting from such titrations (13). This mea-
surement is best made at the maximum concentration of compet-
itor that still allows accurate determination of substrate binding
because the horizontal separation between the binding curves is
constant at high degrees of competition. As shown in Fig. 2, for
the Msh2p-Msh6p, Msh2p-msh6-GD987p, and msh2-GD693p-
msh6-GD987p complexes, approximately sevenfold-higher levels
of homoduplex competitor were required to achieve the same
degree of competition for the *?P-labeled +1 substrate as was
observed with the +1 competitor when high levels of competition
were achieved. This finding indicates that P-loop mutations in
either Msh2p or Msh6p do not dramatically affect the mismatch
binding specificity of the Msh2p-Msh6p complex in vitro. It is
important to note that while the overall levels of binding of all of
the complexes to the +1 substrate in the absence of competitor
were similar (see the legend to Fig. 2), the binding of the msh2-
GD693p-msh6-GDY87p complex to the **P-labeled +1 substrate
appeared more sensitive to competition when incubated with
either unlabeled +1 or homoduplex substrate. A similar finding
was observed with a mutS protein containing a P-loop mutation
(22), suggesting that the P-loop class of mutations may also de-
stabilize the mutS homolog complexes.

We then tested the effect of ATP, ADP, and the nonhydro-
lyzable ATP analog AMP-PNP on the mismatch binding prop-
erties of Msh2p-msh6-GD987p by incubating the complex in
the standard DNA binding assay in the presence and absence
of 1.6 mM ATP, ADP, or AMP-PNP. Like the human Msh2p-
Mshé6p complex, the binding specificity of the yeast Msh2p-
Msh6p complex for mismatch substrates was observed in reac-
tions containing ADP or AMP-PNP but was not observed in
reactions containing ATP in the presence or absence of mag-
nesium (Fig. 3) (2, 19, 25). However, like the msh2-GD693p-
Msh6p complex, mismatch binding specificity of the Msh2p-
msh6-GD987p complex was still observed in the presence of
ATP (Fig. 3) (5). A similar result was observed with the msh2-
GD693-msh6-GD987p complex (data not shown). Taken to-
gether, these results suggest that both subunits of the
Msh2p-Msh6p complex are required for the ATP-dependent
modulation of mismatch binding.

FIG. 2. Mismatch binding assays performed with Msh2p-Msh6p (A), Msh2p-
msh6-GD987p (B), and msh2-GD693p-msh6-GD987p (C) complexes. Binding
was performed at 30°C for 15 min in 60-pl reaction mixtures containing 25 mM
Tris (pH 7.5), 0.1 mM DTT, 0.01 mM EDTA, 40 pg of BSA per ml, 0.30 ug of
wild-type or mutant complex, 16.7 nM 32P_labeled +1 substrate, and the indi-
cated amount of unlabeled +1 and homoduplex competitor substrate. After a
15-min incubation, the amount of 3?P-labeled +1 substrate that remained bound
to protein complexes was measured by filter binding. Binding data are presented
relative to binding observed in the absence of competitor (normalized to 100%).
The proportions of input +1 substrate bound for the complexes in the absence
of competitor were 26% for Msh2p-Msho6p, 18% for Msh2p-msh6-GD987p, and
20% for msh2-GD693p-msh6-GD987p.
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FIG. 3. Addition of ATP to mismatch binding reactions eliminated the mis-
match binding specificity of the Msh2p-Msh6p but not the Msh2p-msh6-GD987p
complex. (A) Binding reactions were performed at 30°C for 15 min in 60-pl volumes
containing 25 mM Tris (pH 7.5), 0.1 mM DTT, 0.01 mM EDTA, 40 ug of BSA per
ml, 0.30 pg of wild-type complex, 16.7 nM 3?P-labeled +1 substrate, and 83 nM
unlabeled +1 or homoduplex competitor substrate; 1.6 mM ATP, ADP, or AMP-
PNP was included as indicated. The amount of 3?P-labeled +1 substrate that re-
mained bound to Msh2p-Msh6p was measured by filter binding. Binding data are
presented relative to binding observed in the absence of competitor (normalized to
100%). The results from duplicate experiments were averaged, and the range be-
tween the two values is shown. The proportion of input +1 substrate bound for the
Msh2p-Msh6p complex in the absence of competitor was 16%. (B) Filter binding
reactions were performed for both wild-type and Msh2p-msh6-GD987p complexes
under the same binding conditions with the exception that MgCl, was included at 2
mM; 1.6 mM ATP or AMP-PNP was included as indicated. Binding data are
presented relative to binding observed in the absence of competitor, ATP, and
AMP-PNP (normalized to 100%). The results from duplicate experiments were
averaged, and the range between the two values is shown. The proportions of input
+1 substrate bound for the complexes in the absence of competitor and ATP and
AMP-PNP were 18% for Msh2p-Msh6p and 18% for Msh2p-msh6-GD987p.
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It is important to note that the lack of mismatch binding
specificity for the Msh2p-Msh6p complex in reactions contain-
ing ATP was not the result of a reduced affinity of the Msh2p-
Msh6p complex for DNA containing or lacking a mismatch. In
DNA binding titrations that involved incubating a constant
amount of DNA with increasing amounts of Msh2p-Msho6p,
the presence of ATP increased the binding of the Msh2p-
Msh6p complex to homoduplex substrate but decreased the
binding of the complex to the +1 mismatch (11a). This obser-
vation is consistent with the failure to observe mismatch dis-
crimination for the Msh2p-Msh6p complex in the presence of
ATP (Fig. 3) and is inconsistent with the idea that ATP caused
a reduction of Msh2p-Msh6p binding to DNA irrespective of
DNA substrate.

Limited trypsin proteolysis of Msh2p-Msh6p indicates that
both Msh2p and Mshé6p subunits undergo a conformational
change in the presence of ATP. The DNA binding studies
described above suggested that the ATP binding domains
present in both subunits of the Msh2p-Msh6p complex are
required to alter the mismatch binding specificity of the com-
plex in response to ATP. Previous analysis of the yeast Msh2p-
Msh6p complex suggested that ATP binding, ATP hydrolysis,
or both resulted in a conformational change in the complex
that was mediated through a domain that was important for
Msh2p-Msh6p interactions (5). We examined whether the
Msh2p-Msh6p complex undergoes an ATP-dependent confor-
mational change by performing trypsin and endo-Glu protease
digestion experiments. Limited treatment of Msh2p-Msh6p
with trypsin and endo-Glu was performed in the presence and
absence of homoduplex and +1 DNA substrates and the nu-
cleotides dATP, GTP, ATP, ADP, and AMP-PNP (Materials
and Methods). When the Msh2p-Msh6p complex was preincu-
bated with ATP, dATP, or ADP prior to trypsin digestion, four
species, A to D, ranging from ~92 to ~48 kDa (Fig. 4A) were
specifically protected from proteolysis. Incubation with GTP
did not affect the proteolysis pattern of the Msh2p-Msh6p
complex (Fig. 4A). A similar set of experiments was performed
with the protease endo-Glu. Only a single species was observed
to be protected by protease digestion in the presence of ATP,
and the protection of this species was less dramatic than ob-
served with trypsin (data not shown). Western blot analysis
with Msh2p- and Msh6p-specific antibodies indicated that spe-
cies A (~92 kDa) and B (~87 kDa) were derived from Msh6p
and that species C (~55 kDa) and D (~48 kDa) were derived
from Msh2p (Fig. 4B). When trypsin digestion was performed
in the presence of the nonhydrolyzable analog AMP-PNP, a
weaker protection pattern was observed: species A and C were
observed at a similar intensity, but species B was detected at a
lower intensity and species D could not be detected.

When the Msh2p-Msh6p complex was incubated with +1
and homoduplex DNA substrates, a band corresponding to
full-length Msh2p and a set of fragments distinct from those
observed in the presence of ATP were protected from trypsin
digestion (Fig. 4A and data not shown). While a higher yield of
these fragments was observed in incubations involving the +1
compared to the homoduplex substrate, there was no apparent
difference in the size of fragments protected. When both ATP
and oligonucleotide substrate were incubated with Msh2p-
Msh6p and then subjected to trypsin proteolysis, we observed
a pattern of cleavage that appeared to be a combination of the
ATP and +1 substrate patterns. Unfortunately, these experi-
ments do not allow us to determine whether this pattern rep-
resented the simultaneous binding of ATP and DNA to the
Msh2p-Msh6p complex or represented a mixed population of
ATP-bound and DNA-bound complexes.

We tested whether the mutant complexes were capable of
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FIG. 4. Limited trypsin proteolysis analysis reveals that the Msh2p-Msh6p
complex undergoes an ATP-dependent conformational change. (A) SDS-PAGE
analysis of Msh2p-Msh6p proteolytic products. Trypsin protease digestions were
performed for 60 min at 23°C in 20-pl reaction mixtures containing 0.03 g of
trypsin and 3.0 pg of Msh2p-Msh6p complex as described in Materials and
Methods. After incubation, samples were analyzed by SDS-PAGE. When indi-
cated, 400 uM ATP, GTP, ADP, or AMP-PNP was preincubated with Msh2p-
Msh6p prior to protease digestion; 250 nM +1, homoduplex (hom), and ssD-
NA(ss) substrates were included in the reaction mixtures prior to protease
digestion as indicated. Bands A (~92 kDa), B (~87 kDa), C (~55 kDa), and D
(~48 kDa), which were resistant to proteolytic cleavage in reactions preincu-
bated with ATP, AMP-PNP, or ADP, are indicated by asterisks. (B) Complexes
incubated without nucleotide and in the presence of ATP and AMP-PNP prior
to protease treatment were separated by SDS-PAGE and analyzed by Western
blotting using Msh2p (lanes 2)- and Msho6p (lanes 6)-specific antibodies (Ab).
The assignment of bands A to D is indicated. (C) Trypsin protease digestion of
Msh2p-Msh6p, msh2-GD693p-Msh6p, and Msh2p-msh6-GD987p complexes
preincubated in the absence and presence of ATP. Bands A to D are indicated.

displaying complete or partial protection from trypsin diges-
tion when incubated with ATP. As shown in Fig. 4C, none of
the four species was specifically protected from trypsin diges-
tion in either the msh2-GD693p-Msh6p or Msh2p-msh6-
GD987p complexes. The mutant complexes appeared more
sensitive to trypsin in the absence of ATP than the wild-type
complexes, suggesting that the nucleotide binding site muta-
tions may alter the stability or structure of the Msh2p-Msh6p
complex. Taken together, these results suggested that func-
tional ATP binding domains for each subunit are required to
induce an ATP-dependent conformational change in the
Msh2p-Msh6p complex. In addition, the finding that both ADP

Msh2p-Mshop ATPase 7597

and ATP were capable of inducing a conformational change in
the complex (based on the similar sizes of tryptic fragments)
suggests that both nucleotides were capable of binding to the
Msh2p-Msh6p complex.

ATPase activity in wild-type and mutant Msh2p-Msh6p
complexes. The biochemical and genetic assays outlined above
suggested that the ATP binding domains of both subunits of
the Msh2p-Msh6p complex were required for the interaction
of the Msh2p-Msh6p complex with mismatch DNA substrates.
These observations encouraged us to measure the ATPase
activity of each of the mutant complexes to determine the
relative contributions of the Msh2p and Msh6p ATPase activ-
ities in the presence and absence of DNA substrates. As shown
in Fig. 5 and Table 3, in the absence of DNA substrate, the
msh2-GD693p-Msh6p complex displayed about two-thirds of
the wild-type ATPase activity and about twice the activity of
the Msh2p-msh6-GD987p complex. K,,, and V,,, values for the
wild-type and mutant complexes were determined from Eadie-
Scatchard and Lineweaver-Burk plots (51, 56a) (Table 3). The
data in Table 3 were obtained from Lineweaver-Burk plots;
these values were indistinguishable from those determined
from Eadie-Scatchard plots (data not shown). The sum of the
individual V,,, values of the Msh2p-msh6-GD987p (60 nM/
min) and msh2-GD693p-Msh6p (123 nM/min) complexes was
approximately equal to the V. value observed for the Msh2p-
Msh6p (184 nM/min) complex. This observation suggests that
the inactivation of one ATPase activity did not affect the ac-
tivity of the other (Fig. 5). A similar effect of P-loop mutations
on the ATPase activity of Msh2p-Msh6p complexes was ob-
served in a recently published analysis of human Msh2p-
Msho6p, where it was also shown that these mutations inhibited
ATP binding to the subunit containing the P-loop mutation
(30). Analogous to the yeast complex, complexes bearing a
P-loop mutation in hMsh2p displayed a stronger ATPase ac-
tivity than those bearing a P-loop mutation in hMsh6 (30). In
addition, the &, /K, values for the wild-type and P-loop mu-
tant complexes were similar in the yeast and human systems
(Table 3 and reference 30). A residual ATPase activity (~2%)
was observed in the msh2-GD693p-msh6-GD987p fraction IV
preparations that was also observed in immunoprecipitated
msh2p-GD693p-msh6-GD987p complexes (data not shown).
This activity was unexpected, as analogous mutations in other
purine nucleotide binding proteins almost completely elimi-
nated ATPase activity (22, 56). Results from control experi-
ments involving analysis of immunoprecipitated complexes
suggested that the low level of ATP hydrolysis observed is
intrinsic to the mutant complex (Materials and Methods; data
not shown).

The effect of homoduplex and +1 DNA oligonucleotide
substrates on the ATPase activities of the wild-type and mutant
complexes was tested under the same conditions as described
for Fig. 5 except that a 10-fold stoichiometric excess of DNA
substrate was included in indicated reactions. As shown previ-
ously and in Fig. 5, the Msh2p-Msh6p ATPase activity was
reduced by homoduplex substrate and reduced even further by
the +1 substrate. A similar modulation of ATPase activity by
these substrates was observed for the msh2-GD693p-Msh6p
complex. The ATPase activity of the Msh2p-msh6-GD987p
complex, however, did not appear to be significantly affected by
the presence of these substrates. In Fig. 5B, the ATPase activ-
ities of wild-type and mutant complexes are presented at only
a single ATP concentration (33.3 wM); it is important to note
that the effects of DNA substrate on the ATPase activity of
wild-type and mutant complexes were qualitatively similar at
all ATP concentrations tested (1.2 to 33.3 pM).
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FIG. 5. (A) ATP hydrolysis activity exhibited by wild-type and mutant Msh2p-Msh6p complexes. Fraction IV of Msh2p-Msh6p, msh2-GD693p-Msh6p, Msh2p-
msh6-GD987p, and msh2-GD693p-msh6-GD987p preparations (0.3 wg in each case) was incubated in the presence of 1.2 to 33.3 uM [y->*P]ATP, and the rate of ATP
hydrolysis (V) was determined for duplicate reactions after a 15-min incubation at 30°C (Materials and Methods). The results from duplicates were averaged, and the
range between the two values is shown. (B) Comparison of ATP hydrolysis activities for wild-type and mutant Msh2p-Msh6p complexes in the presence of homoduplex
and mismatch substrates. Msh2p-Msh6p, msh2-GD693p-Msh6p, and Msh2p-msh6-GD987p complexes (0.3 pg of each) were incubated with 33.3 uM [y->>P]ATP and
167 nM each indicated +1 or homoduplex (hom) substrate. The rate of ATP hydrolysis (V) was determined after a 15-min incubation at 30°C. The results from duplicate

reactions were averaged, and the range between the two values is shown.

DISCUSSION

We used several approaches to define the role of the ATP
binding domains in the Msh2p-Msh6p complex. Genetic anal-
ysis revealed that mutations in the ATP binding domains of
both subunits conferred a dominant negative phenotype when
their respective gene products were overexpressed. In mis-
match binding assays, both Msh2p-msh6-GD987p and msh2-
GD693p-Msh6p complexes displayed mismatch recognition
properties similar to those of the wild type; however, unlike the
case for the wild type, the mismatch binding specificity of the
two mutant complexes was not eliminated by ATP. Protease
digestion analysis revealed that the Msh2p-Msh6p complex
undergoes an ATP-dependent conformational change that re-
quires the ATP binding domains of both subunits. Finally, we
showed that Msh2p and Msh6p contain distinct ATPase activ-
ities that respond differently to the presence of mismatched
substrate.

While the above observations support an equivalent role for
the Msh2p and Msh6p nucleotide binding domains in ATP-
dependent release from a mismatch site, additional studies
presented here on the ATPase activity of the Msh2p-Msh6p
complex suggest that the Msh6p subunit plays a unique role in
earlier steps in mismatch repair. In genetic studies, overexpres-
sion of msh6-GD987p resulted in a dominant negative pheno-
type that was unaffected by co-overexpression with Msh2p;
however, in the reciprocal experiment, co-overexpression of
msh2-GD693p and Msh6p resulted in a stronger dominant
negative phenotype than was observed when msh2-GD693p
was overexpressed by itself (Table 2). In biochemical studies
that measured the ATPase activity of Msh2p-msh6-GD987p
and msh2-GD693p-Msh6p complexes in the presence of ho-
moduplex and mismatch substrates, the Msh2p ATPase was
insensitive to DNA substrate, while the Msh6p ATPase dis-
played a modulation of ATPase activity by homoduplex and

mismatch DNA substrates that was similar to that observed for
the Msh2p-Msh6p complex (Fig. 5).

The above data are consistent with the proposal that the
Msho6p subunit ATPase activity plays an important role in steps
that occur prior to the proposed release step of MutS homolog
proteins from a mismatch site (41). Previously we argued that
the Msh6p subunit acts as a specificity factor for mismatch
recognition (2). This proposal was based on the observation
that Msh6p and Msh3p subunits provide different mismatch
binding specificities to the Msh2p subunit and neither the
Msh2p nor Msh6p subunit independently displays the mis-
match binding properties displayed by the Msh2p-Msh6p com-
plex (reviewed in references 34 and 41). This information,
taken together with the ATPase analysis described here, sug-
gests that the Msh6p subunit also acts as a specificity factor in
postrecognition steps by sensing mismatch through its ATPase
activity and then relaying the information to downstream mis-
match repair components. An attractive candidate to receive
these signals is the yeast Mlh1p-Pmslp complex, as studies of
both bacteria and yeast suggest that the MutLp homologs
specifically interact with MutSp homologs bound to a mis-
match in steps that require ATP (20, 21, 25, 46, 47). A predic-
tion of this proposal is that the msh2p-GD693p-Msh6p but not
the Msh2p-msh6-GD987p complex is still capable of interact-
ing with the Mlhlp-Pmslp complex. Experiments to address
this question are in progress.

A model for mismatch recognition by the yeast Msh2p-
Msh6p complex. The data presented in this paper are consis-
tent with the model shown in Fig. 6. In this model, binding of
the Msh2p-Msh6p complex to a mismatch substrate triggers a
change in the ATPase activity of the Msh6p subunit that allows
the Msh2p-Msh6p-mismatch complex to interact with Mlh1p-
Pmslp. The formation of this complex then stimulates the
ATPase activity of both subunits of the Msh2p-Msh6p het-
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FIG. 6. Model describing Msh2p-Msh6p interactions with ATP and DNA
containing base pair mismatches. Binding of Msh2p-Msh6p to a mismatch sub-
strate modulates the ATPase activity of the Msh6p subunit so that Msh2p-Msh6p
can interact with Mlh1p-Pmslp. This complex then undergoes an ATP-depen-
dent conformational change that requires the ATP binding domain functions of
both Msh2p and Msh6p. The conformational change allows the Msh2p-Msh6p-
Mlhlp-Pmslp complex to leave the mismatch and translocate along DNA to
participate in subsequent mismatch repair steps. The numbers 2 and 6 refer to
Msh2p and Msh6p, respectively, and the letters M and P refer to Mlhlp and
Pmslp, respectively.

erodimer, inducing a conformational change in the complex
that facilitates release and bidirectional translocation of the
complex away from the mismatch.

The model in Fig. 6 is based on the studies presented here
and interpreted in light of recent reports from the Prakash and
the Griffith-Modrich laboratories (6, 25). Habraken et al. (25)
observed that ATP was required for the assembly of a ternary
complex consisting of a DNA mismatch substrate and the yeast
Msh2p-Msh6p and Mlhlp-Pmslp complexes. This ternary
complex could not form if ADP or AMP-PNP was substituted
for ATP. Based on electron microscopy studies involving
MutSp, MutLp, and mismatch substrates, Allen et al. (6) pro-
posed that an ATP-dependent conformational change in MutS
was required for the observed bidirectional translocation of the
MutSp-MutLp complex away from a mismatch site. The bidi-
rectional translocation activity observed for MutSp could func-
tion in a manner similar to a bind-release switch mechanism
proposed for the E. coli dimeric Rep helicase (10, 11). In this
model, a functional asymmetry exists between the two subunits
of Rep helicase such that ATP hydrolysis stimulates the rate of
DNA exchange. Changes in protein conformation and DNA
affinity that accompany ATP hydrolysis are thought to allow
the dimer to translocate along DNA (11). Although this mech-
anism may apply only to certain classes of DNA helicases, an
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analogous mechanism may allow MutSp to translocate bidirec-
tionally along DNA in a manner whereby one ADP-bound sub-
unit of the dimer is bound to DNA while the other ATP-bound
subunit transiently dissociates from DNA (10, 11, 19). This par-
adigm provides an attractive way to analyze the ATPase functions
of the Msh2p-Msh6p complex because it suggests that each sub-
unit of the Msh2p-Msh6p complex displays a mismatch release
activity that requires ATP hydrolysis and exchange. The observa-
tions that the msh2p-GD693p-Msh6p and Msh2p-msh6-GD987p
complexes remained bound to a mismatch substrate in the pres-
ence of ATP and that the ATPase activities of the msh2-GD693p-
Msh6p and Msh2p-msh6-GD987p were similar in the presence of
homoduplex DNA provide support for this idea (Fig. 5).

The model shown in Fig. 6 can also explain why overexpres-
sion of msh6-GD987p did not dramatically interfere with the
Msh2p-Msh3p-dependent repair of small loop insertions/dele-
tions that resulted from DNA slippage events (Table 2). A
similar lack of interference was also observed when Msh6p,
which cannot complement the slippage defect when overex-
pressed in msh3A strains, was overexpressed in wild-type
strains (52). These results can be explained if the Mlhlp-
Pmsl1p complex is required in a commitment step to stabilize
Msh2p-Msh6p or Msh2-Msh3p binding at a mismatch site.
Prior to such a step, Msh2p can rapidly switch between Msh3p
and Msh6p subunits so that the presence of a high level of one
Msh2p partner will not prevent Msh2p from interacting with a
partner present at lower levels.

Comparison of the ATPase activities of the yeast and human
Msh2p-Msh6p complexes. Recently Gradia et al. (19) showed
that the ATPase activity of the human Msh2p-Msh6p complex
was stimulated by the addition of mismatch DNA substrate:
compared to reactions performed in the presence of homodu-
plex DNA, the k_,, for ATP hydrolysis by the human Msh2p-
Msh6p complex increased from 7.4 to 26 min~*'; the K,,,, how-
ever, increased from 23 to 46 wM. These results contrasted
with those observed with yeast Mshlp and Msh2p-Msh6p
where the ATPase activity of these proteins was lower in re-
actions containing mismatch substrate than in reactions con-
taining homoduplex substrate (reference 13 and this study).
For example, in experiments involving Msh1p, Chi and Kolod-
ner (13) found that the K, was unaffected by DNA substrate
whereas the k_,, for ATP hydrolysis was lower in reactions
containing mismatch DNA substrate than in reactions contain-
ing homoduplex substrate. It is important to note that in their
steady-state analysis of human Msh2p-Msh6p, Gradia et al.
(19) showed that ATP-ADP exchange but not y-phosphate
hydrolysis was rate limiting. However in single-step +y-phos-
phate hydrolysis studies, they observed that mismatch sub-
strates did not stimulate and in fact stoichiometrically inhibited
v-phosphate hydrolysis. Based on these observations, Gradia
et al. (19) speculated that the inhibition of y-phosphate hydro-
lysis was due to the inability of ATP to bind to a Msh2p-Msh6p
complex that was already bound to a mismatch. This observa-
tion can reconcile the differences between the yeast and human
ATPase activities if ATP binding to the yeast MutSp homolog
complexes is severely inhibited in the case where complexes
are bound to a mismatch. Experiments to test this idea are in
progress.
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