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ABSTRACT: Mismatch repair proteins correct errors in DNA via an ATP-driven process. In eukaryotes,
the Msh2-Msh6 complex recognizes base pair mismatches and small insertion/deletions in DNA and initiates
repair. Both Msh2 and Msh6 proteins contain Walker ATP-binding motifs that are necessary for repair
activity. To understand how these proteins couple ATP binding and hydrolysis to DNA binding/mismatch
recognition, the ATPase activity daccharomyces cerisiae Msh2-Msh6 was examined under pre-
steady-state conditions. Acid-quench experiments revealed that in the absence of DNA, Msh2-Msh6
hydrolyzes ATP rapidly (burst rate 3 s at 20°C) and then undergoes a slow step in the pathway that
limits catalytic turnover K.t = 0.1 s1). ATP is hydrolyzed similarly in the presence of fully matched
duplex DNA; however, in the presence of a G:T mismatchdrinsertion-containing DNA, ATP hydrolysis

is severely suppressed (rate0.1 s1). Pulse-chase experiments revealed that Msh2-Msh6 binds ATP
rapidly in the absence or in the presence of DNA (rat€.1 uM~?! s71), indicating that for the Msh2-
Msh&mismatched DNA complex, a step after ATP binding but before or at ATP hydrolysis is the rate-
limiting step in the pathway. Thus, mismatch recognition is coupled to a dramatic increase in the residence
time of ATP on Msh2-Msh6. This mismatch-induced, stable ATP-bound state of Msh2-Msh6 likely signals
downstream events in the repair pathway.

Replicative DNA polymerases are responsible for ac- DNA strand at a GATC site, which is followed by UvrD/
curately reproducing the genetic code of organisms; however,Helicase Il and exonucleases such as Exol, ExoVIIl, RecJ,
even the most accurate polymerases make errors that resuldnd ExoX excising the strand past the mismatch. MutL
in approximately one mismatched base pair pérrileo- protein coordinates MutS and MutH action on DNA and
tides as well as insertion/deletion lood.(These defects  stimulates MutH endonuclease activity. DNA is resynthesized
must be corrected prior to subsequent rounds of replication,by Polymerase Ill holoenzyme (comprising thef core
to minimize accumulation of potentially deleterious mutations polymerase8 clamp, andy/t complex clamp loader4j)
and genome instability. A multi-protein mismatch repair and ligated by DNA ligase to complete repai?).( In
system is responsible for this task, which involves recognition eukaryotes, the identities and functions of all downstream
and removal of the defects followed by replacement with repair proteins are not as clear. Eukaryotic homologues of
correct DNA. This repair system was initially identified and MutL are essential for mismatch repair, but no MutH
studied extensively in bacteria, and homologous systemshomologue is known; in fact, DNA methylation does not
were discovered in a variety of other organisms, including appear to factor in strand discrimination. One hypothesis in
humans 2). The critical role of DNA mismatch repair in  current literature is that the processivity clamp, PCNA, that
maintaining genome and cellular integrity is highlighted by tethers replicative polymerage(ande) to primer—template
the links between defective repair protein function and DNA junctions may aid strand discrimination and possibly
predisposition to cancer (e.g., hereditary nonpolyposis col- direct repair proteins to the-Biydroxyl terminus of the new
orectal cancerd)). DNA (5). Proofreading exonucleases (or as yet unknown

The repair process begins with DNA binding and mismatch/ exonucleases) could then excise DNA beyond the mismatch,
defect recognition by prokaryotic MutS or eukaryotic MutS followed by polymerasé and/ore-catalyzed DNA synthesis
homologue proteins. MutS/Mslproteins then signal other — and ligation of the nick-likely by DNA ligase | @, 7); Exol,
proteins downstream in the pathway to initiate DNA excision. & 5-3' exonuclease that binds repair proteins, may also
In bacteria, MutH endonuclease nicks the unmethylated newparticipate in mismatch excisiom)

MutS and MutL are highly conserved components of DNA
GM 64514. Mismatch repair systems. Eukaryotes have several homo-
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01). logues of MutS (e.g.Saccharomyces cerisiae Msh1—-6,
* Corresponding author. Phone: (860) 685-2284. Fax: (860) 685- human Msh2-6) and MutL (e.g.S. cereisiaePms1, Mlh1-
2141. E-mail: mhingorani@wesleyan.edu. 3, human Milh1, MIh3, Pmsl, Pms2) that appear to have
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triphosphate; ATPS, adenosine'80-(3-thiotriphosphate); ADP, aden-  SPecialized functions. Msh2, Msh3, and Msh6 proteins in
osine 3-diphosphate; nt, nucleotide. particular repair replication errors in genomic DNA. Msh2
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forms heterodimers with Msh6 or Msh3 that appear to be turnover—coupled to the mechanics of DNA mismatch

equivalent to MutS homodimers. The Msh2-Msh6 het-
erodimer (Mut$.) recognizes base pair mismatches an@1

recognition and initiation of repair? Solving this puzzle will
require detailed kinetic information on Msh2-Msh6 ATPase

nucleotide insertion/deletion loops, whereas the Msh2-Msh3 activity, as well as kinetic information on Msh2-Msh6

heterodimer (MutB) recognizes longer insertion/deletion
loops. MutL homologues also form heterodimers (eSy.,
cerevisiae MIh1-Pms1/(Mutlo) and MIh1-MIh3/(Mutlg)
that work in concert with Msh proteins to facilitate DNA
repair, as observed for prokaryotic MutS and MutL proteins
(6, 7).

Both MutS (Msh) and MutL (MIh) proteins possess an
ATPase activity that is essential for their action in DNA
repair. MutS proteins contain Walker A (ATP-binding) and
B (Mg?*-binding) motifs, and MutL proteins contain ATP-
binding motifs of the GHKL class of ATPase811). ATP
binding and hydrolysis are known to induce conformational
changes in th&. cereisiae Msh2-Msh6 complex12), and

interactions with DNA and other components of the repair
pathway.

We have initiated such studies of eukaryotic mismatch
repair proteins withS. cereisiae Msh2-Msh6, which is
highly homologous to the human Msh2-Msh6 mismatch
repair complex. In this report, we detail the first pre-steady-
state analysis of the ATP binding and hydrolysis mechanism
of eukaryotic Msh2-Msh6 proteins, and the coupling between
ATPase activity and DNA binding/mismatch recognition.
Intriguingly, interaction of Msh2-Msh6 with mismatched
DNA dramatically alters the ATPase pathwayntroducing
a slow step (or slowing down an existing step) between ATP
binding and ATP hydrolysis. As a result, the Msh2-Msh6

crystal structures of a MutS homodimer reveal that the ATP mismatched DNA complex remains in an ATP-bound state
binding sites are connected to DNA binding sites by domains for a prolonged time, which is likely important for signaling

that may communicate information between the t&010,

12). Thus, ATP-induced conformational changes may modu-

late Msh2-Msh6 (MutS) interactions with DNA (and perhaps
other repair proteins as well). For example, Msh2-Msh6
(MutS) forms a stable complex with DNA in the absence of
nucleotides, but gel mobility shift experiments indicate that
when ATPB/'S or ATP is added to the reaction, the protein

DNA repair events downstream of mismatch recognition.

EXPERIMENTAL PROCEDURES

DNA, Nucleotides, and Other Reagergnthetic DNAs
were purchased from Integrated DNA Technologies and
purified by denaturing polyacrylamide gel electrophoresis.
DNA primers used for cloningish2andMsh6genes from

switches to a conformation that can slide off the ends of S. cereisiae genomic DNA were as follows: Msh2Start:

short DNA duplexes in gel mobility shift experiments
(ATPyS, a non-hydrolysable ATP analogue, likely mimics
an ATP-bound state of Msh2-Msh6 (MutQ)3 14)). These

5 CTC AGA TTA AAC ATATGT CCT CCA CTA GGC
3'; Msh2End: 5 CAC TTT TAG GGA TCC TGA ATA
AAC TGT ACC 3; Msh6Start: 5TTT GAA CTC CCA

data support models in which Msh2-Msh6 (MutS) recognizes TAT GGC CCC AGC TAC CCC 3 and Msh6End: 5TTA
a mismatch, binds ATP, releases the mismatch, and movesATA TAG GAT CCT TGC CTG TTC TGA ATC 3.
on DNA to encounter/communicate with downstream repair Matched and mismatched DNA substrates used in the

proteins such as MutH in bacteria or PCNA in eukaryotes.
Msh2-Msh6 (MutS) could track passively on DNA akin to
a sliding clamp {3) or translocate on DNA akin to a motor
protein driven by ATP binding and hydrolysi&5). There
are, however, other studiesB$cherichia coliS. cereisiag

biochemical assays were based on an earlier study of Msh2-
Msh6—DNA interactions by the Kolodner research group
(19). Their sequences are as follows: templateABT TCC

TTC AGC AGA TAG GAACCATACTGATTC ACAT

3'; G:C complement: 5ATG TGA ATC AGT ATG GTT

and human mismatch repair proteins, which indicate that in CCT ATC TGC TGA AGG AAA T 3; G:T complement:

the presence of ATFS or ATP, Msh2-Msh6 (MutS) forms

a ternary complex with Mlh1-Pms1 (MutL) at the mismatch
(14, 16, 17). Moreover, E. coli MutH endonuclease is

stimulated by MutS, MutL, and ATP, even if the mismatched
base pair and GATC nicking sites are on two distinct DNA
molecules 18). These data support an alternative model in
which Msh2-Msh6 (MutS) does not move from the mis-

5 ATG TGA ATC AGT ATG GTT TCT ATC TGC TGA
AGG AAA T 3'; and+T complement: 5ATG TGA ATC
AGT ATG GTT T CCT ATC TGC TGA AGG AAA T 3.
DNA duplexes were prepared by mixing complementary
DNA strands in a 1:1 ratio (2650 uM concentration in 20
mM Tris-HCI, pH 8, 150 mM NaCl) and heating the mixture
to 95°C for 3 min followed by slow cooling over-68 h to

match, and the role of ATP binding and hydrolysis is to select 25 °C (nondenaturing PAGE analysis of the products

mismatched DNA over fully matched DNA, as well as
modulate the interaction between Msh2-Msh6 (MutS) and
other proteins.

One vital piece of information necessary to fully under-
stand how Msh2-Msh6 (MutS) utilize ATP for DNA repair
is the mechanism of ATP binding and hydrolysis catalyzed
by these proteins. For example, the experiments with#S;P
indicating ternary complex formation, imply that the ATP-
bound state of Msh2-Msh6 (MutS) is important for mismatch
repair; but how does the process play out in vivo where
Msh2-Msh6 (MutS) likely hydrolyzes ATP rapidly and there
are no non-hydrolysable ATP analogues® €ereisiae
Msh2-Msh6 ATPasé., = 0.5-0.7 s at 30°C; Figure 4).
How are individual steps in the Msh2-Msh6 ATPase
pathway-i.e., ATP binding, hydrolysis, product release, and

revealed>95% duplex DNA). pET11la vector DNA was
purchased from Novagen, and pLANT2/RIL vector was a
gift from Dr. Mike O’Donnell, Rockefeller University.
Radioactive nucleotidesx®*?P-ATP, y32P-ATP, and %S-
ATPyS were purchased from Perkin-Elmer Life Sciences.
o’?P-ADP was prepared by hydrolyzing 3Ci a®?P-ATP
with 1 uM Msh2-Msh6 in 10uL of ATPase buffer (20 mM
Tris-HCI, pH 7.5, 5 mM MgC}, 2 mM DTT, 110 mM NaCl)

at 30°C for 2 h. Oncex®?P-ATP was completely hydrolyzed,
the reaction was loadednoa 1 mL diethylaminoethyl
cellulose column (DE52) equilibrated in 0.05 M triethylam-
monium bicarbonate buffer, pH 8.0 (prepared by passing CO
through a solutionfol M triethylamine in water), and eluted
with an 8 mL gradient of 0.051 M triethylammonium
bicarbonate to separate ADP from traces of ATP, AMP, and
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Pi. 200uL fractions were collected, and the purity @¥?P-
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loaded onto a 25 mL SP-Sepharose column equilibrated with

ADP was assessed by thin-layer chromatography on PElbuffer A + 50 mM NaCl. The column was washed with
cellulose plates using 0.6 M potassium phosphate buffer, pH250 mL of buffer A+ 50 mM NacCl, and the proteins eluted

3.4. Fractions containing high concentrations-®5% pure
0*?P-ADP were pooled and extracted with phenol/chloroform
to remove any protein contaminants’?P-ADP partitioned

into the organic phase and was extracted with 20 mM Tris-
HCI, pH 8.0, washed and dried three times with methanol,

and finally resolubilized in 6@L of 20 mM Tris-HCI, pH
8.0 and stored in aliquots at20 °C. Nonradioactive

nucleotides were purchased from Sigma Chemical Co. BL21-

CodonPlus and BLR(DE3. coli cells for protein overex-

with a 250 mL linear gradient of buffer A, 156100 mM
NacCl. Fractions containing Msh2-Msh6-830 mM NacCl)
were pooled and diluted to 150 mM NacCl with buffer B (20
mM potassium phosphate, pH 7.2, 0.5 mM EDTA, 5%
glycerol). The protein solution was loaded onto a 20 mL
Affi-Gel Heparin column equilibrated with buffer B- 50
mM NaCl. The column was washed with 200 mL of buffer
B + 50 mM NacCl, and the proteins eluted with a 200 mL
linear gradient of buffer B, 256500 mM NacCl. Fractions

pression were purchased from Stratagene and Novagencontaining Msh2-Msh6 {420 mM NaCl) were pooled,

respectively. Klenow fragment, bacteriophage T4 DNA

diluted to 175 mM NaCl with buffer A, and loaded onto a

ligase, calf intestinal phosphatase, T4 polynucleotide kinase,7 mL Q-Sepharose column equilibrated with bufferA50
and all restriction enzymes were purchased from New mM NaCl. The column was washed slowly with 100 mL of
England Biolabs, and Elongase DNA polymerase mix was buffer A + 100 mM NacCl, and the proteins eluted with an
purchased from Invitrogen Life Technologies. Q-Sepharose 80 mL linear gradient of buffer A, 266600 mM NacCl.
and SP-Sepharose were purchased from Amersham Bio-Msh2-Msh6 protein complex 95% purity eluted at-350

sciences, and Affi-Gel Heparin and DE52 cellulose were

mM NacCl, and the yield was 1.2 mg/L of cell culture. Msh2-

purchased from BioRad Laboratories and Whatman, respec-Msh6 concentration was measured by Bradford assay and

tively. PEI cellulose-F TLC plates were purchased from EM

by absorbance at 280 nm 6 M guanidinium hydrochloride

Science, and nitrocellulose membranes were from Schleichemwith an Msh2-Msh6 extinction coefficient of 186 970 M

and Schuell.

S. cereisiae Msh2-Msh6 Production from E. coli. Msh2
andMsh6genes were amplified fror8. cereisiae genomic
DNA with primers that introduced aiNde | site at the
initiating methionine and 8anH | site 70 nucleotides past
the stop codon. The PCR products were digested Witk
| andBanH | and ligated individually into pET11a vectors
under control of the Tlac promoter. Msh2 contains an
internalNdel site 571 bases from the stop codon; therefore,
the Msh2PCR product was digested partially witidel to
isolate the full-length gene flanked by thielel and BanH

cm L,

DNA Binding to Msh2-Msh6Nitrocellulose membrane
filtration and gel mobility shift experiments were performed
with 37 nt length G:C, G:T, and &T duplexes (sequences
based at £C on a report by the Kolodner group; r&®).
Nitrocellulose membranes, cut intox22 cm squares, were
pretreated with 0.5 N NaOH for 2 min, washed with@4
and equilibrated in DNA binding buffer (50 mM Tris-HClI,
pH 7.5, 5 mM MgC}, 5% glycerol, 110 mM NaCl)3?P-
DNA (0.05uM) was incubated with Msh2-Msh6 {2 uM)
in the buffer (15u4L reaction; 110 mM final NaCl) in the

| sites. Two strategies were employed to coexpress the twoabsence or presence of ADP or AJ® (200uM) for 10

proteins inE. coli. In one, anSgrA | —Aat Il fragment of
pET11laMsh2—containing the TIac promoter, T7 ribosome
binding site,Msh2 and T7 terminaterwas made blunt-
ended with the Klenow fragment and ligated into pET11a-
Msh6 cut with HinD Il and blunted as well. The resulting
pET11aMsh2-Msh6plasmid was transformed into BL21-

min, and 1QuL aliquots of the reaction were filtered through
the membrane on a single filter holder (VWR Scientific
Products). The membrane was washed before and after
filtration with 125uL of buffer. 1 uL aliquots were spotted
onto a separate membrane to measure total DNA in the
reaction. Radioactivity on the membrane was quantitated on

CodonPlus cells (containing a plasmid encoding genes fora Phosphorimager (Molecular Dynamics), and the molar
argu, ileY, and leuW tRNAs to correct for codon bias) to amount of DNA bound to Msh2-Msh6é was determined and
overexpress Msh2 and Msh6. The second strategy was toplotted versus Msh2-Msh6 concentration. The apparent
insertMsh6into theNdel and BanH | sites of pLANT-2/ dissociation constant for the interaction was determined from
RIL vector, which contains the p15A origin of replication the data fit to a quadratic equation describing a 1:1 pretein
and genes for the three tRNAs and kanamycin resistance ligand interaction:

The two plasmids, pET11lkish2and pLANT2/RILMshg

were cotransformed into BLR(DE3) cells to express Msh2 [D-M] = 0.5[(Ky+ [DJ +[M]) —

and Msh6 together. A fresh transformant was grown in 16

L of LB media at 37°C to an ORy 0.6 and induced with [(Kg+ [Dd + M t])2 — A[DdIM] 1/2}
0.5 mM IPTG for 3 h. The cells were harvested, resuspended
in 20 mM Tris-HCI, pH 8.0, 10% sucrose, and stored-80

°C. All further steps were carried out af@. The cells were
lysed in buffer A (25 mM Tris-HCI, pH 8.0, 1 mM EDTA,
5% glycerol, 1 mM PMSF; 300 mL final volume} 1 M
NaCl, by treatment with lysozyme (0.4 mg/mL; stirring for
30 min), followed by three freezethaw cycles (liquid N Gel mobility shift assays for DNA binding were performed
and 37°C), and douncing in a tissue grinder (to shear DNA). by incubating 0.5uM 32P-DNA in 10 uL reactions with
Cell debris was removed by centrifugation at 23 400 RCF increasing concentrations of Msh2-Msh6-®uM), at 25
(14 000 rpm in SS34 rotor) for 45 min. The cleared lysate °C for 15 min, followed by electrophoresis at@ on a native
was dialyzed overnight against buffer A. The lysate was 4.5% TBE-acrylamide gel.

where DM is the molar amount of DNA bound to Msh2-
Msh6; O and M are total DNA and Msh2-Msh6 concentra-
tions, respectively; andy is the apparent dissociation
constant. The data were fit by nonlinear regression using
KaleidaGraph (Synergy Software).
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Nucleotide Binding to Msh2-Msh&TP, ATPyS, and (0.08-15 s) with 35«L of 0.7 M formic acid (after mixing,
ADP binding to Msh2-Msh6 was measured by nitrocellulose Msh2-Msh6 ando®?P-ATP concentrations are 2M and
membrane binding assays in which Msh2-Msh6 was titrated 0—0.5 mM, respectively). 1ul aliquots were spotted
with increasing concentrations of labeled nucleotide. Nitro- immediately on TLC plates and analyzed as above. Ef-
cellulose membranes were treated with NaOH as describedficiency of the 0.7 M formic acid quench was tested by
above and equilibrated in ATPase buffer (20 mM Tris-HCI, adding acid to Msh2-Msh6 protein 5 ms before ATP; no
pH 7.5, 5 mM MgC}, 2 mM DTT, 110 mM NacCl). Inthe  ADP formation over background was detected. To check if
reactions (15L), Msh2-Msh6 (1uM) was incubated with ~ formic acid releases ADP completely from the enzyme, 100
0—200uM ATP + 0.3uCi o®?P-ATP or ADP+ a®?P-ADP uL of phenol-chloroform (1:1) was added after formic acid,
(1 min at 4 or 25°C) or ATPyS + 0.3 uCi 3S-ATPyS (15 but the data remained unchanged. Quenching wiN HCI
min at 25°C) in the absence or presence of DNAY®), instead of formic acid followed by phenol-chloroform and
and 10uL aliquots of the reaction were filtered through the NaOH treatment also yielded the same data. The molar
membrane. The membranes were washed before and afteamount of ADP formed plotted versus time was fit to a
filtration with 150 uL of nucleotide binding buffer. JuL single-exponential plus linear equation for experiments with
aliquots were spotted onto a separate membrane to measureo DNA or G:C DNA:
total nucleotide in the reaction. The molar amount of
nucleotide bound to Msh2-Msh6 was determined and plotted [ADP] = A(1 — & ) + Vit
versus nucleotide concentration. The binding isotherms were

fit to an equation describing a 1:1 proteiligand interaction  whereA andk are burst amplitude and rate, respectivaly,

(as above) or a 1:2 proteirligand interaction: is steady-state velocity, ands reaction time. Data with G:T
DNA were fit to a linear equation. Burst amplitude or rate
[N-MJ/[M ] = K;[N{] + 2K1K2[Nf]2/ plotted versus ATP concentration fit to a hyperbola yielded

an apparenkKy for ATP binding to Msh2-Msh6.

Pulse-chase experiments were performed similarly, except
35 uL of 10 mM unlabeled Mg"-ATP chase was added to
the reaction after varying times (0.85 s). After a chase
time equivalent to 56 turnovers (35 s), reactions were
guenched with 7@L of 0.7 M formic acid and analyzed as
above.

(L4 KyIN{T + 2K,K,IN{?)

where NM is the fraction of nucleotide bound to Msh2-
Msh6, M is total Msh2-Msh6 concentration,¢Ns free
nucleotide concentration, aid andK; are apparent stepwise
association constants.

Detection of ATP/ADP Contaminants in Msh2-Msh6.
Possible ATP and ADP contaminants in purified Msh2-Msh6 presyTS
were determined using an ATP bioluminescent assay kit
(Sigma Chemical Co.) as described previously for human The series of experiments described below outline the
Msh2-Msh6 (5). ATP detection was performed by heat pathway of ATP binding and hydrolysis catalyzed by
denaturing 100 nM Msh2-Msh6, cooling to 2&, adding eukaryotic DNA mismatch recognition/repair proteins. We
an equal volume of the bioluminescent assay mix containing have purified theS. cereisiae Msh2-Msh6 protein complex
luciferase and luciferin (25-fold dilution), and detecting in large enough quantities for pre-steady-state ATPase
photon emission on the tritium channel of a Wallac 1409 analysis. The kinetics of ATP binding and hydrolysis in the
DSA scintillation counter. A linear standard curve for250 absence and in the presence of DNA reveal a highly specific
nM ATP was prepared similarly. For detection of ADP, and striking linkage between the mismatch recognition and
phosphoenol pyruvate and pyruvate kinase were added tothe ATPase activities of Msh2-Msh6.
the reaction following Msh2-Msh6 denaturation (to generate  High Yield of Pure S. cerdésiae Msh2-Msh6 Repair
ATP). Positive control experiments were performed by Protein Complex from E. coliThe 249 kDa Msh2-Msh6
adding 100 nM ATP or ADP to Msh2-Msh6 before heat protein complex has been overexpressed previousig.in

denaturation. cerevisiaeand purified to greater than 95% purity with yields
Steady-State ATPase AssayaCl dependence of Msh2-  of 0.1-0.2 mg/g of yeast cells1g, 20). We attempted to
Msh6 ATPase was measured at 3D with 0.2uM Msh2- overexpress Msh2 and Msh6 i coli to improve protein
Msh6 and 1 mMa®?P-ATP in ATPase buffer (8400 mM yield for extended biochemical and biophysical studies and
NaCl), in the absence or presence ol DNA. Time to simplify the production process. Coexpression of Msh2

courses of ATP hydrolysis were analyzed by PEI cellulose and Msh6 results in maximal levels of a soluble Msh2-Msh6
thin-layer chromatography with 0.6 M potassium phosphate, complex with 1:1 stoichiometry; thereforlsh2andMsh6

pH 3.4, to determin&.,;at each NaCl concentratiok,, and genes were cloned froi8. cereisiae genomic DNA and
keatvalues at 25C were determined from time courses with inserted into a single pET11a vectegach under the control
0.5 uM Msh2-Msh6 and 6250 uM o3?P-ATP, in the of a T7 promoter (Figure 1A). The proteins were overex-

absence or presence ofu® DNA (110 mM NacCl). pressed irE. coli cells that also produced excess argUu, ileY,
Rapid-Quench and Pulse-Chase ATPase AssRys: and leuW tRNAs to correct for codon bias (because of

steady-state ATPase assays were performed on a KinTeKimiting levels of these tRNAs irE. coli). An alternate

Corp. quench-flow instrument (Austin, TX) with ¢M strategy was to insert one gene into pET11a vector and the

Msh2-Msh6 and 61 mM o2?P-ATP, in the absence or other gene into a pLANT vector containing the p15A origin
presence of M DNA, at 20 °C in ATPase buffer (110  of replication as well as genes for the three tRNAs and
mM NaCl). 16 uL of Msh2-Msh6 @&DNA) was mixed kanamycin resistance). Both strategies worked equally
rapidly with 16uL of ATP and quenched after varying times  well for Msh2-Msh6 overexpression, and after a three-step
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A Msh2-Mshé over-expression plasmids A :'I;.il:jl‘\llillﬂnl::'l:t.;:llsg:tthcd DNA with higher B ATP lowers affinity of Msh2-Mshé for DNA
Msho 005 006
AmpR - . = 0 ’ ,%x*ﬂi z 005 -
=R = L)
® ponz 2 003 5004 . 1_/.//
pET-11a- & H . Z003 # No muckotide
Msh2-Msh6 ;’“ 002 o £ o0 o AT
2 om g o o o
Col!?_[\ Lacl , 0090 © o mJ[I’
ort 0 0 02 03 04 05 0 0l 02 03 04 05
. Msh2 R.” [Msh2-Msh6] uM [Msh2-Msh6] uM
AmpR * Kanl Gel-mobility shift analysis of Msh2-Mshé binding to DNA
LY C GT _l'l GiC
pET-11a- pLANT-2/RIL- Mshé
Msh2 Mshé | * | Msh2-Mshé .
e— .
ColE1 1 acl p]5.-\\
ori ori
B Msh2-Mshé6 purification profile
(kDa) Marker 1 2 3 4 5 6 L e Free DNA | g .
200 | we "2 0 -2
|Msh2-Msh6| uM |Msh2-Msh6| uM
: Ll W= g «— Msh6 ; :
1;'-;6 - | : W= g |+ Msh2 FIGURE 2: Selective binding of Msh2-Msh6 to mismatched DNA.
- - X ) . . .
66 | amm o—i (A) In nitrocellulose membrane filtration assays, titration of 0.05
o = uM 32P-G:T DNA (@) with increasing Msh2-Msh6 yields an
45 | - d = apparenkKy = 45+ 1 nM for the interaction. G:C DNAQ) binding
b to Msh2-Msh6 is less than 10% of total. (B) Msh2-Msh6 binds
=z - L G:T DNA similarly in the presence of 200M ADP (O) (Kq =
31 |- 2 | 754 1 nM) but with lower affinity in the presence of AHS ().

(C and D) Gel mobility shift assays with 0;8M 32P-DNA show
Ficure 1: Overexpression and purification 8f cereisiae Msh2- Msh2-Msh6 binding G:C DNA, albeit with weaker affinity than
Msh6 fromE. coli. (A) Plasmids used for overexpressidvish2 G:T.

andMsh6genes were cloned into a single pET11a vectoMsh2

was inserted into pET1la anbish6 into pLANT-2/RIL and e i _
coexpressed irE. coli. (B) Purification profile of Msh2-Msh6 purified fromS. cereisiae (19, 20) and human Msh2-Msh6

analyzed on 10% SDSPAGE. Lane 1, uninduced cells; lane 2, (13 22).
IPTG-induced cells; lane 3, cleared cell lysate; lane 4, SP-Sepharose Other research groups have reported interaction between
eluate; lane 5, Heparin eluate; and lane 6, Q-Sepharose eluate. Msh2-Msh6 and matched DNA substrates using gel mobility
shift assaysi(3, 19); therefore, we also used this method to
purification procedure over SP-Sepharose, Heparin, andtest the DNA binding activity of our recombinant Msh2-
Q-Sepharose columns, we obtaine@.5 mg/g ofE. coli Msh6 complex. Figure 2C,D shows titration of G:T and G:C
cells of >95% pure Msh2-Msh6 protein (Figure 1B). DNA with increasing concentrations of Msh2-Msh6. Under
E. coli-Produced S. cerésiae Msh2-Msh6 Selecgly these conditions, both mismatched and matched DNA are
Binds Mismatched DNATo determine whether the recom- bound by Msh2-Msh6, although the affinity for G:C DNA
binant Msh2-Msh6 complex produced frdincoliwas active appears lower relative to G:T DNA. Also, the Msh2-Msh6
for DNA mismatch repair, we tested first its DNA binding G:C complex migrates more slowly in the gel than the Msh2-
and mismatch recognition ability?P-labeled 37-nucleotide ~ Msh&G:T complex and has been designated a nonspecific
duplex DNA—either fully matched or containing a central species in earlier reportsl, 19). The slower-migrating
G:T mismatch-was titrated with Msh2-Msh6 in nitrocel-  species may have more than one Msh2-Msh6 bound per G:C
lulose membrane filtration assays (we selected G:T DNA as DNA substrate-which may not occur as readily with
the mismatched substrate in our experiments based on amismatched DNA if one Msh2-Msh6 complex bound at the
comprehensive study by the Kolodner research group, whichcentral mismatch/insertion occludes further protein binding
indicated thaB. cereisiae Msh2-Msh6 binds this DNA with ~ to DNA. In view of the gel mobility shift data, the lack of
the highest affinity) 19). Figure 2A shows that the recom- detectable interaction between G:C DNA and Msh2-Msh6
binant Msh2-Msh6 also binds G:T DNA with high affinity  in nitrocellulose membrane filtration assays suggests that the
and to completion (nonspecific DNA binding to the mem- Msh2-Msh6G:C complex has low stability and is likely lost
brane <0.5%). The binding isotherm, fit to a quadratic during the filtration and wash process (it is possible that
equation for 1:1 binding between ligand and macromolecule, Msh2-Msh6 utilizes weak and dynamic interactions with fully
yields an apparent dissociation constagy) (of 45 + 1 nM matched DNA to scan the duplex for mismatched/distorted
for the interaction. In contrast, very little interaction is base pairs, which it can bind with higher stability).
detectable between Msh2-Msh6 and the fully matched G:C Most importantly, the data reveal that thecoli-produced
DNA substrate €10% of total). Furthermore, consistent with Msh2-Msh6 has DNA binding and mismatch recognition
previous reports, Msh2-Msh6 binds G:T DNA with high properties comparable ®. cereisiae-produced Msh2-Msh6
affinity in the absence of nucleotide and in the presence of and is therefore suitable for further investigation.
ADP but with lower affinity/stability in the presence of DNA Binding-ATPase Link: Both Msh2 and Msh6 Pro-
ATPyS (Figure 2B). Thusk. coli-produced Msh2-Msh6  teins Bind ATRS. Correct design and interpretation of pre-
discriminates strongly between matched and mismatchedsteady-state kinetics experiments requires knowledge of
DNA and displays weaker binding to DNA in the presence active site concentration, binding constants for ATP and
of ATP (ATPyS), similar to the Msh2-Msh6 complex DNA substrates, and steady-stéte and K, constants for
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A Msh2-Msh6 binds one ATP B Msh2-Msh6 binds one ADP C Purified Msh2-Msh6 does not contain
~  tightly bound ATP or ADP
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Ficure 3: Msh2-Msh6 complex binds one ATP or one ADP molecule but binds twoySTRolecules with differing affinities. (A) In
nitrocellulose membrane filtration assays, Msh2-Msh6 bm#®-ATP with apparenKy = 15.5+ 0.1, 9.7+ 1, and 7.5+ 1.7 uM alone

(O) and in the presence of 2M G:C (<) or G:T (®) DNA in the reaction, respectively. The binding isotherm saturates at one ATP
molecule bound per per Msh2-Msh6. (B) Similarly, Msh2-Msh6é binds one ADP alghar{d in the presence of G:C DNAX or G:T

DNA (@), with apparenKy = 7.1+ 1, 6.6+ 1.2, and 6.6t 1.6 uM,

respectively (fits shown only for ATP or ADP binding with G:C

DNA, for clarity). (C) Luciferase bioluminescence assays performed with heat-denatured Msh2-Msh6 detect no tightly bound ATP or
ADP. 100 nM Msh2-Msh6 alone yields luciferase activity corresponding to 57 cpm as compared with 18%nd 1.33x 10° cpm for

100 nM ATP and ADP standards, respectively. Exogenous addition of 100 nM ATP or ADP to Msh2-Msh6 restores luciferase activity to
1.37 x 10 and 1.14x 10° cpm, respectively. (BF) Two y3°S-ATPyS molecules bind Msh2-Msh6 with differing affinitiesqn) = 3.7
+1.7,5.5+ 0.8, and 8.8t 1.6 uM andKgyz) = 17.3+ 6.9, 19.5+ 1.9, and 44.9t 7.1 uM alone (D;0) and with G:C (E;>) or G:T (F;

®) DNA, respectively. In panel F, binding isotherms simulated either With= 9 or 45uM for both ATPyS molecules highlight the

biphasic nature of AT#S binding to Msh2-Msh6.
Msh2-Msh6 ATPase activity?2@). Experiments in this section

investigated the remaining possibilities using non-hydrolys-

and the next are designed to gather such defining informationable ATP/S.

on Msh2-Msh6 ATPase activity.

We measured ATP binding to Msh2-Msh6 by quantitative
membrane filtration assays and observedM o®?P-ATP
binding to 1uM Msh2-Msh6 with apparenKy values of
15, 10, and %M in the absence of DNA and in the presence
of fully matched G:C and mismatched G:T DNA, respec-
tively (Figure 3A). The binding isotherm saturates atM
ATP (even at 1 mM ATP; data not shown), which is only
half the expected value of@@Vl ATP bound, given that both
Msh2 and Msh6 contain Walker ATP-binding motifs.
Similarly, a®?P-ADP binding saturates at only one ADP

Figure 3D shows the titration of AM Msh2-Msh6 with
355-ATPyS in the absence of DNA, and the binding isotherm
saturates at two AT¥S molecules per Msh2-Msh6 complex
(nonspecific ATR'S binding <1%). Interestingly, the two
ATPyS bind Msh2-Msh6 with differing affinities in the
absence of DNA (appareHt1) = 4 uM andKqyp) = 17 uM).
Similarly, two ATPyS molecules bind Msh2-Msh6 with
differing affinities in the presence of matched DNA (apparent
Kaa) = 6 uM and Ky2) = 20 uM; Figure 3E) as well as
mismatched DNA (apparerya) = 9 uM and Kqz) = 45
uM; Figure 3F). Figure 3F also contrasts the data with

molecule bound per Msh2-Msh6 (Figure 3B). There are simulated binding isotherms for both A¥B molecules
several possible explanations for the observed half-maximalbinding Msh2-Msh6 with high affinityi{q¢ = 9 uM) or low

binding: (a) a substantial portion of the Msh2-Msh6 protein

affinity (K¢ = 45 uM). A low to negligible rate of

preparation is inactive; (b) Msh2-Msh6 protein preparation dissociation of ATRS molecules from Msh2-Msh6 indicates

is contaminated with a tightly bound nucleotide; (c) only

that the interaction is highly stable (data not shown). These

one subunit, Msh2 or Msh6, binds the nucleotide; (d) both data reveal that both Msh2 and Msh6 subunits can bind

subunits bind the nucleotide but with very different affinities;
and (e) Msh2-Msh6 hydrolyzes ATP, and rapid ADP

nucleotides and suggest that in the case of ATP, interaction
with the second site may be too weak for detection in this

dissociation results in an apparently lower concentration of assay (high dissociation rate), or hydrolysis and rapid ADP

the Msh2-Msh@ATP complex. In nitrocellulose membrane
filtration assays performed with 0:8M DNA, Msh2-Msh6
bound DNA with near 1:1 stoichiometryan indication that
the protein is fully active (data not shown). In addition, a

release from that site may render it invisible (consistent with
this idea, we observe only ore?P-ADP molecule bound
per Msh2-Msh6 complex; Figure 3B).

DNA Binding-ATPase Link: Steady-State Analysis Sug-

sensitive luciferase-based assay performed to detect nucleogests Only Subtle Changes in Msh2-Msh6 ATPaseif\cti

tide contaminants did not reveal that any ATP or ADP
previously bound tightly to Msh2-Msh6 (Figure 3C). We

on Binding Mismatched DNAThe steady-state ATPase rate
of human Msh2-Mshé6 is stimulated4-fold by matched
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A NaCl dependence of Msh2-Msh6 ATPase activity DNA Binding-ATPase Link: Pre-Steady-State Analysis
0.7 prerprrr e g of Msh2-Msh6 ATPase Reals a Striking Suppression of
o 06¢ %é ATP Hydrolysis-Specifically by Mismatched DNARapid
& 05: % ++§; # ] chemical quench experiments were used first to measure
Tg 0.4 % <} O & Msh2-Msh6-catalyzed ATP hydrolysis in one turnover (the
2 0.32 S mﬁ sags 9 0 % 3 experiments were performed at 20 to lower slightly the
7 02060 [ NoDNA ] reaction rate for more accurate measurement). In the absence
o 01t g pegb 1 of DNA, we see a burst of ADP formation followed by a
0 bbb linear steady-state phase in the first turnover, indicating a
0 %0100 ‘ﬁgaéﬁmﬁ‘) 300 330/400 turnover-limiting step after ATP hydrolysis (burst ratel.9
B Steady-state parameters of Msh2-Msh6 ATPase S_l; kcat: 0.12 S._l from.velpcity/[MshZ—MshG]; Figure 5A’
activity (25 °C) 500uM ATP). Similar kinetics are observed for Msh2-Msh6
DNA Substrate K, 1M Koy second”] preincubated yvith G:C DNA (burst rate 2—3 st from
multiple experimentsk.s = 0.12 s%; Figure 5B, 500uM
gf’CDNA };; * 8-3 3}21431 = g-g% ATP). Thus, matched DNA does not appear to change Msh2-
GT 491295 036004 Msh6 ATPase activity (note: we expect to measure the

F 4 Steadv-stat . ¢ Msh2-MshG ATP @ activity of Msh2-Msh6G:C complex since Msh2-Msh6 is
IGURE 4. eady-state parameters o snZ-Ms ase. ; : . P ;
Msh2-Msh6 ATPase varies with NaCl and yiekls = 0.25-0.35 preincubated with excess G:C DNA, butitis also likely that
s1 alone () and peak = 0.65 and 0.55% near 150 and 170 the complex is un_stable (see Figure 2A), an_d MshZTMshG
mM NaCl concentrations with G:C<) and G:T DNA @), releases G:C rapidly and hydrolyzes ATP just as in the

respectively (30°C). (B) ATP dependence of the steady-state absence of DNA).

tivity yield dKp, val for Msh2-Mshé6 in the ab . . . -
:ﬁévgegfncsekgaf‘\?gﬁou’g \glessug;trastes at’SQS n the absence When Msh2-Msh6 is preincubated with DNA containing

a G:T mismatch, the ATPase kinetics are dramatically
DNA (41 nt length) and 4-fold more by G:T DNA different. The purst phase ig eliminated, and only a linear
(Keatorrona = 0.17 ST at 37°C), and the ATPase activity is phasg at_O.l‘é is observed (Figure 5C, 50M ATP). Thus,
sensitive to NaClZ4). In contrastS. cereisiaeMsh2-Mshe ~ G:T binding alters the Msh2-Msh6 ATPase mechanism, such
ATPase activity appears unaffected or slightly stimulated in that ATP hydrolysis or an event prior to hydrolysis becomes
the presence of DNA2G). Given this variability (likely ~ rate-limiting. The new rate may reflect slow/weak ATP
because of varying assay conditions), we began our inves-Pinding to Msh2-Msh6G:T DNA (i.e., Msh2-Mshé6 is
tigation of the Msh2-Msh6 ATPase mechanism by measuring Predominantly in ATP-free state) or it may reflect a delay
the steady-statée and K, parameters and the optimal N ATP hydrolysis (i.e., Msh2-Msh&:T complex remains

NaCl concentration for activity. predominantly in ATP-bound state).
is 0.25 s, and it increases to 0.35swith NaCl (30°C). increases with ATP concentration to maximum 3 and¥ s

In the presence of G:C and G:T DNRw peaks at 0.65 and respectively, which is 3940—f_old faster than hydrolysig in
0.55 s at 150 and 170 mM NaCl, respectively (Figure 4A). the presence of G:T DNA (Figure 5C), and the data fit to a
The data suggest that interaction between Msh2-Msh6 andhypPerbola yield apparerky values of 73 and 10G:M,

any DNA has a subtle~2-fold) effect on the rate-limiting ~ espectively (Figure 5D, fit shown for data with no DNA).
step in the pathway (Figure 4A,B). The NaCl dependence ATP dependence of the burst amplitude yields appakent
likely reflects stability of Msh2-Msh@NA complex, as we ~ Values of 160 and 70M for Msh2-Msh6 with no DNA and
observe almost no DNA binding to Msh2-Msh6 at 400 mm G:C DNA, respectively (Figure SE, fit shown for data with
NaCl (data not shown). Next, the Msh2-Msh6 ATPase rate N0 DNA). These values are substantially higher than the
was measured as a function of ATP concentration at 110@pparentky value of 715 xM measured by membrane
mM NaCl (25°C) and yielded a 152-fold increase irkea flltrafuon (Figure 3A). Implications of this apparent_weak
in the presence of matched or mismatched DNA (Figure 4B); affinity of Msh2-Mshé for hydrolyzable ATP are considered
we chose 110 mM NaCl as the standard condition for all further in the Discussion.

further ATPase experiments, as this is the lowest NaCl The burst amplitude reflects the concentration of ATPase
concentration at whickg, is near maximum and Msh2-Msh6  active sites on Msh2-Msh6. In these experiments, the burst
exhibits stable interaction with mismatched DNA (Figures amplitude reaches 2.3 and LW for Msh2-Msh6 alone and
4A and 2A, respectively). ThK, values were 17, 18, and in the presence of G:C DNA, respectively (Figure 5E). This
49 uM in the absence of DNA and in the presence of G:C value is half of that expected from the concentration of Msh2-
and G:T DNA, respectively. The smal-3-fold increase Msh6 in the reaction (2M Msh2-Msh6= 4 uM ATP sites)

in K with G:T DNA may reflect a mismatched DNA- and implies that (a) a significant fraction of Msh2-Msh6 is
specific effect on Msh2-Msh6, but siné&g, is a function of inactive; (b) if formed, the Msh2-Msh@ATP), complex
multiple rate constants in the ATPase pathway, it cannot partitions between the forward (ATP hydrolysis) and the
reveal exactly which step(s) changes in response to thereverse (ATP dissociation) reactions; (c) only one subunit,
mismatch. These results further highlight the necessity of Msh2 or Msh6, hydrolyzes ATP rapidly. Figure 3 indicates
pre-steady-state experiments to define intermediate steps irthat Msh2-Msh6 is fully active for binding ATFS (i.e., two

the ATPase pathway and thereby clarify exactly how ATPase ATPyS bind per Msh2-Msh6 complex); therefore, the latter
activity might be coupled with DNA binding and mismatch possibilities were explored further in pulse-chase experi-
recognition. ments.



Msh2-Msh6 ATPase Mechanism

Biochemistry, Vol. 42, No. 25, 2003689

Mismatched DNA suppresses Msh2-Mshé6-catalyzed ATP hydrolysis

A Rapid-quench - No DNA B Rapid-quench - G:C C Rapid-quench - G:T
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Ficure 5: Mismatched DNA binding to Msh2-Msh6 suppresses ATP hydrolysis. Pre-steady-state acid quench assays were performed at

20 °C with 2 uM Msh2-Msh6 and 6-:500uM a3?P-ATP,+3 uM DNA. (A) A representative ATPase time course in the absence of DNA
and with 500uM ATP shows a burst of ATP hydrolysis, with burst rate 1:9, amplitude 1.6«M, and turnover rate 0.12°% (B) The
ATPase kinetics are nearly identical with G:C DNA. (C) With G:T DNA, however, only a linear0.fage is observed. (D) ATP dependence
of the kinetic parameters fit to a hyperbola yields a maximum burst rate of 3 arfdahd apparery = 73 and 10«M and (E) maximum
burst amplitude of 2.3 and 1M and apparenKy = 160 and 7QuM for Msh2-Msh6 alone or in the presence of G:C DNA, respectively

(fit shown only for no DNA condition, for clarity).

DNA Binding-ATPase Link: Mismatched DNA Does Not
Alter the Rate of ATP Binding to Msh2-MsH8ulse-chase
experiments were performed primarily to distinguish whether
G:T DNA binding to Msh2-Msh6 affects the ATP binding
or hydrolysis step in the reaction. Msh2-Msh6 was mixed
rapidly with a®?P-ATP and chased after varying times with
20—100-fold excess unlabeled ATP over-6 turnovers.
During the chase, bound®’P-ATP may be hydrolyzed to
o3?P-ADP + Pi or released into solution. Unboumd?P-
ATP is diluted with unlabeled ATP; therefore, the experiment
measures rate of formation of Msh2-MsAgP complex and
the fraction of complex that proceeds to ATP hydrolysis.

In the absence of DNA, we observe a burst of ATP
hydrolysis at 29 st and 2uM amplitude (Figure 6A, 500
uM ATP). The rate increases linearly with ATP concentration
and yields an apparent bimolecular rate constant of ¥
M~1 st for ATP binding to Msh2-Msh6 (Figure 6D). The
burst amplitude increases with ATP concentration tq2/R
maximum (Figure 6E), which is still half of the ATP site
concentration in the reaction. Thus, only half of the ATP

not alter the kinetics of ATP bindingwhich implicates a
step after binding and prior to (or at) ATP hydrolysis as the
rate-limiting step in the ATPase reaction catalyzed by the
Msh2-Mshémismatched DNA complex.

DNA Binding-ATPase Link: Single Base Insertion in
DNA Similarly Stabilizes Msh2-Msh6 in an ATP-Bound State.
Several reports in the literature suggest that in addition to
single base pair mismatches, Msh2-Msh6 has a high affinity
for single nucleotide insertion/deletions in duplex DNA
relative to fully matched DNAX9). We extended our study
of Msh2-Msh6 with DNA containing a single T insertion to
investigate whether other DNA distortions recognized by
Msh2-Msh6 have similar effects on the protein as a base
pair mismatch. In Figure 7A, a gel mobility shift experiment
shows that Msh2-Msh6 forms a complex wiHil DNA,
similar to that observed with G:T DNA (Figure 2C).
Similarly, Figure 7B shows that the Msh2-Msh&l complex
binds two ATH'S molecules with differing affinities
(Kay = 5 uM and Kgz) = 20 uM), as observed for Msh2-
Msh6 free, or in complex with G:C or G:T DNA (Figure 3).

bound to Msh2-Msh6 appears to undergo rapid hydrolysis The+T DNA substrate also appears to stimulate the steady-

in one turnover. This result is considered further in the
Discussion.

Experiments with G:C DNA vyield similar results: ATP
binds Msh2-Msh6G:C DNA at 9 x 10* M1 st and 2.1
uM maximum burst amplitude (Figure 6B, 500M ATP;
Figure 6D; Figure 6E). Interestingly, Msh2-Msh6 bound to
G:T DNA exhibits the same kinetics for ATP binding at
7.7 x 100 M7t s71 and 2uM maximum burst amplitude
(Figure 6C, 500uM ATP; Figure 6D; Figure 6E). Thus,

state ATPase activity of Msh2-Msh6 similar to G:T DNA
(Keat = 0.44 s1, Ky = 25 uM, at 110 mM NaCl and 25C;
data not shown). Next, pre-steady-state analysis of ATP
binding (pulse-chase experiment) and ATP hydrolysis (rapid
guench experiment) was performed with Msh2-Msh6 and
+T DNA at saturating ATP concentration (500). The
results, in Figure 7C, show that the Msh2-Msh& complex
binds ATP rapidly and hydrolyzes one ATP molecule
(1.6 x 1® M! st rate and 2.1uM maximum burst

interaction between Msh2-Msh6 and mismatched DNA does amplitude); however, the hydrolysis proceeds without a burst,
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Msh2-Msh6 binds ATP rapidly, whether free or bound to DNA
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FIGURE 6: Msh2-Msh6 binds ATP rapidiyfree or in complex with DNA. Pre-steady-state pulse-chase assays were performedaith 2

Msh2-Msh6 and 6500 uM o3?P-ATP, £3 uM DNA, and 5 mM unlabeled Mg -ATP chase (for 35 s after 0.85 s reaction times).

Representative time courses with 5001 ATP show that Msh2-Msh6 binds ATP rapidly, (A) in the absence of DNA and (B) in the

presence of G:C or (C) G:T DNA. (D) ATP dependence of the burst rate yields a bimolecular ATP binding coeitsignM —* s™1. (E)

ATP dependence of the burst amplitude yields maximumRATP hydrolyzed rapidly in one turnover (fit shown only for Msh2-Msh6
G:T DNA, for clarity).

and the linear ATP hydrolysis rate of 0.3's although of the S. cereisiae Msh2-Msh6 mismatch recognition
slightly higher than that observed for Msh2-MsG&T complex. We find that mismatched DNA (G:T mismatch and
complex (0.1 st, Figure 5C), is 16-15-fold lower than the ~ +T insertion) in fact suppresses Msh2-Msh6-catalyzed ATP
burst of ATP hydrolysis observed for Msh2-Msh6 alone or hydrolysis to a level 3640-fold lower than that in the
in the presence of fully matched G:C DNA (Figure 5B,C). absence of DNA or in the presence of fully matched DNA.
Thus, interaction between Msh2-Msh6 and DNA containing The data also provide explicit evidence for asymmetry within
either a single base pair mismatch or single base insertionthe Msh2 and Msh6 subunits for both ATP binding and
alters the ATPase mechanism such that a step after ATPhydrolysis, which likely correlates with the observed asym-
binding but before/at ATP hydrolysis becomes rate-limiting. metry in interaction of MutS homodimer subunits with a

mismatch 9, 10) and possible asymmetry in subunit action
DISCUSSION during DNA mismatch repair.

MutS/Msh mismatch repair proteins recognize defects in  We produced the large amounts of Msh2-Msh6 complex
DNA and use ATP to couple recognition events to down- necessary for good S|gnal—to-n0|se ratios in the flrs_t turnover
stream repair events. They belong to the ATP-binding (at high ATP concentrationa5 x Kp) by expressing the
cassette superfamily of proteins containing multiple subunits Proteins inE. coli cells coproducing tRNAs used rarely in
with Walker A and B motifs that are essential for activity E. coli. Extended biochemical and biophysical analyses of
(26). Disruption of these ATP motifs leads to elevated eukaryotic proteins are generally constrained by difficulties
mutation rates in prokaryotic and eukaryotic organisms in procuring large quantities of these proteins in pure form.
because of loss of mismatch repair activitg,(27). Notably, The ease and success of the above strategy for large-scale
some germline mutations in human Msh2 or Msh6 character- Production of pure, active Msh2-Msh6 (a 249 kDa eukaryotic
ized by predisposition to hereditary nonpolyposis colorectal multi-protein complex), and recent reports of similar success

cancer are missense Walker motif mutatio®. (Thus, with S. cereisiae Replication Factor C (a five-protein, 250
knowledge of how these proteins utilize ATP is critical for kDa complex), should encourage such analyses of yet other
deciphering their action in mismatch repair. eukaryotic protein complexeZ, 29, 30).

The ATPase activity of bacterialE( coli, Thermus Mismatched Base Pair or Single Base Insertion Modulates

aquaticusMutS) and eukaryoticg. cereisiag, human Msh2- ATP Hydrolysis by Msh2-Msh@&4sh2-Msh6, free or in the
Msh6) mismatch recognition proteins has been examinedpresence of matched DNA, binds and hydrolyzes ATP
extensively under steady-state conditions, both in the absenceapidly (on rate= 0.04-0.09 x 10° M~! s7%; hydrolysis
and in the presence of DNA substraté®,(15, 24, 28). In rate= 3—4 s 1) and then undergoes a slow step limiting
general, matched and mismatched DNA substrates appeacatalytic turnover K. = 0.1-0.2 s%). For many ATP-

to stimulate the steady-state ATPase rate, although the extenhydrolyzing enzymes, this slow step is linked to the release
of stimulation varies with the protein source and assay of products from the active site. We have observed one ADP
conditions (e.g., NaCl, temperature). Here, we report an molecule dissociating fror8. cereisiae Msh2-Msh6 at 0.%
extensive pre-steady-state analysis of the ATPase activity0.2 s* (24 °C; data not shown), suggesting that this might
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A~ Msh2-Msh6 binds +T DNA MutS protein (Hingorani, M. and Yang, W., unpublished
Vish2-Mshé data). Furthermore, these initial indications that the mismatch
_‘M i recognition and ATPase activities are linked similarly in

prokaryotic andS. cereisiae proteins imply that this
mechanism may apply to the homologous human mismatch
repair proteins.

———— Free DNA Asymmetry in Msh2 and Msh6 ATP Binding and Hydroly-

! sis Actiities. The quantitative nucleotide binding assays

VR VRNV reveal that both Msh2 and Msh6 bind the nucleotide but with
B Msh2-Msh6*+T DNA complex binds two ATPyS differing affinities. This property is manifested as3-fold

25

1 tighter binding of one ATPS molecule over another and
i { ‘} I detection of only one ATP binding to Msh2-Msh6 (Figure
i, 44 7 3). Likely explanations for the discrepancy between ABP
1z and ATP binding data are that the second ATP binding event
& is too weak for detection in the membrane filtration assay
or that the second ATP molecule is hydrolyzed, and release
) of the ADP from Msh2-Msh6 renders it invisible (consistent
150 200 with this hypothesis, we observe only one ADP binding to
Msh2-Msh6).
Pre-steady-state ATPase data support and extend these
chase observations. Pulse-chase experiments yield a burst amplitude
of 2 uM instead of the 4«M expected for hydrolysis of two
ATP molecules (Figures 6 and 7). Since, according to the
1 pea ATPyS binding data in Figure 3, Msh2-Msh6 appears fully
quench active for binding nucleotides, the reduced amplitude in
pulse-chase experiments could result from (a) inadequate
A T S S R ATP concentration to saturate both sites on Msh2-Msh6; (b)
Time (seconds) weak binding/rapid dissociation of ATP from Msh2-Mshé;
FIGURI.E 7.: Msh2-Msh6 binding to DNA with a single base ir]sertiqn and (c) weak binding/rapid dissociation of ATP from only
ngasy'”Z)'lfag%Zﬁtizgfé?\ﬁmﬁfﬁeg_gNﬂAM (ﬁsﬁqu?/:snr:gbls“r% \32'“ one subunitMsh2 or Mshé. The ATP hydrolysis rate is
formation of Msh2-Msh&+T complex. (B) Two y®S-ATPyS maximal at the high ATP concentrations tested, which
molecules bind Msh2-Mshé T complex with differing affinities: implicates reasons other than (a) for the submaximal burst
Ky = 5.3 £ 2.4 uM and Ky = 20 £ 7 uM. (C) Msh2-Msh6 amplitude (Figure 5: 50@M ATP > 10K.,). ATP depen-
+T complex binds ATP rapidly &), with a bimolecular rate  gence of the hydrolysis rate and amplitude yields a weak
Z?rnstglgm;%g at A rg?ed gfugs.tgqsq?phtude 2/M, and hydrolyzes 55 harenkqin the range of 10@M for ATP, andy intercepts
from the pulse-chase data in Figure 6D yield an ATP off-
be the rate-limiting step in the pathway. ADP release is also rate of roughly 10 st and ke/kon = 10/0.1= 100 uM Ky
proposed to limit the ATPase turnover rate of human Msh2- (this apparentKy value may reflect the true dissociation
Msh6 @4). Thus, in the absence of DNA or in the presence constant if the ATP binding step is in rapid equilibrium).
of matched DNA, Msh2-Msh6 exists predominantly in an Rapid ATP dissociation at 10 5relative to ATP hydrolysis
ADP-bound state (or an ATP- ADP-bound state; see at 3 s?is consistent with partitioning of Msh2-Msh&TP
discussion on Msh2-Msh6 asymmetry below). When bound between ATP hydrolysis and ATP release and consequent
to DNA containing a G: T mismatch, Msh2-Msh6 still binds submaximal burst amplitude (i.e., hypothesis (b)). Hypothesis
ATP rapidly (on rate= 0.08 x 10° M1 s ™), but hydrolysis (c) is a refinement of (b) as it proposes weak ATP binding/
of ATP is reduced to 0.178 from 3 to 4 s*. Thus, when it ~ ATP dissociation at only one of the two subunits. Notably,
is in complex with mismatched DNA, Msh2-Msh6 exists the amplitude of ATP (or ADP) is precisely and consistently
predominantly in an ATP-bound state. half of that expected from the concentration of Msh2-Msh6
An important earlier study oE. coli MutS provided the in the reactior-even in membrane filtration and ATPase
first evidence for suppression of burst ATPase kinetics by experiments performed at different temperatures (data not
mismatch recognition proteins in the presence of mismatchedshown). Moreover, the binding experiments yield an apparent
DNA (although the burst amplitude in the absence of DNA Kq of ~10uM for one ATP, which is significantly different
was extremely low-1/15th the concentration of MutS in the  from the apparenKy of ~100 uM for one ATP obtained
assay) 81). The report also did not clarify whether the rate from the ATPase experiments (Figures 3A, 5, and 6).
of ATP binding or ATP hydrolysis was suppressed; therefore, Assuming bothKy measurements are correct, a simple
it is not clear whether the Mut8ismatched DNA complex  interpretation is that Msh2 and Msh6 each bind ATP (one
is stabilized in an ATP-free or ATP-bound state. However, with low and one with high affinity), but only the low affinity
given high sequence and structural homology between site hydrolyzes ATP rapidly. It is also possible, however,
coli andS. cereisiaerepair proteins, it is likely thak. coli that the high affinity site hydrolyzes ATP, but the reaction
MutS is also stabilized in an ATP-bound state by mismatched requires ATP bound to the low affinity site. In either case,
DNA. In fact, this mechanism likely generalizes to other the evidence suggests that the Msh2-Msh6 complex binds
prokaryotes, given our recent observation that mismatchedtwo ATP molecules and rapidly hydrolyzes one, while the
DNA suppresses ATP hydrolysis catalyzedhyaquaticus other is hydrolyzed slowly or not hydrolyzed at all. The fate
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Mismatched DNA stabilizes Msh2-Msh6 in an ATP-bound state
that signals initiation of repair

0.1 pM- 1 gec-1
ATP 0.2 sec”!
) 3sec! Pi ADP
Msh2-6 ATP ,
e oy -1@
Communication with downstream
B repair proteins at the mismatch
ﬂ:l‘pl.M'l sec”! Mih1- Pmslc

Pi ADP

S

PENA_ pors

@Ai;* lﬁi

Translocation and communication
with downstream repair proteins

A - indicates fate of ATP is unknown

Ficure 8: Implications of the delay in Msh2-Msh6-catalyzed ATP hydrolysis upon binding mismatched DNA. (A) In the absence of DNA
or in complex with matched DNA, Msh2-Msh6 binds ATP, and one site hydrolyzes ATP rapidly and thereby exists predominantly in an
ADP-bound state. (B) When in complex with mismatched DNA, Msh2-Msh6 binds ATP rapidly but hydrolyzes it very slowly and thereby
exists predominantly in an ATP-bound state. This change can increase the probability of Msh2-Msh6 binding downstream proteins to
signal repair, either through higher-order complex formation at the mismatch or by movement of Msh2-Msh6 on DNA.

of the second ATP molecule bound to Msh2-Msh6 may be Msh6 remains bound specifically at the mismatch or moves
linked to later events in DNA repair; for example, interaction away from it (note: the cartoon structure of Msh2-Msh6
with MutL/MIh proteins or DNA replication proteins such heterodimer is based on the crystal structure of MutS homo-
as PCNA. The possibility of analyzing even larger protein dimer; refs9 and 10).
complexes than Msh2-Msh6, such as Msh-MIh heterotet- Figure 8 does not depict the fate of the second ATP
ramers, by transient kinetic methods is exciting as it promises molecule (A*), which may remain on Msh2-Msh6, dissoci-
explicit determination of the purpose of multiple ATP ate, or hydrolyze slowly. The proposed asymmetry in ATP
binding and hydrolysis events during mismatch repair. The binding and hydrolysis activities of Msh2 and Msh6 subunits
distinct asymmetry in ATP binding and hydrolysis activities predicts a mixed ATP- ADP bound Msh2-Msh6 intermedi-
of Msh2 and Msh6 we have shown here is in agreement with ate in the reaction pathway (Figure 8). A report, currently
known asymmetry in mismatch recognition by the prokary- in press, from the Modrich research group uses elegant FRET
otic MutS homodimer9, 10) and differential effects of Msh2  experiments to show that tHe coli MutS homodimer can
and Msh6 ATPase mutants on the steady-state ATPasendeed bind one ATP and one ADP molecule simultaneously
activity of Msh2-Msh6 complex12, 22, 32). In-solution (36). The crystal structure d&. coli MutS with ADP bound
assays to directly measure equilibrium and kinetic constantsto one monomer while the other is empty may also reflect
for ATP binding to Msh2-Msh6 and pre-steady-state assaysan asymmetric intermediate in the ATPase reaction pathway
of mixed wild-type-ATPase mutant Msh2-Msh6 complexes (10, 37). In the eukaryotic complex, it is not clear which
are underway to rigorously test the hypothesis of asymmetric subunit-Msh2 or Msh6-hydrolyzes ATP rapidly in the
ATPase activity. burst phase and is suppressed upon interaction with a
Model for Initial Events in DNA Repair Following Mmismatched base pair. Previous studieSotereisiae and
Mismatch Recognition by Msh2-MshBumerous reports human Msh2-Msh6 containing mutations in the Walker ATP-

indicate that Msh2-Msh6 binds proteins such as MutL
homologues and PCNA in the vicinity of the mismatéh (
14, 17, 33—35). These interactions are thought to link the
mismatch recognition event with initiation of DNA repair
(for example, communication between Msh2-Msh6 and
PCNA could direct excision to a'-®H terminus). The
finding that ATP/S facilitates formation of the ternary Msh2-
Msh&MIh1-Pmstmismatched DNA complexl{y) presents
an important possible function for the mismatch induced

ATP-bound state of Msh2-Msh6. As depicted in the sche-

matic in Figure 8, longer residence time of ATP on Msh2-
Msh6 would increase the likelihood of its interaction/
communication with other repair proteins, whether Msh2-

binding/hydrolysis sites revealed differences in steady-state
turnover rates between Msh2 mutant-containing versus Msh6
mutant-containing complexes. These differences were also
thought to reflect asymmetry in the ATPase activities of the
two subunits 12, 22, 32). The precise source and functional
outcome of asymmetry awaits clarification through pre-
steady-state analysis of mixed mutant-wild-type Msh2-Msh6
complexes and analysis of higher order mismatch repair
protein complexes.
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