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Abstract

Previous analyses of bofthermus aquaticus MutS homodimer andaccharomyces cerevisiae Msh2—Msh6 heterodimer have revealed that the
subunits in these protein complexes bind and hydrolyze ATP asymmetrically, emulating their asymmetric DNA binding properties. In the Mu
homodimer, one subunit {Fbinds ATP with high affinity and hydrolyzes it rapidly, while the other subunij thds ATP with lower affinity and
hydrolyzes it at an apparently slower rate. Interaction of MutS with mismatched DNA results in suppression of ATP hydrofysisuatgich
of these subunits,;®r S, makes specific contact with the mismatch (e.g., base stacking by a conserved phenylalanine residue) remains unkno
In order to answer this question and to clarify the links between the DNA binding and ATPase activities of each subunit in the dimer, we ma
mutations in the ATPase sites of Msh2 and Msh6 and assessed their impact on the activity of the Msh2—Msh6 heterodimer (in Msh2—Mshe, ¢
Msh6 makes base specific contact with the mismatch). The key findings are: (a) Msh6 hydrolyzes ATP rapidly, and thus resembldnitiie S
of the MutS homodimer, (b) Msh2 hydrolyzes ATP at a slower rate, and thus resemblessihieusit of MutS, (c) though itself an apparently
weak ATPase, Msh2 has a strong influence on the ATPase activity of Msh6, (d) Msh6 binding to mismatched DNA results in suppression of ra
ATP hydrolysis, revealing acs” linkage between its mismatch recognition and ATPase activities, (e) the resultant Msh2—Msh6 complex, with
both subunits in the ATP-bound state, exhibits altered interactions with the mismatch.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction In addition to their mismatch recognition activity, MutS/Msh
proteins also possess an ATPase activity that is essential for
DNA mismatch repair is an important, widely conserved DNA repair[4—7]. ATP binding and hydrolysis appear to mod-
mechanism for maintaining the integrity of genetic informationulate the interactions between MutS/Msh and DNA as well as
over generations. This repair mechanism corrects base substitother proteins in the repair pathway; thus, understanding how
tion and insertion/deletion mismatches that occur due to erromslutS/Msh proteins utilize ATP is necessary for understand-
in DNA replication and recombination, as well as DNA lesionsing how they function in DNA mismatch repair. Several model
resulting from a variety of internal and external stresses. Repamechanisms have been proposed for MutS/Msh action upon mis-
initiates with MutS protein in prokaryotes, or MutS homologuesmatch recognition: () MutS/Msh proteins translocate on DNA,
in eukaryotes (e.g., Msh2—-Msh6, Msh2—-Msh3), binding the sitéuelled by ATP binding and hydrolysis, possibly to interact with
of the mismatch in duplex DNA. This recognition event triggersother proteins on DNA and coordinate mismatch recognition
excision of the error-containing DNA strand past the site of thewith downstream events such as initiation of strand excision
mismatch, which is followed by DNA resynthesis and ligation and DNA resynthesi8—10]; (b) upon binding ATP MutS/Msh
to complete the repair procefs-3]. proteins form sliding clamps that diffuse freely on DNA, again,
to contact downstream repair proteins and direct rgpail 2}
(c) MutS/Msh proteins utilize ATP binding and hydrolysis to
* Corresponding author. Tel.: +1 860 685 2284; fax: +1 860 685 2141. modulate their interaction with DNA, while remaining at the
E-mail address: mhingorani@wesleyan.edu (M.M. Hingorani). mismatch to direct repajt 3—17] At present, experimental data
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are available in support of each of these very different modesubunit contributes “more” than Msh2 to the overall ATPase
mechanisms, therefore the investigation into MutS/Msh DNAactivity of Msh2—Msh6. However, since the ATPase experiments
binding and ATPase activities continues. were all performed in the steady state regime, i.e., they mea-
Recent studies from several research groups, including owured the rate-limiting step following ATP hydrolysis, the exact
own, have revealed clear differences between the ATP bindingontribution and role of each subunit's ATP binding and hydrol-
and hydrolysis activities of the two subunits in the MutS/Mshysis activity in the Msh2—-Msh6 ATPase mechanism, including
dimer[18-21] For instance, iThermus aquaticus MutS, one  the identity of the subunit that catalyzes rapid ATP hydrolysis,
subunit binds nucleotide (ARS) with about 10-fold higher remain unknown.
affinity than the other subunikp = 3 M versus 27.M). Also, Here we report pre-steady state analysis of the ATPase activ-
the high-affinity subunit hydrolyzes ATP at >30-fold faster rateities of wild type and mixed wild type-Walker A/B mutant
than the low-affinity subunit (103 versus 0.2-0.38 at40°C)  heterodimers of Msh2—-Msh6, carried out in order to answer
[18]. These differences are striking especially since MutS is auestions such as: (a) which subunit catalyzes rapid ATP hydrol-
homodimer; however, they are in accord with known differencegysis and which one has the apparently slower activity? (b) does
in the DNA binding activities of the two MutS subunits (e.g., ATP binding and/or ATP hydrolysis by Msh2 influence ATP
conserved phenylalanine and glutamate residues from only ori@nding and/or ATP hydrolysis by Msh6, and vice versa? (c) how
subunit undergo base stacking and hydrogen bonding interats Msh2—Msh6 ATPase activity linked to mismatch recognition,
tions with the mismatch, respectivel?2,23] In factit appears given that only Msh6 makes base specific contacts with the mis-
that the asymmetry in the ATPase sites is linked to asymmetry imatch? The answers reveal complex coordination between Msh2
the interactions of the two subunits with DN24,25]. Consis- and Msh6 activities that is likely important for Msh2—Msh6
tent with this hypothesis, binding of mismatched DNA to MutS function in DNA mismatch repair.
specifically suppresses the catalytic activity of the high-affinity
subunit, such that the rate of ATP hydrolysis is reduced from 1@. Materials and methods
to 0.3s 1 [18]. The exact nature and function of asymmetry in
the MutS dimer is not clear as yet, but the characteristic appeafs!/- DNA and nucleotides
to be important for DNA mismatch repair as it is conserved . _ , _

. . . . Synthetic oligodeoxyribonucleotides (37-nucleotide template and G:T com-
among a variety ‘?f Orgamsms‘,F_or ',nStance’ s_ubumFs_oEthe plement) were purchased from Integrated DNA Technologies, purified by
coli MutS homodimer also exhibit differences in their interac- genaturing polyacrylamide gel electrophoresis, and annealed to prepare a G:T
tions with nucleotides and with mismatched Df20,21] The  mismatch-containing duplex, as descrij&fl]. pET11a vector was purchased
eukaryotic Msh2—Msh6 heterodimer is no different, as the subffom Novagen and pLANT 2b/RIL was a gift from Michael O’'Donnell (The
units bind nucleotides with differing aﬁlnltlﬁ{ﬁg,ZG], only one Rockefeller University)[31]. Radioactive nucleoti.deax{32P]-ATP, [.‘y-32P]-

. . . ATP, and P5S]-ATPyS were purchased from Perkin-Elmer Life Sciences, and
subunit catalyzes rapid ATP hydrolysiSa¢charomyces cere- non-radioactive nucleotides were purchased from Sigma Chemicals Co. DNA
visiae Msh2-Msh6: 2-3s! at 20°C) [19], and only Msh6  as labeled witi#2P as described previougl¥9].
contains the conserved phenylalanine residue that can make spe-
cific contact with the mismatch in DNfR7,28] As inthe case 2.2, Proteins
of T aquaticus MutS, mismatched DNA binding strongly sup-
presses the activity of the rapid ATP-hydrolyzing subuni.in Point mutations were introduced MSH2 and MSH6 genes (contained

cerevisiae Msh2—Msh6 (the rate constant decreases from 2_@ pET1la or pLANT2b/RIL vectors) using overlap-extension PCR or the

1 o . . QuikChange site-directed mutagenesis kit (Stratagene) and verified by sequenc-
to 0'1_0'2.5 at 20 C) [19]' Itis not known y_et which of the . ing the entire gene. Mixed wild type—-mutant Msh2—-Msh6 dimers were co-
two subunits, Msh2 or Msh6, catalyzes rapid ATP hydrolySiSexpressed and purified from. coli as described previously for wild type

and, therefore, which one’s activity is altered so dramaticallyMsh2-Mshg19]. Restriction enzymes and T4 polynucleotide kinase were pur-
following mismatch recognition by Msh2—Msh6. chased from New England BioLabs.
Previous studies have probed the ATPase activity of both
Msh2 and Msh6 subunits by mutating conserved residues i Nucleotide and DNA binding assays
their active sites for ATP binding and hydrolysis. The results - .

. A ATPyS binding to Msh2—Msh6 was measured by nitrocellulose membrane
Conflrme_d that the ATF_)ase aCtIVItIe_S of both Ms_h2 _and I\/lshﬁoinding assays as described previoud9]. Briefly, the membranes (Schle-
are required for DNA mismatch repair, and also highlighted dif-icher and Schuell) were washed with 0.5N NaOH and equilibrated in binding
ferences between the two suburfis29,30] Thus, the effects buffer (50mM Tris—HCI, pH 8.0, 5mM MgGl| 5% glycerol). Msh2—Msh6
of mutating the Walker A motif (GxxxxGKS), which coordi- (2pM)wasincubated with 0-200M ATPyS +0.3u.Ci[**S]-ATPyS for 15 min
nates the phosphate groups of ATP, and Walker B motif (DEXX)at 25°C (15pl reactions in binding buffer; 110 mM final NaCl concentration).

. . . . . . ‘Ten microliters of each reaction was filtered through the membrane @hads
which coordinates the IV’F@ ion essential for CatalySIS’ differed spotted onto a separate membrane to measure total nucleotide in the reaction.

depending on whether Msh2 or M5h6_WaS changed. Substitutiothe molar amount of nucleotide bound to protein was determined and plotted
of the conserved Walker A glycine with aspartate, or Walker Bversus nucleotide concentration. The binding isotherms were fit to equations
glutamate with alanine, in Msh6 reduced the ATPase activitylescribing 1:1 or 2:1 binding of ligands to macromolecile. _ _

of S. cerevisiae Msh2-Msh6 to a greater extent than did iden- _Dissociation of ATP from Msh2-Msh6 was measured by incubating
tical tati in Msh76.291. Simil It btained Msh2—-Msh6 (3uM) with 200M ATP +0.3u.Ci [a-><P]-ATP in the binding

Ic_:a mutations in S 2{ ! ] . .Iml ar resp S_Were obtaine buffer for 30 s at 25C (110 mM final NaCl concentration), followed by addition
with a Walker A lysine to arginine mUtf_mon in human Msh6 of 5 mm Mg2*-ATP chase and filtration of 10l aliquots through the membrane
versus MshZ30]. All these studies indicated that the Msh6 at 30s intervals (up to 5 min). The molar amount of nucleotide bound to the pro-
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tein was determined and plotted versus time of chase. The data describing decay Phosphate (release assays were performed on an SF-2001 stopped-flow

of the protein—nucleotide complex were fit to a single exponential equation. instrument (KinTek Corp., Austin, TX) as describgB]. Briefly, 60l of
Interaction between Msh2—Msh6 protein complexes and mismatched DNA uM Msh2—Msh6 (6 .M DNA) and 16uM MDCC-PBP was mixed with

was also measured by nitrocellulose membrane filtration assays as describ&dpl of 1 mM ATP (final concentrations: 2M Msh2-Msh6, §M MDCC-

previously [19]. Msh2—-Msh6 (1.M) was incubated wit*2P-labeled DNA PBP, 50QuM ATP, and 3uM DNA). The change in MDCC-PBP fluorescence

(0.1uM) in the binding buffer (15l reaction) with varying NaCl concentra- upon binding to P(an average of at least five traces) was related; tooR-

tion (0—300 mM), in the absence or presence of ABR500.M), for 10 min at centration using a standard curve, and the data fit to a linear equation or an

4°C. Ten microliters of each reaction was filtered through the membrane andxponential + linear equation, as appropriate.

the molar amount of DNA bound to protein determined and plotted versus NaCl

concentration.
3. Results

2.4. ATPase assays 3.1. Mutations in the conserved Walker A motif, but not

Walker B motif, disrupt nucleotide binding to Msh2 and
Steady state ATPase assays were performed with Msh2-Msbi@)Yand Msh6 2 P §

500uM ATP + 2 uCi [-32P]-ATP in reaction buffer (50 mM Tris—HCI, pH 8.0,
5mM MgCl,, 4mM DTT) at 30°C (30p.l reaction); all ATPase assays were
performed at 110 mM final NaCl concentration. Five microliters of the reaction  In order to quantify the contributions of Msh2 and Msh6

were quenched after varying times witibof 0.5M EDTA, and the amountof  subunits to the ATPase activity of tSecerevisiae Msh2—Msh6

[«-32P]-ADP formed was analyzed by PEl-cellulose TLC (EM Science) with dimer, we decided to prepare mutant versions of the proteins

0.6 M potassium phosphate buffer, pH 3.4. The molar amount of ADP formec{(Dat were deficient in either ATP binding (and therefore hydrol-
n

was plotted versus time and the data fit to a linear equation. The slope of the line™" . L. .
divided by Msh2—Msh6 concentration yielded the; for the reaction. ysis) or only ATP hydrolysis activity. In doing so, we were

Pre-steady state assays for ATP hydrolysis were performed on a quench-floguided by previous studies indicating that mutation of the Walker
instrument (KinTek Corp., Austin, TX) as descriped pr(_eviot{ﬂlg]. Briefly, A lysine often disrupts ATP binding to proteif80], while
16pl of 4 uM Msh2-Msh6 (-6 .M DNA) was mixed with 16ul of 1mM —  tation of the Walker B glutamate appears to specifically

ATP + 2.Ci [a-32P]-ATP and quenched with 38 of 0.7 M formic acid after . . . .
varying times (0.08-15s), followed by TLC and data analysis, as above (finaﬁjlsrupt ATP hydrolysig32,33} Four mixed wild type-mutant

concentrations: M Msh2-Msh6, 50M ATP, and 3.M DNA). The data  heterodimers — Msh@gsa—Mshbyt, Msh2yt—Mshtkgsgsa,
were fit to a linear equation or an exponential + linear equation, as appropriatdMSh2:76ga—Msh6yt, and Mshzyt—MshGe10624 — Were over-

(A) T. aguaticus MutS Walker A and B motifs (B) S. cerevisiae Msh2-Msh6 mixed wild type-mutant proteins
-
A g %.Y" Q}?‘ (OY‘
4 "l 9 i (9
¥ & & &
wa ¥ LY ¥

200 | .
6 S OB e N e | Mshs
66 | ...
MutS-K 589 *
Msh2-K 694 R 45 | .
Msh6-K988 MutS-E663
Msh2-E768
b Msh6-E1062
Walker A Walker B
T. aquaticus Muts 576 HELVLITGPNMAGKSTFLRQT.,.... ., ILKEATENSLVLLDEVGRGTSS 670
E. coli Muts 607 REMLIITGPNMGGKSTYMROT, ... . , ILHNATEYSLVLMDEIGRGTST 701
5. cerevisiae Msh? 681 GDFLIITGPNMGGKSTYIRQV. .. ... [ LKNASKNSLIIVDELGRGTST 775
5. cerevisiae Mshé 975 PRLGLLTGANAAGKSTILRMA...... ILDMATNRSLLVVDELGRGGSS 1069
Human Msh? 662 QMFHIITGPNMGGKSTYTROT. .. . .. TLRSATKDSLITIDELGRGTST 756
Human Mshé 1027 AYCVLVTGPNMGGKSTLVMRQA. .. ... ILMHATAHSLVLVDELGRGTAT 1221

Fig. 1. Msh2, Msh6é Walker A and B motif mutants: (A) ADP, kfgand SQ?~ bound in the conserved ATP binding and hydrolysis sit@/afrmus aquaticus

MutS. (B) Purified mixed wild type—mutant Msh2—Msh6 heterodimers, containing mutations in Msh2 or Msh6 Walker A (Msh2: K694A, Msh6: K988A) and Walker

B (Msh2: E768A, Msh6: E1062A) sites.
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expressed and purified frof coli in milligram guantities, to
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ing of two ligands per macromolecule, yiekth; = 2—3puM and

enable accurate measurement of the stoichiometry of nucleotidéy, = 8-12uM, consistent with previous reports of asymmetry
binding and the kinetics of ATP binding, hydrolysis, and productin the interaction of the two subunits with nucleotidés]. It

releasefig. 1).

should be noted that since the difference between the two appar-

Previously, nitrocellulose membrane filtration assays haant dissociation constants is quite small, the data are also fit
revealed that two molecules of A%B (a non-hydrolyzable quite well by a quadratic equation, which yields a singig
ATP analog) bind per Msh2—-Msh6 dimer, indicating that thevalue of 4-7.M. In any case, no significant difference can be

recombinant protein purified fromi. coli is fully active for

detected between the stoichiometry or the affinity of wild type

nucleotide bindind19] (all protein preparations are free from Msh2—Msh6 and mixed wild type-Walker B mutant Msh2—Msh6

nucleotide contaminantSupplemental Fig. 91Fig. 2A shows
the results of similar experiments performed with the mixed

dimers for binding ATRS.
In contrast to the Walker B mutations, Walker A muta-

heterodimers. In the case of wild type Msh2—Msh6, as weltions knock out the nucleotide binding activity of both Msh2

as Mshz7gga—Msh6yT and Mshiyt—MshGe10624 We detect
4 M ATP~vS bound to 2uM dimer in the reaction (i.e., 2 AT§5S

and Msh6. As shown irFig. 2A, MshZggsa—Msh6yt and
Msh2yT—Mshéggga are capable of binding only one A%B

molecules per Msh2—-Msh6). This stoichiometry clearly revealsnolecule per dimer. The apparent binding affinities are simi-
that both Msh2 and Mshé6 retain the ability to bind nucleotidelar for both mixed dimers: Msh@&gaa—Msh6yt Kp =12uM

even with mutation of the Walker B motif in the ATPase activeand MshZyt—Mshégsga Kp=9uM. Since no additional
site. All three isotherms, when fit to an equation describing bindnucleotide binding beyond one per dimer can be detected even
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(B) Steady statc ATPase activity of Msh2-Msh6 (30 °C)

Protein Koot No DNA) k.. (G:'T DNA)
sec™l sec!
Msh2-Msh6 0.41 0.32
Msh2y ,-Msh6 0.24 0.03
Msh2-Msh6y o 0.03 0.04
Msh2p ,-Msh6 0.008 0.01
Msh2-Msh6, , 0.03 0.04

at 250uM ATPvS concentration (data not shown), these mixed
wild type-Walker A mutant dimers can be useful tools for exam-
ining Msh2—Msh6 function under conditions where one only
one subunit, either Msh2 or Mshé, is active for ATP binding and
hydrolysis.

All four protein complexes were also tested for ATPase
activity under steady state conditions and, as expected from
previous reports, each mutation resulted in a decrease in
the overall activity of the dimer—the extent of which
depended both on the subunit and the type of mutation
(Fig. 2B). The Walker A lysine to alanine mutation in Msh6
(Msh2yt—Msh6cggsa) lowers thekcg to 0.03 sl from the
wild type Msh2—Msh6 level of 0.48 (30°C), whereas the
same mutation in Msh2 (Mskggaa—Msh6yt) lowers kcat
only to 0.24s! (note: all experiments were performed at
500uM ATP, far in excess of reported), values for these
proteins;[29]). In contrast, the Walker B glutamate to ala-
nine mutation appears to inactivate the Msh2—Msh6 ATPase,
whether presentin Msh6 (Msti#2—Msh6:1062akcat=0.03 1)
or in Msh2 (Msh276sa~Msh6yt kcat=0.008s1); although,
Msh2yT—Msh&e1gs2aactivity is stillabove the baseline whereas
Msh2z76sa—MshGyt activity is at the baseline and appears to
be shut down completely.

We see that both Walker A and B mutations in Msh6 almost
completely inactivate Msh2—Msh6, suggesting that this sub-
unit is the predominant ATPase in the dimer; it does remain
possible that Msh2 is also a robust ATPase, but its optimal
activity requires that Msh6 bind and/or hydrolyze ATP. It is
also not clear why, if the ATP binding (and therefore hydrol-
ysis) activity of Msh2 is knocked out (Msh@ysa—Msh6yT;

Fig. 2. Effects of Walker A and B site mutations on Msh2-Msh6 ATP Fig. 2A), Msh6 remains catalytically active, albeit to a lesser

binding and steady state ATPase activities: (A) wild type Msh2-M®§ (
MshZz76sa—Msh6yt (4A), and Mshyt—Msh€1624 (O), bind two ATPyS

extent than wild type Msh2—Msh@-i{g. 2B), but if Msh2 can

molecules per dimer, indicating that the Walker B site mutation does not disPind ATP but not hydrolyze it (MshZesa—MshéyT; Fig. 2A),

rupt nucleotide binding activity. In contrast, Ms&34a—Msh6yT (O) and
Msh2yT—Mshékggsa (#) bind only one ATRS molecule per dimer, indicat-

Msh6 activity is affected much more severelyid. 2B). In
order to understand the ATPase mechanisms of the two sub-

ing that the Walker A site mutation does disrupt nucleotide binding activity;unitS and how they might be linked. in greater detail than

(B) steady state assays indicate a substantial reduction of Msh2—Msh6 ATPase
activity resulting from either mutation in Msh6; curiously, only the Walker B p

ossible by steady state analysis, we assayed the mixed dimers

mutation in Msh2 appears to cause such a striking reduction in Msh2—Mshéinder pre-steady state conditions, as described in the next

ATPase activity.

section.
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ATPase activity of Msh2-Msh6 in the absence of DNA
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Fig. 3. Pre-steady state Msh2—Msh6 ATPase kinetics assayed by rapid q@nehd phosphate release (—): (A) Msh2—Mshu{2 dimer) hydrolyzes ATP
asymmetrically, with a rapid burst of activity at one subunit of the dimer (burst rate =¥..4mplitude = 2.M) followed by slow turnover (rate =0.36M s~ 1).
(B) Msh2esasn—Msh6yt also exhibits a burst of ATP hydrolysis at 1:8'salbeit with lower amplitude than wild type protein (u81), followed by slow turnover
(rate =0.38.M s71). (C) In contrast, Mshgt—Mshégsgsa displays significantly lower ATP hydrolysis activity (rate = i1 s~1). (D) Msh2g76sa-Msh6yt shows a
partial burst of ATP hydrolysis (rat= 2 s; amplitude = 0.§.M), but almost no turnover (rate = 0.9M s~ 1). (E) Like Msh2yt—Mshéegsa, Mshayt—Msh6e10s24
also has very low ATP hydrolysis activity (rate = Q.M s™1). (F) In contrast to wild type Msh2—Msh@ ko > 0.1 1), Msh2 g7ega—MshéGyt displays a very
stable interaction with ATPL().

3.2. Mshé6 is responsible for the rapid ATP hydrolysis hydrolysis at 235l (Fig. 3D); however, Mshgt—Msh6G:1062a
activity of Msh2-Msh6 heterodimer hydrolyzes ATP at a much slower linear rate of @NIs™%
(Fig. 3E). The residual ATPase rate of both Msh6é mutant-
Wild type Msh2-Msh6 is known to bind at least one containing dimers may reflect inherently slow Msh2 activity or
ATP molecule at a fast rate (.M ~*s™1), hydrolyze it and  indicate that ATP binding and/or hydrolysis by Msh6 is neces-
release the phosphate product at a fast rate {g @nd then sary for optimal Msh2 activity.
undergo slow catalytic turnover (0.1-0:2'% [19], as shown Subtle differences among the four mixed heterodimers reveal
here inFig. 3A (2 M Msh2-Mshé6 in the reaction; exponen- some links between the ATPase mechanisms of Msh2 and Mshé.
tial burst amplitude = &M, burst rate constant=1.4%, linear  For instance, although Msh6 hydrolyzes ATP at a fast rate in
rate=0.3uM s~ 1 or kcar=0.1851). The mixed wild type-  poth Msh2 mutant-containing dimers, Msfagsa—Msh6yT can
Walker A mutant Mshegaa—Msh6wr, in which the ATP bind-  undergo catalytic turnovefF{g. 3B; linear rate =0.3gMs™1)
ing activity of Msh2 is knocked out, still catalyzes a burst of while MshZ76ga—Mshéyt apparently cannotFig. 3D; lin-
ATP hydrolysis at a rate constant of 1:8sfollowed by alin-  ear rate=0.0aMs™1). This difference is likely related to
ear ATPase rate at 0.38V1 s~1 (Fig. 3B; MshZegsaa—Msh6yt  the fact that the Msh@osa mutant does not bind nucleotide
ATPase rate can be expressed fagi=0.38 divided by and Mshzsgga clearly does Fig. 2A). A filter binding chase
2=0.19s, only if we make the possibly incorrect assump- assay measuringyf32P]-ATP dissociation from these proteins
tion that all of the protein in the reaction is fully active—as shows that Msh2zgga—Msh6yt undergoes very stable binding
assumed for théca: values reported irFig. 2B). In contrast,  to nucleotide, with no dissociation detectable over several min-
Msh2yt—Mshékggsa, in which the ATP binding activity of utes Eig. 3F; wild type Msh2—Msh6 AT > 0.1s1). This
Msh6 is knocked out, does not display any significant burshucleotide may be unhydrolyzed ATP retained at the Mskga
activity and the data are best fit by a linear ATPase rate ajctive site, possibly stabilized by the loss of negative charge
0.1uM s~ (Fig. 3C). Together, these data suggest that the Mshepulsion between the wild type glutamate residue-aptios-
subunit is responsible for the rapid ATP hydrolysis activity phate of ATP. It is also possible that the stably bound nucleotide
of the Msh2-Msh6 dimer. Data from experiments with mixedis ADP, produced by ATP hydrolysis at the Msh6 active site. We
wild type-Walker B mutant heterodimers support the abovedo not favor this possibility as extraction of the bound nucleotide
conclusion—Mshgzega—Msh@yt catalyzes a burst of ATP  from Msh2:76ga—Msh6y followed by chromatographic anal-
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Fig. 4. Msh2—Msh6 binding to mismatched DNA results in suppression of ATP hydrolysis at the Msh6é subunit (— ne-DEA;): similar to (A) wild type
Msh2—-Msh6, the rapid ATP hydrolysis activity of mutant Msh2-wild type Msh6 dimers, (B) Mshg—Msh6yt and (D) Msh2g76ga—Msh6y, is inhibited by
mismatched DNA. The residual activity of wild type Msh2—mutant Msh6 dimers, (C) Msh®Ish6ggsa and (E) Msh@r—Msh6é:10624, is relatively insensitive
to the presence of mismatched DNA.

ysis indicates that it is mostly in ATP form (data not shown). InMsh2-Msh6 interacts with G:T mismatch in an ADP-bound
either case, it appears that the Msh2 active site must be emptyrm (see Supplemental Fig. 2 he effect of mismatched DNA
(as in MshZegaa—Msh6yt) for Msh6 to undergo catalytic onMsh2 mutant—Msh6 wild type mixed dimers is similarly strik-
turnover. It should be noted that for both Ms@@ggaa—Msh6yT ing; the ATP hydrolysis rate constant of M@gsa—Msh6yT
and Msh276sa—Msh@yT, the amplitude of the burst phase is drops from 1.85! to 0.12uMs1 (Fig. 4B), and that of
about half that of wild type Msh2—-Msh6 (0uV instead of  MshZ=76ga—MshGyt from 2s1 to 0.04uMs1 (Fig. 4D).
2uM). The reason for this partial loss of ATP hydrolysis activity These data confirm that mismatched DNA binding suppresses
is not clear, as the proteins display the correct stoichiometry fothe activity of the subunit responsible for rapid ATP hydrol-
ATP binding Fig. 2A). The two subunits in a MutS dimer have ysis, which in this case is Msh6. In contrast, the residual
composite catalytic sites with one subunit contributing residuesctivity of Msh2 wild type—Msh6 mutant mixed dimers does
to the active site of the oth¢t3,22,25] and it is possible that not change significantly in the presence of mismatched DNA.
the linkage is such that perturbation of the Msh2 site can poten&hen bound to a G:T mismatch, Mshz—Mshéggga and
tially knock out Mshé activity; so, while some fraction of the Msh2yt—Msh6e10624 hydrolyze ATP at 0.09.M s~ (Fig. 4C)
mixed wild type—mutant heterodimers can retain optimal Mshéand 0.0§.M s~ (Fig. 4E), respectively, similar to their ATPase
activity, the rest may well not. rates of 0.JuM s~1 in the absence of DNAF(g. 3C and E). If
this rate reflects inherently slow ATPase activity of Msh2, this

3.3. Contact between Msh6 and a mismatched base pair subunit does not appear to be affected by mismatched DNA.

results in suppression of Msh6-catalyzed ATP hydrolysis
3.4. ATP binding to both Msh2 and Msh6 is necessary to

When Msh2—-Msh6 is bound to mismatched DNA, its ATPaseulter the interaction between Msh2—Msh6 and mismatched
mechanism s altered such thatinstead of a step after ATP hydrabNA

ysis and phosphate release, a step before or at ATP hydrolysis
becomes slow and rate limitif@9]. Thus, in the presence of a MutS/Msh proteins bind mismatched DNA with high affinity

G:T mismatch there is no rapid burst of hydrolysis; instead, ATPand stability, but in the presence of ATP (and AR, the inter-

is apparently hydrolyzed at a linear rate of OuMs~1 (i.e.,  actionis altered and the protein dissociates from DNA if its ends
keat=0.37 51, Fig. 4A:; an initial lag in the kinetic trace may are leftunblocke®,11,15] MutS/Msh binding to DNA appears
be related to the length of the DNA substrate; Hingorani et. al.also to be sensitive to the concentration of NaCl in the reaction,
unpublished data). The same, slow ATPase rate is observed whas expected for protein—DNA interactions that involve sequence
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G:T mismatch binding activity of Msh2-Msh6
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Fig. 5. Msh2—-Msh6 binding to mismatched DNA is altered when both subunits bind ATPy@T irteraction of a G:T mismatch with (A) Msh2—Msh6, (D) Msh2
e76sa—MshéyT, (E) Msh2yt—Mshée10s2adimers (in which both subunits are capable of binding ATP) becomes highly sensitive to NaCl concentration in the presence
of ATPyS (O) vs. in the absence of ARS (@). In contrast, there is no significant change in the NaCl sensitivity of G:T binding to (B) Mgh2-Msh6yt and

(C) Msh2yt—Mshéogsa dimers (in which one subunit is mutated for ATP binding activity), in the presence of8TA) A control experiment shows background

level interaction between Msh2—Msh6 and matched DNA at all NaCl concentratigns (

non-specific contacts. Therefore, in order to assess the impacteide complementary results, as the interaction of these mixed
ATP site mutations on Msh2—Mshé6 interactions with DNA, we wild type—mutant dimers with DNA is sensitive to NaCl in the
analyzed the activity of wild type and mixed wild type—mutant presence of ATHS, similar to wild type Msh2—Msh6; binding
dimers in the absence and in the presence of yg,Pas a isotherms for Msh2;gga—Msh6yT haveKy 2 values of 190 mM
function of NaCl concentration. IRig. 5A, data from nitrocel- (—ATPyS) and 40mM (+ATRS) (Fig. 5D), and those for
lulose membrane filtration experiments reveal that at low NaCMsh2y1—Msh&e10624 haveKy 2 values of 175 mM £ ATPyS)
concentrations, wild type Msh2-Msh6 binds a G:T mismatchand 80 mM (+ATRS) (Fig. 5E). Subtle differences between the
preferentially over fully matched DNA, with or without AR  data for Msh2 and Msh6 Walker A/B mutants suggest that the
present in the reaction. As NaCl is increased, however, the difMsh6 subunit has a more critical role in the link between the mis-
ference between Msh2-Msh6 and AfF2bound Msh2—Msh6 match recognition and ATPase activities of Msh2—Mshé6 (e.g.,
becomes obvious. Thus, at 120 mM NacCl, 100% of the DNAthe Walker A site mutation in Msh6 has a greater stabilizing
is bound by Msh2—-Msh6 in the absence of ABPwhile only  effect on the protein—-DNA complex than the same mutation in
about 30% remains bound in the presence of f§PThe differ-  Msh2). Nonetheless, ATP binding to both Msh2 and Msh6 is nec-
ence in theKy 2 values for the two isotherms provides a measuresssary to trigger a substantial change in the interaction between
of the striking change in the interaction of Msh2—Msh6 with the heterodimer and mismatched DNA.

DNA upon binding ATPK1/2=200 mM (—ATPyS) and 85 mM

(+ATPyS). Disruption of nucleotide binding by a Walker A 4. Discussion

site mutation in either subunit impacts the link between the

ATPase and mismatch binding activities of Msh2—Msh6. For Two key features of MutS/Msh function in DNA mismatch
MshZce9ap—Msh6yT, the K12 values are 200 mMM-ATPyS)  repair are the asymmetry and coordination between mismatch
and 145 mM (+ATRS), indicating that the protein—~DNA com- recognition and ATPase activities of the subunits in these dimeric
plex remains fairly resistant to NaCl if Msh2 is incapable proteins. The asymmetry is clearly evident from both structural
of binding ATP Eig. 5B). The effect is even more striking and biochemical analyses of the proteins. Amino acids from each
when Msh6 cannot bind ATP, as the binding isotherms foMutS subunit make distinctly different, sequence-independent
Msh23yt—Mshtggsa are virtually identical in the absence or contacts with mismatched DNA, and only one subunit uses a
presence of ATHS, withKy» values of 190 mM£ATPyS)and  Phe-X-Glu motif for base-specific stacking and hydrogen bond-
175mM (+ATPyS) (Fig. 5C). Experiments with the Walker B ing interactions with the mismatc]22,23,34] Both subunits
site mutants, which are capable of binding Ay 2A), pro-  bind ATP, but with differing affinities, and their ATPase kinet-
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(A) Pathways of Msh2-Mshé6 catalyzed ATP binding and hydrolysis
as revealed by analysis of mutant activity

Fast

_ Fast

(B) ATP binding to Msh6 is necessary but not sufticient
to alter Msh2-Msh6 intcraction with DNA

Fig. 6. Model pathways for Msh2—Msh6 ATPase activity and interaction with mismatched DNA. (A) The ATPase activities of mixed wild type—-mutantstiéh2—M
heterodimers indicate that the Msh6 subunit catalyzes ATP hydrolysis at a fast rate while Msh2 hydrolyzes ATP at a relatively slow rate. Howewtiyitish6
appears to be maximal only when Msh2 can also bind and hydrolyze ATP. Also, catalytic turnover of Msh6 requires that Msh2 be in a nucleotidéB)etTRate.
binding to Msh6 is necessary but not sufficient to trigger a change in Msh2—Mshé6 interaction with mismatched DNA.

ics are also very differerjl8-21] Since prokaryotic MutSis a catalyzes ATP at a substantially slower rate @Ms1); if
homodimer, itis not clear whether the asymmetry is an intrinsiGve assume that Msh2 is fully active in Msh?—Msh6kogsa
property of the protein itself, or whether it arises following MutS or Msh2yt—Msh6:10624 dimers in the reaction (M), then
interaction with nucleotide and/or DNA. For the same reasonihe rate constant for Msh2-catalyzed ATP hydrolysis is 0:35 s
it is difficult to identify exactly what each subunit contributes or 40-fold slower than that for Mshé=g. 3. This difference
to the overall function of the dimer. Eukaryotic Msh2—Msh6, petween Msh2 and Msh6 is consistent with the 30—50-fold dif-
however, is composed of non-identical, homologous subunitgerence in ATP hydrolysis rates observed between thar
which facilitates examination of their individual activities and S, subunits off: aquaticus MutS dimer. The data are also con-
how they might be coordinated for DNA mismatch repair. In thissistent with previous hypotheses, based on steady-state ATPase
context, two specific questions have been the focus of MutS/Mshnalysis of mixed wild type—mutant Walker A/B Msh2—-Msh6
studies in the past, and are addressed here in greater detail: f@terodimers, that Msh6 is a more efficient ATPase or that it
what is the mechanism of ATP binding, hydrolysis, and producinakes a greater contribution to the ATPase activity of the dimer
release at each subunit, and are they/how are they linked? agighn Msh2[6,29,30]
(b) how is the ATPase mechanism of each subunitinfluenced by Nevertheless, the Msh2 subunit also makes several important
DNA binding, and vice versa? contributions to the Msh2-Msh6 ATPase, through what appears
Both subunits must be ATPase active for DNA mismatchto be a very particular link between the activities of the two
repair, since mutation of a conserved Walker A site glycine insubunits. Thus, when the Msh2 ATPase site is perturbed such
eithers. cerevisiae Msh2 or Msh6 inactivates repair in vivo, and that it does not bind nucleotide with the same affinity as the
the same is true for mutation of a conserved Walker B site glutawild type protein (Msh2egaa—Msh6yT; Fig. 2A), we do not
mate residugs,29]. However, each subunit in the dimer appearsobserve a full burst amplitude for Msh6-catalyzed rapid ATP
to have a distinct ATPase mechanism (even in the prokarynydrolysis Fig. 38). This result suggests that ATP binding to
otic MutS homodimer!), and likely a distinct function in the Msh2 is coupled to optimal ATP hydrolysis at Msh6: a similar
repair reaction. Thus, Msh6 {$h MutS) binds and hydrolyzes |ink appears to exist between tiezquaticus Sp and § subunits
ATP rapidly (2s1), whereas Msh2 (Sin MutS) apparently  as well[18]. On the other hand, when the Msh2 ATPase site is
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perturbed such that the nucleotide remains tightly bound to iATP binding to both subunits is necessary to propagate a
(Msh2:z768a—Msh6y; Fig. 3F and 24, we do not observe any change in MutS/Msh interaction with mismatched DNA. If
Msh6 ATPase activity beyond the first turnov&id. 3D); i.e.,  nucleotide binding to either Msh2 (Mskgasa—Msh6yT) or
Msh6 appears to be trapped in an inactive state following ATAMsh6 (Msh2yt—Mshégssa) is disrupted, the protein—-DNA
hydrolysis and phosphate release. Apparently, ATP (or ADP?23omplex becomes refractory to the effects of ATP/ABP
must dissociate from Msh2 for Msh2—Msh6 to continue to funcrelative to wild type Msh2-Msh6—-DNA complexFig. 5).
tion as a catalytic ATPase (note: even though Msh6 appeafBhe data do suggest that ATP binding to Msh6 has a some-
only partially active in Msh@soaa—MshGyT, it does undergo what greater impact on Msh2-Msh6 interaction with mis-
catalytic turnoverfig. 2 and 3B. It is not surprising that the matched DNA, and this is reflected in the schematic shown in
ATPase activities of the two subunits appear to be intimatelyFig. 6B.
linked, as crystal structures of MutS dimers indicate that signif- Several reports in the literature indicate that upon binding
icant portions of the C-terminal domains containing the ATPasé&\TP, MutS/Msh proteins appear to release the mismatch by slid-
sites are involved in the dimerization interfd@2,23] ing away from the sit§¢l5,36] But, ATP binding to MutS/Msh

A model pathway for Msh2—Msh6 ATPase activity incorpo- also facilitates formation of ternary complexes containing MutS
rating these new findings is shown kig. 6A. In the central and MutL proteins and the mismat¢h2,15,16] These two
pathway we see that upon ATP binding to both subunits, rapidery different outcomes illustrate the dynamic character of
ATP hydrolysis occurs at Msh6 and slow ATP hydrolysis occuraMutS—DNA interactions, and highlight the need for continued
at Msh2 (alternately ATP could be released, unhydrolyzed, fronkinetic analysis to better define the nature and timing of vari-
Msh2). Once the nucleotide has dissociated from Msh2, the prasus MutS, MutL, and DNA binding/release events, and coupled
tein can undergo catalytic turnover. Alternative pathways showATP binding/hydrolysis events, in order to understand how MutS
that Msh6 can catalyze rapid ATP hydrolysis if the Msh2 site isproteins signal DNA repair following mismatch recognition.
empty (top), and Msh2 can catalyze slow ATP hydrolysis if theAsymmetry within the MutS (and MutL) dimers adds yet one
Msh6 site is empty (bottom), but these reactions are not optimahore layer of complexity to the mismatch repair system, but our
(Fig. 6A). The reasons for this particular linkage mechanism arestudy, along with others in the recent past, indicate that at least
not clear yet, and they may range from a simple requiremerthis aspect of the puzzle can be addressed effectively with the
that a significant population of Msh2—Msh6 be in such formshelp of mixed wild type—mutant heterodimég.
as Msharp—Mshépp or MshZ2app—MshGypp in steady state
to more complex requirements such as a particular sequence., - owle dgement
of ATP binding and hydrolysis, and corresponding conforma-

tional changes in the two subunits, for optimal Msh2-Msh6 This work was supported by a grant from the National Insti-

function.
This study also revealed some details of the link betweertlUtes of Health (GM64514).

the ATPase mechanisms of Msh2 and Msh6 and their DNA

binding/mismatch recognition activities. We have found thatAppendix A. Supplementary data

the specific interaction between a mismatched base pair and
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