
Dissimilar mispair-recognition spectra of Arabidopsis
DNA-mismatch-repair proteins MSH2´MSH6 (MutSa)
and MSH2´MSH7 (MutSg)
Shiau-Yin Wu1,2, Kevin Culligan2,3, Meindert Lamers4 and John Hays2,*

1Department of Biochemistry and Biophysics, 2Department of Environmental and Molecular Toxicology, ALS1007,
3Molecular and Cellular Biology Program, Oregon State University, Corvallis, OR 973631-7301, USA and 4Division
of Molecular Carcinogenesis, Netherlands Cancer Institute, 1066CX Amsterdam, The Netherlands

Received May 23, 2003; Revised July 28, 2003; Accepted August 16, 2003

ABSTRACT

Besides orthologs of other eukaryotic mismatch-
repair (MMR) proteins, plants encode MSH7, a para-
log of MSH6. The Arabidopsis thaliana recognition
heterodimers AtMSH2´MSH6 (AtMutSa) and
AtMSH2´MSH3 (AtMutSb) were previously found
to bind the same subsets of mismatches as their
counterparts in other eukaryotesÐrespectively,
base±base mismatches and single extra nucle-
otides, loopouts of extra nucleotides (one or more)
onlyÐbut AtMSH2´MSH7 (AtMutSg) bound well only
to a G/T mismatch. To test hypotheses that
MSH7 might be specialized for G/T, or for base
mismatches in 5-methylcytosine contexts, we com-
pared binding of AtMutSa and AtMutSg to a series of
mismatched DNA oligoduplexes, relative to their
(roughly similar) binding to G/T DNA. AtMutSg
bound G/G, G/A, A/A and especially C/A mispairs as
well or better than G/T, in contrast to MutSa, for
which G/T was clearly the best base mismatch. The
presence of 5-methylcytosine adjacent to or in a
mispair generally lowered binding by both hetero-
dimers, with no systematic difference between the
two. Alignment of protein sequences reveals the
absence in MSH7 of the clamp domains that in
bacterial MutS proteinsÐand by inference MSH6
proteinsÐnon-speci®cally bind the backbone of
mismatched DNA, raising new questions as to
how clamp domains enhance mismatch recogni-
tion. Plants must rigorously suppress mutation
during mitotic division of meristematic cells that
eventually give rise to gametes and may also use
MMR proteins to antagonize homeologous recombi-
nation. The MSH6 versus MSH7 divergence may
re¯ect specializations for particular mismatches
and/or sequence contexts, so as to increase both

DNA-replication and meiotic-recombination ®delity,
or dedication of MSH6 to the former and MSH7 to
the latter, consistent with genetic evidence from
wheat.

INTRODUCTION

DNA mismatch-repair (MMR) systems promote genomic
stability in most prokaryotic and eukaryotic organisms
(reviewed in 1±3). MMR initiates with recognition of base
mismatches, or some DNA lesions, by evolutionarily con-
served MutS-homolog (MSH) proteins: MutS homodimers in
bacteria, two or three MSH heterodimers in eukaryotes.
Recognition of DNA replication errors initiates excision-
replacement correction pathways that reduce spontaneous
mutation rates by as much as two to three orders of magnitude.
Similarly, recognition of mismatches in heteroduplex recom-
bination joints is thought to provoke processes that antagonize
homeologous recombination between partially diverged DNA
sequences. Suppression of homeologous crossovers would
prevent chromosome rearrangement via ectopic recombina-
tion between similar DNA sequences during mitosis, and
reduce meiotic recombination in progeny of inter-species
crosses. Recognition of a variety of DNA base lesions in
replication-template strands, including UV photoproducts,
either `matched' with their canonical Watson±Crick comple-
ments or `mismatched,' may trigger excisive correction that
averts lesion-induced mutation, or signaling to cell-cycle-
arrest and programmed-cell-death pathways, depending on the
circumstances (4±9).

Prokaryotic MutS homodimers recognize both base±base
mismatches and one to four extra `looped out' nucleotides
(thought to arise during DNA replication by template-primer
slip-mispairings). In most eukaryotes, MSH2´MSH6 hetero-
dimers recognize base-mispairs and very short loopouts, but
MSH2´MSH3 exclusively recognizes a broad range of loopout
sizes. A mismatched-DNA-binding motif near the N-terminus
is highly conserved in MutS, MSH3 and MSH6, but not MSH2
polypeptides (10).
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Genomic stabilities of plants are threatened not only by
sustained exposure to solar UV-B radiation and oxyradical by-
products of vigorous oxygen metabolism, and by their
inability to escape localized environmental genotoxins, but
also by the lack of reserved germ lines: gametes arise only at
ends of life cycles, from meristematic cells whose previous
divisions provide opportunities for spontaneous and environ-
mental mutagenesis. Thus, plants might be expected to
promote genomic ®delity in meristematic cells, and their
direct ¯oral descendants, as scrupulously as do other
eukaryotic cells. Indeed, the genomes of Arabidopsis thaliana
and other plants reveal orthologs of most mammalian and
yeast genomic-stability proteins, including those comprising
excision-repair and DNA-break-repair pathways, DNA trans-
lesion polymerases and DNA-damage surveillance/signaling
proteins (11).

In particular, Arabidopsis and other plants encode a
complete suite of MMR proteins orthologous to those in
other eukaryotes: the recognition heterodimers MSH2´MSH3
and MSH2´MSH6, and the recognition±excision coupling
component MLH1PMS2 (10,12,13). In vitro AtMSH3 and
AtMSH6 form speci®c heterodimers with the constant
AtMSH2 component; their mismatch-recognition speci®cities
resemble those of eukaryotic counterparts (14). Progeny of
parental Arabidopsis plants in which AtMSH2 is inactivated by
gene disruption or RNA interference display nucleotide-
repeat-sequence (microsatellite) instabilities similar to those
seen in MMR-de®cient mice (15).

We previously discovered in Arabidopsis a third mismatch-
recognition paralog, apparently unique to plants, designated
AtMSH7 (14). This polypeptide retains the conserved
N-terminal F-Y-E mismatch-recognition motif, and a putative
proliferating-cell nuclear antigen (PCNA)-interaction domain
in its extreme N-terminus. AtMSH7 also formed a heterodimer
with AtMSH2 in vitro. However, despite phylogenetic
evidence that MSH7 arose from MSH6, perhaps early in
plant evolution, the mismatch-recognition properties of the
corresponding heterodimers AtMSH2´MSH6 (AtMutSa) and
AtMSH2´MSH7 (AtMutSg) appeared to differ sharply (14). In
particular, MutSg bound poorly to DNA containing a single
extra `looped out' (+T) nucleotide, a substrate typically
recognized well by MutS and by both eukaryotic
MSH2´MSH6 and MSH2´MSH3 (MutSb) proteins, including
those in Arabidopsis. However, AtMutSg recognized a G/T
mismatch nearly as well as did AtMutSa; most other base
mispairs were not tested.

A second striking difference between AtMSH7 and
AtMSH6 is the absence from the former of an extended
internal stretch of amino acids (AtMSH6 884±984) fairly well
conserved among eukaryotic MSH6 proteins. This difference,
and the possibility that MutSg was speci®c for G/T, suggested
that its role in plant genomic stability might be other than the
correction of DNA replication errors, as mediated by MutSa
and MutSb in other eukaryotes. MutSg might be dedicated to
correction of T/G mispairs that arise in non-replicating DNA
via deamination of 5-methylcytosine (mC) at the mCpG and
mCpNpG motifs that are particularly frequent in plant DNA
(16). Alternatively, AtMutSg might generally recognize
replication errors in mC-containing contexts. A different
special role for plant MutSg protein is suggested by recent
genetic evidence that links the wheat MSH7 gene to the Ph2

locus, where mutations increase recombination between
homeologous chromosomes (17). Respectively, MutSg
would be predicted to recognize mostly G/T arising from
5-methylcytosine deamination, presumably in non-replicating
as well as replicating DNA, or recognize a broad set of
mismatches containing or adjacent to 5-methylcytosine, or
recognize in recombining chromosomes a range of base±base
mismatches. To semi-quantitatively test these alternatives, we
synthesized AtMutSa and AtMutSg in vitro, and used
electrophoretic mobility shift assays to compare binding to a
range of mismatches, in some cases in contexts that included
5-methylcytosine. AtMutSg proved to bind all base-mispairs
tested, in most cases as well or better than AtMutSa. Mispairs
containing or adjacent to 5-methylcytosine were generally
bound slightly less well by both heterodimers.

The recent availability of MSH7 sequences from maize and
wheat (17) made it possible to con®rm the absence in MSH7
of roughly 100 central amino acids (relative to MSH6), and to
identify the deleted residues with the clamp domain that, in the
recently published bacterial MutS structures, makes non-
speci®c DNA contacts (18,19).

MATERIALS AND METHODS

In vitro protein synthesis

Derivatives of plasmids pGEM-3Z (Promega, Madison, WI),
containing cDNAs encoding AtMSH2, AtMSH6 and
AtMSH7, each modi®ed to include a Kozak consensus
sequence 5¢ to the respective coding sequences, were
described previously (14). These are designated here as
pGEMatMSH2, pGEMatMSH6 and pGEMatMSH7.
Synthesis of AtMSH polypeptides in rabbit reticulocyte
lysates (TnT Quick, Promega) was essentially as described
(14). Co-synthesis yields more heterodimers than mixing
separately synthesized MSH peptides (14). To optimize yields,
we systematically varied amounts of each plasmid in 50-ml
lysate mixtures, from 0.5 to 2.0 mg. We subsequently used
mixtures in which amounts of the two polypeptide products
were approximately balanced, judged by incorporation of
[35S]methionine (taking account of respective methionine
contents), as measured by electrophoresis on 10% poly-
acrylamide gels in 0.1% SDS buffer (SDS±PAGE) and
autoradiography. Figure 1 shows SDS±PAGE analyses of
typical balanced-yield synthesis reactions. As recommended
by the manufacturer, Mg-acetate and KCl concentrations were
varied to optimize polypeptide yields. Typically, lysates were
made 60 and 6 mM in Mg-acetate. After incubation at 30°C
for 90 min, mixtures were diluted 20-fold with buffer A
(50 mM potassium phosphate, pH 7.5, 50 mM NaCl, 0.1 M
Na2EDTA, 1 mM dithiothreitol, 5% glycerol) and centrifuged,
until back to the original volume, at 1000 g, in a Microcon 100
®lter cartridge (nominal cut-off 105 kDa; Millipore, New
Bedford, MA). This removes considerable lysate protein, as
well as ATP, which inhibits binding of MSH proteins to
mismatched DNA (20,21). Aliquots were ¯ash-frozen in
liquid N2 and stored at ±80°C.

Because the amounts of cDNA-encoded protein synthesized
are very low relative to the amount of protein in reticulocyte
lysates, and it is dif®cult to determine the absolute speci®c
activities of [35S]methionine incorporated into proteins, no

6028 Nucleic Acids Research, 2003, Vol. 31, No. 20



quantitative measurements of amounts of protein synthesized
in these lysates were possible. However, we previously
compared synthesis of AtMutSa and AtMutSg to synthesis
of luciferase programmed by a control cDNA supplied by the
manufacturer, who stated 150±500 ng yields per 50 ml lysate to
be typical. Based on relative 35S radioactivities of luciferase,
AtMutSa and AtMutSg in parallel reactions (and taking
account of methionine contents), a very approximate estimate
of AtMutSa and AtMutSg yields would be 30±100 ng per 50 ml
(K.Culligan and J.Hays, unpublished data). Previous gel
®ltration analyses showed heterodimer yields to be 84% and
76%, respectively (14).

Preparation of duplex oligomers for binding assays

DNA substrates were prepared essentially as described
previously (14). Brie¯y, gel-puri®ed synthetic DNA `top
strand' 51mers were 5¢-end-labeled by incubating 50-ml
reaction mixtures containing 20 pmol of DNA oligomer,
40 pmol of [g-32P]ATP, and 10 U of T4 polynucleotide kinase,
in kinase buffer (Gibco BRL, Gaithersburg, MD), for 30 min
at 37°C; reactions were terminated by heating at 70°C for
10 min. To produce desired mismatched-DNA substrates,
20 pmol puri®ed synthetic 51mer bottom strands (Table 1)
were annealed to 20 pmol 32P-end-labeled top strands, by
heating mixtures at 85°C for 5 min and slowly cooling down to
4°C. To purify DNA duplexes away from single-stranded
DNA (ssDNA) and unincorporated [32P]ATP, 0.2 vol of
benzoyl-napthoyl-DEAE (BND) cellulose slurry (Sigma;
washed and resuspended in 0.3 M KCl such that settled
resin occupies half the volume) was added to the reaction
mixtures, which were then made up to 1 M NaCl using 5 M
NaCl, incubated at room temperature for 5 min, and layered on
a Sephedex G-50 Nick Column (Amersham Pharmacia
Biotech). Samples were recovered from supernatants after
sedimentation for 5 min in a Beckman GP-4 centrifuge to
pellet BND-cellulose. To test for removal of ssDNA from the
duplex substrates, small aliquots were treated again with [g-
32P]ATP and polynucleotide kinase, to preferentially end-label
(unannealed) ssDNA, and duplex and ssDNA separated in
non-denaturing 12% polyacrylamide gels. If signi®cant (32P-

labeled) ssDNA was detected by subsequent autoradiography,
the BND-cellulose and spin-column steps were repeated.
DNA concentrations in puri®ed preparations were determined
by binding PicoGreen dye (Molecular Probes, Eugene, OR)
¯uorescence.

Electrophoretic mobility shift assays of protein±DNA
complexes

For direct binding assays, each 25-ml reaction mixture, made
up in 13 Binding Buffer (50 mM potassium phosphate, pH
7.5, 50 mM NaCl, 0.1 mM EDTA,1 mM DTT, 5% glycerol),
contained 10±15 ml AtMSH protein lysate, 5 mM AMP and
0.1 pmol [32P]DNA 51 bp linear duplexes. Mixtures were
incubated at room temperature for 40 min, then loaded onto
5% polyacrylamide gels, made up in TBE buffer (50 mM Tris,
50 mM boric acid, 1 mM Na2EDTA, pH 8) containing 2.5%
glycerol and electrophoresed at 10 V/cm for 180 min. After
electrophoresis, gels were dried on Whatman 3MM paper and
visualized by autoradiography at room temperature using
Kodak Biomax X-ray ®lm. Phosphorimaging and ImageQuant
software were used to analyze the intensity of speci®c bands.
Intensities of speci®c (`A') bands corresponding to binding of
various mismatched DNA duplexes were normalized relative
to respective intensities for G/T duplexes, which were bound
strongly by both AtMSH2´MSH6 and AtMSH2´MSH7 hetero-
dimers and were included in every experiment. Since the same
radiolabeled top strand (oligo 1 or oligo 2, Table 1) was used
for all base-mispairs in a particular experiment [except for
(+T) substrates], relative radioactivities directly re¯ect rela-
tive DNA amounts in bands. Each determination was
performed three times.

RESULTS

To prepare AtMSH2´MSH6 (AtMutSa) and AtMSH2´MSH7
(AtMutSg) heterodimers for semi-quantitative testing of
binding to mismatched DNA, we employed in vitro protein
synthesis. We previously obtained ~80% yields of discrete
heterodimers from co-synthesis of AtMSH2 with AtMSH6,
and AtMSH7, and lesser yields for AtMSH2 plus AtMSH3,
but no dimers were formed between Arabidopsis and human
polypeptides (14). Heterodimer yields were much lower when
polypeptides synthesized together were mixed and incubated,
so it was necessary to empirically adjust cDNA inputs and
other conditions to obtain optimum but equal co-synthesis
yields, such as those shown in Figure 1. After removal of low
molecular weight compounds and some small proteins, we
used the crude protein mixtures for electrophoretic mobility
shift assays of binding to 51 bp synthetic DNA duplexes.
Similar approaches have been widely employed to assess
binding of different DNA mismatches by human MutS
homologs synthesized in vitro (22,23) or present in nuclear
extracts (24), or to compare binding by human MutSa, and
Arabidopsis MutSa, MutSb and MutSg synthesized in vitro
(14). In all these mismatch-binding studies, the electropher-
ograms typically showed certain characteristics also seen here
(Fig. 2): (i) shifting of a very small fraction (~1±5%) of
radiolabeled mismatched-DNA probes to slower mobilities,
even though the molarities of the respective MutS-homolog
proteins were expected to be roughly one-®fth or more of
DNA molarities; (ii) the appearance in virtually every case,

Figure 1. Analysis of co-synthesized Arabidopsis MSH proteins. Balanced
synthesis of AtMSH7 plus AtMSH2 (lane 1) and AtMSH6 plus AtMSH2 in
rabbit-reticulocyte lysates in the presence of [35S]methionine, Micron 100
®ltration/centrifugation, electrophoresis of denatured proteins in 10%-acryla-
mide 0.1% SDS gels and autoradiography were as described in Materials
and Methods.
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even with mock-synthesis lysates (not programmed with any
cDNA), of a shifted but slower-moving `B' band (Fig. 3 and
data not shown), that may re¯ect binding by Ku70/Ku80 (25)
to DNA ends; (iii) slower-moving bands (designated `A' here)
when MutS homologs were present, that were much stronger
for mismatched than for heteroduplex DNA and, in gels
generally showing good resolution, migrated as doubletsÐ
often of equal intensity, but sometimes unequal (upper > lower
roughly as frequently as lower > upper), although doublets
were not always observed [for example, shifted bands were
doublet in HeLa extracts but singlet in 3T3 cell extracts (24)].
All studies yielded hierarchies of af®nity of MutS homologs
for different mismatches, with shifting homoduplex-DNA
lowest or negligible, that have generally turned out to agree
well with speci®cities subsequently determined by other
techniques, including binding assays with puri®ed proteins.

Thus, despite apparent yields of MutS±DNA complexes
much lower than would be expected for equilibrium
mixtures, band-shift assays with protein mixtures can be
highly informative when certain conditions are met, which is
the case here. First, radiolabeled DNA substrates were

scrupulously puri®ed, because contaminants, such as
ssDNA, might be bound by MutS homologs or other proteins
in the mixtures. Second, homoduplex controls showed low or
negligible bands at the mismatch-dependent `speci®c-band'
positions (Fig. 2, lanes 2 and 8). Third, af®nities of a particular
protein for a series of mismatches were determined relative to
its af®nity for one particular mismatch (G/T), so relative
recognition spectra for different proteins could be compared
(Figs 3 and 4). Fourth, (relative) band shifts were quantita-
tively reproducible (Figs 3 and 4). Fifth, no band shifts were
seen when only one MSH polypeptide was synthesized (data
not shown). Furthermore, when the amount of MutS-homolog
protein was increased, either by using more protein-synthesis
lysate or by using lysates in which synthesis was more
ef®cient, the amounts of apparent binding increased in
approximate direct proportion here (data not shown) and in
our previous study (14).

We consider both `A' bands seen in gel autoradiograms
(Fig. 2) to re¯ect mismatch-speci®c binding, as did the authors
of papers cited above. Both `A' bands were typically reduced
by the same proportions by increasing excesses of unlabeled

Table 1. Oligomers used to construct mismatched-DNA duplexes

Top strands
Oligo 1 5¢-AAT GGT TAG CAA TCA TAG TGG CAA

GCT CGA GTC AAT CGT CTC TCG TTA TTC-3¢
Oligo 2 5¢-AAT GGT TAG CAA TCA TAG TGG CAA

GCT mcga gtc aat cgt ctc tcg tta ttc-3¢
Oligo 3 5¢-AAT GGT TAG CAA TCA TAG TGG CAA

GT(T)G GAG TCA ATC GTC TCT CGT TAT TC-3¢

Mismatchesb and contextsc when paired with top strands
Bottom strandsa with Oligo 1 with Oligo 2
Oligo 10 3¢-TTA CCA ATC CTT AGT ATC ACC GTT

CGA GmCT CAG TTA GCA GAG AGC AAT AAG-5¢
CGA NC

Oligo 11 3¢-TTA CCA ATC GTT AGT ATC ACC GTT CGA
GTT CAG TTA GCA GAG AGC ATT AAG-5¢

GmCT
CGA

mCGA

GTT
Oligo 12 3¢-TTA CCA ATC GTT AGT ATC ACC GTT CGA

GCT CAG TTA GCA GAG AGC AAT AAG-5¢
GTT
CGA

NC

Oligo 13 3¢-TTA CCA ATC GTT AGT ATC ACC GTT CGG
GCT CAG TTA GCA GAG AGC AAT AAG-5¢

GCT
CTC

CTmC

GGG
Oligo 14 3¢-TTA CCA ATC GTT AGT ATC ACC GTT CGA

GAT CAG TTA GCA GAG AGC AAT AAG-5¢
GGC
CGA

mCGA

GAT
Oligo 15 3¢-TTA CCA ATC GTT AGT ATC ACC GTT CGA

ACT CAG TTA GCA GAG AGC AAT AAG-5¢
GAT
TCG

TmCG

AAC
Oligo 16 3¢-TTA CCA ATC GTT AGT ATC ACC GTT CGA

GGT CAG TTA GCA GAG AGC AAT AAG-5¢
AAC
CGA

NC

Oligo 17 3¢-TTA CCA ATC GTT AGT ATC ACC GTT CGA
GCA CAG TTA GCA GAG AGC AAT GAA-5¢

GGT
CGAG

NC

Oligo 18 3¢-TTA CCA ATC GTT AGT ATC ACC GAT CAC
CTC AGT TAG CAG AGA GCA ATA AG-5¢ T

A

T^G

C
�with oligo 3�

NC, not constructed.
aItalicized letters correspond to mispairs and contexts shown in right hand columns.
bMismatched bases in boldface.
cBase pairs that ¯ank mismatch sites.
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mismatched DNA (data not shown). Neither band was
observed if no proteins or only one MSH polypeptide were
synthesized [(14) and data not shown]. Mismatch-bound
AtMutSa or AtMutSg might sometimes interfere with add-
itional binding by lysate proteins, perhaps those responsible

for band `B', such that in a doublet one band re¯ected non-
speci®c binding to one end, and the other non-speci®c binding
to neither or both. Or speci®c binding of AtMutSa or AtMutSg
might enhance further non-speci®c binding of AtMutSa or
AtMutSb, respectively, or of another lysate protein to some
but not all substrates. Previously, non-heterodimerized
AtMSH6 or AtMSH7 polypeptides migrated during gel
®ltration at molecular weights higher than those of
AtMSH2´MSH6 or AtMSH2´MSH7, respectively (14), sug-
gesting binding to themselves or other proteins. Among all
gels, there was no reproducible pattern of relative intensities of
upper versus lower `A' bands, with respect to particular
mismatches or to AtMutSa versus AtMutSg (data not shown).
Thus, the apparently higher ratios of upper to lower bands for
AtMutSg compared to AtMutSa [except for (+T) seen in
Fig. 2] are fortuitous.

Apparent ef®ciencies of binding of AtMutSa and AtMutSg
to a series of heteroduplex DNA substrates, relative to binding
to G/T DNA in each case, are shown in Figure 3. As
previously observed (14), AtMutSg bound relatively poorly to
the extra nucleotide (+T) substrate, which is bound well by
bacterial MutS and by eukaryotic MutSa heterodimers,
including AtMutSa here. Contradicting an hypothesis that it
might be specialized for G/T (see Introduction), MutSg (Fig. 3,
open bars) showed a trend of better binding to G/G and C/A
than to G/T, typically the base-mispair recognized best by
other eukaryotic MutSa proteins, and also good binding to
A/A and G/A. In contrast, MutSa (Fig. 3, ®lled bars) showed
worse binding to all purine±purine mispairs, and to C/A, than
to G/T. We reproducibly found much less binding of AtMutSg
than AtMutSa to homoduplex (G/C) DNA. Subtraction of the
(G/C) values would make the relative advantages of AtMutSg
over AtMutSa for G/A, C/A, G/G and A/T binding even
greater. We previously observed very little binding of a C/C
mismatch by either AtMutSa or AtMutSg (14). In two trials,
excess unlabeled DNA reduced binding to radiolabeled (G/T)
by AtMutSa in the qualitative order (+T) > G/T > G/G > C/A
» G/A and by AtMutSg in the order G/G > G/A > G/T > (+T),

Figure 2. Electrophoretic mobility shift assays of mismatched-DNA binding
by AtMutSa and AtMutSg. Incubation of equal amounts of Microcon-
®ltered co-synthesis mixtures containing AtMSH6 + AtMSH2 (AtMutSa,
lanes 1±6) or AtMSH7 + AtMSH2 (AtMutSg, lanes 7±12) polypeptides,
with 0.1 pmol 32P-end-labeled 51 bp DNA duplexes, and electrophoresis in
(non-denaturing) 3% polyacrylamide gels, autoradiography and analysis by
densitometry were as described in Materials and Methods. Oligomers [(top
strand)/(bottom strand)] comprising indicated substrates in representative
electropherogram shown were as follows: G/T, 1/11; G/C, 1/12; +T, 3/18;
C/A, 1/15; G/A, 1/14; (mC/G) G/T, 2/10. Mismatch-speci®c electro-
pherogram bands used to score binding are indicated by letter A, and the
major non-speci®c band by letter B. mC, 5-methyl-cytosine.

Figure 3. Mismatch-recognition spectra for AtMutSa and AtMutSg.
Electrophoretic mobility shift analyses of mixtures of 0.1 pmol of indicated
51 bp DNA duplexes with equal aliquots of co-synthesized AtMSH7 +
AtMSH2 (AtMutSg) or AtMSH6 + AtMSH2 (AtMutSa) polypeptide
mixtures were described in the Figure 2 legend. Summed intensities of
mismatch-speci®c DNA±protein bands (designated by letter A in Fig. 2) for
each mismatch were divided by intensities for G/T DNA. Data correspond
to means for three independent determinations and standard deviations for
binding to MutSg (open bars), or MutSa (®lled bars). Oligomer (upper/
lower) pairs used were as indicated in the Figure 2 legend, plus those for
G/G (1/16) and A/A (1/17).

Figure 4. Effects of methylcytosine on binding of mismatched DNA.
Electrophoretic mobility shift assays of binding of AtMutSg (open bars) or
AtMutSa (®lled bars) performed and analyzed in legend to Figure 3.
Oligomers used to construct 51 bp substrates with mispairs (boldface) and
5-methylcytosine (mC) in positions indicated were as follows: CG/GT,
1/11; mCG/GT, 2/11; CG/GA, 1/14; mCG/GA, 2/14; CG/AC, 1/15;
mCG/AC, 2/15; TC/GG, 1/13; TmC/GG, 2/13.
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generally in agreement with direct-binding data shown in
Figure 3 (data not shown). For AtMutSg, the competition order
was C/A > G/T in one trial, and G/T > C/A in the other.

Because 5-methylcytosine levels in plant DNA are typically
greater than those in DNA of other eukaryotes, amounting to
up to 20±30% of nuclear DNA cytosines (16), plant MSH7
proteins might have evolved specialized recognition of
mismatches in contexts involving 5-methylcytosine, such as
mCpG. In fact, the trend of binding, for both AtMutSa and
AtMutSg, was less to mCG/GT and mCG/GA than to CG/GT
and CG/GA (Fig. 4, ®rst versus second and third versus fourth
pairs of bars, respectively) (bold indicates mispaired bases).
These dyads would mimic hydrolytic deamination of methyl-
cytosineÐmore rapidly than deamination of cytosine (26)Ðin
an mCpG couplet. Remarkably, binding to mC/A appeared
substantially reduced relative to binding to C/A, by ~4-fold for
MutSg and 2-fold for MutSa (Fig. 4, ®fth versus sixth pairs).
Finally, we tested for methylcytosine effects in a nonpalin-
dromic dyad: AtMutSg and AtMutSa both showed a trend of
less binding to TmC/GC than to TC/GG (Fig. 4, seventh versus
eighth pairs). Therefore, MSH7 seems not to have evolved
speci®cally to promote ®delity of heavily methylated DNA.
The signi®cance of the apparently reduced MMR recognition
with respect to stability of cytosine-methylated genomes
remains to be determined.

DISCUSSION

MSH7 appears to have arisen early in plant evolution, most
likely via duplication and divergence of an MSH6-like gene in
a primitive plant (10,14), before the monocot±dicot split:
MSH7 genes have been identi®ed in Arabidopsis, maize (27),

wheat (17), rice (27) and sugar cane (C.Menck, personal
communication), but not in any other eukaryotes. Plant MSH6
genes branch phylogenetically with those in other eukaryotes.
Here we show that relative to G/T, AtMSH2´MSH7 hetero-
dimers may recognize several base mismatches better than
AtMSH2´MSH6 heterodimers, at least in the DNA-sequence
context tested. Comparisons of mismatch binding using single
concentrations of crude protein mixtures can only be semi-
quantitative, in contrast to titration of mismatched DNA with
increasing amounts of MutS homologs. However, the results
obtained here with protein-synthesis lysates have suf®ced to
test the hypotheses advanced. In some respects, competition
with a mixture of many other proteins for binding to DNA
with a mismatch may approximate the situation in vivo better
than binding of puri®ed proteins.

MutS, MSH6 and MSH7 protein sequences align very well
(Fig. 5), and the mismatch-detection motif Phe-X-Glu (typ-
ically Phe-Tyr-Glu; E.coli MutS residues 36±38) is present in
all MSH7 polypeptides (Fig. 5A). Crystal structures of E.coli
and Thermus aquaticus MutS bound to mismatched DNA
show that in one subunit of each asymmetric homodimer the
Phe-Tyr-Glu motif directly contacts bases at the mismatch
(18,19). Genetic evidence (28,29) supports the inference that it
does so as well in the MSH6 subunits of eukaryotic MutS
heterodimers. (In contrast, the MSH3 Phe-X-Glu sequence
that aligns with E.coli MutS Phe40 is unlikely to directly bind
DNA, because Phe40 is 7 AÊ distant from DNA, and Glu42 is at
the other end of the domain, 20 AÊ from the nearest DNA
atom.) The crystal structures show that in the same subunit
that directly contacts the mismatch, a second domain forms a
clamp that encircles the DNA while making non-speci®c
interactions with its backbone (Fig. 6). This clamp may aid

Figure 5. Conservation of DNA binding domains in MutS, MSH6 and MSH7 proteins. Sequence alignment showing mismatch recognition domain (A) and
clamp domains (B) derived from an alignment performed with full sequences. Tubes and strands indicate a-helices and b-strands, respectively. Black dots
indicate residues that contact the DNA through hydrogen bonds. Locations of aligned sequences are indicated in the structure of E.coli MutS in Figure 6.
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mismatch recognition by facilitating the kinking of DNA at
the mismatch, in cooperation with the Phe-X-Glu domain. A
60° kink is common to structures of E.coli MutS with different
mismatches (30) and thus seems integral to mismatch
recognition.

The DNA clamp domain contains about 100 residues in
bacterial MutS (E.coli 432 to 537), and perhaps 110 in MSH6
proteins (e.g. AtMSH6 884 to 984) (Fig. 5B). Remarkably,
MSH7 lacks the amino acids in this domain. How the absence
of these clamp residues in MSH7 might affect DNA binding is
not immediately obvious. The deletion is certain to alter the
way the vestigial domain in MSH7 contacts DNA; it might not
contact DNA at all, so most non-speci®c contacts would be
with the MSH2 subunit. If in other proteins both domains
facilitate kinking of the DNA, as appears to be the case in
MutS, then MutSg might deform DNA less ef®ciently and
therefore bind less well to homoduplex DNA. How reduced
kinking ef®ciency might explain the paradox of reduced
binding to both homoduplex DNA and to an extra looped out
nucleotide, but strong binding to several base-mispairs,
remains to be determined.

Previously, AtMSH7 (designated AtMSH6-2 by other
workers), as well as AtMSH2 and AtMSH3, were reported to
be expressed at virtually undetectable levels in Arabidopsis
plant tissues, but transcripts were detected in RNA blots
derived from suspension cultures (31). The whole-plant
material was most likely dominated by Arabidopsis leaf
tissues, in which we have previously found inactivation
of AtMSH2 to have only a modest (albeit signi®cant) effect
on genomic stability (15). However, in the progeny of
AtMSH2-defective plants we did ®nd large increases in
insertion±deletion mutations in nucleotide-repeat sequences
(microsatellites), relative to wild-type plants, paralleling

microsatellite instability observed in MMR-defective mice.
Thus, the heterodimers that MSH2 forms with MSH3 and
MSH6 paralogs appear to strongly antagonize spontaneous
mutation in ¯oral cells and their meristematic precursorsÐthe
plant equivalents of reserved germ lines. Since MSH2´MSH6
and MSH2´MSH3 suf®ce for correction of replication errors in
other eukaryotes, and the data presented here argue against
MSH2´MSH7 specialization for G/T or for mismatches in
methylcytosine-containing contexts, how might MutSa con-
tribute to plant genetic ®delity? The lack of a strong domain
might specialize MSH7 for enhanced recognition of certain
base mismatches, perhaps in certain DNA-sequence contexts.
However, it is not clear that this would decisively improve
plant mismatch correction relative to that in other eukaryotes.
Alternatively, plant MSH7 proteins (MutSg heterodimers)
might help maintain species barriers, by antagonizing meiotic
recombination between quasi-homologous (diverged but
similar) DNA sequences (so-called homeologous recombina-
tion), as would be present at corresponding loci in chromo-
somes in hybrid progeny of interspecies crosses. The Ph2
locus in wheat (Triticum aestivum) controls chromosome
pairing in its hybrids with alien species: deletion ph2a (32) and
a point mutation ph2b (33), which maps under the ph2a
deletion, elevate levels of homeologous recombination in
hybrids with Triticum kotschyi var. variables or rye (Secale
cereale), and the wheat TaMSH7 gene now appears to be
closely linked to the Ph2 locus (17). Two hypotheses appear
compatible with the data available at present. Both plant
MutSa and MutSg heterodimers (and MutSb as well) might
play roles in both correction of DNA replication errors and
antagonism of meiotic homeologous recombination, with
MSH6 and MSH7 increasing the ef®ciency of recognition by
specializing for different subsets of mismatches and/or
sequence contexts. Alternatively, the drastically reduced
clamp domain of MSH7 might re¯ect an evolved dedication
to meiotic-recombination ®delity. The very low af®nity of
MutSg for linear homoduplex DNA might minimize inter-
ference with meiotic recombination between stretches of
highly homologous DNA. In this case, MSH2´MSH6 and
MSH2´MSH3 would mediate post-replication error correction,
as in other eukaryotes, and the differences in MSH6 and
MSH7 mismatch speci®city might be incidental to their
separate evolutionary paths. Neither effects of speci®c
inactivation of MSH7 versus MSH6 on genomic stability or
homeologous recombination, nor differential expression of
MSH6 and MSH7 in mitotic versus meiotic tissues, have been
examined in any plant.
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