
Proc. Natl. Acad. Sci. USA
Vol. 93, pp. 13629–13634, November 1996
Biochemistry

hMSH2 forms specific mispair-binding complexes with
hMSH3 and hMSH6

SAMIR ACHARYA*†, TERESA WILSON*†, SCOTT GRADIA*, MICHAEL F. KANE‡, SHAWN GUERRETTE*,
GERALD T. MARSISCHKY‡, RICHARD KOLODNER‡, AND RICHARD FISHEL*§

*DNA Repair and Molecular Carcinogensis Program, Kimmel Cancer Center, Thomas Jefferson University, 233 South 10th Street, Philadelphia, PA 19107; and
‡Charles A. Dana Division of Human Cancer Genetics, Dana–Farber Cancer Institute and Department of Biological Chemistry and Molecular Pharmacology,
Harvard Medical School, 44 Binney Street, Boston, MA 02115

Communicated by Carlo M. Croce, Thomas Jefferson University, Philadelphia, PA, September 30, 1996 (received for review August 30, 1996)

ABSTRACT The genetic and biochemical properties of
three human MutS homologues, hMSH2, hMSH3, and
hMSH6, have been examined. The full-length hMSH6 cDNA
and genomic locus were isolated and characterized, and it was
demonstrated that the hMSH6 gene consisted of 10 exons and
mapped to chromosome 2p15-16. The hMSH3 cDNA was in
some cases found to contain a 27-bp deletion resulting in a loss
of nine amino acids, depending on the individual from which
the cDNA was isolated. hMSH2, hMSH3, and hMSH6 all
showed similar tissue-specific expression patterns. hMSH2
protein formed a complex with both hMSH3 and hMSH6
proteins, similar to protein complexes demonstrated by stud-
ies of the Saccharomyces cerevisiae MSH2, MSH3, and MSH6.
hMSH2 was also found to form a homomultimer complex, but
neither hMSH3 nor hMSH6 appear to interact with them-
selves or each other. Analysis of the mismatched nucleotide-
binding specificity of the hMSH2–hMSH3 and hMSH2–
hMSH6 protein complexes showed that they have overlapping
but not identical binding specificity. These results help to
explain the distribution of mutations in different mismatch-
repair genes seen in hereditary nonpolyposis colon cancer.

Elevated rates of spontaneous mutations are a hallmark of
defects in genes associated with postreplicative mismatch
repair and led to their original designation as mutator (mut)
genes in bacteria. Many of these mutator genes have been
found to be conserved throughout evolution. At present there
have been six homologues, MSH1–MSH6, of the bacterial
MutS protein identified in the budding yeast Saccharomyces
cerevisiae (1–5). MSH1 and MSH2 were found to be nuclear-
encoded genes in which mutations resulted in elevated muta-
tion rates in mitochondrial and nuclear DNA, respectively (6).
Although its function was not immediately recognized, the first
eukaryotic homologue of MutS was found as a divergently
transcribed gene adjacent to the dihydrofolate reductase gene
(DUTyDUG in humans and REP-3 in mice; now calledMSH3)
(7, 8). This gene was later found to be identical to a third yeast
MutS homologue, MSH3 (2), a gene that has recently been
implicated in mismatch repair (5). MSH4 and MSH5 were
identified as genes involved in regulation of meiotic crossing-
over in yeast, but not likely having a role in mismatch repair
(3, 4). MSH6 was identified in the S. cerevisiae genome
database and determined to play a role in mismatch repair (5);
homology relationships and genetic analysis indicate that
MSH6 is the homologue of human ‘‘GyT-binding protein’’
(GTBP or p160) (5, 9).
The connection of mutator genes to frequently occurring

human cancers was first recognized when inherited mutations
in the hMSH2 gene were found to underlie a significant
proportion of hereditary nonpolyposis colon cancer (HNPCC)

and subsequently acquired mutations in hMSH2 were found in
sporadic tumors and tumor cell lines that display microsatellite
instability characteristic of mismatch-repair defects in eu-
karyotes (10–18). The purified yeast and human MSH2 pro-
teins have been shown to bind mismatched nucleotides and
insertionydeletion loop-type (IDL) mismatched substrates,
suggesting that it has a function similar to that of MutS, albeit
for eukaryotic mismatch recognition (19–21). Purification of
an activity that complements the biochemical mismatch-repair
deficiency exhibited by Lovo cells, which contain a deletion of
hMSH2 exons 3 through 8 (17), identified a heterodimeric
complex containing hMSH2 and a 160-kDa polypeptide (22).
This heterodimer was suggested to be the mismatch-
recognition component of human mismatch repair. The latter
protein was found to be identical to the GTBP (or p160) that
was mapped to a region of chromosome 2 (2p15-16) approx-
imately 1 megabase away from hMSH2 (23, 24). Because there
is at present no evidence that the GyT-binding protein by itself
actually binds mismatched nucleotides, and because functional
and evolutionary relatedness studies indicate that GTBP is the
homologue of S. cerevisiae MSH6, we will refer to the human
MutS homologues with respect to their homology to yeast
genes (e.g., hMSH2, hMSH3, and hMSH6) to simplify the
nomenclature of MutS homologue genes.
The involvement of MSH3 and MSH6 in MSH2-dependent

mismatch repair has been detailed in genetic studies of the
mutator phenotype caused by mutation of these genes in yeast
(5, 9, 25, 26). msh2 mutations were found to cause a general
mutator phenotype consistent with defects in repair of single-
base-pair substitution, single-nucleotide insertion, and multi-
ple-nucleotide insertion mispairs. msh3 mutations caused a
limited mutator phenotype, suggesting that it might primarily
be involved in the repair of multiple-nucleotide insertion
mispairs, whereasmsh6mutations caused strong defects in the
repair of single-base-pair substitution mispairs and partial
defects in the repair of single-nucleotide insertion mispairs.
Themsh3 msh6 double mutant combination appeared to cause
the same repair defect as the msh2 single mutation, indicating
that MSH3 and MSH6 had overlapping functions in MSH2-
dependent mismatch repair in yeast. The demonstration that
MSH2 could form complexes with both MSH3 and MSH6
suggested that eukaryotic mismatch repair might involve two
different heterodimeric mismatch-recognition complexes,
each having a different mispair-recognition specificity. If
similar functions were identified with respect to the human
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homologues, these data would have important implications for
the distribution of germ-line mutations in hMSH2, hMSH3,
and hMSH6 that would be expected to be found in HNPCC
patients (5, 9).
Here we report that hMSH3 and hMSH6 interact with

hMSH2 and that these two complexes contain different mis-
match-recognition specificity similar to that predicted by the
genetic analysis of the corresponding S. cerevisiae genes. We
have also characterized the complete cDNA and genomic locus
of hMSH6 and the expression of hMSH6 in human tissues, and
have further characterized the hMSH3 coding sequence.

METHODS

Chemicals and Enzymes. [35S]Methionine was purchased
from New England Nuclear. Protein A-agarose beads were
purchased from Santa Cruz Biotechnology. hMSH2 polyclonal
antibody (OS118) was obtained from Oncogene Science. All
fine chemicals used were purchased from Amresco (Euclid,
OH). In Vitro Transcription-Translation kits were purchased
from Promega. Prestained markers were from Bio-Rad. Oli-
gonucleotides were synthesized using solid-phase cyanoethyl
phosphoramidite chemistry and were obtained from the Dana-
Farber Cancer Institute Core Molecular Biology Facility or
from the Kimmel Cancer Institute Nucleic Acids Facility. The
human multiple-tissue Northern blot IV was purchased from
CLONTECH.
Isolation and Characterization of cDNA and Genomic DNA

Clones. The hMSH6 genomic locus was cloned from a human
P1 library screened by Genome Systems (St. Louis). One
round of screening was performed with primers 22980 59-GTA
TGA AGA AAC TAC ATA CAG C and 23045 59-AAG TCC
AGT CTT TCG AGC C (23) to obtain three P1 phages. One
additional P1 phage containing the N terminus of the gene was
obtained by screening with primers 24141 59-CAGAAGGGA
GGTCAT TTT TACAG and 23444 59-GAAGGCTCATCA
CAC ACT GCC. The resulting phages were transduced into
the CRE-negative Escherichia coli strain NS3516 using a
protocol provided by Genome Systems. DNA preparations
were made using the alkaline lysis protocol described by
Genome Systems and then spot-dialyzed on a VSWP 02500
Millipore filter against H2O for 30 min. The hMSH6 coding
sequence and flanking intron sequences were then determined
on an Applied Biosystems 373 DNA sequencer using TaqDNA
polymerase and dye terminators and protocols supplied by the
manufacturer (Perkin–Elmer), and sequencing primers de-
rived from the cDNA sequence essentially as previously de-
scribed (12, 27). The sizes of the hMSH6 introns were esti-
mated by PCR essentially as previously described (12, 27) or by
determining the sequence of the entire intron. All of the
genomic sequences have been submitted to GenBank.
An initial '4-kb hMSH6 cDNA clone was isolated by

screening a l ZAP II (Stratagene) library constructed from
fibroblast 1262 poly(A) mRNA using conventional methods
(28). However, this cDNA clone appeared to be '200 to 500
bp shorter than the full-length hMSH6 mRNA as determined
by Northern blotting, suggesting that a portion of the 59 end
was missing from the cDNA clone.
To isolate an intact hMSH6 cDNA clone, the 59 end of the

cDNA was first cloned by 59 rapid amplification of cDNA ends
(RACE) (29). Single-strand, random-primed cDNA was pre-
pared from human testis poly(A) mRNA (CLONTECH) using
a Promega cDNA synthesis kit. The cDNA was then treated
with RNase H, extracted with phenol, and precipitated with
ethanol. The single-strand cDNA was used directly in a RACE
reaction. Four different oligonucleotides were used in this
experiment: RACE anchor, 59-CACGGATCCACTATCGA
TTC TGG AAC; RACE primer, 59-CCA GAA TCG ATA
GTG GAT CCG T; hMSH6-A, 59-ACG TTG CAT TGC TCT
CAG TAT TTC; and hMSH6-B, 59-CCA AAC CAA ATC

TCC TGG TGA. Dideoxythymine (Perkin–Elmer) was added
to the RACE anchor primer using terminal transferase (Phar-
macia). The RACE anchor was then ligated to the single-
strand cDNA for 6 hr at 378C using RNA ligase (New England
Biolabs) in 50 mM Tris, pH 7.8y10 mMmagnesium chloridey1
mM hexamine cobalt chloridey20 mM ATPy10 mg/ml BSAy
50% PEG 8000, and this cDNAwas used directly for PCR. The
first round of PCR was carried out for 35 cycles using the
RACE primer and hMSH6-A primer. One microliter of the
resulting PCR product was then used as a template for a
second round of PCR using the RACE primer and hMSH6-B
primer for 25 cycles. PCR was performed in 75 mM Tris, pH
9.0y20 mM ammonium sulfatey2 mM magnesium chloridey
0.01% Tween 20y10% glyceroly0.2 mM each of the four
dNTPsy0.4 mM of each primer. Cycling temperatures con-
sisted of 30 sec at 948C, 1 min at 508C, and 1 min at 728C, and
was performed in a Perkin–Elmer 2400. Amplified fragments
were cloned using a TA Cloning Kit (Invitrogen) and se-
quenced using a Sequenase 3.0 sequencing kit (United States
Biochemical) or a ABI 373 sequencer as described above.
A 350-bp fragment containing the 59 RACE-derived

hMSH6 sequence was used to probe a l ZAP II (Stratagene)
library constructed from fibroblast 1262 poly(A) mRNA (28).
The probe was labeled using a Nick Translation Kit (GIBCO)
and [32P]dCTP (New England Nuclear). Library screening and
phagemid rescue was performed using protocols provided by
the manufacturer (Stratagene). One cDNA clone (M6-1) was
then sequenced and used for all experiments in which the
hMSH6 protein was analyzed. The sequence of this clone has
been submitted to GenBank (accession no. U54777). A
hMSH3 cDNA (M3-12), beginning at nucleotide 54 of the
published hMSH3 sequence (7, 30) and extending 899 nucle-
otides 39, to include a poly(A), was similarly isolated by
screening a HeLa l ZAP cDNA library (Stratagene) and used
for all experiments in which the hMSH3 protein was analyzed
(GenBank accession number U61981).
In Vitro Transcription and Translation. hMSH2, hMSH3,

and hMSH6, subcloned into the pET vectors pET 3d, pET 24d,
and pET 29a (Novagen), respectively, were used for in vitro
transcription and translation studies. DNA was prepared and
purified with the Qiagen (Chatsworth, CA) kit. In vitro tran-
scription and translation of the different genes was performed
in 50-ml volumes, according to the standard procedures pro-
vided by the manufacturer (Promega). The amount of each
template DNA added to the in vitro transcription and trans-
lation was optimized to obtain the maximum possible trans-
lation for the respective gene. From 1 to 2 mg of DNA was used
as template in typical reactions. [35S]Methionine-labeled rab-
bit reticulocyte translation products of comparable translation
efficiencies were mixed and further incubated at 378C for 30
min or at 48C for 6 hr. This was then processed for either
immunoprecipitation directly or cross-linking followed by im-
munoprecipitation. For mismatch binding experiments, unla-
beled proteins were synthesized by omitting the [35S]methi-
onine from the reactions.
Immunoprecipitation. For immunoprecipitation, 5 ml of in

vitro transcription and translation mixture was diluted in 100 ml
of ice-cold buffer containing 0.1 M potassium phosphate, pH
7.5, and 100 mM Tris, pH 7.5. Eighty microliters of this was
added to 250 ml of ice-cold IP buffer (20 mMTris, pH 7.5y10%
glyceroly150 mM NaCly5 mM EDTAy1 mM DTTy0.1%
Tween 20y0.75 mg/ml BSAy0.5 mM phenylmethylsulfonyl
f luoridey0.8 mg/ml leupeptin) containing 5–10 mgyml hMSH2
polyclonal antibody. The samples were incubated at 48C on a
rocking platform for 6–8 hr. Protein A-agarose beads were
washed in IP buffer, a 1:1 suspension of Protein A-agarose
beads was prepared in IP buffer and incubated for 30 min at
48C, and then 50 ml of this suspension was added to the
samples. Incubation was continued for 12–15 hr at 48C on the
rocking platform. The beads were harvested by centrifugation
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at 2000 rpm for 30 sec and washed three times with 500 ml of
ice-cold IP buffer at 48C. Thirty microliters of 23 SDS sample
loading buffer (0.25 M Tris, pH 6.8y20% glyceroly4% SDSy
10% 2-mercaptoethanoly0.25% bromophenol blue) was added
to the beads, the samples were incubated at 958C for 5 min and
centrifuged for 2 min in a microfuge at room temperature, and
equivalent amounts of protein were analyzed by PAGE on 6%
SDS gels. The gels were fixed and dried, and the proteins were
visualized with a Molecular Dynamics PhosphorImager.
Protein Cross-Linking. For cross-linking, 5 ml of the protein

samples were diluted in 100 ml of 0.1 M potassium phosphate
buffer, pH 7.5, containing 0.002% glutaraldehyde and incu-
bated at 258C for 30 min. The cross-linking reaction was
terminated by the addition of 1 M Tris, pH 7.5, to a final
concentration of 100 mM. Eighty microliters of the reaction
was processed for immunoprecipitation and analyzed by 5%
SDSyPAGE as described above.
Mismatch Binding Assay. The hMSH2, hMSH3, and hMSH6

constructs were in vitro transcribed and translated as described
above. A sample without DNA was processed as a control. Five
microliters of the hMSH2 sample was mixed with 5 ml of hMSH3
or hMSH6 sample in separate reactions and incubated at room
temperature for 15 min. 32P-labeled DNA duplexes containing
either a mismatch (GyT) or IDL [1T, 1CA, 1(CA)5] were
prepared as previously described (21). The sequences of the
oligonucleotides used to construct these substrates are as follows:
GyT, top: 59-CGGCGAATTCCACCAAGCTTGATCGCTC-
GAGGTACCAGG-39, bottom: 59-CCTGGTACCTCGAGC-
GATCGAGCTTGGTGGAATTCGCCG-39; 1T, top: 59-
CGGCGAATTCCACCCAGCTTGATCTCTCGAG-
GTACCAGG-39; 1G, top: 59-CGGCGAATTCCACCCAGC-
TGGATCTCTCGAGGTACCAGG-39;1CA, top: 59-CGGCG-
AATTCCACCCAGCTCAGATCTCTCGAGGTACCAGG-39;
1(CA)5, top: 59-CGGCGAATTCCACCCAGCTCACACACA-
CAGATCTCTCGAGGTACCAGG-39; bottom strand for 1T,
1G, 1CA, and 1(CA)5: 59-CCTGGTACCTCGAGAGAT-
CAGCTGGGTGGAATTCGCCG-39. Mismatched DNA bind-
ing assays were carried out in 30-ml reactions containing 10 ml of
the protein mixtures described above, DNA binding buffer [50
mM potassium phosphate, pH 7.5y50 mM NaCly0.1 mM
EDTAy1 mM DTTy5 mM AMPy10% glyceroly2 mg
poly(dIzdC)y100 ng of single-strand DNA oligomer (39 bp)y2 ng
of 32P-labeled DNA duplex], and incubated at 378C for 10 min.
The binding reactions were loaded onto a 1.5-mm-thick, 22-cm-
long by 14-cm-wide 4% polyacrylamide gel containing 2.5%
glycerol that was run at 35 mA for 3 hr as previously described
(21). The gels were then dried and analyzed on a Molecular
Dynamics PhosphorImager.

RESULTS

Characterization of the hMSH3 and hMSH6 Genes. The
hMSH6 cDNA was isolated by a combination of cDNA library
screening and 59 RACE and the hMSH6 genomic locus was
isolated by screening a human P1 library. hMSH6 was found
to be transcribed as a 4245-bp mRNA encoding a 153-kDa
protein with 1360 amino acids. We found one apparent
nucleotide polymorphism (C185A) from the published partial
cDNA sequence (24) that did not alter the coding amino acid
at position 62. In addition, both cDNA and genomic sequenc-
ing revealed a single cytosine deletion 36 nucleotides down-
stream from the stop codon compared with the original cDNA
sequence (24). The genomic locus was found to have 10 exons
that cover 20 kb of chromosomal DNA; a diagram of the
genomic organization and the DNA sequences defining the
intron-exon junctions are shown in Fig. 1. The map location of
hMSH6was determined by analyzing aGenebridge-4 radiation
hybrid panel (Research Genetics, Huntsville, AL) and found
to be 2p15-16 (data not shown). The expression of hMSH6 was
analyzed by probing a tissue-specific Northern blot (Fig. 2).

The hMSH6 mRNA ('4.5 kb) was expressed in all tissues
examined, but appeared to be more highly expressed in testis,
thymus, and uterus. This expression distribution is similar to
that previously observed for hMSH2 and hMSH3 (30, 31). The
hMSH6 cDNA probe also hybridized weakly to an '7.3-kb
RNA species the identity of which is unknown at present.
We isolated a complete cDNA coding for the human hMSH3

gene (MS3-12) by screening a HeLa cDNA library essentially
as described for hMSH6. Sequence analysis of this clone
indicated that it contained a 27-bp deletion from nucleotides
229 to 255, which eliminated codons 57 to 65 compared with
the published sequence (GenBank accession no. J04810) (7).
This alteration appears to result from the deletion of 3 of 10
9-bp imperfect direct-repeat sequences (consensus: GSCY-
SCAGC) spanning nucleotides 184 to 273 of the original
published hMSH3 cDNA sequence and appears similar to a

FIG. 2. Tissue expression of hMSH6 mRNA. A human multiple-
tissue Northern blot (CLONTECH) was probed with the 32P-labeled
complete cDNA clone of hMSH6 according to the manufacturer’s
protocol. Colon refers to mucosal lining; p.b. leukocyte refers to
peripheral blood leukocyte. The hMSH6 transcript is indicated by the
arrow and corresponds to'4.5 kb. The amount of RNA loaded in each
lane was adjusted to comparable levels as judged spectrophotometri-
cally and by the levels of actin present (CLONTECH).

FIG. 1. Organization of hMSH6 genomic locus and sequence of the
intron region flanking each MSH6 exon. Boxes containing numbers 1
through 10 indicate the individual MSH6 exons and their relative sizes.
The size of each exon is given below each exon and the size of each
intron is given above the region between each pair of exons. The sizes
of exons 1 and 10 are the sizes of the mRNA sequence upstream and
downstream of the first and last introns, respectively; these sizes were
calculated from the longest MSH6 cDNA sequence available. The first
20 nucleotides of each intron sequence up to the intron-exon junction
is given in uppercase letters except for the 39 side of the last intron,
where additional sequence is given. The first 10 nucleotides of each
exon sequence up to the intron-exon junction is given in lowercase
letters. In addition, the sequence of the 59 and 39 ends of the cDNA,
minus the poly(A) sequence, is also given in lowercase letters. The
numbers in parentheses between intron sequences are the nucleotide
coordinates of the exon sequences or cDNA sequences, assuming the
A of the ATG is nucleotide 1. (Additional intron sequence including
the complete sequence of some introns has been determined in all
cases and is available on request from M.F.K. and R.K.)
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previously noted deletion in a HeLaR genomic clone (7, 32).
This appeared to result from either recombination or replica-
tion slippage between repeats five and seven. A cDNA PCR
assay was devised in which this region was amplified and the
resulting product was separated based on its size (Fig. 3). Using
this assay, a similar deletion was found in cDNA from the
HeLa and SW480 tumor cell lines. In contrast, the originally
reported HL60R cDNA clone kindly provided by Shimada and
coworkers (Nippon Medical School, Tokyo) did not contain
the deletion, nor did cDNA derived from the liver of a
40-year-old Caucasian male and testis cDNA pooled from
seven Caucasian males aged 10–37. Interestingly, small intes-
tine cDNA from a 22-year-old male and kidney cDNA from an
unidentified individual as well as pooled cDNAs from bone
marrow and placenta contained both the deletion and the
wild-type sizes. At present we have no evidence that this
deletion has any functional consequences, and its widespread
dissemination throughout the cDNAs that we have tested
appears to indicate that the 27-bp deletion is a sequence
polymorphism. In addition, we found two other nucleotide
differences with the published sequence that resulted in silent
changes (T162C and T204G), and two nucleotide differences
that resulted in amino acid changes (G1865AyG622E and
A3133GyT1045A); these sequence changes could also be the
result of silent polymorphisms in the population.
Interactions Between hMSH2, hMSH3, and hMSH6. Two

approaches were used to study possible interactions between
hMSH2, hMSH3, and hMSH6. The first approach involved in
vitro transcription and translation followed by co-immunopre-
cipitation of interacting proteins using a polyclonal antibody
directed against hMSH2. The second approach involved chem-
ical cross-linking of the in vitro translated products with
glutaraldehyde followed by immunoprecipitation with the
hMSH2-specific polyclonal antibody or direct examination of
the cross-linked products. The results of these experiments are
shown in Figs. 4 and 5. In some co-immunoprecipitation
experiments, hMSH2 was labeled with [35S]methionine to
monitor its synthesis and immunoprecipitation, whereas in
other experiments hMSH2 was not labeled and only the
co-immunoprecipitated proteins were monitored. We found
that hMSH3 was immunoprecipitated by the hMSH2-specific
antibody only in the presence of hMSH2 protein (Fig. 4, lanes
6, 9, and 12). Likewise, hMSH6was immunoprecipitated by the
hMSH2-specific antibody only when present in the context of
hMSH2 (Fig. 4, lanes 7, 10, and 13). In vitro translated
luciferase protein could not be immunoprecipitated by the
hMSH2-specific antibody either by itself or in the presence of
hMSH2 under the conditions in which hMSH3 andyor hMSH6
co-immunoprecipitate with hMSH2, indicating the interac-
tions between hMSH2 and hMSH3 or hMSH6 were specific.

We employed highly stringent wash conditions for the immu-
noprecipitates shown in Fig. 4, which appeared to reduce the
expected 1:1 stoichiometry of hMSH2 interaction with hMSH6
(22) or hMSH3; similarly, it also eliminated background
nonspecific interactions.
To further investigate these interactions and determine

whether these proteins interact with themselves, chemical

FIG. 3. Analysis of hMSH3 27-bp deletion in various cDNAs.
Tissue cDNAs from individuals or combined groups (CLONTECH)
were used in a PCR reaction with primers flanking the region of the
27-bp deletion. The expected sizes of the products are 307 bp for the
wild type and 280 bp for the deletion. Lane 1, MS3-12 HeLa hMSH3
cDNA clone; lane 2, HL60R hMSH3 cDNA clone; lane 3, HeLa
cDNA; lane 4, liver cDNA from 40-year-old Caucasian male; lane 5,
testis cDNA pooled from seven Caucasians aged 10–37; lane 6,
placenta cDNA; lane 7, SW480 colorectal carcinoma cell line cDNA;
lane 8, small intestine cDNA from a 22-year-old male; lane 9, bone
marrow cDNA pooled from 24 Caucasian males and females aged
16–70; lane 10, kidney cDNA (unknown origin).

FIG. 5. Chemical cross-link analysis of hMSH2, hMSH3, and
hMSH6 protein complexes. The in vitro transcribed and translated
proteins were mixed, cross-linked, and processed for immunoprecipi-
tation (see Materials and Methods). (A) Lanes 1–4, immunoprecipi-
tates of individually cross-linked hMSH2 (lane 1), hMSH3 (lane 2),
hMSH6 (lane 3), and luciferase (lane 4); lanes 5–10, immunoprecipi-
tates of the cross-linked complexes hMSH2 and hMSH3 (lane 5),
hMSH2 and hMSH6 (lane 6), hMSH2 and luciferase (lane 7), hMSH2
(unlabeled) and hMSH3 (lane 8), hMSH2 (unlabeled) and hMSH6
(lane 9), hMSH2 (unlabeled) and luciferase (lane 10). (B) Lanes
11–18, cross-linked complexes before immunoprecipitation including
hMSH2 (lane 11), hMSH3 (lane 12), hMSH6 (lane 13), luciferase (lane
14), hMSH2 and hMSH3 (lane 15), hMSH2 and hMSH6 (lane 16),
hMSH3 and hMSH6 (lane 17), hMSH2 and luciferase (lane 18),
hMSH3 and luciferase (lane 19), hMSH6 and luciferase (lane 20).

FIG. 4. Immunoprecipitation of hMSH2, hMSH3, and hMSH6
protein complexes. In vitro transcribed and translated hMSH2,
hMSH3, and hMSH6 were mixed and processed for immunoprecipi-
tation (seeMaterials and Methods). Lanes 1–4, translations of hMSH2,
hMSH3, hMSH6, and luciferase, respectively; lanes 5–8, immunopre-
cipitates of individual translated hMSH2, hMSH3, hMSH6, and
luciferase, respectively; lane 9, co-immunoprecipitate of hMSH2 and
hMSH3; lane 10, co-immunoprecipitate of hMSH2 and hMSH6; lane
11, co-immunoprecipitate of hMSH2 and luciferase; lane 12, co-
immunoprecipitate of hMSH2 (unlabeled) and hMSH3; lane 13,
co-immunoprecipitate of hMSH2 (unlabeled) and hMSH6; lane 14,
co-immunoprecipitate of hMSH2 (unlabeled) and luciferase.

13632 Biochemistry: Acharya et al. Proc. Natl. Acad. Sci. USA 93 (1996)



cross-linking using glutaraldehyde was performed and the
complexes were immunoprecipitated using the hMSH2-
specific polyclonal antibody. In the presence of hMSH2 and
hMSH3, a high molecular mass complex consistent with the
formation of a heteromultimer was observed (Fig. 5A, lanes 5
and 8). Similarly, in the presence of hMSH2 and hMSH6, a
high molecular mass complex consistent with the formation of
a heteromultimer was observed (Fig. 5A, lanes 6 and 9). These
specific complexes were not due to interaction of hMSH2,
hMSH3, or hMSH6 with themselves (see below). The higher-
order hMSH2–hMSH3 and hMSH2–hMSH6 complexes do
not appear to correspond exactly to calculated heterodimer
sizes, although it is possible that the cross-linking procedure or
cross-linking to alternative translation products present at low
levels results in a complex that runs anomolously.
hMSH2 alone was also found to form a stable cross-linked

complex having an approximate molecular mass of 210 kDa,
consistent with the formation of a homodimer as well as a
larger multimer (Fig. 5A, lane 1). The hMSH2 complex was
formed only when hMSH2 alone was present and was either
not observed or largely reduced in the presence of hMSH3 or
hMSH6 (Fig. 5A, compare lanes 1, 5, and 6). These multimeric
complexes could also be detected prior to immunoprecipita-
tion (Fig. 5B, lanes 11, 15, and 16). A heteromultimeric
complex was not formed when a nonspecific protein, lucif-
erase, was mixed with hMSH2 before chemical cross-linking
(Fig. 5A, lanes 7 and 10). No higher-order complexes were
observed in cross-linked samples containing hMSH3 or
hMSH6 alone or when hMSH3 and hMSH6 were mixed (Fig.
5B, lanes 12, 13, and 15), indicating that these two proteins do
not appear to interact with each other or form multimers.
Mismatch Binding Specificity of hMSH2–hMSH3 and

hMSH2–hMSH6 Complexes. A gel-shift assay was utilized to
examine mismatch binding by hMSH2–hMSH3 and hMSH2–
hMSH6 complexes (Fig. 6). DNA heteroduplexes containing
either a single GyT mismatch (Fig. 6B), a 11 thymine (1T)
nucleotide insertion (Fig. 6C), a 11 guanine (1G) nucleotide
insertion (Fig. 6D), a 12 cytosine-adenine (1CA) dinucle-
otide insertion (Fig. 6E) or a 110 cytosine-adenine (1CA)5
dinucleotide repeat insertion (Fig. 6F) were tested. A homo-
duplex DNA oligonucleotide was used as a control (Fig. 6A).
The results of this assay indicated that under these binding
conditions, hMSH2, hMSH3, and hMSH6 alone are not ca-
pable of binding to the heteroduplex DNA oligonucleotides,
nor do any of the individual proteins or mixtures bind to the
homoduplex substrate. However, when mixed, hMSH2 and
hMSH3 formed a complex with the 1G, 1CA, and 1(CA)5
substrates but not with the substrate containing a GyT mispair
or the1T insertionmispair. In contrast, the mixed hMSH2 and
hMSH6 bound to a GyT mismatch and the 1T and 1G
insertion mismatches, but did not form complexes with the
other IDL substrates. The lack of binding to homoduplex
substrate DNA indicates that these complexes bind specifically
to mismatch-containing substrate DNA. These results indicate
that functional hMSH2–hMSH3 and hMSH2–hMSH6 hetero-
multimeric complexes are formed and that both of these
complexes can recognize mispaired bases in DNA. Faster-
migrating species were observed in all lanes in Fig. 6. These
complexes are likely to be formed by endogenous DNA
binding proteins present in the reticulocyte lysate because
these complexes are also present in lane 6 (control, no DNA
added).

DISCUSSION

The present study has demonstrated the physical and func-
tional interactions between the human MutS homologues
hMSH2, hMSH3, and hMSH6. Immunoprecipitation and
cross-linking experiments show that hMSH2 forms a stable
complex with both hMSH3 and hMSH6 in vitro. Additionally,

the cross-linking experiments indicated that hMSH2 is capable
of associating with itself in vitro, although at a lower efficiency.
This observation is important because hMSH2 appears to be
in excess of hMSH3 and hMSH6 in most proliferating human
cells (S.A., T.W., and R.F., unpublished observations). It is
possible that most if not all of the hMSH3 and hMSH6 are
bound in complexes with hMSH2 and that the remaining free
hMSH2may then form a hMSH2 complex capable of substrate
recognition andyor other cellular functions. In this regard, it
has been shown that both purified hMSH2 and S. cerevisiae
MSH2 alone are capable of binding both single-base-pair and
IDL mismatches with affinities similar to those of the bacterial
MutS protein (19–21).
The studies reported here demonstrate that hMSH2 func-

tionally interacts with hMSH3 and hMSH6 to form complexes
that recognize mispaired bases in DNA. The hMSH2–hMSH3
complex appeared to recognize some11 nucleotide IDL (1G)
and larger IDL (1CA and 1CA5) substrates but did not
recognize a GyT mismatch or a 1T nucleotide IDL. In
contrast, the hMSH2–hMSH6 complex recognized the GyT
mismatch and some of the 11 nucleotide IDL (1T and 1G)
substrates, but did not appear to recognize any of the larger
IDL substrates. These results suggest that the hMSH2–
hMSH3 and hMSH2–hMSH6 complexes have both different
and overlapping mispair-recognition specificity. Previous
studies have shown that an in vitro transcribed and translated
truncated version of GTBP obtained using an incomplete
cDNA clone (GTBPyp160 5 hMSH6) also binds to GyT
mismatches in the presence of hMSH2 (24). Furthermore, a

FIG. 6. Mismatch-binding specificity of hMSH2, hMSH3, and
hMSH6 protein complexes. In vitro transcribed and translated hMSH2,
hMSH3, hMSH6, hMSH2–hMSH3, and hMSH2–hMSH6 complexes
and a control without DNA were incubated with different mispair-
containing, 32P-labeled DNA oligoduplexes and the resulting protein-
DNA complexes were analyzed using a gel-shift assay (see Materials
and Methods). The DNA oligoduplexes were: (A) homoduplex; (B)
GyT mismatch; (C) 1T IDL; (D) 1G IDL; (E) 1CA; (F) 1(CA)5.
All gels were loaded as follows: lane 1, hMSH2; lane 2, hMSH3; lane
3, hMSH6; lane 4, hMSH2–hMSH3; lane 5, hMSH2–hMSH6; lane 6,
control (no DNA).
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‘‘hMutSa complex’’ (hMSH2 plus hMSH6yGTBPyp160) pu-
rified from HeLa cells has been demonstrated to bind to a
single-base mismatch (GyT), a 1T insertion, and a 1(T)3
insertion (22). The binding of the 1(T)3 substrate is in
contrast to our observations that the hMSH2–hMSH6 com-
plex did not bind to larger IDL substrates. In addition, unlike
purified hMSH2 protein (20, 21), the in vitro transcribed and
translated hMSH2 alone was incapable of binding the mis-
matched heteroduplexes used in the present gel-shift assay
system. A possible explanation for these apparent discrep-
ancies is that the assays performed here involve the analysis
of limiting amounts of in vitro transcribed and translated
repair proteins (substrate excess) and thus may detect only
the highest-binding affinity interactions, precluding our abil-
ity to detect functionally significant, lower-affinity binding
complexes under the reaction conditions used. Indeed, anal-
ysis of S. cerevisiae suggests that the MSH2-MSH6 complex
should recognize larger IDL mismatches, albeit at a lower
affinity than the MSH2-MSH3 complex (9), and preliminary
studies with purified S. cerevisiae MSH2-MSH6 complex
have demonstrated that this is the case (G.T.M. and R.K.,
unpublished results). It is likely that a much more detailed
study of the mispair-binding properties of these complexes
using purified proteins, combined with a detailed analysis of
the in vivo repair defects caused by mutations in the genes
encoding these proteins, will be required to fully understand
the functional mispair-recognition properties of these pro-
teins.
Recent genetic studies of the corresponding yeast homo-

logues have implicated the formation of MSH2–MSH3 and
MSH2–MSH6 complexes and presented a detailed analysis of
the mismatch-repair defects caused by mutations in these
genes (5, 9, 25, 26). These studies have suggested that repair of
single-base substitution mispairs requires the MSH2–MSH6
complex, that repair of single-base insertionydeletion mispairs
can utilize both the MSH2–MSH6 or MSH2–MSH3 com-
plexes, and that repair of larger insertionydeletion mispairs
likely utilizes the MSH2–MSH3 complex more frequently than
the MSH2-MSH6 complex (5, 9). The data presented here,
combined with previously reported data on the mispair-
binding properties on hMSH2–hMSH6 (GTBP) complexes,
are in general agreement with studies of the yeast MutS
homologues.
The functional relationships between hMSH2, hMSH3,

and hMSH6 appear to at least partially explain the distri-
bution of mutations in mismatch-repair genes associated
with inherited and acquired cancer susceptibility (17, 18).
Our results indicate that hMSH2 is central to all mismatch
recognition, thereby providing an explanation for the high
prevalence of hMSH2 mutations observed in HNPCC pa-
tients compared with hMSH6 (GTBP) mutations (MSH3 has
not yet been tested) (18). Single mutations in hMSH3 and
hMSH6 are unlikely to cause the same types of mismatch-
repair defects as mutations in hMSH2 because they have
partially redundant functions. This suggests that mutations
in hMSH3 and hMSH6 may account for a very small subset
of the HNPCC patients, if any, or alternatively that they may
account for different types of inherited cancer susceptibility
typified by the nature of the mismatch-repair defects caused
by mutations in these genes. However, mutation of both
hMSH3 and hMSH6 may mimic the mutation of hMSH2 in
a manner similar to what has been found in yeast (5, 9). More
detailed studies to determine the relative binding affinities
for the different complexes are in progress and should
provide greater insight into both the mechanism of mismatch
recognition and the possible involvement of defects in
hMSH3 and hMSH6 in cancer susceptibility.
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