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The human MSH-2 gene product is a member of a highly conserved family of proteins which are
involved in post-replication mismatch repair. hMSH-2 is homologous to Escherichia coli (E. coli) MutS
and Sacchromyces cerevisiae MSH-1 and M SH-2 proteins, which recognise heteroduplex DNA at the sites
of al single base mismatches and deletions or insertions up to 4 base pairs. hMSH-2 is one of the hereditary
non-polyposis colorectal cancer (HNPCC) tumor supressor genes, and maps to human chromosome 2p16.
Alterations in the coding region of the hMSH-2 gene result in a mutator phenotype with marked instability
of microsatellite sequences, indicative of a deficiency in DNA repair. It has been shown that purified
hMSH-2 binds specifically to nucleotide mismatches in double-stranded DNA. Here we demonstrate that
a region of high homology between the members of this class of proteins contains a type A nucleotide
binding site consensus sequence which has ATPase activity and is sufficient to bind DNA containing
specific mismatched residues. © 1996 Academic Press, Inc.

Hereditary non-polyposis colorectal cancer (HNPCC) is one of the most common human
autosomal dominant diseases. Estimations are that up to 1 in 200 of the population may be
heterozygotes for mutant alleles and be predisposed to develop this form of cancer (1). HNPCC
kindreds are characterized by a high incidence of mutation in tumour microsatellite sequences
when these are compared with the normal repeats occurring in hon-malignant tissues from the
same individuals (2). Also, cell lines derived from HNPCC tumours are genetically unstable
(3). These observations suggested that a possible causative factor was a failure of DNA repair.
It has now been shown that cancer predisposition in these patients is attributable to defects in
any one of four human genes involved in mismatch repair, hMSH-2, hMLH-1, hPMS-1 or
hPMS-2 (4-9).

The best studied mismatch repair pathway is the methyl-directed long patch repair pathway in
E. coli (reviewed in 10), which is involved in increasing the fidelity of replication by specific
repair of DNA polymerase incorporation errors. Initiation of heteroduplex repair is dependent on
the product of the MutS gene, which binds to base mispairs and loops of up to four unpaired
nuclectides. After this, the MutL gene product binds to the DNA-MutS complex, initiating excision
of atract of sngle-stranded DNA that contains the mismatched residues. The repair process is
completed by resynthesis of the excised DNA strand and ligation of the remaining nick.

Mutations of MutS and MutL, or their homologues in yeast, lead to increases in the rate of
spontaneous mutation resulting in a mutator phenotype (11-12). hMSH-2 and the recently
discovered G/T binding protein (GTBP), which are believed to form a heterodimer (hMutS«x)
are homologs of MutS (13-14), whereas hMLH-1, hPMS-1 and hPMS-2 are analogous to
MutL. Mutations in any of these genes are believed to inactivate mismatch repair in man and
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yield a mutator phenotype which can destroy the normal functioning of critical genes and lead
to tumour formation (reviewed in 15).

hMSH-2 has been shown to bind to DNA containing nucleotide mismatches in vitro (16-
17). hMSH-2 and its homologues are very highly conserved over their carboxy terminal
domains. This region of the protein demonstrates homology to the type A consensus sequence
found in many proteins that bind and hydrolyse nucleotides (18). It has been shown that MutS
displays a weak ATPase activity in the presence and absence of DNA and genetic alteration
of this ATP binding site results in a protein which is defective in mismatch repair (19). In
this paper, we report the expression and purification of a 241 amino acid fragment from the
carboxy terminus of hMSH-2, and show that this domain displays ATPase activity and highly
specific mismatch binding activity in vitro.

METHODS

Construction of a hMSH-2 C-terminal domain expression vector. A DNA fragment containing the cDNA fragment
required from hMSH-2 was generated by polymerase chain reaction (PCR) using 10ng of plasmid pBShMSH-2 DNA
(a generous gift of Prof. B. Vogelstein), and 250ng of the oligonucleotides dCCG AAG CTT AGG CAT GCT TGT
GTT GAA GTT CAA GAT and dGCG GGA TCC TCT TTC CAG ATA GCA CTT CTT TGC TGC. These
aligonucleotides incorporated BamHI and Hindlll restriction sites respectively, for convenient cloning of the PCR
product. They generate a PCR fragment which encodes amino acid 637 to amino acid 877 in the published sequence
(4,20). The reaction was performed with 4 units of Tag polymerase (Promega) in the buffer recommended by the
supplier. After 30 cycles (1 min, 92°C, 1 min 60°C, 1 min 72°C), the DNA produced was phenol/chloroform extracted,
ethanol precipitated, digested with BamHI and Hindlll and cloned into the corresponding sites of pFlag.CTC (IBI)
to derive phMSH-2.Flag. The integrity of the insert was checked by DNA sequencing (data not shown).

Expression of hMSH-2 C-terminal domain as a bacterial fusion protein. The PCR product encoding the amino acid
637-877 hMSH-2 domain in the Flag bacterial expression vector (IBI), was used to transform E. coli strain DH5a.
A fresh overnight culture of transformed E. coli was diluted 1 in 20 with LB medium containing ampicillin (100 ng/
ml). After growth at 37°C for 2 hours, the culture was induced with IPTG (1 mM) and grown at 37°C for a further
5 hours. The cells were harvested by centrifugation at 3200g for 10 minutes and resuspended in 0.1 volume lysis
buffer (100 mM Tris, pH 8.0, 1 mM EDTA) and incubated on ice with 3 mg/ml of lysozyme for 30 minutes. The
cells were then sonicated and lysed by the addition of Tween 20 lysis buffer (100 mM Tris-HCI, pH 8.0, 200 mM
NaCl, 1 mM EDTA, 0.3 mg/ml phenylmethylsulphonyl fluoride, 0.8 ng/ml pepstatin, 1 mM DTT, 1% Tween 20).
Cellular debris was pelleted by centrifugation at 4,000g.

Detection of fusion protein by Western blot analysis. Protein extracts were mixed with 2 reducing sample buffer
(50mM Tris-HCI, pH 6.8, 4% sodium dodecy! sulphate (SDS), 5 mM EDTA, 10% S-mercapthoethanol, 1 mM DTT
and 0.01% bromophenol blue). After boiling for 3 minutes, samples were fractionated on a 12% SDS polyacrylamide
gel. After electrophoresis the gel was soaked for 10 min in transfer buffer (25 mM Tris, 192 mM glycine, 20%
methanol (v:v), and 0.1% SDS), and the proteins were transferred to nitrocellulose membranes by e ectroblotting for
3 hours at 250 mA. After transfer, the membranes were soaked in PBS and incubated for 2 hr in blocking buffer
(PBS containing 5% nonfat dry milk). Membranes were incubated with a 1/100 dilution of the M2 monoclonal
antibody (1gG,, 1BI), washed with PBS and incubated for 1 hr at 37°C with a 1/1000 dilution of rabbit anti-
mouse immunoglobulin conjugated with horseradish peroxidase in blocking buffer. After five washes with PBS
the nitrocellulose membranes were developed in PBS containing 0.02% 1-chloro-4-naphthol and 0.006% hydrogen
peroxide.

ATPase assay. The assay was performed at 37°C in 20 mM Tris-HCI pH 7.6, 0.5 mM CaCl,, 5 mM MgCl,, 1 mM
DTT, 100 pg/ml BSA, 0.1 mM EDTA and 150 ng of hMSH-2 domain. Assays were performed using 2, 2.5, 3.3, 5
and 10 uM ATP. Hydrolysis of [a-*P]ATP by the carboxy terminal domain of hMSH-2 was assayed by thin layer
chromatography. The radioactive counts for ATP and its hydrolysis products were quantified using a scintiallation
counter (Packard).

Functional binding assay. Mismatch binding was detected by a nitrocellulose binding assay of labelled oligonucleo-
tides followed by autoradiography. Oligonucleotides (ACGG ATC CGG AXG TCA TGG AAT TCC and dGGA ATT
CCA TXA CAT CCG GAT CCG) were synthesised and annealed to produce either a perfect matched double-stranded
molecule or a single mismatch (position shown in bold type). Oligonucleotides were mixed to a final concentration
of 100 pmole/ul each in 100 ul STM (100 mM NaCl, 10 mM Tris-HCI, pH 7.0, 10 mM MgCl,, 5 mM DTT) heated
to 95°C and cooled to 25°C over 2 hours. The annealed products were then stored in 50% glycerol at —20°C until
required. End-labelling of double-stranded DNA (100 pmole) in STM buffer was by polynucleotide kinase. After
incubation at 20°C for 10 minutes the unincorporated label was removed using a Sephadex NAP 5 column. The
labelled DNA was diluted to 0.2 pmole/ul. The binding assay used 1 pmole of DNA with 150 ng hMSH-2 domain
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FIG. 1. Alignment of amino acid sequences of the conserved COOH terminal region of hMSH-2, MSH2 and
MutS.

in a total volume of 10 ul. After 1 hour on ice the mixture was slowly filtered over pure prewetted nitrocellulose
(Millipore, 0.45 pm) and washed in STM buffer. The filter was then alowed to air dry and bound DNA was detected
by autoradiography. Bound material was quantified using a scintillation counter (Packard).

RESULTS
PCR Amplification and Cloning

Protein sequence alignments of hMSH-2 and its homologues, MutS, MSH-2 revealed a
highly conserved region at the COOH terminus (Fig. 1). This region contains atype A nucleo-
tide binding site consensus sequence. A 720 bp fragment was amplified using PCR, incorporat-
ing BamHI and Hindlll restriction sites for convenient cloning. This fragment of the hMSH-
2 cDNA sequence and encodes amino acid residues 637 to 877. The PCR product was ligated
to pFlag.CTC, in phase with respect to the ATG trandational start codon immediately upstream
of the multiple cloning site (MCS) and also in frame with the C-terminal coding sequence
immediately downstream of the MCS to ensure proper fusion to the C-terminal Flag peptide
(Asp Tyr Lys Asp Asp Asp Asp Lys), (Fig. 2).

Expression of the hMSH-2 C-Terminal Domain

The hM SH-2 domain was thus cloned into the bacterial expression vector Flag (1BI). Expres-
sion of the hMSH-2-Flag fusion protein resulted in a 30 kDa species detected by Western blot
analysis on SDS-PAGE (Fig. 3). The anti-Flag M2 monoclona (IgG1) mouse antibody (1BI)
was used to specifically bind to the eight amino acid Flag peptide, which identified the 249
amino acid recombinant protein comprising the hMSH-2 domain (containing a type A nucleo-
tide binding site consensus sequence) coupled to the Flag peptide at its carboxy terminus.

ATPase Analysis of Bacterial Fusion Protein

The Walkers A-type nucleotide binding motif conserved in MutS proteins has been shown
to have ATPase activity (19). In order to determine whether the carboxy terminal domain of
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FIG. 2. A DNA fragment containing the carboxy termina domain of hMSH-2 was generated using PCR. This
fragment contained amino acids 637-877 of the published sequence. The domain was ligated to pFlag.CTC to derive
phMSH-2.Flag.

hMSH-2 hydrolyses ATP to ADP and Pi, [«*P]ATP was incubated with the fusion protein
and separated using TLC. To determine K,,, and k., values of the hMSH-2 domain, ATPase
activity was measured in the presence of various concentrations of ATP (Fig. 4). At 37°C the
K., and ke were calculated to be 6.6 uM and 0.5 s, respectively. In a control experiment,
nonenzymatic hydrolysis of ATP in the absence of the expressed domain was less than 5%.

Functional Analysis of the Bacterial Fusion Protein

A mismatch binding assay was developed to measure the hMSH-2 C-terminal domain’s
activity. Mismatch binding was detected by nitrocellulose binding of labelled oligonucleotides
containing amismatch at position 11 within the context of adouble-stranded 24-mer oligonucle-
otide pair. The binding of the hMSH-2 domain to a range of mismatch containing oligonucleo-
tides is shown in Fig. 5. Radiolabelled oligonucleotides containing a perfect match or a single
mismatch were incubated with protein extracts containing hMSH-2.Flag or Flag alone. The
binding of proteinsto mismatched or matched oligonucl eotides was quantified using a scintilla-
tion counter (Fig. 6). The hMSH-2 domain selectively bound to the oligonucleotides containing
all possible mismatches apart from C/C and A/A mismatches, but not the perfectly matched
pair. The Flag control did not bind to any of the labelled oligonucleotide, showing the hM SH-
2 domain alone is sufficient to bind oligonucleotides containing mismatches.

DISCUSSION

Based on the high degree of sequence conservation between hMSH-2 and its homologues
around the domain of the type A nucleotide binding motif, we hypothesized that this region
would be sufficient to bind mismatched oligonucleotides. Herein we have expressed thisdomain
as a bacteria fusion protein and shown that a range of mismatch-containing oligonucleotides
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FIG. 3. Anaysis of hMSH-2.Flag fusion protein. Transformed E. coli were grown at 37°C for 2 hours, the cultures
were grown for a further 5 hours (Lane 1), or induced with IPTG (1 mM) and grown for O hours (Lane 2), 2 hours
(Lane 3) and 5 hours (Lane 4). Extracts were resolved by SDS PAGE, transferred to nitrocellulose, and incubated
with M2 monoclonal antibody (IgG,) and immune complexes were detected by using rabbit anti mouse immunoglobulin
conjugated with horseradish peroxidase. The nitrocellulose membranes were developed in PBS containing 0.02% 1-
chloro-4-naphthol and 0.006% hydrogen peroxide.

are selectively bound. Also this fusion protein retains ATPase activity which has been shown
to be important in mismatch repair (19).

A domain of hMSH-2 was chosen as earlier attempts to express full length protein either
in baculovirus or prokaryotic expression systems were unsuccessful (data not shown). Thisis
probably a conseguence of the overexpression of full length hMSH-2 being deleterious to
growth. However, the 241 amino acid C-terminal domain has now been shown to be expressed
at relatively high levels in bacteria. The binding of mismatched oligonucleotides and ATPase
activity from crude protein extracts from induced cultures demonstrates that there is specific
production of a protein with the predicted characteristics of the domain. Furthermore, as the

/ hMSH2Flag
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FIG. 4. ATPase analysis of the bacteria fusion. Hydrolysis of various substrate concentrations of [a-**P]JATP by
the carboxy terminal domain of hM SH-2 was assayed by thin layer chromatography, and quantified using a scintillation
counter.
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FIG. 5. Functional analysis of the bacterial fusion protein. Oligonucleotides containing either a perfect match or
a range of single mismatches were radiolabelled using polynucleotide kinase. One pmole of labelled DNA was
incubated for 1 hour with protein extracts of hMSH-2.Flag or Flag. After the incubation period the mixtures were
slowly filtered over prewet nitrocellulose, washed and bound DNA was detected using autoradiography.

activities cannot be detected in uninduced cells it is likely that the mismatch binding and
ATPase activities are due to the construct aone, rather than a complex formed between the
induced protein and endogenous protein.

To date, this protein has proved refractory to purification using anti-Flag antibody beads.
The protein only remains soluble in the presence of greater than 1 mM DTT, which isincompat-
ible with immunoaffinity chromatography. In an attempt to overcome this problem we have
expressed this domain using the pET expression system. Although high levels of protein were
achieved, we were unable to obtain any soluble protein using reagents compatible with either
immunoaffinity chromatography or metal affinity chromatography. Thisdomain like the equiva-
lent regions in al other homologues, is hydrophobic. Attempts to overcome the insolubility
of the expressed domain through construction of a thioredoxin-hMSH-2 fusion protein led to
the failure to increase solubility (data not shown). As expression levels of the hMSH-2Flag
fusion are, at present, less than 0.5% of soluble protein, large scale culture and extensive
purification will be required to produce sufficient material for further studies.

This domain of hMSH-2 may be of considerable value in the detection of mismatches in
DNA generally. New methods are now being investigated based on the use of proof-reading
enzymes or repair enzymes. Binding of MutS to mismatches has been shown to be sensitive
and specific (21). However, MutS which has been expressed in bacterial systems and purified
is rather unstable. We believe that the hMSH-2 domain described and expressed in this paper
may be used in similar assays and that it will be more stable.

It has recently been reported that DNA mismatch recognition and binding in human cells
is achieved by two distinct proteins, hMSH-2 and GTBP. These two proteins are believed to
form a heteroduplex, hMutSe, which is thought to be necessary for correction of base-base
mismatches and small insertion/deletions. However, protein sequence alignments show that
both proteins are members of the MutS family, which may have been duplicated from a
primitive MutS gene. Both proteins are highly homologous in their carboxy terminal domains.

CPM

Match G/T G/G G/A C/C C/A C/T A/A T/T

FIG. 6. Quantification of binding assay. Radioactive spots on the nitrocellulose filter were excised and quantified
using a scintillation counter. The results are shown as counts per minute.
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Therefore, it will be of interest to express the homologous domain of GTBP to establish
whether it a one a so has mismatch binding propertiesin the absence of hM SH-2 and to examine
the two recombinant domains together to determine whether they function co-operatively.
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