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Binding of Mismatched Microsatelli te DNA 
Sequences by the Human MSH2 Protein 

Richard Fishel,* Amy Ewel, Suman Lee, 
Mary Kay Lescoe, Jack Griffith 

Alteration of the human mismatch repair gene hMSH2 has been linked to the microsatellite 
DNA instability found in hereditary nonpolyposis colon cancer and several sporadic 
cancers. This microsatellite DNA instability is thought to arise from defective repair of DNA 
replication errors that create insertion-deletion loop-type (IDL) mismatched nucleotides. 
Here, it is shown that purified hMSH2 protein efficiently and specifically binds DNA 
containing IDL mismatches of up to 14 nucleotides. These results support a direct role 
for hMSH2 in mutation avoidance and microsatellite stability in human cells. 

Hereditary nonpolyposis colon cancer 
(HNPCC) affects about 1 in 200 people in 
industrialized nations (1 ). Four genes coseg- 
regate with and are the likely cause of 
HNPCC in at least half of the identified 
kindreds (2, 3): Current estimates suggest 
that hMSH2 accounts for 50%, hMLHl for 
30%, hPMSl for 5%, and hPMS2 for 5% of 
the cancers in these kindreds. These genes 

are members of two families of postreplica- 
tion mismatch repair genes, mutS and mutL, 
that are conserved from bacteria to humans. 

Postreplication mismatch repair corrects 
DNA polymerase misincorporation errors, 
which are a major source of spontaneous 
mutations in dividing cells (4). Misincorpo- 
ration errors produce nucleotide mismatches 
that are recognized by the MutS protein as a 
first step in targeting a strand-specific exci- 
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Instability of simple repetitive (micro- 
satellite) DNA sequences has been ob- 
served in sporadic tumors of the colon, 
stomach, pancreas, bladder, hematopoietic 
system, lung, ovary, breast, endometrium, 
prostate, brain, and skin (6, 7), in several 
tumor cell lines (8), and in most tumors 
from HNPCC kindreds (9). Consistent 
with a role in tumor initiation, microsatel- 
lite instability appears to occur early in the 
development of colorectal tumors (7, 10). 
One postulated model for microsatellite in- 
stability invokes DNA polymerase slippage 
during replication, resulting in insertion- 
deletion loop-type (IDL) mismatched 
nucleotides that contain integral numbers 
of the repeated sequence ( I  I ) .  In the ab- 
sence of mismatch repair, these IDL mis- 
matched nucleotides may be fixed into the 
genome in a subsequent round of replica- 
tion, producing the phenotype of microsat- 
ellite instability. A direct role for hMSH2 
in maintaining microsatellite stability, 
which would require that the protein rec- 
ognize IDL mismatched nucleotides, has 
been questioned because such mismatches 
are poorly recognized and repaired by the 
bacterial homolog MutS (1 2).  

We  previously demonstrated that puri- 
fied hMSH2 binds efficiently and with high 
specificity to single base pair mismatched 
nucleotides (13). These results suggested 
that hMSH2 was similar to  the bacterial 
and yeast MutS homologs (14) and were 
consistent with a role for hMSH2 in pos- 
treplication mismatch repair. T o  investigate 
the role of hMSH2 in microsatellite stabil- 
ity, we examined the ability of the purified 
protein (15) to bind IDL mismatched 
nucleotides. 

A gel shift assay was used to assess the 
binding of hMSH2 to IDL mismatched oli- 
gonucleotides (Fig. 1A) (16). Binding of 
hMSH2 produced a shift of the radioactively 
labeled oligonucleotide to a species of lower 
mobility. The results of these experiments 
suggest that purified hMSH2 binds efficient- 
ly to all of the IDL mismatched nucleotides 
(Fig. 1B). Many of the binding reactions 
produced multiple species, some of which 
correspond in mobility to monomers or ho- 
mopolymeric multimers of hMSH2 bound to 
the mismatched DNA (13, 15). To  compare 
the binding of hMSH2 to each IDL mis- 
matched substrate, we prepared labeled 
probes for each that were of identical spe- 
cific activities. Quantitation of hMSH2 spe- 
cific binding activity (phosphorimager pixel 
counts per square millimeter in the bound 
mismatch complex per microgram of 
hMSH2) did not vary more than fivefold for 
all of the IDL mismatched substrates tested 
(Fig. 1C). The hMSH2 does not bind effi- 
ciently to single-stranded DNA; neverthe- 
less, we undertook several steps to eliminate 
unannealed oligonucleotides from the IDL 
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substrates (13). These results suggest that 
the types of mismatches proposed to be in- 
termediates in microsatellite instability are 
effective substrates for hMSH2 protein rec- 
ognition and binding. 

To test the specificity of hMSH2 bind- 
ing to IDL mismatches, we performed com- 
petition studies with an unlabeled oligonu- 
cleotide containing a G/T mismatch that 
binds with high affinity to hMSH2 (1 3). 
The hMSH2 protein was allowed to bind to 
the G/C homoduplex (gel shift not shown), 
G/T, (CA)4, and SCRI4 radioactively la- 
beled oligonucleotide substrates, and then 
unlabeled G/T competitor was added (Fig. 
2). About 40% of the initially bound mis- 
matched DNA substrates remained bound 
to hMSH2 in the presence of the compet- 
itor (100-fold molar excess), whereas homo- 
duplex binding was almost completely dis- 
rupted at half that amount of competitor. 
The competition curve was biphasic, which 
suggests that there were at least two forms 
of hMSH2 bound to the mismatched sub- 
strates (Fig. 2B). One form appears similar 
to that characterizing low-specificity homo- 
duplex binding, whereas the other appears 
to reflect high-affinity, specific binding. 
The relative order of binding specificity was 
G/C << G/T = (CA), < SCR,,. 

We observed that hMSH2 bound homo- 
duplex as well as heteroduplex DNA sub- 
strates. Although competition with unla- 
beled homoduplex and heteroduplex DNAs 
suggested that the binding was at least 100- 
fold more specific for mismatched oligonu- 
cleotides (1 3), the apparent binding to ho- 
moduplex substrates called into question 
the exact location of hMSH2 on these 
DNAs. We therefore used electron micros- 
copy (EM) to directly visualize the hMSH2- 
DNA complexes. Three IDL mismatches, 
each containing three cytosines and each 
separated by three base pairs (bp), were 
inserted into a 1.1-kb DNA fragment, and 
the resulting construct was used as a sub- 
strate for mismatch binding (1 7). 

EM analysis revealed abundant DNA- 
protein complexes with the protein bound 
at a site corresponding to the position of the 
mismatch. In some cases (Fig. 3, A and C), 
the DNA was bent around the protein; 
however, a single three-nucleotide IDL mis- 
match will bend DNA by nearly 90' (18), 
so this bending may be a result of the 
intrinsic DNA structure and not of the 
bound hMSH2. The size of the smaller pro- 
tein-DNA complexes (Fig. 3A) was consis- 
tent with the binding of an hMSH2 mono- 
mer, whereas the size of the larger complex- 
es was of a size consistent with the binding 
of hMSH2 dimers (Fig. 3B) or higher order 
oligomers (Fig. 3C). When the incubations 
were carried out in the absence of adeno- 
sine triphosphate (ATP), 11% of the DNA 
molecules contained hMSH2 at the site of 

the mismatch (n = loo), whereas the in- the DNA fragments appeared to have 
clusion of 5 mM ATP increased this frac- hMSH2 bound to the ends of the DNA, a 
tion to 29% (n = 100). About 5 to 10% of common property of many DNA binding 

A +PAL,, -GAGTACTAGTACTC- Fig. 1. Binding of hMSH2 to IDL 
+SCR,, -ATACGTGAGTACTC- mismatched nucleotides. (A) Struc- 
+(CAI,, -(CA)=-,- 

+AC -AC- 
ture of IDL mismatched DNA sub- 

+A -A- strates (16). (B) Gel shift analysis of 
r 

ATGTGAATCAGTATG2TTCCTATCTGCTGAAGGAAAT hMSH2 binding to IDL mismatched 
GE TACACTTAGTCATACCAAGGATAGACGACTTCCTTAA substrates. Binding was performed 

on: sn 4 +rc +cr+(cr) ,+~c~~,~cr)~ sm14 ~ri,, 

with the indicated IDL substrates 
(10 ng, containing 100,000 cpm) 
and ~urified hMSH2 1120 na) in 20 
mM botassium phosdhate 7.5), 
50 mM KCI. 1 mM dithiothreitol. 1 

m m  mM EDTA, and 5% glycerol (13). (C) 
!Cornpiex Quantitation of bound IDL sub- 

strates with Bio-Rad Molecular An- 
alyst 2.0 software. Data are ex- 
pressed in pixel counts per square 
millimeter (Bio-Rad, Hercules, Cali- 
fornia). Bound complex was identi- 
fied as shifted material not present 

IProbe in untreated controls or not specifi- 
cally competed by unlabeled mis- 
match competitor. MSH2 binding 

c to single-stranded regions of the 
20 IDL substrates is unlikely because 

the protein does not bind effectively 
to single-stranded DNA. All of the , 15 

B mismatched DNA substrates were . titrated with multiple concentrations 
9 lo of hMSH2 to develop a saturation 
2 o curve before the design of the sin- 

s gle protein concentration experi- 
ment shown. 

A - -  
~- - - . .- - - . . .  Fig. 2. Specificity of mismatch 

Labeled - , 
I r-- SCRt.4 1 

binding by hMSH2 protein. Compe- 
probe 

Competitor 0 1W 0 100 200 BW 
tition of hMSH2 bound to the G/C 

(ng) homoduplex and GK, (CA),, and 
SCR,, mismatched DNA sub- 

?Complex strates was performed with in- 
creasing concentrations of unla- 
beled G/T mismatch. (A) Gel shift 
analysis of the relative specificity of i 

II, 
mismatch binding. Binding was 
performed as in Fig. 1 for 10 min at 
25OC; the G/T mismatch-contain- 
ing oligonucleotide was then added 
and the mixture incubated for an 
additional 10 min at 25OC. (B) 
Amount of bound DNA probe as a 
function of the amount of G/T unla- 
beled competitor introduced into 
the binding reaction (13). The re- 
sults shown are the average of four 
independent experiments. 

SCRl4 
Grf 
(CA)14 

l 1 ( 1 ' 1 ) 1 1  

100 200 300 400 500 600 700 800 
Cirr competitor (ng) 
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proteins (19), and perhaps this may be the 
reason that we detected hMSH2 binding to 
homoduplex DNA substrates. All of the 
internally bound hMSH2 molecules were 
within 55 bp of the centrally located IDL 
mismatch site (Fig. 4). 

Our results support a role for hMSH2 in 

Fig. 3. Visualization of hMSH2 bound to DNA 
containing central IDL mismatches. The hMSH2 
protein (73) was incubated with a 1 .l-kb DNA 
fragment (1 7 )  containing three (&cytosine) IDL 
mismatches at its center. DNA bound with a pre- 
sumptive monomer, dimer, or homopolymeric oli- 
gomer of hMSH2 is shown in (A), (B), and (C), 
respectively. Samples were prepared for EM as 
described (7 7) .  Bar = 100 nm. 

Map units 

Fig. 4. Distribution of hMSH2 particles on DNA 
containing a central IDL mismatch. The distance 
of the hMSH2 protein complex from the left end of 
the DNA was measured in 32 molecules selected 
from micrographs that contained the representa- 
tive molecules shown in Fig. 3. One map unit 
equals 1% of the DNA length. The hMSH2 bound 
to the ends of DNA (approximately 5 to 10% of the 
DNA molecules) is not shown here. 

the maintenance of microsatellite stability 
in normal human cells. Loss of hMSH2 
function could result in the loss of IDL 
mismatch recognition, leading to the DNA 
sequence expansion and contraction that is 
characteristic of the microsatellite instabil- 
ity observed in many human tumors. The 
recent finding that repair of IDL mis- 
matched nucleotides is deficient in extracts 
from a hMSH2 mutant cell line (23) further 
suuuorts this idea. Loss of hMSH2 function . . 
could also produce a generalized increase in 
spontaneous mutation rates similar to that 
found in MutS-deficient bacteria, perhaps 
contributing to the multiple mutations that 
characterize multistage carcinogenesis (20). 

The binding of hMSH2 to IDL mis- 
matched nucleotides distinguishes it from 
its bacterial homolog MutS. Interestingly, 
bacterial DNA contains little of the rau- 
idly renaturing DNA sequences that aie 
indicative of the microsatellite sequences 
present in higher eukaryotes (21). Con- 
ceivably, MutS has evolved to recognize 
the relatively simple replication errors of 
the bacterial genome, whereas hMSH2 has 
evolved to recognize the more complex 
replication errors associated with the re- 
petitive sequences found in the human 
genome. Our results are consistent with 
the hypothesis that the repair machinery 
of an organism matches the needs of its 
particular genome (22). 
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