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Because mutations are the primary cause 
of heritable disease and cancer and may 
also contribute to the aging process, cells 
go to great lengths to preserve the integrity 
of their genetic material. Study of the mo
lecular systems responsible for maintenance 
of genetic integrity became available more 
than 20 years ago with the identification of 
Escherichia coli mutants that display a 
marked increase in the rate of spontaneous 
mutation (I). The genetic defects in these 
strains are now known to inactivate muta
tion avoidance systems that are critical for 
the maintenance of genetic stability. The 
products of four of these genes—the MutH, 
MutL, MutS, and MutU proteins—are es
sential for E. coli methyl-directed mismatch 
repair, a system that ensures the precision 
of both chromosome replica
tion and genetic recombina
tion. The importance of this 
fidelity device has been dra
matically illustrated during 
the past year with the dem
onstration that inactivation 
of the corresponding human 
pathway is the primary cause 
of certain types of cancer. 

Replication and recombi
nation errors produce base-
pairing anomalies within the 
DNA helix, mismatches that 
violate the Watson-Crick 
pairing rules—which specify 
that the purine bases A or G 
on one strand pair with the 
pyrimidine bases T or C, respectively, on 
the other. The process of DNA biosynthe
sis, although highly precise, is intrinsically 
imperfect. Relatively common DNA bio-
synthetic errors include insertion of an in
correct base; for example, T opposite G, or 
the addition of an extra nucleotide or two, 
resulting in unpaired bases within the he
lix. It is the job of the cellular mismatch re
pair system to recognize such mispairs and 
to eliminate biosynthetic mistakes from 
newly synthesized DNA strands. 

Because mismatches consist of normal 
Watson-Crick bases, mismatch repair sys
tems rely on secondary signals within the 
helix to identify the newly synthesized 
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DNA strand, which by definition contains 
the replication error. The requisite strand-
specificity for processing of replication er
rors in E. coli is provided by patterns of ad
enine methylation at GATC sequences. 
Because GATC modification occurs after 
DNA strand synthesis, newly synthesized 
DNA exists briefly in an unmethylated 
state, and it is this transient absence of 
modification that targets repair to the new 
DNA strand (2). The mechanism of repli
cation error correction by the methyl-di
rected pathway is complex, depending on 
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The mechanism of E. coli methyl-directed mismatch repair. Although not shown, 
DNA ligase is required to restore covalent integrity to the repaired DNA strand. [Re
produced with permission from M. Grilley et at. (5)] 

10 activities (see figure). Repair is initiated 
by binding o( MutS to the mismatch, fol
lowed by the addition of MutL (3). Assem
bly of this complex leads to activation of a 
latent GATC endonuclease associated 
with the MutH protein, which incises the 
unmodified strand at a hemimethylated 
d(GATC) sequence (4). The resulting strand 
break can occur on either side of the mis
match. The ensuing excision reaction, 
which depends on MutS, MutL, and the 
cooperative action of DNA helicase II (the 
MutU protein) with an appropriate exonu-
clease, removes that portion of the unmodi
fied strand spanning the GATC site and 
the mismatch. This reaction is strictly exo-
nucleolytic, initiating at the strand break 
and proceeding toward the mispair without 
regard to location of the strand break (5). 
This unusual bidirectional excision capabil

ity implies that the methyl-directed system 
keeps track of which side of the mispair the 
strand-signal is located. 

In addition to their role in correction of 
DNA biosynthetic errors, MutS and MutL 
also ensure the fidelity of genetic recombi
nation by blocking crossovers between se
quences that have diverged genetically (6). 
Action in this manner prevents crossovers 
between related sequence elements that are 
present in multiple copies in the bacterial 
genome and hence the duplication and de
letion mutations that result from such 
events (7)- The molecular mechanism un
derlying these recombination effects of 
MutS and MutL is less well understood, but 
undoubtedly involves interaction of the 
proteins with mispairs that can occur in the 
heteroduplex joint, a key recombination 
intermediate generated by transfer of a 
strand from one helix into a region of ho
mology of a second where it pairs with its 
complement according to Watson-Crick 
base-pairing rules. While a heteroduplex 
joint that involves corresponding regions 
of two identical chromosomes will be mis
match-free, the structure formed between 
divergent sequences will contain multiple 

mispairs. Indeed, in vitro ex
periments have shown that 
MutS and MutL block the 
progression of heteroduplex 
formation between two 
DNAs that have diverged by 
several percent at the se
quence level (8). 

Given the importance of 
mismatch repair in stabiliz
ing the bacterial genome, it 
is not surprising that ho
mologous systems have been 
identified in higher cells. 
Yeast (9, JO) and (as de
scribed below) human cells 
encode homologs of bacte
rial MutS and MutL. Fur

thermore, nuclear extracts of human cells 
support strand-specific mismatch correction 
in a reaction that is remarkably similar to 
methyl-directed repair with respect to both 
mismatch specificity (11, 12) and bidirec
tional excision capability {13). Initial evi
dence that this strand-specific pathway 
functions in mutation avoidance in human 
cells was provided by the demonstration 
that a hypermutable, cultured cell line is 
defective in mismatch repair (14). This 
mutator cell line was isolated in vitro by 
virtue of its ability to survive the presence 
of DNA lesions resulting from exposure to 
simple alkylating agents, lesions that other
wise kill normal human cells (15). In addi
tion to indicating a general role for mis
match repair in stabilization of the human 
genome, these findings thus suggest that 
the system recognizes lesions other than 
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conventional mispairs and implicate the 
pathway in the death of those cells that 
have suffered unacceptable levels of certain 
types of DNA chemical damage. 

The clinical ramifications of genetic de- 
stabilization have been dramatically dem- 
onstrated by the finding that certain spo- 
radic cancers (1 6-18), and virtually all tu- 
mors associated with hereditary nonpol- 
yposis colorectal cancer (HNPCC) (1 9)  
(one of the most common syndromes that 
causes cancer predisposition), are highly 
prone to mutation. Like bacterial mismatch 
repair mutants, cell lines derived from such 
tumors accrue mutations at rates that can 
be more than a hundred times that of nor- 
mal human cells (20-22), and biochemical 
analvsis of a number of these lines has con- 
sisteitly revealed an associated deficiency 
in strand-specific mismatch repair (20, 23). 

Compelling evidence that loss of mis- 
match repair proficiency is the primary step 
in development of HNPCC tumors has 
been provided during the past year by the 
spectacular elucidation of the genetic basis 
of the disease. The majority of HNPCC 
cases are attributable to a defect at any one 
of four loci: The hMSH2 gene encodes a 
protein homolog of bacterial MutS (24, 
25), while hMLH1, hPMS1, and hPMS2 
specify distinct MutL homologs (26-28). 
HNPCC is inherited in an autosomal 
dominant fashion, with normal cells from 
affected individuals containing one func- 
tional and one defective copy of the repair 
gene in question (25-28). As might be ex- 
pected from presence of a wild-type gene, 
normal cells from HNPCC patients typi- 
cally display low mutability (1 9)  and in one 
case have been shown to be proficient in 
mismatch rqpair (20). Tumor cells, on the 
other hand, are defective in both copies of 
the affected gene, with inactivation of the 
wild-type allele as a result of somatic muta- 
tion (25, 28). Coupled with the demon- 

strable repair defect in cancer cells, this key 
observation implies that the initial event in 
development of HNPCC tumors is the 
functional loss of a critical mismatch repair 
activity, with the resultant genetic destabi- 
lization  res sum ably leading to mutations 
that circumvent the regulatory systems that 
control cell oroliferation. 

The study of fidelity devices in bacteria 
provided the groundwork for this rapid 
progress, and the similarities between bac- 
terial and human svstems raise several in- 
teresting questions. characterization of mu- 
tations that occur in mismatch repair-defi- 
cient tumor cells has been limited, with 
those identified to date probably caused by 
replication errors (19, 21). Because bacte- 
rial strains deficient in MutS or MutL are 
also prone to recombination errors, do 
HNPCC tumor cells display a similar insta- 
bility with respect to illegitimate recombi- 
nation and do such events contribute to tu- 
mor development? Mismatch repair genes 
account for only half of the known mutator 
loci in bacteria, with the remainder func- 
tioning in distinct mutation avoidance sys- 
tems (29). To  what extent do correspond- 
ing pathways stabilize the human genome, 
and do defects in such systems also contrib- 
ute to cancer development? Despite the 
evident similaritv between bacterial and 
human mismatch repair, the two systems 
mav nevertheless differ in significant wavs. 
E. I-oli possesses a single mutL gene, but hu- 
man cells harbor a family of genes that 
specify MutL-like proteins (26-28). Does 
this multiplicity of genes reflect differentia- 
tion with respect to function, or do these 
genes function in a tissue-dependent or de- 
velopmentally controlled manner? Lastly, 
given the widespread use of DNA alkylat- 
ing agents in cancer chemotherapy, what is 
the clinical significance of the finding that 
mismatch repair-deficient cells are resist- 
ant to killing by at least one class of such 

agents? With the current renaissance in 
DNA repair, it seems likely that answers to 
these and related questions will be forth- 
coming in the near future. 
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