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The accuracy of DNA replication is critical to cell reproduction, and estimates of mutation 
rates for a variety of genes indicate that the frequency of errors during replication 
corresponds to only one incorrect base per 108 to 109 nucleotides incorporated. The much 
higher degree of fidelity actually achieved results largely from the activities of DNA 
polymerase. One mechanism by which DNA polymerase increases the fidelity of replication 
is by helping to select the correct base for insertion into newly synthesized DNA.  
 
In particular, recent structural studies of several DNA polymerases indicate that the 
binding of correctly matched dNTPs induces conformational changes in DNA polymerase 
that lead to the incorporation of the nucleotide into DNA. This ability of DNA polymerase to 
select matched nucleotides for incorporation appears to increase the accuracy of 
replication. The other major mechanism responsible for the accuracy of DNA replication is 
the proofreading activity of DNA polymerase. The replicative DNA polymerases (eukaryotic 
polymerases δ and ε and E. coli polymerase III) have an exonuclease activity that can 
hydrolyze DNA in the 3' to 5' direction. This 3' to 5' exonuclease operates in the reverse 
direction of DNA synthesis, and participates in proofreading newly synthesized DNA. The 3'  
to 5' exonucleases of the replicative DNA polymerases selectively excise mismatched bases 
that have been incorporated at the end of a growing DNA chain, thereby increasing the 
accuracy of replication by a hundred- to a thousand folds. 
 

DNA REPAIR 

DNA, like any other molecule, can undergo a variety of chemical reactions. Because DNA 
uniquely serves as a permanent copy of the cell genome, however, changes in its structure 
are of much greater consequence than are alterations in other cell components, such as 
RNAs or proteins. Mutations 
can result from the incorporation of incorrect bases during DNA replication. In addition, 
various chemical changes occur in DNA either spontaneously or as a result of exposure to 
chemicals or radiation.  To maintain the integrity of their genomes, cells have therefore had 
to evolve mechanisms to repair 
damaged DNA. These mechanisms of DNA repair can be divided into two general classes: 
 

1. direct reversal of the chemical reaction responsible for DNA damage, and 
2. removal of the damaged bases followed by their replacement with newly 

synthesized DNA. 
 

Direct Reversal of DNA Damage 

Most damage to DNA is repaired by removal of the damaged bases followed by re-synthesis 
of the excised region. Some lesions in DNA, however, can be repaired by direct reversal of  
the damage, which may be a more efficient way of dealing with specific types of DNA 
damage that occur frequently. Only a few types of DNA damage are repaired in this way, 
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particularly pyrimidine dimers resulting from exposure to 
ultraviolet (UV) light and alkylated guanine residues that have 
been modified by the addition of methyl or ethyl groups at the 
O6 position of the purine ring. UV light is one of the major 
sources of damage to DNA and is also the most thoroughly 
studied form of DNA damage in terms of repair mechanisms. 
The major type of damage induced by UV light is the 
formation of pyrimidine dimers, in which adjacent 
pyrimidines on the same strand of DNA are joined by the 
formation of a cyclobutane ring resulting from saturation of  
the double bonds between carbons 5 and 6. The formation 
of such dimers distorts the structure of the DNA chain and 
blocks transcription or replication past the site of damage, 
so their repair is closely correlated with the ability of cells to survive UV irradiation. One 
mechanism of repairing UV-induced pyrimidine dimers is direct reversal of the 
dimerization reaction. The process is called photoreactivation because energy derived from 
visible light is utilized to break the cyclobutane ring structure The original pyrimidine 
bases remain in DNA, now restored to their normal state. Another form of direct repair 
deals with damage resulting from the reaction between alkylating agents and DNA. 
Alkylating agents are reactive compounds that can transfer methyl or ethyl groups to a 
DNA base, thereby chemically modifying the base A 
particularly important type of damage is methylation of the 
O6 position of guanine, because the product, O6 -
methylguanine, forms complementary base pairs with 
thymine instead of cytosine. This lesion can be repaired by 
an enzyme (called O6 methylguanine methyltransferase) 
that transfers the methyl group from O6 methylguanine to a 
cysteine residue in its active site. The potentially mutagenic 
chemical modification is thus removed, and the original 
guanine is restored. 
 
Excision Repair 

BASE EXCISION REPAIR 
 
Although direct repair is an efficient way of dealing with 
particular types of DNA damage, excision repair is a more 
general means of repairing a wide variety of chemical 
alterations to DNA. In excision repair, the damaged DNA is 
recognized and removed, either as free bases or as 
nucleotides. The resulting gap is then filled in by synthesis of a new DNA strand, using the 
undamaged complementary strand as a template. Three types of excision repair base-
excision, nucleotide-excision, and mismatch repair enable cells to cope with a variety of 

FIGURE: DIRECT REVERSAL REPAIR 

FIGURE: BASE EXCISION REPAIR 
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different kinds of DNA damage. The repair of uracil containing DNA is a good example of 
base-excision repair, in which single damaged bases are recognized and removed from 
the DNA molecule. Uracil can arise in DNA by two mechanisms: 
 
(1) Uracil (as dUTP [deoxyuridine triphosphate]) is occasionally incorporated in place of  
thymine during DNA synthesis, and  
(2) uracil can be formed in DNA by the deamination of cytosine. 
 
The second mechanism is of much greater biological significance because it alters the 
normal pattern of complementary base pairing and thus represents a mutagenic event. The 
excision of uracil in DNA is catalyzed by DNA glycosylase, an enzyme that cleaves the bond 
linking the base (uracil) to the deoxyribose of the DNA backbone. This reaction yields free 
uracil and an apyrimidinic site-a sugar with no base attached. DNA glycosylases also 
recognize and remove other abnormal bases, including hypoxanthine formed by the 
deamination of adenine, pyrimidine dimers, alkylated purines other than O6-alkylguanine, 
and bases damaged by oxidation or ionizing radiation. The result of DNA glycosylase action 
is the formation of an apyrimidinic or apurinic site (generally called an AP site) in DNA. 
Similar AP sites are formed as a result of  
the spontaneous loss of purine bases 
which occurs at a significant rate under 
normal cellular conditions. These sites 
are repaired by AP endonuclease, which 
cleaves adjacent to the AP site. The 
remaining deoxyribose moiety is then 
removed, and the resulting single-base 
gap is filled by DNA polymerase and 
ligase. 
 
 
 
NUCLEOTIDE EXCISION REPAIR 
 
Whereas DNA glycosylases recognize 
only specific forms of damaged bases, 
other excision repair systems recognize a 
wide variety of damaged bases that 
distort the DNA molecule, including UV-
induced pyrimidine dimers and bulky 
groups added to DNA bases as a result of  
the reaction of many carcinogens with 
DNA. This widespread form of DNA 
repair is known as nucleotide-excision 
repair, because the damaged bases (e.g., a 

FIGURE: NUCLEOTIDE EXICION REPAIR 
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thymine dimer) are removed as part of an oligonucleotide containing the lesion. In humans, 
DNA repair genes have been identified largely by studies of individuals suffering from 
inherited diseases resulting from deficiencies in the ability to repair DNA damage. The 
most extensively studied of these diseases is xeroderma pigmentosum (XP), a rare genetic  
disorder that affects approximately one in 250,000 people. Individuals with this disease are 
extremely sensitive to UV light and develop multiple skin cancers on the regions of their 
bodies that are exposed to sunlight. In 1968, James Cleaver made the key discovery that 
cultured cells from XP patients were deficient in the ability to carry out nucleotide-excision 
repair. The initial step in excision repair in mammalian cells involves recognition of 
disrupted base pairing. Endonucleases then cleave DNA on the 5' and 3' sides of the 
damaged site, respectively. This cleavage excises an oligonucleotide consisting of 
approximately 30 bases. The resulting gap is then filled by DNA polymerase and sealed by 
ligase. 
 
MISMATCH REPAIR 
 
Another excision repair system recognizes 
mismatched bases that are incorporated during DNA 
replication. Many such mismatched bases are removed 
by the proofreading activity of DNA polymerase. The 
ones that are missed are subject to later correction by 
the mismatch repair system, which scans newly 
replicated DNA. If a mismatch is found, the enzymes of  
this repair system are able to identify and excise the 
mismatched base specifically from the newly 
replicated DNA strand, allowing the error to be 
corrected and the original sequence restored. In E. coli, 
Mismatch repair is initiated by the protein MutS, which 
recognizes the mismatch and forms a complex with 
two other proteins called MutL and MutH. The MutH 
endonuclease then cleaves the unmethylated DNA 
strand at a GATC sequence. the mismatch repair 
system distinguishes between parental DNA and newly 
synthesized DNA on the fact that DNA of this 

bacterium is modified by the methylation of adenine 
residues within the sequence GATC to form 6-
methyladenine which occurs after replication and the newly synthesized DNA strands are 
not methylated and thus can be specifically recognized by the mismatch repair enzymes. 
Eukaryotic cells do not have a homolog of MutH and the strand-specificity of mismatch 
repair is not determined by DNA methylation.  
Instead, the presence of single-strand breaks in newly replicated DNA appears to specify 
the strand to be repaired. Eukaryotic homologs of MutS and MutL bind to the mismatched 

FIGURE: MISMATCH REPAIR 
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base, as in E. coli and direct excision of the DNA between a strand break and the mismatch. 
The importanceof this repair system is dramatically illustrated by the fact that mutations in 
the human homologs of MutS and MutL are responsible for a common type of inherited 
colon cancer (hereditary nonpolyposis colorectal cancer, or HNPCC). The relationship 
between HNPCC and defects in mismatch repair was discovered in 1993, when two groups 
of researchers cloned the human homolog of MutS and found that mutations in this gene 
were responsible for about half of all HNPCC cases. 
 
Recombination Repair 
 
Recombination repair also provides a major mechanism for repair of double strand breaks, 
which can be introduced into DNA by ionizing radiation (such as X-rays) and some 
chemicals Since this type of damage affects both strands of DNA, it is particularly difficult to 
repair. Recombination with homologous DNA sequences on an undamaged chromosome 
provides a mechanism for repairing such damage and restoring the normal DNA sequence. 
Alternatively, double strand breaks can be repaired simply by rejoining the broken ends of 
a single DNA molecule, but this leads to a high frequency of errors resulting from deletion 
of bases around the site of damage. 
 
Accurate DNA replication and repair of DNA damage are essential to maintaining genetic  
information and ensuring its accurate transmission from parent to offspring.. 
Recombination results from the breakage and rejoining of two parental DNA molecules, 
leading to reassortment of the genetic information of the two parental chromosomes. 
During homologous recombination, this takes place without any other alteration in the 
genetic information. The key protein involved in the central steps of homologous 
recombination in E. coli is RecA. The RecA protein promotes the exchange of strands 
between homologous DNAs.  The action of RecA can be considered in three stages. First, the 
RecA protein binds to single-stranded DNA coating the DNA to form a protein-DNA 
filament. Because RecA has 3 distinct DNA binding sites, the RecA protein bound to single-
stranded DNA is able to bind a second, double stranded DNA molecule, forming a complex 
between the two DNAs. This nonspecific RecA-mediated association is followed by specific 
base pairing between the single-stranded DNA and its complement. The RecA protein then 
catalyzes strand exchange, with the single strand originally coated with RecA displacing its 
homologous strand. 


