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Biographical Sketch

Summary
DNA repair systems are needed by organisms as a defense against the ultraviolet light
(UV) in sunshine. The ozone layer protects organisms, but as this protection is

incomplete organisms still receive considerable DNA damage. For the accurate transfer
of genetic information that enables organisms to survive, other systems to repair
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damage and reproduce accurate genetic information are needed. These are the DNA
repair systems.

There are many types of DNA damage. Therefore, various DNA repair systems must
exist to provide appropriate repair and complete removal of the different kinds of DNA
damage. Different systems exist that act by excising UV damaged DNA, including
photoreactivation systems, base excision repair systems, nucleotide excision repair
systems, and recombination repair systems. This indicates that organisms receive a great
deal of damage from the UV light in sunshine. The important point for the repair of
such damage is that the repair must take place before replication and transcription. DNA
damage must be removed before the establishment of a mutation.

This article describes the kinds of damage and their detailed repair systems. The basics
of repair systems are the release of DNA damage and gap filling by various DNA
polymerases.

1. DNA Damage

The accurate transfer of genetic information to daughter cells is very important in
maintaining the characteristics of cells. However, the DNA in all cells is constantly
being damaged by intrinsic reactions and environmental agents. This damage influences
genetic information by preventing transcription, replication, and cell division. As a
result, organisms must excise the damage before transcription, replication, and cell
division. Various repair systems exist to repair different kinds of damage. In the past, it
was mistakenly thought possible to measure repair capacity by measuring only the size
of DNA. Now repair capacity is known to involve many systems and to be reflected in
enzyme activities. DNA damage related to DNA repair will be described.

1.1. Spontaneous Alterations of DNA (by Mutator Genes)
1.1.1 DNA Polymerase

As the basis of the genetic process, DNA must be synthesized with very high fidelity in
living cells. Measurements of spontaneous mutation frequencies indicate that the
average frequency of base-pair substitution is in the range of 10-8 to 10-11
misincorporations per base-pair replicated. It is concluded that the main source of
intrinsic DNA alterations that occur during the normal metabolism of DNA synthesis is
the mispairing of bases by DNA polymerases.

Most mismatch mutations that occur during in vivo DNA synthesis will be corrected by
the mismatch repair system. The actual error rates of DNA polymerases I, Il from
Escherichia coli (E.coli) and the DNA polymerase from bacteriophage T4 are <10-6,
while the error rates of DNA polymerases a, B, v, 8, and € from mammalian tissues are
10-4 to 10-5. Generally, the order of DNA polymerase fidelity is said to be da, y, and p.
The fidelity of DNA polymerases related to following a single-strand binding protein
improves the fidelity of DNA synthesis in vitro. Therefore, spontaneous mutation
frequencies are greater than DNA polymerase fidelities. The causes of decreased DNA
polymerase fidelity are partially known. DNA polymerases I, Ill, T4, 8, and y possess a

©Encyclopedia of Life Support Systems (EOLSS)



GENETICS AND MOLECULAR BIOLOGY - DNA Repair - Takahiko Taguchi

3'—>5' exonuclease activity within their molecule that plays a role in proofreading
during DNA synthesis. Therefore, the fidelity of DNA polymerase 3 may not be so high.
On the other hand, the number of mismatch mutations is increased when mutant DNA
polymerase is used for DNA synthesis. The fidelity of DNA synthesis falls when DNA
synthesis is performed with small pools of dATP, dCTP, dGTP and dTTP, when Mn**
and Co”* ions are used instead of Mg**, and when error-prone DNA polymerases from
cancer cells or tissues from aged animals are used. Error-prone DNA polymerases may
be mutant DNA polymerases. Thus, although the fidelities of DNA polymerases are low,
spontaneous mutation levels may be high because of the actions of 3'->5' exonucleases,
single-strand binding proteins, and mismatch repair.

1.1.2. Proofreading Activity

An activity that releases noncomplementary nucleotides from the 3'-end of a DNA
strand is called a proofreading (editing) activity for DNA synthesis. One of the intrinsic
causes of DNA alterations during DNA replication is a decrease in proofreading activity
by 3'->5'exonuclease. Most DNA polymerases possess a 3'->5" exonuclease activity in
their molecule as described above. This activity excises non-complementary nucleotides
and contributes substantially to DNA replication fidelity. DNA polymerases o and f3
possess no 3'->5' exonuclease activity. In rat liver, a 3'->5" exonuclease apart from
DNA polymerases a and f is present, and in the presence of both enzymes, this 3'—>5'
exonuclease plays an important role in proofreading during DNA synthesis. When the
3'=>5' exonuclease activities in DNA polymerase molecules or the free form are lost,
the rate of mismatch mutations increases. Thus, the decrease in proofreading activity
becomes a cause for an increase in mismatch mutations.

Cytosine, adenine, guanine, and 5-methylcytosine are converted to uracil, hypoxanthine,
xanthine, and thymine, respectively, by treatment at less than pH4.0 or by high-
temperature. This is called base deamination and is also a cause of mismatch mutations.

1.2. Environmental Damage to DNA

The main causes of DNA damage are free radicals, ultraviolet light, radiation, and
mutagens (alkylating agents, cross-linking agents, carcinogenic agents, anticancer
agents, antibiotic agents, etc.). Oxidative DNA damage is caused by free radicals, UV
light, ionizing radiation, carcinogenic agents, anticancer agents, and antibiotic agents
(the damage by these environmental agents is not limited to oxidative DNA damage, as
shown in the following sections). More than 20 oxidized bases are known and 8-
hydroxy-2-deoxyguanosine (80OHdG) is one of the most frequent products of DNA base
damage induced by oxidation. The presence of 80OHdG leads to mutations during DNA
replication.

Exposure to UV light at 254 nm produces pyrimidine dimers whose ring structures
result from the saturation of their 5,6 double bonds. The ratio of T-T, C-T, T-C and C-C
is 68 : 13 : 16 : 3. As shown in Figure 1, cis-syn and trans-syn pyrimidine dimers occur
as stereoisomers. Exposure to UV light produces the thymine-cytosine 6,4 photoproduct.
The thymine-cytosine 6,4 photoproduct is produced by the covalent linkage of 6
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thymines and 4 cytosines. lonizing radiation also induces strand breaks by attacking
sugar residues.
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Figure 1. Two types of thymine dimers

A major group of chemical carcinogens acts as alkylating agents. These substances or
their metabolites alkylate DNA at a number of sites, including the O°-position of
guanine. Many types of alkylation products are produced by various kinds of alkylating
agents. The formation and persistence of O°-alkylguanine in DNA is also linked to
mutagenesis and carcinogenesis.

Interstrand DNA cross-links represent damage to DNA that completely blocks DNA
replication and transcription. There are many types of cross-links caused by various
cross-linking agents.

2. DNA Repair by Reversal of Damage Without Excision
2.1. Photoreactivation

It is known that the damage to organisms caused by exposure to UV light can be
reversed by visible light. This phenomenon is called photoreactivation. In the case of
E.coli , this reaction is performed by Class | cyclobutane pyrimidine dimer DNA
photolyase. In higher animals and plants, Class Il cyclobutane pyrimidine dimer DNA
photolyase performs the reaction. On the other hand, (6,4) DNA photolyase has been
reported in Drosophila and humans. These reactions involve electron transfer without
any base or nucleotide excisions. These enzymes contain a chromophore.

2.2. Repair of O%-Alkylguanine and Alkylthymine Without DNA Strand Excision

0°-Methylguanine-DNA methyltransferase |1 (O®-MGT 1), which removes methyl
groups from the guanine O° position without DNA strand excision, was extracted from
E.coli. This enzyme retains the ability to transfer methyl groups from O°-methylguanine
and O*-methylthymine. O°-Methylguanine-DNA methyltransferase | is also called the
Ada protein. Another enzyme that removes methyl groups extracted from E.coli is DNA
alkyltransferase 11 (O°-MGT I1). This enzyme differs from O°®-MGT I in a number of
respects. For example, O°-MGT | is inducible by treatment with low levels of alkylating
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agents, whereas O°-MGT Il is not; O°>-MGT | has a larger molecular mass than O°-
MGT II; O°-MGT I, but not O°>-MGT II, catalyzes the removal of methyl groups from
methylphosphotriesters. Although O°-MGT | and O®-MGT Il are difficult to detect in
extracts of some organisms, they are widespread in nature. It is interesting that there is a
tendency for O®-MGT | expression to be higher in tumors from patients who smoke
more than 20 cigarettes per day than in tumors from patients who smoke less.

3. Base Excision Repair in Non-Mammalian Cells

Excision repair that is initiated by DNA glycosylase is called base excision repair. The
basis of repair by this repair system involves:

1. The removal of the damaged base by hydrolysis of the N-glycosylase bond.

2. The formation of sites of base loss called apurinic or apyrimidinic sites
(deoxyribose and monophosphate), which are removed by apurinic/apyrimidinic
(AP) endonucleases.

3. The arrangement of strand breaks with a 5' terminal deoxyribose-phosphate
moiety by the action of a DNA deoxyribophosphodiesterase (dRpase).

4. The filling of a single nucleotide gap by DNA polymerase.

5. Completion of DNA repair by rejoining with DNA ligase.

The hydrolysis of N-glycosylase bond involved in reaction (1) differs according to the
kind of base damage.

3.1. DNA Glycosylase in Non-Mammalian Cells

Methylated base damage occurs by alkylation by environmental genotoxic agents.
Methylated bases not removed by O°-MGT 1 or Il must be removed by other enzymes.
3-Methyladenine-DNA glycosylase | excises the N-glycosilase bond and releases 3-
methyladenine. The enzyme also catalyzes the excision of 3-ethyladenine and 3-
methylguanine from alkylated DNA. This enzyme has a molecular mass of 21KDa and
a pH optimum between 6 and 8.5, and is stimulated by Mg2+, Mn2+, and Ca2+.

3-Methyladenine-DNA glycosylase Il excises N-glycosilase bonds and releases 3-
methyladenine, 7-methylguanine, and 3-methylguanine. This enzyme responds
adaptively to alkylation damage. A gene for this enzyme, alkA, maps at approximately
43 min on the E.coli genetic map.

Uracil bases are present in nature, but are absent from DNA. Therefore, uracil bases in
DNA are recognized in animals as alien. Uracil bases are incorporated by misreading
and the deamination of cytosine. Uracil is removed through the action of uracil-DNA
glycosylase. This enzyme is widespread from the herpes simplex virus to humans. The
homology of the genes in hepes simplex virus and human is very high. The enzyme
from E.coli is encoded by a gene designated ung, which maps at 55 min on the E.coli
circular map.

Hypoxanthine is formed by the deamination of adenine. The hypoxanthine base is also
present in nature, but absent from DNA. Therefore, hypoxanthine must be removed.
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Hypoxanthine is first excised at the N-glycosilase bond by hypoxanthine-DNA
glycosylase.

In E.coli, 8-OHdG-dA mispairs can also be corrected by a DNA glycosylase called
MutY. This enzyme recognizes 8-OHdG-dA pairs formed by oxidation of guanine and
misincorporation caused by oxidized guanine, and releases only adenine. As a result, 8-
OHdG will be released in another step by Fapy glycosylase (MutM: described below).
An endonuclease from E.coli that degrades UV-irradiated DNA was observed in 1976
by Radman and called endonuclease I11. In addition to excising pyrimidine hydrates, the
DNA glycosylase activity of endonuclease Il also excises pyrimidine glycols.
Pyrimidine glycols are formed by the oxidation of pyrimidine. This enzyme is one kind
of thymine glycol-DNA glycosylase.

When 7-ethylguanine is treated with methyl methane sulfonate (MMS) or NH4OH, 2,6-
diamino-4-hydroxy-5-formamidopyrimidine (Fapy) forms in DNA. This blocks in vitro
DNA replication, and is released by Fapy-DNA glycosilase. This enzyme also releases
8-hydroxy-2-deoxyguanosine (8-OHdG), which is one of the most frequent products of
DNA base damage by oxidation, and is identical to MutM. The substrate specificity of
MutM is rather high. Duplexes containing 8-OHdG positioned opposite dC, dG, or dT
are cleaved, whereas single-stranded DNA and duplexes containing 8-OHdG-dA, or
deoxy8- 8-hydroxyadenine (8-OHdA) positioned opposite any of the four DNA bases
are relatively resistant.

Although the photoreactivation system was mentioned above, another repair system that
releases pyrimidine dimers by DNA glycolysis is present. Pyrimidine dimers are excised
by pyrimidine dimer-DNA glycolases. These enzymes have been detected in extracts
from T4 infected E.coli, Micrococcus luteus, and Saccaromyces cerevisiae.

4. Base Excision Repair in Mammalian Cells

Numerous DNA glycosylases have been found in mammals, and the pattern of base
excision repair is the same as in non-mammalian cells.

4.1. DNA Glycosylases in Mammalian Cells

A 3-Methyladenine (3-alkyladenine, 3-methylpurine)-DNA glycosylase activity has
been identified in various mammals including the Chinese hamster, mouse, rat, and
human; however, it is not clear whether two distinct forms are present as in E.coli. The
enzyme excises 3-methyladenine and 7-methylguanine, and, in the case of the human
protein, its gene is located in chromosome 16.

Uracil bases are excised by uracil-DNA glycosylase. This enzyme has been observed in
barley, wheat, rat mitochondria, human nuclei, and human mitochondria. All uracil-
DNA glycosylases in non-mammalian cells utilize both double- and single-stranded
DNA or deoxyribopolymers containing deoxyuridine as substrates. RNA-strands
containing uracil are not recognized as substrate.
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Hypoxanthine-DNA glycosylase has also been extracted from calf thymus and HelLa
cells.

Thymine-DNA glycosylase is present in HeLa cells. This enzyme, which has not been
found in procaryotes, is mismatch-specific, and prevents the mutagenic effect of G-T
mispairs by the hydrolytic deamination of 5-methylcytosine with the release of thymine
only. A 52.5-kDa enzyme with both 5-methylcytosine-DNA glycosylase and mismatch-
specific thymine-DNA glycosylase activities has been extracted and purified from
chicken embryos.

8-OHdG and thymidine glycol are formed during oxidative damage to bases in DNA
and lead to mutations. Increases of 8-OHdG may be related to carcinogenesis and
ageing. A glycosylase that releases 8-OHdG is also present in human, and is identical to
Fapy-DNA glycosylase. Some groups have observed a human homologue (hMMH) to
the yeast OGGL1 gene.

Thymine glycol is found in the urine of rodents and humans suggesting the presence of
thymine glycol-DNA glycosylase. Actually, the mouse gene is homologous to the E.coli
thymine glycol-DNA gene.

5-Hydroxymethyluracil-DNA  glycosylase  excises - 5-hydroxymethyluracil.  5-
Hydroxymethyluracil is produced by the base eoxidation and deamination of 5-
hydroxymethylcytosine. 5-Hydroxymethyluracil-DNA glycosylase has been extracted
from several mammalian cells, but the activity has not been found in procaryotic cells.
The enzyme has been reported to be reduced in activity in senescent human fibloblasts.

4.2. AP Endonuclease

In the case of E.coli, it is generally assumed that the AP endonuclease functions by
attacking sites of pyrimidine or purine loss in duplex DNA. Purified exonuclease I11 is
28 kDa in size, and catalyzes the hydrolysis of double AP DNA on the 5' side of sites of
base loss, leaving 3'-OH and 5'-phosphate termini. The exonuclease 111 gene from E.coli
has been cloned and sequenced. Its calculated molecular weight is in agreement with
that of the purified protein.

Endonuclease 1V is a second 5 AP endonuclease present in E. coli. This activity
accounts for only about 10% of the total AP endonuclease activity.

Mammalian AP endonucleases have also been found in mice, calf thymus, and humans.
The presence of a base excitation DNA repair system has been revealed from
procaryotes to mammals.

4.3. DNA Deoxyribophosphodiesterase, DNA Polymerase, and DNA Ligase
After base-damage, gap filling and ligation by DNA polymerase and DNA ligase are
necessary; these reactions require the 5'-phosphate and 3'-OH groups at the AP site. The

polymerization reaction by a DNA polymerase is performed from the 3'-OH end of the
primer strand arranged by a DNA deoxyribophosphodiesterase.
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It is said that the DNA polymerase repair enzyme in E.coli is DNA polymerase 1. On the
other hand, the mammalian gap filling enzyme involved in base excision repair is DNA
polymerase . The requirement for DNA polymerase 3 has been suggested by induction
and inhibition experiments.
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