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DNA repair limits the mutagenic, and thereby the carcinogenic, effect of DNA modifications. Free radicals, 
particularly reactive oxygen species, induce all forms of DNA damage, including base modifications, base 
free sites, strand breakage, and cross-links. These lesions are repaired by a variety of enzymes of partly 
overlapping substrate specificity, some of which may be induced. 

KEY WORDS: DNA repair, mutagenesis, free radicals 

INTRODUCTION 

Cellular DNA continually suffers premutagenic modification owing to hydrolysis, 
methylation, and reactive forms of oxygen.'-3 As DNA is the template for its own 
synthesis, failure to repair lesions would result in unacceptable mutation rates and, 
ultimately, demise or in the case of mammalian cells, malignant transformation. E. 
coli has proved to be a valuable system for investigating repair processes, and has 
provided a conceptual framework to approach DNA repair in mammalian, including 
human, cells, where enzymes are generally present at much lower levels. 

The chemistry of, and mutagenic and carcinogenic effects of free radicals have been 
the subject of several reviews.*-14 Here I review the processes involved in the repair of 
DNA damaged by reactive oxygen species. It is useful to distinguish between repair 
of (otherwise) permanent lesions, restitution of intermediates to the pre-injury state, 
and protection against damage. The detailed description of processes involved in 
restitution of transient intermediates as well as those preventing damage (e.g. by 
quenching radicals) are beyond the scope of this review, as are more general processes 
preserving the integrity of the DNA sequence such as mismatch repair and proofread- 
ing by DNA polymerase. Previous reviews have concentrated on the repair of radia- 
tion induced damage."-I4 

Excision repair is the main pathway of repair of DNA damage caused by reactive 
oxygen species (Table I). Direct reversal of a modification is not known to be used. 
Recombinational processes are necessary to deal with double strand breaks and 
crosslinks. Finally, defects in the religation following repair synthesis may present a 
phenotype reminiscent of increased sensitivity to the genotoxic effects of free radicals. 
It is convenient to consider DNA repair in terms of the modifications induced 
(Table 11). 
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160 L.H. BREIMER 

TABLE I 
Simple classification of DNA repair systems described in E. coli relevant to free radicals 

Repair type Enzyme examples Comments 

Commonly used in free radical repair 

Not used in free radical repair 

Repair of strand breakage and cross-links 

Proof-reading of DNA polymerase and 
mismatch repair beyond scope of review 

Excision repair DNA glycosylase 
AP endonuclease 

Reversal repair Photoreactivating enzyme 
06-alkylguanine- 

alkyltransferase 

Recombination repair RecA protein 

Oligosynthesis DNA polymerase 

Religation DNA ligase Central role in DNA repair (and replication) 

1.- Repuir of Base Modific'utions 

a) Ring-dumugedpyrirnides The excision of the ring-saturated, ring-contracted, and 
ring-fragmented derivatives of thymine (cis- and trans-thymine glycol, 6-hydroxy- 
dihydrothymine, 5-hydroxy-5-methylhydantoin, urea and methyltartronylurea) from 
damaged DNA are primarily functions of DNA endonuclease I11 in E. ~o l i . ' ~ - ' '  This 
enzyme releases the modified bases by a DNA glycosylase action (DNA glycosylases 
are enzymes which cut the base-sugar bond of modified bases to release the base in 
free form.' They generally prefer double-stranded DNA and have few cofactor 
requirements.) Endonuclease 111 also cuts the phosphodiester bond on the 3' side of 
the resultant base-free sugar, that is it acts as a 3'AP endonuclease (see below). It 
incises DNA not only at damaged thymines but also modified cytosines and gua- 

The guanine lesion(s) involved have not been identified, but could be urea nines.?n-?7 
because urea is a potential end product of all oxidative base damage (reviewed in 1 2 ) .  

It has also been reported that endonuclease 111 releases an unidentified cytosine 
UV-photoproduct, in addition to cytosine glyc01.'~~*~ 

Endonuclease 111 was first described by Radman as an activity which incised heavily 
UV-irradiated double-stranded DNA.27 This is due to its action on 6-hydroxydihyd- 
rothymine, a minor UV-photoproduct." Endonuclease 111 is encloded by the nth 
gene,*8 which has an open reading frame of 633 bp that codes for 21 1 amino acid 
residuesz9 It is a monomeric globular protein of predicted M, = 26 kDa, which is in 
good agreement with physical determination, and the enzyme contains 4 iron ions per 
molecule, arranged in an [4Fe-4SI2+ cluster.'6.7n 

Endonuclease 111 is the only DNA glycosylase to show sequence similarity with 
another protein: M u ~ Y . ~ '  MutY, the product of the mutY gene, is an adenine-DNA 
glycosylase which acts in mismatch repair to excise the adenine of a G - A  mispair. 
These two proteins share in their carboxyterminal half a sequence of 181 amino acids 
that are 2/3 similar and 1/4 identical, including specifically the sequence 

cys-x,  -cys-x-x-c  ys-x, -cys 

cys-x-x-cys-x-x-cys.  

which probably accounts for the Fe-S cluster, generally encloded 
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162 L.H. BREIMER 

The mammalian equivalent of endonuclease I11 was probably first described by 
Bacchetti and Brent and their  collaborator^,^^-^^ (reviewed in 35) .  It has been charac- 
terised from a number of sources including calf t h y m ~ s , ~ ’ . ~ ~  human and rodent 
fibroblasts and  lymphocyte^,^^-^^ and yeast.40 A curious feature of this enzyme is that 
its preferred substrate appears to be urea36 but the reason for this preference is not 
clear. It may reflect the observation that urea residues in DNA can be derived from 
any base. Surveys of human cells derived from patients suffering from inherited 
disorders characterised by increased sensitivity to ionising radiation and risk of cancer 
have failed to reveal any def i~iency.’~.~~ 

E. coli mutants deficient in endonucleaseII1 (nrh- )  are not more sensitive to the 
lethal effects of H 2 0 2  and ionising radiation, though they suffer from mildly increased 
spontaneous mutation frequencies.” Van Houten et al. and Sancar et a f .  have in- 
dependently demonstrated that thymine glycol in DNA is excised by UvrABC ex- 
cinuclease, an enzyme primarily concerned with the repair of pyrimidine dimers and 
bulky adducts to  base^.^'.^' UvrABC is a multi-subunit enzyme which cuts the strand 
containing the base modification about 8 bases upstream and 4 bases downstream of 
the lesion which is released as part of a 12-13mer oligonucleotide.19 

6) Zmidazole ring open purines Hydroxyl radical, and possibly singlet oxygen, attack 
on the imidazole ring of purines results in saturation and fragmentation to give 
5-formamidopyrimidine  derivative^.^-^ A formamidopyrimidine is also generated by 
alkaline hydrolysis of 7-methylguanine in DNA.43 Imidazole ring opened purines are 
excised by formamidopyrimidine-DNA glycosylase, which is encoded by the f p g  
gene.4345 There is a mammalian e q ~ i v a l e n t . ~ ~ , ~ ~  

The f p g  gene (807 bp, 269 amino acid residues) encodes a protein of predicted 
M ,  = 30 kDa. This enzyme also acts as an AP endonuclease, but catalyses a com- 
bined beta-delta elimination reaction both 5’ and 3’ to the AP ~ i t e . ~ ’ , ~ ’ ~ ~  Mutants 
deficient infpg are not more sensitive to the lethal effects of ionising radiation or H 2 0 2  
indicating that other pathways must be able to cope with these  lesion^.'^ 

c )  8-Hydroxyguanine 8-Hydroxyguanine in DNA is now strongly implicated in the 
action of certain carcinogens (for review see refs3.”.”). It is the only base modification 
induced by reactive oxygen species which has been shown to miscode directly not only 
opposite itself but also at neighbouring bases.” Thus 8-hydroxyguanine can potenti- 
ally cause paired amino acid substitutions, and would consequently not necessarily be 
detected in reverse mutagenesis tests. (It is possible that 8-hydroxyadenine may act 
likewise.) This is in contrast with the ring-damaged pyrimidines and purines which 
generally block DNA polymerase. 

8-Hydroxyguanine can probably be generated by the action of 1 singlet oxygen, 
although if the flux of singlet oxygen is excessive strandbreakage can occur because 
of a second hit on the modified g~anine.’~.’~ Exposing DNA to visible light in the 
presence of methylene blue dye appears to generate not only 8-hydroxyguanine in 
DNA but also other lesions, including FaPy Two studies in prokaryotes have 
been reported that show that singlet oxygen can cause mutation~’~.’’ although the 
lesions in DNA were not identified and the treatment was comparatively toxic, 
probably because of cell membrane damage. These studies need to be complemented 
with studies in mammalian systems such as the Chinese hamster ovary (CHO) cell line 
uprt system developed by Meuth (reviewed in refs3.l2), though toxicity is likely to be 
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DNA REPAIR AFTER OXIDATIVE DAMAGE 163 

an even greater problem. Intranuclear “caged” release of single oxygen would be an 
a d ~ a n t a g e . ~ ~  

The repair of 8-hydroxyguanine in DNA is not yet understood, mainly because no 
suitably radioactively labelled guanine derivatives are available commercially, only 
8-3H guanine. As an alternative, the possibility of using electrochemical determination 
to monitor the disappearance of the lesion from model substrate should also be 
explored. 

Indirect evidence” suggests that a base lesion induced by visible light/methylene 
blue is excisedby a DNA glycosylase, but that it is also a poor substrate for UvrABC 
exinuclease. This lesion is likely to be imidazole ring opened purine as it  is a substrate 
for the FPG protein but not other DNA glycosylases (53 and Boiteux and Laval, 
personal communication). 

5-Hydro.uymethylurcil-DNA Glycosylase 

If 8-hydroxyguanine is a pernicious base modification waiting for its repair enzyme 
to be identified, then 5-hydroxymethyluracil-DNA glycosylase would appear to be an 
enzyme in search of its true substrate. A DNA glycosylase activity for 5-hydroxy- 
methyluracil was first reported in a rodent lymphoblastoid cell line.” Teebor’s group, 
in addition to characterising 5-hydroxymethyluracil-DNA glycosylase, has also iden- 
tified an activity acting on 5-hydroxymethylcytosine.57~sy Both activities appear only 
to be present in terminally differentiated mammalian cells and are the only DNA 
glycosylases not identified in prokaryotes. 

Teebor and co-workers have purified the 5-hydroxymethyluracil-DNA glycosylase 
1800-fold from calf thymus.” It has M, = 38 kDa, and is equally active on a single- 
stranded as on double-stranded DNA. This is unusual since glycosylases tend to 
prefer one. form, usually double stranded. They also claim that 5-hydroxymethylcy- 
tosine-DNA glycosylase is a distinct enzyme, although no data are presented. 

5-Hydroxymethyluracil is the natural constituent of certain bacteriophages where 
it replaces and codes for thymine.“’ This could explain why it is not detected in 
bacteria. Feeding cells in culture 5-hydroxymethyldeoxyuridine has been reported to 
be toxic and cause mutations.59 Apparently it is incorporated into the DNA. How- 
ever, medium supplementation with nucleoside is notorious for causing nucleotide 
pool imbalances which are mutagenic6’ 

uracil is not its true substrate, but that i t  recognizes some other form of modification 
of the 5-methyl group. That modification may interfere with DNA transcription, 
either through affecting RNA polymerase action, or by interfering with transcription 
factor binding to sequences in the promoters or enhancers. The need to remove 
5-hydroxymethylcytosine would be related primarily to the regulation of gene activ- 
ity. Candidate lesions would be amino-acid crosslinks or 5-hydroxyperoxymethyl 
derivatives.”.63 

One possible rationalisation of the data about this enzyme is that 5-hydroxymethyl- . 

2. Repair of Base Free Sites 

Reactive oxygen species induce base free, also known as apurinic/apyrimidinic (AP), 
sites, which are mutagenic (for review see 61-68).  They also result from the action of 
DNA glycosylases, although those acting on reactive oxygen induced damage prob- 
ably never generate free AP 
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164 L.H. BREIMER 

The AP endonucleases of E. coli fall essentially into two groups69: those which cut 
the phosphodiester bond on the 5’-side of the AP site, and those which cut on the 
3‘-side and which have associated DNA endonuclease activity. Both enzymes generate 
3’-hydroxyl ends, but 3’-hydroxyl base free sugars are poor primers for DNA poly- 
merase, and 5’-base free sugars must be removed (see below). 

The main AP endonuclease activity of E. coli is the multifunctional enzyme exonu- 
clease 111, which accounts for more than 90% of the cells AP endonuclease 
It is a 28 kDa protein, requires Mg2+ for activity, and is encoded by the xthA gene. 
Exonuclease 111 has four functions: 1) 5’ AP endonuclease; 2) 3’ to 5’ exonuclease; 
3) excision of 3’-phosphate, 3’-terminal deoxyribose 5’-phosphate, and 3’-phos- 
phoglycolate esters; 4) RNaseH action, which acts in DNA replication. 

. 

Endonuclease IV is an EDTA resistant 5’ AP endonuclease originally characterised 
by Ljungquist in exonuclease I11 deficient (xthA-) mutants7’. It is encoded by the nfo 
gene6* and also acts in 3‘end preparation (see below). 

The 3‘AP endonuclease activity appears only to be associated with DNA glycosy- 
lase activity (see above). It is a beta-elimination reaction rather than a true phospho- 
diesterase activity. The role, if any, of endonucleasesv and VII is reactive oxygen 
species repair is not clear. Lava1 and coworkers have estimated that of the EDTA 
resistant AP endonuclease activity in xthA- mutants, 60% is due to nth, 10% to nfo 
and 20% to,fpg.47 (UvrABC exinuclease can act on DNA containing base free sites 
but requires Mg2+ and ATP [ 191.) 

Mammalian AP endonucleases are generally similar to exonuclease 111. They are 
about 28-32 kDa in size and require Mg2+ for activity, but are monofunctional. 

3. Preparation of Modijied Ends for Repair Synthesis 

Hydroxyl radical action on (eg gamma-irradiation of) DNA in vitro produces two 
types of single strand  break^.^'-'^. Both contain 5‘-phosphate termini. The 3’ termini 
can be either phosphates or 3’-phosphoglycolates, neither of which act as primers of 
E. coli DNA polymerase. 

a) 3‘-ends Elegant work by Demple’s group has demonstrated that exonuclease 111 
and endonuclease IV (and their eukaryotic homologue) in vivo trim modified 3’-ends 
so that these can act as primers for DNA p o l y m e r a ~ e . ~ ~ - ~ ~  Briefly, Demple noticed that 
E. coli xthA - mutants, which are deficient in exonuclease 111, were highly sensitive to 
the lethal effects of H20,  and gamma- ray~ .~~  It was known from work in Haseltine’s 
laboratory that E. coli exonuclease 111 in vitro could hydrolyse DNA with gumma-ray- 
induced 3‘-end  modification^.'^ Demple went on to show that x t h K  mutants accu- 
mulated single-strand breaks in DNA that, when isolated from the bacteria, were 
poor primers for DNA polymerase in vitro but could be converted into good primers 
by incubation with pure exonuclease Model substrates containing 3’-teminal 
deoxyribose 5-[32P]phosphate and 3’-phosphoglycoaldehyde were used to show that 
exonuclease 111 could remove whole nucleotides, 3’-phosphates, deoxyribose-5-phos- 
phates, and the phosphoglycolate esters formed by gamma-rays in vitro. In xthA - 
mutants about half of the activity needed to prepare 3‘ends for repair synthesis 
resided in endonuclease IV, the remainder being the function of poorly characterised 
enzymes of ca 40-55 kDa (which may be identical to deoxyribosephosphatase - see 
below), and 25 kDA (possibly endonuclease V) and 28 kDa re~pectively.’”~’ 

Endonuclease IV can be induced 10-fold by paraquat acting through superoxide 
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DNA REPAIR AFTER OXIDATIVE DAMAGE 

TABLE 111 
Sensitivity of E.  coli mutants to DNA damaging agents 

I65 

~ ~- 

Genotype viable Sensitivity to intrachromosomal 

radiation 

recombination 
H,O, ionising bleomycin MMS 

xth-  Yes +++ + - + TI5 x 
nfo- Yes - + ++ + f 2 x  
xrh- nfo- Yes >xth + + = nfo + +  T50 x 
uvrA- xth- nfo- no 
recA- xth- nfo- no 
xth- dut- no 
xth- dut- nfo’ x I0 yes 
xth- dur- ung- Yes t 

Genes: xth = exonucleaseII1; nfo = endonucleaseIV; uvrA = DNA binding part of ABC exonu- 

N B  In v i w  endonuclease IV acts on lesions that are poor substrates for exonuclease 111. These may be 
clease; recA = recombination A protein; dut = dUTPase; ung = uracil-DNA glycosylase 

oxidized AP sites. 

radi~al . ’~ It is part of the soxR regulon, which is mediated by the superoxide ion, and 
which also includes Mn-SOD and glucose-6-phosphate dehydrogenase.” 

Yeast contains an enzyme encoded by the Apnl gene that is similar to en- 
donuclease IV though not ind~cib le .~’ -*~ Whereas there are about 50 molecules of 
endonucleaseIV in an uninduced cell, rising to more than 500 on induction, yeast 
contains about 7.000 molecules of APNl enzyme per cell. It has M, = 41 kDa. This 
enzyme appears to perform both the functions that reside in exonuclease 111 and 
endonuclease IV in E.  coli. When the Apnl gene is expressed in E. coliit restores xthA- 
nfo- double mutants to wild type p h e n ~ t y p e . ~ ~  This demonstrates that the enzyme can 
act over a great phylogenetic distance. The availability of the gene of this lower 
eukaryote enzyme should facilitate the cloning of the human gene. 

b )  Y-ends The majority of AP endonuclease action results in 5’-phosphate attached 
to the base free sugar. These must be excised. In E. coli this is carried out by, 
2-deoxyribose-5-phosphatase, d R P a ~ e . * ~  It is a 55 kDa protein which requires Mg” 
and acts optimally at pH 6.5. It may be identical to the larger of the enzymes described 
by Bernelot-Moens and Demple.86 

c )  Is the carcinogenic process of alcoholic liver disease an efect of overwhelming of the 
3‘end repair system? The carcinogenic process of alcoholic liver disease has been 
proposed to be mediated by free radicals, probably involving acetaldehyde and, 
possibly, Lin et al.89 have shown that ethanol and acetaldehyde 
potentiate the clastogenic effects of UV light, methyl methanesulphonate, mitomy- 
cin C and bleomycin in CHO cells in culture. This is reminiscent of the behaviour of 
various combinations of E.  coli s th-  and nfo- mutants (cfTableII1). Thus it is 
possible that these events occur through an overload of the 3’end preparation 
pathway, either by generating more damaged 3’ ends (eg through increased base 
damage, AP sites, or direct action) or by interfering with their repair. In either case 
the half-life of single-strand breaks would be longer, leading to an increased risk of 
a nearby lesion which could increase the frequency of double-strand breaks. The 
persistence of double-strand breaks owing to failure of repair correlate with increased 
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166 L.H. BREIMER 

frequency of chromosome aberrations.yl~’’ However, the mechanism of mutagenesis 
of known free radical agents such as gamma-rays appears to be locus and system 
specific and point mutations account for a considerable proportion (reviewed in 3 3 1 2 ) .  

4. Recombination Repair 
The process generally referred to as recombination repair is not one of true repair but 
rather a means of tolerating a DNA lesion until it can be repaired.69 It is also known 
as “daughter strand gap repair” and “post-replication repair”. It involves the action 
of recA protein. Recombination processes are necessary for repair of double-strand 
breaks, as well as crosslinks (which also require UvrABC action) (see above). 

5. Bloom’s Syndrome 
Bloom’s syndrome is one of a number of rare inherited human disorders associated 
with an increased risk of cancer. Such syndromes can be regarded as naturally 
occurring (viable) human mutants. Just over 100 cases of Bloom’s syndrome are 
known world-wide and about 30% of them have developed cancer.93 Its inheritance 
is autosomal recessive, and the patients belong to one complementation which 
argues that a defect in a single locus is the cause. 

Cells obtained from sufferers of Bloom’s syndrome are characterised by an elevated 
frequency of chromosomal aberrations and spontaneous sister chromatid exchan- 
g e ~ . ~ ~ - ~ ~  When cells are cultured in D 2 0  which prolongs the half-life of some reactive 
oxygen species, particularly singlet oxygen, those from Bloom’s syndrome show a 
small elevation but those from Fanconi’s anaemia patients show a marked elevation 
of chromosome breakage.9’,99 When Bloom’s cells are tested in culture they show 
1 0-fold elevated spontaneous mutation frequencies.” A free radical mechanism has 
been proposed to explain the pathology of Bloom’s syndrome.1°1*102 

Gianelli and co-workers observed that replicative intermediates of DNA took 
longer in Bloom’s cells than in normal cells to mature into high molecular weight 
formsIo3 and proposed that in Bloom’s syndrome there was a defect in DNA replica- 
tion. Indeed, Bloom’s cells show decreased rate of DNA replication fork displace- 
ment.Iw Experiments with DNA damaging agents suggested that Bloom’s cells suffer 
from abnormality of the post-incision step of DNA-excision repair.”’ 

An explanation alternative to that of free radical damage has been provided by 
Willis and Lindahl who described a deficiency in the activity of DNA ligase I.’“,107 
This has been independently confirmed.”’ 

DNA ligase I has now been purified to homogeneity from calf thymus, and partially 
from human ceIls.lo9~ll0 It is synthesized and exists as a 125 kDa protein which can be 
partially degraded by proteolysis to a 85 kDa form, which is still active. A specific 
polyvalent antiserum has been raised, which cross reacts with mammalian, yeast and 
vaccinia virus DNA ligase. This will enable cloning of the human gene for DNA 
ligase I, which in turn will allow definitive assessment of the Bloom’s defect. Until 
such studies are completed, however, it remains a possibility that the Bloom’s defect 
resides in another factor closely involved in the ligation process, tightly associated 
with DNA IigaseI, or in the synthesis of such a factor. In this context it is worth 
noting that Poot’s laboratory has reported that non-transformed fibroblasts from 
Bloom’s patients exhibit cell cycle kinetic disturbances different from those of per- 
manent Epstein-Barr virus transformed B-cell lines from Bloom’s sufferers.lo2 
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CONCLUSION 

The repair of reactive oxygen species induced DNA damage involves a wide variety 
of enzymes, some of which have overlapping functions. Many of the enzymes are 
multifunctional and have broad substrate ranges. Others can be induced. This reflects 
the ubiquity of and danger from this form of damage. The existence of repair enzymes 
for specific base damage indicates the importance of such lesions. However, the lethal 
effects of reactive oxygen species would, at  least in bacteria and yeast, appear to be 
mediated mainly by single-strand breakage. Carcinogenesis involves a series of 
events,'"*''' which may include cell death and regeneration, and a combination of 
DNA modification and growth stimulation is probably necessary to achieve transfor- 
mation of a cell into malignant growth. 

Acknowledgements 

This paper is based on a lecture delivered at the 34th Harden Conference, September 1990. I thank Drs 
S. Boiteux and B. Demple, and Prof J. Lava1 for communicating information prior to publication, and Prof 
A. Winder and Dr J. Jeremy for advice and encouragement. 

References 

I .  
2. 
3. 

4. 

5. 

6. 
7. 

8. 

9. 
10. 
1 1 .  

12. 
13. 

14. 

15. 

16. 

17. 

18. 

19. 
20. 

T. Lindahl. (1982) DNA repair enzymes. Annual Review sf Biochemistry, 51, 61-87. 
H. Joenje, (1989) Genetic toxicology of oxygen. Mutation Research, 219, 193-208. 
L.H. Breimer, (1990) Molecular mechanisms of oxygen radical carcinogenesis and mutagenesis: the 
role of DNA base damage. Molecular Carcinogenesis, 3, 188-197. 
B. Halliwell and J.M. Gutteridge. (1989)Free Radicals in Biology and Medicine, 2nd ed, Clarendon 
Press, Oxford. 
F. Hutchinson, (1985) Chemical changes induced in DNA by ionizing radiation. Progress in Nucleic 
Acid Research and Molecular Biology, 32, 115-154. 
C. von Sonntag, (1987) The Chemical Basis of Radiation Biology. Taylor & Francis, London. 
I. Fridovich, ( 1983) Superoxide radical: An endogenous toxicant. Annual Review qfk'harmacology and 
Toxicology. 23, 239-257. 
B.N. Ames, (1983) Dietary carcinogens and anticarcinogens. Oxygen radicals and degenerative 
diseases. Science, 221, 1256-1264. 
P.A. Cerutti, (1985) Prooxidant states and tumour promotion. Science, 227, 375-381. 
J.A. Imlay and S. Linn, (1988) DNA damage and oxygen radical toxicity. Science, 240, 1302-1309. 
R.A. Floyd, (1990) Role of oxygen free radicals in carcinogenesis and brain ischemia. FASEB Journal. 

L.H. Breimer, (1988) Ionising radiation-induced mutation. British Journal of Cancer. 57,6-18. 
R. Teoule, (1987) Radiation-induced DNA damage and its repair. Internarional Journal of Radiation 
Biology. 51, 573-589. 
G.W. Teebor, R.J. Boorstein and K. Cadet, (1988) The repairability ofoxidative free radical mediated 
damage to DNA: a review. Inrernational Journal of Radiation Biology, 54, 131-150. 
L. Breimer and T. Lindahl, (1980) A DNA glycosylase from Escherichiu coli that releases free urea 
from a polydeoxyribonucleotide containing fragments of base residues. Nucleic Acids Research, 8, 

L.H. Breimer and T. Lindahl, (1984) DNA glycosylase activities for thymine residues damaged by ring 
saturation, fagmentation, or ring contraction are functions of endonuclease I11 in Escherichia coli. 
Journal of Biological Chemisrry. 259, 5543-5548. 
L.H. Breimer and T. Lindahl, (1985) Thymine lesions produced by ionizing radiation in double- 
stranded DNA. Biochemistry, 24,4108-4022. 
T. Lindahl, (1 979) DNA glycosylases. endonucleases for apuriniclapyrimidinic sites, and base ex- 
cision repair, Progress in Nucleic Acids Research and Molecular Biology, 22, 135-192. 
A. Sancar and G.B. Sancar, (1988) DNA repair enzymes. Annual Review ofBiochemistry, 57,29-67. 
V. Baily and W.G. Verly, (1987) Escherichia coliendonucleaseI11 is not an endonuclease but a 
beta-elimination catalyst. Biochemical Journal. 242, 565-572. 

4, 2587-2597. 

6199-6211. 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/0
9/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



168 L.H. BREIMER 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 
37. 

38. 

39. 

40. 

41. 

42. 

43. 

44. 

45. 

46. 

47. 

D.E. Helland, P.W. Doetsch and W.A. Haseltine, (1986) Substrate specificity of a mammalian DNA 
repair endonuclease that recognises oxidative DNA damage. Molecular and Cellular Biology, 6, 

R.B. Weiss and N.J. Duker, (1988) Photoalkylated DNA and ultraviolet-irradiated DNA are incised 
at cytosines by endonuclease 111. Nucleic Acids Research, 14, 6621-6631. 
P.W. Doetsch, W.D. Henner, R.P. Cunningham, J.H. Toney and D.E. Helland (1987).A highly 
conserved endonuclease activity present in Escherichia coli, bovine and human cells recognizes 
oxidative DNA damage at sites of pyrimidines. Molecular and Cellular Biology, 7, 26-32. 
P.W. Doetsch. D.E. Helland and W.A. Haseltine. (1988) Mechanism of action o fa  mammalian DNA 
repair endonuclease. Biochemistry, 25, 22 12-2220. 
R.B. Weiss, P.E. Gallagher, T.P. Brent and N.J. Perker, (1988) Cytosine photoproduction-DNA 
glycosylase in Escherichia coli and cultured human cells. Biochemistry. 28, 1488- 1492. 
R.J. Boorstein, T.P. Hilbert, J. Cadet, R.P. Cunningham and G.W. Teebor, (1989) UV induced 
pyrimidine hydrates in DNA are repaired by bacterial and mammalian DNA glycosylase activities. 
Biochemistry, 28, 6164-61 70. 
M. Radman (1976) An endonuclease from E. coli that introduces single polynucleotide chain scission 
in UV-irradiated DNA. Journal of Biological Chemistry, 251, 1438-1445. 
R.P. Cunningham and B. Weiss, (1985) EndonucleaseIII (nth) mutants of E coli. Proceedings ofthe 
National Academy of Sciences USA, 82,474-478. 
H. Asahara, P.M. Wistort, J.F. Bank, R.H. Bakerian amd R.P. Cunningham, (1989) Purification and 
characterisation of Escherichia coli endonuclease I11 from the cloned nth gene. Biochemistry, 28, 
4444-4449. 
R.P. Cunningham, H. Asahara, J.F. Bank, C.P. Scholes, J.C. Salerno, K. Surerus, E. Munck, J. 
McCracken, J. Peisach and M.H. Emptdge. (1989) Endonuclease 111 is an iron-sulfur protein. Bioche- 
mistr.v. 28, 4450-4455. 
M.L. Michaels, L. Pham, Y. Nghiem, C. Cruz and J.H. Miller, (1990) MutY, an adenine glycosylase 
activity on G-A mispairs, has homology to endonuclease 111. Nucleic Acids Research, 18, 3841-3845. 
S .  Bacchetti, A. van der Plas and G. Veldhuisen, (1972) A UV-specific endonucleolytic activity present 
in human cell extracts. Biochemical and Biophysical Research Communications, 48, 662-669. 
S .  Bacchetti and R. Benne, (1975) Purification and characterisation of an endonuclease from calf 
thymus acting on irradiated DNA. Biochemical Biophysical Acta, 390, 285-297. 
T.P. Brent, (1973) A human endonuclease for gamma-irradiated DNA. Biophysical Journal. 13, 

L.H. Breimer and T. Lindahl, (1985) Enzymatic excision of DNA bases damaged by exposure to 
ionizing radiation or oxidizing agents. Mutation Research, 150, 85-89. 
L.H. Breimer, (1983) Urea-DNA glycosylase in mammalian cells. Biochemistry, 22, 4192-4197. 
T.P. Brent, (1983) Properties of human lymphoblast AP-endonuclease associated with activity for 
DNA damaged by UV-light, y-rays or OsO,. Biochemistry, 22, 4507-4512. 
M.C.Hollstein, P. Brooks, S. Linn and B.N. Ames, (1984) Hydroxymethyluracil DNA glycosylase in 
mammalian cells. Proceedings of the National Academy of Sciences USA, 81, 4003-4007. 
S.A. Higgins, K. Frenkel, A. Cummings and G.W. Geebor, (1987) Definitive characterisation of 
human thymine glycol N-glycosylase activity. Biochemistry, 26, 1683-1688. 
J. Gossett, K. Lee, R.P. Cunningham and P.W. Doetsch, (1988) Yeast redoxyendonuclease, a DNA 
repair enzyme similar to Escherichia coli endonuclease 111. Biochemistry, 27, 2629-2634. 
Lin, J.-J. and A. Sancar. (1989) A new mechanism for repairing oxidative damage to DNA: (A)BC 
exinuclease removes AP sites and thymine glycol from DNA. Biochemistry, 28, 7979-7984. 
Y.W. Kow, S.S. Wallace and B. van Houten, (1990) UvrABC nuclease complex repairs thymine 
glycol, an oxidative DNA base damage. Multitation Research, 235, 147-1 56. 
C.J. Chetsanga and T. Lindahl, (1979) Release of 7-methylguanine residues whose imidazole rings 
have been opened from damaged DNA by a DNA glycosylase from Eschrichia coli. Nucleic Acids 
Research, 6, 3673-3684. 
L.H. Breimer, (1984) Enzymatic excision from y-irradiated polydeoxyribonucleotides of adenine 
residues whose imidazole rings have been ruptured. Nucleic Acids Research, 12, 6359-6367. 
S .  Boiteaux, T.R. O’Connor and J. Laval, (1987) Formamidopyrimidine-DNA glycosylase of E. coli: 
Cloning and sequencing of thefpg structural gene and overproduction of the protein. EMBO Journal, 

G.P. Margison and A.E. Pegg, (1981) Enzymatic release of 7-methylguanine from methylated DNA 
by rodent liver extracts. Proceedings of the National Academy of Sciences USA, 78, 861-865. 
S .  Boiteux, T.R. OConnor. F. Lederer. A. Gouyette and J. Laval. (1990) Homogenous Escherichia 
coli FPG protein. Journal of Biological Chemistry, 265, 3916-3922. 

1983- 1990. 

388-401, 

6, 3177-3183. 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/0
9/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



DNA REPAIR AFTER OXIDATIVE DAMAGE 169 

48. T.R. O’Connor and J. Laval, (1988) Physical association of the 2,6-diamino-4-hydroxy-5N- 
formamidopyrimidine-DNA glycosylase of Escherichia coli and an activity nicking DNA at apurinic/ 
apyrimidinic sites. Proceedings of the National Academy of Sciences USA, 86, 5222-5226. 

49. V. Bailly, W.G. Verly, T. OConnor and J. Laval (1989) Mechanisms of DNA strand nicking at 
apuriniclapyrimidinic sites by Escherichia coli [formamidopyrimidine]DNA glycosylase. Biochemical 
Journal, 262, 581-589. 

50. S. Boiteux and D. Huisman, (1989) Isolation of formamidopyrimidine-DNA glycosylate Upg) mutant 
of Escherichia coli K12. Molecular and General Genetics, 215, 300-305. 

51. Y. Kuchino, F. Mori, H. Kasai. H. Inoue, S. Iwai, K. Miura;E. Ohtsuka and S. Nishimura, (1987) 
Misreading of DNA templates containing 8-hydroxydeoxyguanosine at the modified base and at 
adjacent residues. Nature. 231, 77-79. 

52. J.E. Schneider, S. Price, L. Maidt. J.M.C. Gutteridge and R.A. Floyd, (1990) Methylene blue plus 
light mediates 8-hydroxy-2’-deoxyguanosine formation in DNA preferentially over strand breakage. 
Nucleic Acids Research. 18, 631-635. 

53. E. Muller, S. Boiteux, R.P. Cunningham and B. Epe, (1990) Enzymatic recognition of DNA modifica- 
tions induced by singlet oxygen and photosensitizers. Nucleic Acids Research, 18, 5969-5973. 

54. D. Decuyper-Deergh. J. Piette and A. can de Vorst, (1987) Singlet oxygen-induced mutations in MI3 
lacZ phase DNA. EMBO Journal, 6, 3155-3161. 

55. B. Epe. J. Hegler and D. Wild, (1989) Singlet oxygen as an ultimately reactive species in Salmonella 
typhimurium DNA damage induced by methylene blue/visible light. Carcinogenesis, 10, 2019-2024. 

56. J.W. Walker, A.V. Somlyo, Y.E. Goldman, A.P. Somlyo and D.R. Trentham, (1987) Kinetics of 
smooth and skeletal muscle activation by laser pulse photolysis of cage inositol 1,4,5-trisphosphate. 
Nature, 231, 249-252. 

57. R.J. Boorstein, D.D. Levy and G.W. Teebor. (1987) Hydroxymethyluracil-DNA glycosylase activity 
may be a differentiated mammalian function. Mutation Research, 183, 257-263. 

58. S. Cannon, A. Cummings and G.W. Teebor, (1988) 5-Hydroxymethylcyosine-DNA glycosylase 
activity in mammalian tissues. Biochemical and Biophysical Research Communications, 151, 1173- 
1179. 

59. S.V. Cannon-Carlson, H. Gokhale and G.W. Teebor, (1989) Purification and chardctrisation of 
5-hydroxymethyluracil-DNA glycosylase from calf thymus. Its possible role in the maintenance of 
methylated cytosine residues. Journal of Biological Chemistry, 264, 13306-13312. 

60. E.C. Friedberg, A.K. Ganesan and K. Minton, (1978) N-glycosidase activity in extracts of Bacillus 
subtilis and its inhibition after infection with bacteriophase PBS2. Journal of Virolory, 16, 315-321. 

61, G. Phear, J. Nalbantoglu and M. Meuth, (1987) Next nucleotide effects in mutations driven by DNA 
precursor pool imbalances at the aprt locus in CHO cells. Proceedings at the National Academy of 
Sciences USA, 84, 4450-4544. 

62. M. Dizdaroglu, F. Gajewski, P. Reddy and S.A. Margolis, (1980) Structure of a hydroxyl radical- 
induced DNA-protein cross-link involving thymine and tyrosine in nucleohistone. Biochemistry, 28, 

63. E. Gajewski and M. Dizdaroglu, (1990) Hydroxyl radical induced cross-linking of cytosine and 
tyrosine in nucleohistone. Biochemistry, 29, 977-980. 

64. S. Ljungquist, A. Anderson and T. Lindhahl, (1974) A mammalian endonuclease specific for apurinic 
sites in double-stranded deoxyribonucleic acid. 11. Further studies on the substrate specificity. Journal 
of Biological Chemistry, 249, 1536-1 540. 

65. L.A. Loeb and B.D. Preston, (1986) Mutagenesis by apuriniclapyrimidinic sites. Annual Review of 
Genetics, 20, 201-230, 

66. M. Granger-Schnarr, (1986) Base pair substitutions and frame shift mutageneis induced by apurinic 
sites and two fluorene derivatives. Molecular and General Genetics, 202, 90-95. 

67. P.L. Foster and E.F. Davies, (1987) Loss of an apurinic/apyrimidinic site endonuclease increases the 
mutagenicity of N-methyl-N’-nitro-N-nitrosoguanidine to E coli. Proceedings of the National Ac- 
ademy of Sciences USA, 84, 2891-2895. 

68. R.P. Cunningham, S.M. Saporito. S.G. Spitzer and 9. Weiss, (1988) EndonucleaseIV (info) mutants 
of E coli. Journal of Bacteriologv, 168, 1120-1 127. 

69. E.C. Friedberg. (1985) DNA repair. W.H. Freeman & Co.. New York. 
70. S. Ljungquist, (1977) A new endonuclease from Escherichia coli acting at apurinic sites in DNA. 

71. A. Bopp and U. Hagen, (1970) End group determination in gamma-irradiated DNA. Biochemica et 

72. M. Ulrich and U. Hagen, (1971) Base liberation and concomittant reactions in irradiated DNA 

3625-3628. 

Journal of Biological Chemistry. 252, 2808-2814. 

Biophvsica Acta, 209, 320-326. 

solutions. International Journal of Radiation Biology, 19, 509-5 12. 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/0
9/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



170 L.H. BREIMER 

73. W.D. Henner, L.O. Rodriquez, S.M. Hecht and W.A. Haseltine. (1983) Gamma ray induced deoxyri- 
bonucleic acid strand breaks. Journal of Biological Chemistry, 258, 71 1-713. 

74. W.D. Henner, S.M. Grunberg and W.A. Haseltine, (1983) Enzyme action at 3’-termini of ionizing 
radiation-induced DNA strand breaks. Journal of Biological Chemistry, 258, 15198-1 5205. 

75. B. Demple. J. Halbrook and S. Linn, (1983) Escherichia coli mutants are hypersensitive to hydrogen 
peroxide. Journal of Bacteridogy, 153, 1079-1082. 

76. B. Demple, A. Johnson and D. Fung, (1986) Exonuclease 111 and endonuclease IV remove 3’ blocks 
from DNA synthesis primers in H20,-damaged Escherichio coli. Proceedings of the National Academy 
of Sciences USA, 83, 7731-7735. 

77. J.D. Levin, A.W. Johnson and B. Demple, (1988) Homogenous Escherichia coli endonuclease IV. 
Journal of Biologicat Chemistry, 263, 8066-8071. 

78.. C. Bernelot-Moens and B. Demple, (1989) Multiple DNA repair activities of 3’-deoxyribose frag- 
ments in Escherichia coli. Nucleic Acids Research, 17, 587-600. 

79. E. Chan and B. Weiss, (1987) Endonuclease IV of Escherichia coli is induced by paraquat. Proceedings 
of the National Academ), of Sciences USA, 84, 3 189-3 193. 

80. J.T. Greenberg. P. Monach. J.H. Choui, P.D. Josephy and B. Demple, (1990) Positive control of a 
global antioxidant defense regulon activated by superoxide-generating agents in Escherichia coli. 
Proceedings of the National Academy of Sciences USA, 87, 6181-6185. 

81. A.W. Johnson and B. Demple, (1988) Yeast DNA diesterase for ’-fragments of deoxyribose: pruifica- 
tion and physical properties of a repair enzyme for oxidative DNA damage. Journal of Biolgocial 
Chemistry, 263, 18009- I80 16. 

82. A.W. Johnson and B. Demple, (1988) Yeast DNA 3’-repair diesterase is the major cellular apurinicl 
apyrimidinic endonuclease: substrate specificity and kinetics. Journal of Biolgoical Chemistry, 263, 

83. S.C. Popoff, A.I. Spira, A.W. Johnson and B. Demple, (1990) Yeast structural gene ( A P N I )  for the 
major apurinic endonuclease: Homology to Escherichia coli endonuclease IV. Proceedings of the 
National Academy of Sciences USA, 87,4193-4197. 

84. R. Dinidial, S.C. Popoff and B. Demple, Complementation of DNA repair-deficient Escherichia coli 
by the yeast Apn I apurinic/apyrimidinic endonuclease gene. Molecular Microbiology, submitted. 

85. W.A. Franklin and T. Lindahl, (1988) DNA doexyribophosphodiesterase. EMBO Journal, 7, 3617- 
3622. 

86. W.A. Franklin and M.E. Sandigursky, (1990) Characterisation of DNA sugar products released at 
both 5’ and 3‘ incised AP sites by deoxyribophosphodiesterase of E. coli. Journal of Cellular Bioche- 
mistrv, 14A, 41. 

87. M. Younes and 0. Strubelt, (1987) Alcohol-induced hepatotoxicity: a role for oxygen free radicals. 
Free Radical Research Communications. 3: 19-26, 

88. T.J. Peters and R.J. Ward, (1988) Role of acetaldehyde in pathogenesis of alcoholic liver disease. 
Molecular Aspects of Medicine, 10, 179-190. 

89. Y.-C. Lin, I.-C. Ho and T.-C. Lee, (1989) Ethanol and acetaldehyde potentiate the clastogenicity of 
ultraviolet light, methyl methanesulfonate, mitomycin C and bleomycin in Chinese hamster ovary 
cells. Mutation Research. 226, 93-99. 

90. H.L. Liber, K. Benforado, R.M. Crosby, D. Simpson and T.R. Skopek. (1989) Formaldehyde- 
induced and spontaneous alterations in human hprt DNA sequence and mRNA expression. Mutation 
Research, 226, 31-37. 

91. L.M. Kemp, S. Sedgwick and P. Jeggo, (1986) X-ray sensitive mutants of Chinese hamster ovary cells 
defective in double strand break rejoining. Mutation Research, 132, 189-196. 

92. L.M. Kemp and P. Jeggo, (1986) Radiation induced chromosome damage in X-ray sensitive mutants 
( s r s )  of the Chinese hamster ovary cell line. Mutation Research, 166, 255-263. 

93. J. German, D. Bloom and E. Passarge, (1984) Bloom’s syndromeXI. Progress report for 1983. 
Clinical Genetics, 25, 177-1 74. 

94. R. Weksberg, C. Smith, I. Anson-Cartwright and K. Maloney, (1988) Bloom syndrome: a single 
complementation group defines patients of diverse ethnic origin. American Journal of Human Genet- 

95. J. German, R. Archibald and D. Bloom, (1965) Chrosmosomal breaking in a rare and probably 

96. E.M. Kuhn, E. Therman and C. Denniston, (1985) Mitotic chiasmata, gene density, and oncogenes. 

97. J. German, S. Schonberg, E. Louis and R.S.K. Chaganti, (1977) Bloom syndrome. IV. Sister-chroma- 

I801 7-18022. 

i c ~ ,  42, 8 16-824. 

genetically determined disorder of man. Science, 148, 506-507. 

Human Genetics. 70, 1-5. 

tid exchanges in lymphocytes. American Journal of Human Genetics, 29, 248-255. 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/0
9/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



DNA REPAIR AFTER OXIDATIVE DAMAGE 171 

98. H. Joenje. F. Arwert, A.W. Eriksson, H. deKoning and A.B. Oostra, (1981) Oxygen-dependence of 
chromosomal aberrations in Fanconi’s anaemia. Nature. 290, 142-143. 

99. H. Joenje, A.B. Oostra and A.H. Wanamarta, (1983) Cytogenetic toxicity of D 2 0  in human lym- 
phocyte cultures. Increased sensitivity in Fanconi’s anaemia. E.uperentia, 39, 782-784. 

100. S.T. Warren, R.A. Schultz, C. Chang, M.H. Wade and J.E. Trosko, (1981) Elevated spontaneous 
mutation rate in Bloom syndrome fibroblasts. Proceedings of the National Academy of Sciences USA, 

101. I. Emerit and P.A. Cerutti, (1981) Clastongenic activity from Bloom syndrome fibroblast cultures. 
Proceedings of the National Academy of Sciences USA, 78, 1868-1872. 

102. M. Poot, H.W. Rudiger and H. Hoehns, (1980) Detection of free radical-induced DNA damage with 
bromodeoxyuridine/Hoechst flow cytometry: implications for Bloom’s syndrome. Mutation Research, 

103. F. Gianelli, P.F. Benson. S.R. Rawsey and P. Polani, (1977) UV-light sensitivity and delayed 
DNA-chain maturation in Bloom’s syndrome fibroblasts. Nature, 265, 466469. 

104. R. Hand and J. German, (1975) A retarded rate of DNA chain growth in Bloom’s syndrome. 
Proceedings of the National Academy of Sciences USA,  72, 758-762. 

105. F. Gianelli, S.A. Pawsey and P.K. Botcherby, (1981) Tendency to high UVR-induced unscheduled 
DNA synthesis in Bloom’s syndrome. Mutation Research, 81, 229-241. 

106. A.E. Willis and T. Lindahl, (1987) DNA IigaseI deficiency in Bloom’s syndrome. Nature, 325, 
355-357. 

107. A.E. Willis. R. Weksberg, S. Tomlinson and T. Lindahl, (1987) Proceedings of the National Academy 
of Sciences USA.  84, 8016-8020. 

108. J.Y.H. Chan, F.F. Becker, J. German and J.H. Ray, (1987) Altered DNA IigaseI activity in Bloom’s 
syndrome cells. Nature. 325, 357-359. 

109. A.E. Tomkinson, D.D. Lasko, G. Daly and T. Lindahl, (1990) Mammalian DNA ligases: catalytic 
domain and size of DNA IigaseI. Journal of Biological Chemistry, 265, 1261 1-11617. 

110. D.D. Lasko, A.E. Tomkinson and T. Lindahl, (1990) Mammalian DNA ligases: biosynthesis and 
interacellular localisation. Journal of Biological Chemistry. 265, 12618-12622. 

11 1. J.M. Bishop, (1987) The molecular genetics of cancer. Science, 235, 305-31 1. 
112. E.J. Stanbridge. (1990) Identifying tumour suppressor genes in human colorectal cancer. Science, 247, 

78, 3133-3137. 

238, 203-207. 

12-13. 

Accepted by Prof. B. Halliwell 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/0
9/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.




