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INTRODUCTION

All cells are exposed to a constant barrage of endogenous and exogenous agents 

that cause alterations in the structure o f DMA. For many years, it was believed that the 

maintenance of genetic continuity was based solely on the inherent stability of the DNA 

molecule. However, a number of physical and chemical agents, such as ionizing radiation, 

ultraviolet light, thermal radiation, or reactive chemicals, induce a wide variety of damage 

in DNA. Damage is defined as any modification of DNA that alters its coding properties 

or its normal function in replication or transcription.

Oxygen Free Radicals

Oxidation, one type of damage, results in numerous DNA lesions of potential 

biological significance (Imlay and Linn, 1988; Wallace, 1988; Halliwell and Aruoma, 

1991; Sies and Menck, 1992; Dizdaroglu, 1992). Although oxygen is essential for aerobic 

life forms, the metabolism of oxygen can be toxic to the organism. While mammals obtain 

the majority of their cellular ATP by the controlled, four electron reduction of oxygen to 

form water by the mitochondrial electron transport system, oxygen can accept less than 

four electrons to form reactive oxygen metabolites capable of reacting with cellular 

macromolecules (Floyd, 1990; Halliwell and Aruoma, 1991; Harris, 1992). Oxygen-free 

radicals are produced in cells by environmental agents, such as ionizing radiation, 

ultraviolet light, toxic chemicals and drugs (Floyd, 1990; Ames and Gold, 1991; Halliwell 

and Aruoma, 1991; Sies, 1991 Harris, 1992). In addition, reactive oxygen species are 

generated in normal cells as a result of the catalytic activity of a variety o f enzymes,

I
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leakage from electron transfer, or the product of chemical redox or transition metal 

reactions (Sies, 1991). Free radicals are not solely the by-products of aerobic metabolism 

or the agents o f environmental toxins. Oxygen free radicals, produced by such immune 

cells, as activated macrophages, serve as cytotoxic agents in the host immune surveillance 

system.

Each oxygen free radical has its own distinct chemistry and cellular distribution. 

The most common forms of reactive oxygen intermediates produced are the superoxide 

radical anion (O2 ') and the highly reactive hydroxyl radical (OH ) (Imlay and Linn, 1988; 

Halliwell and Aruoma, 1991; Sies and Menck, 1992; Dizdaroglu, 1992). However, 

reactive oxygen species is often used as a collective term that includes not only the 

oxygen-centered radicals, but also some potentially dangerous nonradical derivatives of 

oxygen, such as hydrogen peroxide (H2O2), singlet oxygen (l02), hypochlorous acid 

(HOC1), and ozone (O3').

The superoxide anion is the primary product generated by the univalent reduction 

o f molecular oxygen (Imlay and Linn, 1988; Halliwell and Aruoma, 1991; Sies and 

Menck, 1992; Dizdaroglu, 1992). In aqueous environments, the superoxide anion is in 

equilibrium with its protonated form (Table 1). Although superoxide anion is relatively 

unreactive, several of its derivative compounds, including its protonated form, are capable 

o f oxidizing organic molecules. When the superoxide anion and its protonated form 

approach equal molar concentrations, spontaneous dismutation occurs, and hydrogen 

peroxide is generated as a direct product (Table 1). Hydrogen peroxide is also produced 

as a direct result of a double reduction of molecular oxygen without the intermediate 

formation of superoxide anions.

1
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Table 1. Mechanisms for the formation of oxygen-derived radicals and their metabolites.

Electron reduction of oxygen 

O2  + e*—+  O2*

Spontaneous dismutation of O;*

2O2' + 2H+ —► H2O2 + 0 2 (or ‘Q.)

Haber-Weiss reaction

O2  + H2O2  -► O2 (or *0 2 ) + HO + HO

Fenton reaction

0 2* + MB+l _► M“ + 0 2
M“ + H2O2  M°*1 + HO* + HO’

0 2* + H2O2 _► 0 2 + HO* + HO*

Iron-hvdroeen peroxide-chloride system

H2 O2  + Fe2+ Fe3* + HO* + HO"
h o - + ci* O ' + HO*

CT + H2O2 —► h o c i + h o -

Mveloperoxidase-hvdrogen peroxide-chloride system

H2O2  + Cl* ^  OCl* + H20  
OC1* + H2O2  - >  H20  + Cl* + ‘0 2 
OCl* + RNH2 —► RNHC1 + HO*
OCl* + RNHC1 —► RNCI2 + HO*

3
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Singlet oxygen is formed as a product of several reactions (Sies and Menck, 1992). 

For example, singlet oxygen is generated by direct absorption of radiation, by the direct 

photolysis of ozone in polluted air, or by irradiation of superoxide anions. Intracellular 

and phagocytic generation of singlet oxygen occurs during dismutation of superoxide, as a 

product of Haber-Weiss reactions, or as the result of the interaction of hypochlorite with 

hydrogen peroxide (Table 1). Singlet oxygen is highly electrophilic and will readily react 

with electron-rich compounds.

Additional oxygen metabolites are generated by the reactions of various 

peroxidases with hydrogen peroxide in the presence of halides (Imlay and Linn, 1988; 

Halliwell and Aruoma, 1991; Dizdaroglu, 1992). For example, myeloperoxidase, 

eosinophil peroxidase, and lactoperoxidase each catalyze the reaction of hydrogen 

peroxide and halides to form hypohalous acids (Table 1). The iodide derivatives are the 

most reactive on a molar basis; however, in most biological systems, hypochlorous acid is 

the predominant species formed. Although relatively stable, as stated above, 

hypochlorous acid is reduced, by hydrogen peroxide to singlet oxygen, which will readily 

react with biological substrates, particularly those rich in unsaturated bonds.

The hydroxyl radical is a potent reactive oxygen species that can attack all 

biological molecules, usually setting off free radical chain reactions (Imlay and Linn, 1988; 

Halliwell and Aruoma, 1991; Dizdaroglu, 1992). This radical is the product of the classic 

Haeber-Weiss reaction when hydrogen peroxide is directly reduced by superoxide anions 

(Table 1). Alternatively, a hydroxyl radical is generated by metal-catalyzed transport of an 

electron from superoxide anion to hydrogen peroxide. In this reaction, called the Fenton 

reaction, superoxide reduces trace metals and generates oxygen (Table 1). The reduced

4
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form of the metal then reacts with hydrogen peroxide to regenerate the initial oxidized 

form of the metal, the hydroxide ion, and the hydroxyl radical. In addition, the hydroxyl 

radical is produced by the radiation-dependent splitting of water. It should be noted that 

most organisms are exposed to some level of ionizing radiation.

Reactive oxygen species also include peroxyl radicals (RO2  ), polyunsaturated lipid 

oxide-free radicals (RO), lipid hydroperoxides (RO2 H), and other peroxides (ROOR) 

(Imlay and Linn, 1988; Halliwell and Aruoma, 1991; Dizdaroglu, 1992). Polyunsaturated 

fatty acids are very susceptible to oxidative damage by free radicals (Ursini et al., 1991). 

Hydroperoxides are considered the major product of membrane lipid peroxidation which 

involves peroxyl radical-dependent chain reactions among the polyunsaturated fatty acyl 

moieties, leading to membrane damage (Ursini et aL, 1991). Not only will these peroxides 

alter the structural integrity and biochemical function of membranes, but such lipid peroxyl 

compounds also function as intermediates in the transfer of electrons to other target 

molecules.

Cellular Antioxidant Defense Mechanisms

A delicate balance exists between the cellular systems that generate various 

oxidants and those that maintain antioxidant defense mechanisms. The longest known 

biological antioxidant is a-tocopherol or vitamin E (Burton and Traber, 1990; Mascio et 

al., 1991;Rose and Bode, 1993). Vitamin E was identified in relatively high 

concentrations in both cellular and mitochondrial membranes. Studies showed that 

vitamin E functions as a free-radical scavenger to protect cell membranes against lipid 

peroxidation by free radicals. Vitamin E does not alter the production of free radicals

5
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within the biological system, but serves to scavenge and terminate free-radical reactions by 

forming tocopherol dimers or quinones. Vitamin E also functions synergistically with 

ascorbic acid, vitamin C, to terminate free-radical reactions (Figure 1). Vitamin C can 

function as a secondary antioxidant that can react with vitamin E radicals to regenerate 

vitamin E. The vitamin C radicals are then reduced by NADH reductase with NADH 

serving as an electron acceptor.

The three major antioxidant enzymes, superoxide dismutase, glutathione 

peroxidase, and catalase, are found in all aerobic organisms with a few exceptions (Floyd, 

1990; Sies, 1991; Harris, 1992; Fridovich, 1995). The primary mechanism for clearance 

of superoxide anions from biological systems is the superoxide dismutase enzyme. This 

enzyme was first isolated in 1969 by McCord and Fridovich. However, at least three 

separate forms of superoxide dismutase were characterized and each enzyme has at least 

one transition metal in its active site. In eukaryotes, Mn-superoxide dismutase is a 

mitochondrial enzyme located in the inner membrane but synthesized by nuclear-encoded 

genes. Evidence suggests that the Cu,Zn-superoxide dismutase is primarily a peroxisomal 

enzyme, although some studies suggest that the enzyme is also found in the nucleus. In 

addition, an extracellular form of the Cu,Zn-superoxide dismutase was found in a number 

of biological fluids, including plasma, lymph, and synovial fluid. Superoxide dismutase 

catalyzes the dismutation o f superoxide anions to hydrogen peroxide and oxygen (Figure 

1). The hydrogen peroxide, itself an oxidant, then must be converted to a less toxic 

compound.

A two enzyme system appears to be necessary to metabolize hydrogen peroxide 

(Figure I). Catalase, a cytoplasmic heme-containing enzyme present in mitochondria and

6
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Figure 1. Examples of antioxidant defense mechanisms.
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other organelles, catalyzes the divalent reduction of hydrogen peroxide to water (Floyd, 

1990, Sies, 1991, Harris, 1992). Catalase, a heme protein, is ubiquitously distributed in 

tissues of all species studied. A second enzyme, glutathione peroxidase, is also present in 

significant concentrations in the cytoplasm of cells. This enzyme requires selenium for 

activity and converts hydrogen peroxide to water, using glutathione as an electron donor. 

In addition, glutathione peroxidase metabolizes lipid hydroperoxides to relatively 

unreactive hydroxyl fatty acids. The antioxidant activity of glutathione peroxidase is 

tightly coupled to the intracellular concentrations o f glutathione, glutathione reductase, 

and NADPH. Once oxidized, glutathione is reduced by glutathione reductase with 

NADPH serving as the reducing agent. Since the primary source of NADPH is the hexose 

monophosphate shunt, an intact shunt system is necessary to maintain the activity of this 

antioxidant defense system. A number of glutathione peroxidases were identified, 

including a plasma enzyme which is antigenically distinct from its cytosolic counterparts.

There is a dynamic equilibrium between the antioxidant defense capacity and the 

oxidative potential. When responding to an increase in superoxide radicals, cells must not 

only increase the level of superoxide dismutase, but also catalase and glutathione 

peroxidase (Harris, 1992). While superoxide dismutase accelerates the conversion of 

superoxide to hydrogen peroxide, too much of this enzyme in relation to the activities of 

hydrogen peroxide-removing enzymes is deleterious. Oxidative stress can occur if either 

antioxidant levels are depleted or if the formation o f reactive oxygen species increases, or 

both (Sies, 1991). Antioxidant levels are compromised by malnutrition, toxic chemicals or 

therapeutic drugs, rendering cells more sensitive to oxidative damage.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Types of Oxidative DNA Damage

Oxidative DNA damage caused by free radicals is implicated in a number of 

biological processes, including aging (Holmes et a l, 1992; Stadtman, 1992; Ames et al., 

1993; Knight, 1995; Yu and Yang, 1996), apoptosis (Richter, 1993; Wook and Youle, 

1994; Slater et a l, 1995; Ratan and Baraban, 1995; Simonian and Coyle, 1996), 

mutagenesis and carcinogenesis (Simic, 1994; Feig, 1994; Darley-Usmar et al., 1995; 

Anderson, 1996; Wiseman and Halliwell, 1996). A significant amount of oxidative 

damage occurs as a part o f normal cellular metabolism (Ames et aL, 1993) with by

products of metabolic reactions causing extensive damage to DNA. This damage 

accumulates with age, and is thought to be a major contributor to aging and the induction 

of cancer (Ames and Gold 1991; Ames et al., 1993). It is estimated that in adult rats there 

are approximately 106 oxidative adducts in cellular DNA with 105 new adducts formed 

daily per cell (Ames and Gold, 1991). In comparison, it is estimated that human cells 

encounter approximately 103 oxidative hits per day from the products o f normal metabolic 

processes (Ames et al., 1993). Cancer rates are high in rats and an important factor 

appears to be the basal metabolic rate which is approximately 7 times higher in rats than in 

humans. This could significantly increase the level of endogenous oxidants produced as 

by-products of metabolism (Ames et aL, 1993). These results suggest that the metabolic 

rate of the organism is proportional to the incidence of cancer and inversely proportional 

to its life span.

Oxygen free radicals damage nucleic acids producing many types o f lesions, 

including single- and double strand breaks in the sugar-phosphate backbone and a diverse 

array of base modifications (Halliwell and Aruoma, 1991). For example, the highly

10
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reactive hydroxyl radical can attack all components of DNA, including the sugar residue, 

yielding reactive sugar radicals (Halliwell and Aruoma, 1991; Breen and Murphy, 1994). 

Reactions o f sugar radicals can lead to base release and DNA strand breaks (Randerath et 

aL, 1992). Interactions of hydroxyl radicals with the deoxyribose moiety results in 

cleavage of the N-glycosylic bond with release of the free base, generating an abasic site.

While hydroxyl radicals can attack sugar molecules, the DNA bases are the 

primary target for reactions with a variety o f oxygen free radicals (Breen and Murphy,

1994). Purine bases are modified by interaction with free radicals, forming 8-oxoguanine 

by oxidation at the C-8 position as the predominant purine lesion (Floyd, 1990). Oxidant 

damage to pyrimidines include saturation of the 5,6 double bond of both thymine and 

cytosine, producing a class of base alterations referred to as ring-saturated pyrimidines 

(Wallace, 1988; Dizdaroglu, 1992). The structures of many of these are shown in Figure 

2. Hydroxyl radical addition to the double bond of thymine occurs at both the C-5 and the 

C-6 position. Abstraction of hydrogen from the methyl group occurs 9% o f the time, 

generating multiple products (Simic and Jovanovic, 1986). The major C-5 hydroxyl 

adduct is oxidized at the C-6 position; the resulting cation is quenched with water to give 

cis and trans isomers of 5,6-dihydroxy-5,6-dihydrothymine (thymine glycol) (Dizdaroglu, 

1992; Breen and Murphy, 1995). Less frequently the C-6 hydroxyl radical is reduced and 

protonated, producing the 6-hydroxy-5,6-dihydrothymine adduct (Breen and Murphy,

1995). Saturation of the 5-6 double bond of cytosine also occurs, although many of the 

cytosine derivatives are less stable than the oxidized thymines. Therefore, there is less 

information available about the ring-saturated cytosines. However, several oxidized

11
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Figure 2. Structures of representative ring-saturated pyrimidines.
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cytosines were reported, including cytosine glycol and 5,6-dihydrocytosine (Dizdaroglu, 

1992; Breen and Murphy, 1995). One major stable oxidation product of cytosine, 5- 

hydroxycytosine, is present in the DNA of normal tissues at steady-state levels similar to 

those of 8-oxoguanine (Wagner et al, 1992).

A number of studies showed the formation of ring-saturated pyrimidines following 

exposure o f DNA or cells to physical agents, such as UV and ionizing radiation, to 

chemical compounds, including hydrogen peroxide and metal ions, doxorubicin, osmium 

tetroxide, potassium permanganate, or to chemical carcinogens, such as N-hydroxy-2- 

naphthylamine and ferric nitrilotriacetate (Dizdaroglu, 1992; Breen and Murphy, 1995). 

In co-culturing experiments, stimulated macrophages induced the formation of ring- 

saturated pyrimidines in the DNA of NIH3T3 cells (Lewis and Adams, 1985). In the 

presence of catalase, formation of ring-saturated pyrimidines was blocked, suggesting that 

reactive oxygen species released by the activated macrophages produced oxidative 

damage in the fibroblast DNA.

Biological Effects of Ring-Saturated Pyrimidines

While much information is available about the structure of oxidized pyrimidines, 

little is known about their effects on cellular processes and survival. Studies on the 

damaging potential of oxygen-free radicals revealed alterations at both thymines and 

cytosines. Using a variety of bacterial mutagenesis systems, it was showed that exposure 

of DNA to singlet oxygen (Decuyper-Debergh et al., 1987), iron (Feig and Loeb, 1993), 

or copper ions (Tkeshelashvili et al., 1991) resulted in the formation of mutations at sites

14
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of pyrimidines. In all cases, more base substitutions occurred at sites of cytosines than 

thymines. Addition of free radical scavengers abolished the mutagenic effects. Passage of 

a hydrogen peroxide-damaged shuttle vector into mammalian cells also showed mutations 

at cytosines (Moraes et a l, 1989). Similarly, the treatment o f mammalian cells with 

hydrogen peroxide resulted in the production of alterations at pyrimidines and again 

altered cytosines predominated (Moraes et al., 1990). Reid and Loeb (1993) 

demonstrated that reactive oxygen species produce tandem double mutations at sites of 

cytosines. The precise identity of the mutagenic lesions in these studies remains 

speculative.

The biological effect of one ring-saturated pyrimidine, thymine glycol, was 

examined. Basu et aL (1989) introduced a single thymine glycol site-specifically into M13 

phage DNA and transfected this into E. coli cells and allowed the cells to replicate. The 

results showed the formation of T to C mutations, indicating that thymine glycol in DNA 

is mutagenic (Basu et al., 1989). Thymine glycol also was shown to be a replicative block 

to E. coli DNA polymerase I in a variety of in vitro systems. Thymine glycol, produced 

in M13 phage DNA by osmium tetroxide, inhibited DNA synthesis by E. coli DNA 

polymerase I fragment, and sequencing analysis showed that DNA synthesis terminated 

opposite the putative thymine glycol lesion (Ide et al., 1985). Thymine glycol, produced 

in M13 phage DNA by potassium permanganate, was highly inhibitory to DNA elongation 

and DNA synthesis was stopped opposite thymine glycol residues (Rouet and Essigmann, 

1985). Another in vitro study using single-stranded phage DNA containing thymine 

glycol was used as a template for DNA synthesis by E.coli DNA polymerase I with similar 

inhibitory results, indicating that DNA synthesis stops opposite the thymine glycol lesion

15
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(Hays and LeClerc, 1986). Results from these studies suggest that DNA base adducts, 

such as thymine glycols, are potentially lethal to the cell if they are not repaired prior to 

DNA replication and transcription. Further, the presence of thymine glycol in the coding 

sequences o f transcribed genes may block the action of RNA polymerases and therefore, 

inhibit protein synthesis. Thus, it appears likely that ring-saturated pyrimidines may play 

an important role in the cytotoxicity and cell lethality associated with exposure to reactive 

oxygen species.

Repair of Oxidative DNA Damage

Experiments with bacterial and mammalian cells showed that ring-saturated 

pyrimidines were actively removed from damaged DNA via the base excision repair 

pathway (Friedberg, 1995; Seeberg et a l, 1995). Cells must maintain the integrity of their 

genetic information to insure proper functioning. Since a single change in DNA structure 

may be mutagenic, carcinogenic, or even lethal, it is not surprising that a diverse array of 

mechanisms for repairing DNA evolved at the cellular level (Friedberg, 1995; Seeberg et 

aL, 1995). Such repair mechanisms involve a series of biochemical reactions which lead to 

the elimination of the damage and restoration of the intact DNA structure, thereby 

reducing the possibility of mutation, transformation or cell death.

Base excision repair, involves the enzymatic removal of damaged DNA adducts 

and their replacement with new monomeric units, using the opposite strand as a template 

(Friedberg, 1995; Seeberg et aL, 1995). In this process, a base defect or abnormal base in 

DNA is recognized by a damage-specific DNA giycosylase which cleaves the N-glycosylic 

bond between the damaged base and the sugar-phosphate backbone (Figure 3). The
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Figure 3. Schematic representation of base excision repair.
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hydrolysis o f the glycosylic bond results in the release of a free base and produces an 

apurinic or apyrimidinic (AP) site. AP endonucleases subsequently incise the DNA at the 

base-loss sites in the duplex DNA, hydrolyzing the phosphodiester bonds immediate to the 

5 ’ or 3’ o f each AP site to produce nicks in the DNA backbone. Another class of 

enzymes, exonucleases which are not repair specific enzymes, excise the nicked site along 

with adjacent nucleotides, resulting in an oligonucleotide gap. This gap is filled by the 

action of a DNA polymerase using the intact opposite strand as a template. Finally, DNA 

ligase joins the 3’ end of the newly synthesized segment with the 5 ’ end o f the original 

strand. The DNA glycosylases are damage-specific, while the other enzymes in the base 

excision repair pathway are common to all types of damage. The known DNA 

glycosylases are divided into two groups (Table 2). Type I consists o f those enzymes that 

were purified free from contaminating nuclease activity. The type II enzymes have an 

associated AP endonuclease activity that is an integral part of the enzyme.

Base excision repair maintains the genetic integrity of the cellular DNA by 

eliminating the damage and restoring the intact DNA structure. These processes are 

possible only in duplex regions of the DNA, since the complementary strand provides a 

template for retrieval of information lost during excision of the lesion (Friedberg, 1995; 

Seeberg et al., 1995). This process obviously cannot operate on single-stranded regions 

o f the DNA, such as those found at the replication fork, where the parental strands have 

separated.
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Table 2. DNA Glycosylases

DNA DAMAGE ENZYME

uracil

hypoxan thine

3-methyladenine
7-methylguanine
3-methylguanine

hydroxymethylthymine

hydroxymethylcytosine

hydroxymethyluracil

Type I DNA Glycosylases 

uracil-DNA glycosylase 

hypoxanthine-DNA glycosylase 

3-methyladenine-DNA glycosylase

hydroxymethylthymine-DNA glycosylase 

hydroxymethylcytosine-DNA glycosylase 

hydroxymethyluracil-DNA glycosylase

ring-saturated pyrimidines

formamidopyrimidine
8 -oxoguanine

Type E DNA Glycosylases

endonuclease El 
redoxyendonuclease

8 -oxoguanine-DNA glycosylase

pyrimdine dimers pyrimdine dimer-DNA glycosylase
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Endonuclease m  and Redoxyendonucleases

In bacteria, endonuclease HI (nth) initiates the excision o f ring-saturated 

pyrimidines from damaged DNA (Sancar and Sancar, 1988; Friedberg, 1995; Seeberg et 

aL, 1995). Endonuclease HI was first reported as an endonucleolytic activity present in 

crude extracts of E. coli which was directed against UV-irradiated DNA (Braun and 

Grossman, 1974). This protein was purified in 1976 by Radman, who demonstrated 

enzyme-induced single-strand breaks in the UV-irradiated substrate; however, the enzyme 

did not recognize pyrimidine dimers. While it was originally thought that thymine glycol 

was the lesion recognized in UV-irradiated DNA by endonuclease HI, enzymatic release of 

this base from a UV-irradiated substrate was not demonstrated (Gates and Linn, 1977). 

Both Gates and Linn (1977), and Katcher and Wallace (1983), demonstrated the incision 

o f  X-irradiated or 0 s 0 4-treated DNA following incubation with endonuclease III. The 

latter group also showed that the enzyme incised the DNA substrate at more sites than 

were accounted for by the release of thymine glycol, the major lesion in oxidized DNA 

(Katcher and Wallace, 1983). This suggested that endonuclease III was recognizing DNA 

base damages in addition to thymine glycol. The presence of a DNA glycosylase in E. coli 

which releases free urea from a potassium permanganate-oxidized DNA substrate was also 

demonstrated (Breimer and Lindahl, 1980). This activity was later determined to be 

endonuclease HI (Breimer and Lindahl, 1984). In addition, several studies revealed that 

endonuclease HI recognized and released damaged cytosines from UV-irradiated 

substrates (Weiss and Duker, 1986; 1987; Weiss et aL, 1989). Breimer and Lindahl 

(1984) were the first to suggest that endonuclease III recognizes a common structural 

feature of damaged pyrimidines, such as the absence of the 5,6-double bond or the
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nonplanar structure of the base derivatives which have lost this bond. Examination of the 

mechanism of action revealed that this protein has two associated enzymatic activities, a 

DNA glycosylase that releases ring-saturated pyrimidines from damaged DNA and an AP 

endonuclease activity (Figure 4), and therefore is classified as a type II DNA glycosylase 

(Kow and Wallace, 1987).

The gene encoding E.coli endonuclease m  was cloned and the protein purified to 

apparent homogeneity from a bacterial clone which over-expresses the protein. 

Characterization of the enzyme by X-ray crystallography, elemental analysis, and electron 

paramagnetic resonance studies show that endonuclease HI is an iron-sulfur protein 

containing four Fe-4S clusters with a helix-hairpin-helix structure (Cunningham et a l, 

1989; Kuo et al., 1992). These authors suggested that endonuclease III is the prototype 

o f a new class of iron-sulfur proteins. The primary role o f the iron-sulfur cluster is to 

position basic residues for interaction with the DNA phosphate backbone. The helix- 

hairpin-helix motif is also thought to be involved in DNA binding, since thymine glycols 

were found to interact specifically in this region (Kuo et al., 1992).

Enzymes, termed redoxyendonucleases, with similar catalytic properties as 

bacterial endonuclease III were found in a variety of other species including yeast (Gossett 

et al., 1988), Drosophila (Breimer, 1986), and cow (Doetsch et al., 1987). The human 

counterpart to bacterial endonuclease HI was isolated from a number of human cell types, 

including lymphoblasts (Brent, 1979; Lee et al., 1987; Weiss et al., 1989) and HeLa cells 

(Higgins et al., 1987). While these proteins have not been characterized as extensively as 

the bacterial enzyme, analysis of enzyme-released reaction products showed that the 

mammalian redoxyendonucleases also act through glycosylic release of altered bases
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Figure 4. Mechanism of action of the bacterial endonuclease EH and mammalian 

redoxyendonuclease.
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followed by incision of the DNA at the resultant AP sites (Doesch et aL, 1987; Gallagher 

et aL, 1989; Weiss et aL, 1989). This indicates that the mammalian redoxyendonucleases 

have an identical substrate specificity and mechanism of action as bacterial endonuclease

in.

DNA Repair and the Cell Cycle

Studies aimed at characterizing the activity of DNA glycosylases show that some 

of these enzymes are regulated during the cell cycle. Cells transverse an ordered series o f 

steps to pass from one phase of the cell cycle to another. The cell cycle is subdivided into 

4 phases: G l, when the cell prepares to synthesize DNA; S, during which DNA synthesis 

takes place; G2, in which preparations for cell division are made; and M, when mitosis 

occurs. Cells that are not actively dividing may be either terminally differentiated in GO, 

and therefore unable to enter the cell cycle, or in a state of temporary arrest (Hartwell et 

al., 1994; Evan et al., 1995: Kamb, 1995; Leake, 1996). In addition to GO arrest, cells 

may be arrested at G l or G2 checkpoints.

Checkpoints ensure the orderly progression of cell cycle events through the co

ordination o f cellular signals. Disruption of these processes leads to the formation of 

mutations and chromosomal aberrations (Hartwell et al., 1994; Kaufmann, 1995; Liu et 

al., 1995; Mumame, 1995; Tlsty, 1995; Kaufmann and Paules, 1996). Alterations in cell 

cycle control can occur when cells are treated with DNA damaging agents. DNA damage 

induced by a variety of damaging agents triggers delays in cell cycle progression at three 

points in the cell cycle. The delays involve progression from G l into S phase, within S 

phase, and G2 into M phase, thereby increasing time for DNA repair pathways to remove
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the lesions before cells traverse to the next phase. If these delay responses fail, damaged 

DNA is replicated before repair occurs, giving rise to additional genetic alterations.

Gombar et aL (1981) first reported that both the uracil- and 3-methyladenine-DNA 

glycosylase activities were modulated during cell proliferation. The specific activities of 

both enzymes were increased in rat liver tissue extracts following partial hepatectomy, 

reaching maximal levels of 2-3 fold above basal amounts 18-24 hours later. These results 

were extended for the uracil-DNA glycosylase in a series of cell culture experiments. In 

several different fibroblasts and lymphoblast cell lines, analysis showed that the uracil 

DNA glycosylase activity increased just prior to the peak of DNA strand replication with a 

subsequent decrease in activity when DNA synthesis was maximal (Sirover, 1979; Gupta 

and Sirover, 1980; 1981; Duker and Grant, 1980; Gombar et al., 1981; Slupphaug et al.,
9

1991). Basal levels of enzyme activity was observed in quiescent cells. A similar increase 

in uracil-DNA glycosylase mRNA was observed in extracts prepared from both fibroblasts 

and lymphoblasts prior to entering S phase, thus, confirming the results obtained by 

enzyme analysis. Transcription of this gene was reduced to basal levels during the peak of 

S phase. In addition, uracil DNA glycosylase mRNA levels increased 2-3 fold during the 

G l phase of human lung fibroblast cell and HeLa cell cycle (Muller and Cardonna, 1993). 

Taken together, these data suggest that the cell cycle regulation of uracil-DNA 

glycosylase occurs in a biphasic pattern with increases in both G l and early S phases 

followed by a reduction in mid to late S. Cells which are no longer actively dividing have 

a reduced capacity to repair damaged DNA, as compared to cycling cells in G l and early 

S phases.
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SPECIFIC AIMS OF THIS RESEARCH

Although previous studies demonstrated the cell cycle regulation of uracil-DNA 

glycosylase, there is no information available about the regulation of enzymes that initiate 

the repair of oxidative DNA damage. Moreover, there are no data comparing the rate of 

repair of ring-saturated pyrimidines in the DNA of actively dividing and quiescent cells 

following oxidant challenge. Thus, the aims of this study are 3-fold:

1 . to examine the levels of redoxyendonuclease in extracts of actively dividing 

and quiescent human neuroblastoma cells;

2 . to determine whether redoxyendonuclease activity is regulated with the cell 

cycle; and

3. to assess the capacity of neuroblastoma cells to repair ring-saturated 

pyrimidines induced during different stages of the cell cycle.

The results o f these studies provide information about the ability of cycling and non

cycling cells to repair oxidative DNA damage.

Neuroblastoma cells were used in this project to investigate the DNA repair 

capability of dividing and quiescent cells of neuronal origin. The development of the 

nervous system involves a balance between neuronal cell proliferation, differentiation into 

non-mitotic mature neurons, and the death of a substantial number of neuronal cells 

(Budhram-Mahadeo, et al, 1992). There is a high risk period in early development since a 

large proportion of cells are not differentiated to the point that proliferative capacity is lost 

(Mott, 1995). During the proliferative period, mutations in any cell cycle control gene can 

lead to subsequent mutations, initiating tumor formation. Thus, the balance between cell
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proliferation and neuronal differentiation is important to the etiology of neuronal tumors, 

such as neuroblastomas (LoPresti et al., 1992).

Neuroblastoma is one of the most common tumors o f infants and is derived from 

sympathetic neuroblasts (Humpl, 1995). The location and growth of tumors varies. The 

spontaneous regression of benign tumors is observed, as wells as malignant development 

with resistance to any therapy (Humpl, 1995). Although neurons are typically non

dividing, malignant transformation in the initiation o f neuroblastomas confers unlimited 

growth potential on these cells. Since chemotherapeutic agents act by damaging DNA and 

interfering with cell division, it is important to understand the regulation of these 

processes in neuroblastoma cells.

Neurons are metabolically active cells that are critical for the functioning of the 

organism (Bondy, 1995). Mature neurons are terminally differentiated to a replicatively 

quiescent state and thus, the organism cannot replace dead or damaged neuronal cells. 

Oxidative DNA damage to neuronal cells is thought to play an important role in a variety 

of neurodegenerative diseases, as well as in aging (Bondy, 1995; Verity, 1994; Ratan and 

Baraban, 1995). The use of neuroblastoma cells facilitates a study of the DNA repair 

capacity of neuronal cells that are metabolically active but typically quiescent. Since the 

DNA of these cells is constantly exposed to oxygen free radicals generated as by-products 

of cellular metabolism, it is important to understand the ability of these vital cells to 

withstand the oxidant challenge.

Neuronal cells also can be extensively damaged during stroke, as a result of 

oxygen depletion. Stroke is characterized by a number of neurological events that are 

attributed to ischemia, an interruption in blood flow to the brain (Choi, 1990; Chan, 1996;
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Small and Buchan, 1996). Because brain tissue has a high rate of oxidative metabolism 

with no nutrient reserves in its cells, a continuous supply o f oxygen must be available for 

the neuronal cells to function (Hawkins, 1985; Choi, 1990; Chan, 1996; Small and 

Buchan, 1996). If reoxygenation of ischemic tissue does not occur quickly, neuronal 

damage results, leading to brain damage or death of the patient (Krause et al., 1988).

When oxygen is reintroduced to the ischemic tissue, there is an increased 

production of oxygen free radicals by the xanthine oxidase and cyclo-oxygenase pathways 

which metabolize hypoxanthine and arachidonate, respectively, resulting in the burst of 

superoxide as a by product (Bakhle, 1983; McCord, 1985). Brain tissue is particularly 

sensitive to oxygen free radical damage because of the high levels of polyunsaturated 

lipids in neuronal cell membranes (Floyd, 1990). Thus, in addition to superoxides, 

reoxygenation also causes the generation of lipid hydroperoxides, another source of 

intracellular free radicals, through lipid peroxidation (Krause et al., 1988). While it was 

once believed that the injury to the brain due to ischemia is caused by both the lack of 

oxygenation and the subsequent reoxygenation o f the brain tissue, evidence now indicates 

that the injury occurs almost exclusively during the reoxygenation phase due to oxygen 

free radical-mediated oxidative events (Floyd, 1990; Chan, 1996; Small and Buchan, 

1996). Once these free radicals arc formed they can target any molecule in a cell and exert 

their biological effects (Wems and Lucchesi, 1990). Thus, the generation of free radicals 

within neuronal cells and subsequent oxidative DNA damage may be important in the 

pathology associated with stroke.
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MATERIALS AND METHODS 

Preparation of Radiolabeled Polynucleotide

Radioactive polynucleotide, poly(dA)-poly(dT), was prepared by the nick 

translation procedure (Maniatis et aL, 1982). Twenty pCi of [^H]-TTP (ICN 

Radiochemicals, Specific activity = 56 Ci/mM) was dried in a microfiige tube under 

vacuum for 15 min and the following components were added: 2.5 mg poly(dA)-poly(dT) 

(Sigma), 10 pM  dATP (Promega), 20 units of DNA polymerase I (Promega), 5.0x10'^ pg 

of DNase I (Sigma), nick translation buffer {0.5M Tris-HCl (pH 7.5), 0.1M M gS04, 1.0 

mM dithiothrietol (DTT), 500 pg/mL BSA} in a total volume of 100 uL.

The reaction mixture was incubated for 4 hours at 16°C after which the 

radiolabeled polydeoxyribonucleotide was separated from unincorporated radionucleotides 

by gel filtration chromatography. The mixture was loaded onto a Sephadex G-50 gel 

filtration column (10 cm x 1 cm) and the polynucleotide was eluted with TE buffer (10 

mM Tris-HCl, pH 8.0, 1 mM EDTA). Ten fractions (5 drops/fraction) were collected and 

2 uL aliquots of each fraction were counted by liquid scintillation spectroscopy in 

Scintiverse E (Fisher Scientific). The fractions containing the first peak of radioactivity 

were pooled as radiolabeled poly(dA)-poly(dT).
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Preparation of Oxidized Substrate

Oxidized, synthetic polynucleotide, poly(dA)-poly(dT), radiolabeled with [^H]- 

dTTP was used as a substrate to detect the neuroblastoma redoxyendonuclease activity. 

The polymer was heated for 2 min. at 82°C to separate the strands; osmium tetroxide 

(Sigma Chemical Co.) was added to a final concentration of 0.25% and the polynucleotide 

was incubated at 82°C for 15 min. After the oxidation reaction, osmium tetroxide was 

removed by ether extraction. Two volumes of anhydrous ethyl ether was added to the 

oxidized polymer, the sample was mixed, and subjected to centrifugation at 13,500 rpm 

for 5 min. The upper ether layer was removed and the ether extraction step was repeated 

twice. Following ether extraction, one-tenth volume of 3 M sodium acetate (pH 7.0) and 

2.5 volumes of ice-cold reagent alcohol was added and the sample was incubated at -80°C 

for 15 min in an isopropanol bath. The precipitated polymer was isolated by 

centrifugation at 13,500 rpm for 15 min. The resultant pellet was rinsed twice with 70% 

cold ethanol and dried under vacuum The oxidized polymer was resuspended in 

endonuclease m/redoxyendonuclease reaction buffer (40 mM KH2 PO4 , pH 7.5, 1 mM 

EDTA).

Assay for Redoxyendonuclease Activity

Endonuclease III or redoxyendonuclease activities were determined using a base 

release assay (Figure 5). Oxidized and untreated polymer were incubated with protein 

extracts in reaction buffer at 37°C for 2 hours. The polynucleotide was precipitated by
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Figure 5. Outline of the base release assay.
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addition of BSA and TCA to final concentrations of 0.5% and 10%, respectively. The 

precipitates were incubated at 0°C for 15 min. and subjected to centrifugation at 13,500 

rpm for 5 min. The radiolabeled, enzyme-released bases were determined by liquid 

scintillation spectroscopy in Scintiverse E.

The bases cleaved by endonuclease EH or redoxyendonuclease were identified by 

high pressure liquid chromatography (HPLQ analysis. Following the enzyme reaction, 

the polymer was precipitated by the addition of 5 (J.L of 2.0 M sodium acetate, 100 uL of 

denatured calf thymus DNA (2.0 mg/mL) and 350 (iL of absolute ethanol at -20°C. The 

supernatant was recovered by centrifugation and evaporated to dryness. The residue was 

dissolved in 100 |iL of 2.5% methanol/2.5 mM potassium phosphate, pH 3.0 and a 90 |iL 

aliquot was applied to a 25 cm reverse phase C18 silica column (Whatman Partisil 5- 

ODS). The column was eluted with 2.5% methanol/2.5 mM potassium phosphate, pH 3.0 

at a flow rate of 2.0 mL/min. The radioactive content of fractions was determined by 

liquid scintillation spectrometry. Optical density of authentic marker compounds was 

monitored at 254 nm. This method was used to separate thymine glycol from thymine and 

thymine hydrate (Cunningham and Weiss, 1985).

Purification of Escherichia coli Endonuclease in

Endonuclease III was partially purified from E. coli strain BW 531 by the 

procedure of Weiss and Duker (1986) (Figure 6 ). This overproducing strain contains a 

plasmid encoding the bacterial gene for endonuclease III. Briefly, 1.0 L of bacterial
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Figure 6 . Overview of the purification scheme for the isolation of the bacterial 

endonuclease EH.
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culture was grown overnight at 37°C in an orbital shaking incubator. The bacteria were 

collected by centrifugation at 4°C and the resultant pellet was resuspended in 50 mM 

KH2PO4, pH 7.0, 10 mM EDTA, 10 mM p-mercaptoethanol, and 10% glycerol (Buffer 

B). All subsequent steps were performed at 4°C. The mixture was sonicated to disrupt 

the bacterial membranes and the cellular debris was removed from the sonicate by 

centrifugation. The nucleic acids were precipitated from the supernatant by the addition 

of streptomycin sulfate to a final concentration of 2.5%. Following centrifugation, the 

supernatant was applied to a phosphocellulose ion-exchange column (2.5 x 30 cm) and the 

bound enzyme was eluted with a linear phosphate gradient (50 mM to 1.0 M) in Buffer B. 

Enzyme activity was detected using the base release assay, as described above. 

Endonuclease Hl-containing fractions were pooled, dialyzed against Buffer B 

supplemented with 50 mM NaCl and applied to a double-stranded DNA-Sepharose 

column (1.5 x 15 cm). Endonuclease III was eluted from the column resin with a linear 

NaCl gradient (50 mM to 1.0 M) in Buffer B. Enzyme fractions, as detected by the base 

release assay, were pooled, dialyzed against Buffer B containing 50% glycerol, and frozen 

at -80°C. Enzyme activity was retained for more than 1 year with less than 10% activity 

loss.

Protein Quantification

The concentration of protein in the cell extracts was determined by the method of 

Lowry (1951). Bovine serum albumin (BSA) at a concentration o f 4 mg/mL in distilled 

water was used as the standard protein. BSA (100 jjL), at concentrations from 0 to 500
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jig, and cell extracts were treated with 100 pL of 2 N NaOH and the protein was 

hydrolyzed at 100°C for 10 min in a boiling water bath. The hydrozylates were cooled to 

room temperature and 1 mL of freshly mixed complex-forming reagent was added to each 

tube. Complex-forming reagent was prepared immediately before use by mixing the 

following 3 solutions: solution A (2% sodium carbonate in distilled water), solution B (1% 

copper sulfate in distilled water), and solution C (2% sodium potassium tartrate in distilled 

water) in the proportion 100:1:1, respectively. After incubation for 10 min at room 

temperature, the reactions were treated with 100 pL of 1 N Folin reagent, mixed, and 

incubated for 30 min at room temperature. The absorbance of each sample was 

determined at 750 nm and the protein content of the cell extracts was quantified based on 

a standard curve generated from the absorbance of the known BSA concentrations.

Growth of Human Neuroblastoma Cells

The human neuroblastoma cell line, SK-N-SH, was obtained from the American 

Type Culture Collection and maintained in a sterile, humidified atmosphere containing 5% 

C 02 at 37°C. The cells were grown as monolayers in Eagle's Minimal Essential Medium 

(MEM; Sigma), supplemented with 10% bovine calf serum (HyClone labs. Inc.), 2 mM L- 

glutamine (Cellgro), 0.012 M sodium bicarbonate, and 10 pg/mL penicillin/streptomycin 

(Cellgro). Cells were grown in 75 cm 2 flasks (CoStar).
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Preparation of Cycling and Non-cycling Cells

Cells grown to 50% confluence were washed 3 times with phosphate-buffered 

saline (PBS) and incubated in a 1 : 1  mixture o f Ham's F-12 and Dulbecco's Modified 

Eagle's Medium (Sigma) with no serum (Figure 7). The cultures were maintained in 0% 

serum for 36 hrs to induce cell cycle arrest. Cells maintained in low serum containing 

media enter the Go phase of the cell cycle within a short time period. Half the cultures 

were incubated with 10% serum in MEM to initiate synchronous cell cycles, while the 

non-cycling cells were maintained in 0 % serum media.

Assay for Cellular DNA Synthesis

DNA synthesis was determined according to Whitson and Itakura (1992). Cells 

were grown to 50% confluence in 100 mm tissue culture dishes and serum-arrested, as 

described above. Cycling and non-cycling cells were incubated with 1 uL [3H]-thymidine 

(Dupont-New England Nuclear, specific activity = 0.15uCi/mL) /culture dish starting at 

time 0 upon addition of media supplemented with 10% serum to half the cultures (Figure 

8 ). After 1 hour, the medium was removed, the cells were washed 3 times with PBS, 

incubated with 0.5 mL of solubilizing buffer (20 mM HEPES, pH 7.4, 10% glycerol, 1% 

Triton X-100) and the culture plates were shaken for 20 min. at room temperature. The 

cells were recovered with a rubber scraper and the cell extracts were collected into glass 

test tubes. Ten percent trichloroacetic acid (TCA; 1.5 mL) was added to the extracts to 

precipitate the nucleic acids and the tubes were placed on ice for 20 min. The cell extract
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Figure 7. Overview of the method to prepare eyeing and noncycling human

neuroblastoma cells.
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Figure 8. Outline of the DNA synthesis assay.
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mixture was filtered through Whatman GF/C glass fiber filters to recover the precipitated 

material. The filters were washed twice with cold 10% TCA, dried in an oven for 20 min. 

and radioactive content was determined by liquid scintillation spectroscopy in POPOP.

Preparation of Cell Extracts

Monolayer cultures o f cycling and non-cycling cells were washed once with PBS 

at the indicated time points and the cells were detached from the culture dishes by 

incubation with 1 x Trypsin (Sigma) for 1 min at room temperature (Figure 9). The 

Trypsin solution was removed and incubation of the cultures was continued at 37°C for 2 

min. The detached cells were resuspended in cold PBS and cell pellets were collected by 

centrifugation at 1500 rpm for 10 min at 4°C. The supernatant was discarded and the cells

were washed in cold PBS and cell pellets (approx. 3x10^ cells/pellet) collected by 

centrifugation. The supernatant was discarded and the cell pellets were quick-frozen in 

liquid N2  and stored at -80°C until use.

Crude cell extracts were prepared by resuspending each cell pellet in 300 pL 

sonication buffer (50 mM Tris-HCl, pH 7.5, 2 mM EDTA, 1 mM 6 -mercaptoethanol, 

10% glycerol) and disrupted by sonication twice for 5 seconds on ice using a microtip 

needle probe in an W-380 Sonicator. The cell lysate was subjected to centrifugation in a 

Sorvall SS-34 rotor at 10,000 rpm for 20 min at 4°C. The supernatant containing the 

enzymatic activity was quick-frozen in liquid N2  and stored at -80°C until use in enzyme 

assays.
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Figure 9. Overview o f the procedures for the detection of the redoxyendonuclease 

activity in human neuroblastoma cells.

45

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Neuroblastoma cells grown in media with 10% serum

wash with PBS
add media with 10% or 0% serum

Cycling or noncycling cells

harvest

Cell suspensions

sonicate
centrifuge

Quantify redoxyendonuclease activity by base release assay

46

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Treatment of Cells for In Vivo DNA Damage

Cells were grown to 50% confluence and radiolabeled with 2 fiL o f [3H]- 

thymidine per culture, to detect the formation o f endonuclease Hi-sensitive sites to 

oxidative DNA damage. Cells were washed once with PBS and incubated with different 

concentrations o f osmium tetroxide in PBS for 0.5 hr at 37°C. Cells were assayed for 

DNA synthesis as described to indicate cell survival.

After cells were damaged for 1 hr, osmium tetroxide was removed and cells were 

washed 3 times with PBS buffer. The cells were harvested using the Trypsin treatment 

described above and subjected to centrifugation. The resultant ceE pellets were frozen at - 

80°C until use.

Isolation of Cellular DNA

Cell pellets were resuspended in 1 mL of lysis buffer (10 mM Tris-HCl, pH 7.5, 10 

mM EDTA, 100 mM NaCl and 1% SDS) and the cell lysate was incubated with 1 mg/mL 

Proteinase K (Fisher Scientific) for 2 hr at 37°C. The DNA was extracted with an equal 

volume o f buffer-saturated phenolichloroform (1:1) and extracted twice more with 

chloroform. The aqueous and organic layers were separated by centrifugation for 10 min 

at 2,500 rpm. The clear, top aqueous layer was recovered and dialyzed against 

endonuclease EH reaction buffer.
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Alkaline Sucrose Density Gradient Centrifugation

Radiolabeled DNA samples (50,000 cpm per reaction) were incubated with or 

without endonuclease HI purified from E. coli (Weiss and Duker, 1986) in a total volume 

of 100 [J.L for 2 hr at 37°C. The enzymatic reaction was terminated by incubating the 

samples an additional 15 min with 25 p.1 o f Proteinase K (1 mg/mL) at 37°C. Reactions 

were made alkaline by adding 50 |iL of 1 N NaOH to denature the DNA double strands 

and incubated for an additional 15 min at 37°C.

After incubation, each reaction mixture was layered onto a 15 mL 5-20% alkaline 

sucrose density gradient and subjected to centrifugation at 35,000 rpm in a Sorvall SW 

50.1 rotor for 2.5 hrs at 20°C. The gradients were fractionated into 250 |iL  aliquots and 

100 |iL  of 3 N HC1 was added to each aliquot to neutralize the samples. The radioactivity 

in each aliquot was determined by liquid scintillation spectroscopy.

The weight-average molecular weight (MW) of the DNA in each gradient fraction 

was calculated as follows: MW=X(Cz x M/)/£C/, where Cz and Mz are the cpm and 

molecular weight o f the z th fraction, respectively. The number of strand breaks in 10s 

Daltons o f DNA is equal to (1/Mn x 108 )-l, where Mn is one-half Mw (Brent, 1979). 

Only those fractions contributing to the major peak for each profile were included in the 

calculations.
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In Vivo Repair of Ring-Saturated Pyrimidines

To determine the rate of repair of endonuclease m-sensitive sites, neuroblastoma 

cells grown to 50% confluence were damaged with 5x10^ % osmium tetroxide in PBS for 

0.5 hr at 37°C (Figure 10). After 0.5 hr, the damaging agent was removed and cells were 

washed 3 times with PBS and incubated in MEM with 10% serum at 37°C. Cells were 

harvested at indicated time points and the DNA was extracted, incubated with 

endonuclease III and the enzyme reaction products were separated by alkaline sucrose 

density gradients, as described above.
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Figure 10. Outline of the procedure for the detection of cellular repair of ring-saturated 

pyrimidines in human neuroblastoma DNA.
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RESULTS

Enzyme Purification

Endonuclease m , the bacterial enzyme that releases ring-saturated pyrimidines 

from damaged DNA, was purified from an E.coli strain BW531 to use as a molecular 

probe for the detection of oxidative base damages. The results of a typical endonuclease 

III purification are shown in Table 3. Bacterial cell walls were disrupted by sonication and 

following removal of the cellular debris by centrifugation, nucleic acids were removed 

from the extract by precipitation with streptomycin sulfate. The resulting material was 

applied to a phosphocellulose ion-exchange column. While endonuclease m  bound to the 

ion-exchange resin, the majority of the cellular proteins passed through the column. 

Endonuclease III was eluted from the resin with a linear phosphate gradient (50 mM - 1M 

KH2PO4), with the majority of enzymatic activity eluting between approximately 200-400 

mM phosphate (Figure 11). This step resulted in a 16.5-fold purification with an enzyme 

activity yield of approximately 68%. Fraction III extract was further purified by affinity 

chromatography using a DNA-cellulose resin. Endonuclease III bound to the DNA- 

cellulose and was eluted with a linear 0-1.0 M NaCl gradient (Figure 12). Fractions were 

collected and assayed against an O s04-treated poly(dA)-poly(dT) substrate. The fractions 

containing peak enzymatic activity, greater than 30% release of TCA-soluble radioactive 

material, were pooled. This step resulted in a 345-fold purification with about a 40% yield. 

Fraction IV extract was used for all subsequent studies.

52

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



R
eproduced 

with 
perm

ission 
of the 

copyright ow
ner. 

Further reproduction 
prohibited 

w
ithout perm

ission.

Table 3. Purification of endonuclease III from Escherichia coli BW531.

Fraction Volume
(mL)

Units
mL

Protein
(mg/mL)

Units
mg protein

Yield
(%)

Purification
(fold)

Crude extract (FI) 50 117 72.0 1.63 100.0 -

Streptomycin sulfate 
precipitation (F1I)

82 56 27.0 2.07 78.4 1.27

Phosphocellulose column 
chromatography (Fill)

106 38 1.4 27.10 68.8 16.65

DNA cellulose column 
chromatography (FIV)

42 54 0.096 562.50 38.8 345.10

1 unit = 1.0% release of TCA-soluble radioactive material per minute incubation at 37°C.



Figure 11. Phosphocellulose column chromatography of Fraction II. O s04-treated 

(closed symbols) or untreated (open symbols) poly dA-dT, radiolabeled with 

[3H]-TTP, was incubated with 20 pL enzyme extract from the column 

fractions for 30 minutes at 37°C. The molarity o f KH2PO4 , as determined by 

optical refractometry, is indicated by the broken lines.
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Figure 12. DNA-cellulose column chromatography of Fraction DI. OsO,»-treated (closed 

symbols) or untreated (open symbols) poly dA-dT, radiolabeled with [3H]- 

TTP, was incubated with 5 pL enzyme extract from the column fractions for 

30 minutes at 37°C. The molarity o f NaCl, as determined by optical 

refractometry, is indicated by the broken lines.
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Characterization of Oxidized Base Release Assay

A base release assay using poly(dA)-poly(dT) radiolabeled with [3H]-TTP was 

developed to detect redoxyendonuclease activity in extracts o f  human neuroblastoma cells. 

The polymer was damaged with O s04 which converts the radiolabeled thymines to 

thymine glycol (Burton and Reilly, 1966). The glycosylase activity of both the bacterial 

endonuclease III and mammalian redoxyendonucleases recognize and release thymine 

glycols from damaged DNA. Thus, endonuclease III and redoxyendonuclease activities 

were quantified by detection o f TCA-soluble radioactive material following precipitation 

of the enzyme-treated polymer and calculated as percent base release.

Initially, the purified endonuclease III was used to establish the optimum 

conditions for oxidation of the substrate needed for redoxyendonuclease quantification. As 

shown in Figure 13, release of radiolabeled material was dose-dependent with increased 

oxidation of the substrate. At O s04 concentrations greater than 0.5%, complex formation 

between polymer molecules occurred, inhibiting endonuclease HI activity. Studies showed 

that endonuclease III recognizes structural features common among the class of ring- 

saturated pyrimidines, such as loss of the 5,6 double bond or the non-planar structure of 

these lesions (Breimer and Lindahl, 1984). It is possible that the decrease in enzyme 

activity is due to alterations in the structure of the substrate, such that endonuclease III 

either fails to recognize the damaged bases or the enzyme no longer processes along the 

polymer.

Linear enzyme kinetics were observed with protein concentration to 25 (ig (Figure 

14) and time of incubation to 3 hours (Figure 15). With increased protein or incubation 

time, saturation kinetics were observed. There was minimal release of radioactive material
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Figure 13. Oxidation dose for in vitro formation of thymine glycol in DNA. Poly (dA)- 

poly(dT) radiolabeled with [3H]-TTP was treated with increasing 

concentrations of OSO4  followed by incubation with 10 pL of endonuclease 111 

for 1 hour at 37°C. The O s0 4-treated and untreated polymers are represented 

as closed and open symbols, respectively. The data points are the average of 

duplicates and are representative of three experiments.
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Figure 14. Enzyme concentration curve of endonuclease 111. Radiolabeled OsCU-treated 

(closed symbols) or untreated (open symbols) poly (dA)-poly (dT) was 

incubated with increasing concentrations of endonuclease HI for 1 hour at 

37°C. The data points are the average of duplicates and are representative of 

three experiments.
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Figure 15. Incubation time course. O s04-treated (closed symbols) or untreated (open 

symbols) poly (dA)-poly (dT) radiolabeled with [3H]-TTP was incubated with 

10 pL of endonuclease m  at 37°C for increasing time periods. The data 

points are the average of duplicates and are representative of three 

experiments.
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using untreated polymer as a substrate, indicating that the enzyme specifically recognizes 

oxidized thymines.

Redoxyendonuclease Activity in Neuroblastoma Cells

The polynucleotide release assay was used to determine the level of 

redoxyendonuclease activity in dividing neuroblastoma cells. With increasing 

concentrations o f neuroblastoma cell extracts, there was an increase in 

redoxyendonuclease activity, with 50 |!g protein releasing approximately 3.5% o f the total 

radioactive substrate (Figure 16). Cell extracts incubated with the untreated poly(dA)- 

poly(dT) showed minimal release of radioactive material, indicating that the enzymatic 

activity in the cell extract is specific for the oxidized substrate. As a positive control, 

purified endonuclease III was incubated with substrate, resulting in a release o f 15% of the 

total radioactive material (data not shown). Thus, the substrate was not limiting in the 

redoxyendonuclease assays.

Redoxyendonuclease-released material was recovered and subjected to analysis by 

HPLC to confirm that the enzymatic activity quantified in the neuroblastoma extracts 

excised thymine glycol from the oxidized substrate. The retention time o f the TCA- 

soluble material eluted from a reverse phase C-18 silica column was compared to that of 

authentic marker compounds. The predominant base released from the oxidized polymer 

by the neuroblastoma extract exhibited the same retention time as authentic thymine glycol 

(Figure 17). No appreciable release of undamaged thymine residues was observed. In 

addition, incubation of the oxidized polymer without the enzyme did not result in the 

excision of thymine glycol. These results indicate that enzymatic activity quantified by the
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Figure 16. Enzyme concentration curve of human neuroblastoma cell extract. 0 s 0 4- 

treated (closed symbols) or untreated (open symbols) poly(dA)-poly(dT) 

radiolabeled with [3H]-TTP was incubated at 37°C for 2 hours with increasing 

concentrations of a protein extract prepared from cycling neuroblastoma cells. 

The data points are the average of duplicates and are representative of three 

experiments.
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Figure 17. HPLC profile of ethanol-soluble products released from oxidized 

polynucleotide by a human neuroblastoma cell extract. Radioactivity profile of ethanol- 

soluble supernatants of oxidized [3H]-thymidine-labeled poly(dA)-poly(dT) incubated with 

a protein homogenate of human neuroblastoma cells (closed circles) or reaction buffer 

(open circles), as determined by HPLC analysis on a reverse phase C18 silica column 

eluted with distilled water. The elution time of marker compounds, thymine and thymine 

glycol, are as indicated.
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base release assay is specific for ring-saturated pyrimidines, as expected for the 

mammalian redoxyendonuclease.

Increased time of incubation also resulted in higher redoxyendonuclease activity in 

extracts from human neuroblastoma cells. Linear kinetics were observed following the 

incubation of 50 |ig  of cell extract with oxidized poly(dA)-poly(dT) to 5 hours (Figure 

18). A two hour incubation period, which gave rise to 3.5% base release, was chosen as 

the assay time for subsequent experiments. Cell extracts incubated with untreated polymer 

for the indicated incubation times showed minimal release o f TCA-soluble radioactive 

material, indicating that with longer incubation times the enzyme only recognized specific 

damaged bases.

Preparation of Quiescent Cells

The levels of redoxyendonuclease activity in dividing and quiescent cells were 

compared to determine whether non-dividing cells have the same repair capacity as 

actively dividing cells. Cultures of quiescent cells were prepared by incubation with 

serum-free media for the indicated times followed by quantification of DNA synthesis 

(Table 4). Failure to incorporate [3H]-thymidine into cellular DNA indicated that the cells 

were no longer cycling.

Initially, the neuroblastoma cells were maintained in media containing 0.5% or 

0.25% serum for three days. Following this, the cells were either maintained in the same 

media or switched to media containing 10% serum, as a positive control. After 20 hours, 

[3H]-thymidine was added to all cultures and the cells were incubated for an additional one 

hour before the incorporation of radioactivity into the cellular DNA was determined.
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Figure 18. Incubation time course. O s04-treated (closed symbols) or untreated (open 

symbols) poly(dA)-poly(dT) radiolabeled with [3H]-TTP was incubated with 

50 pg of a human neuroblastoma cell extract at 37°C for increasing time 

periods. The data points are the average of duplicates and are representative 

of three experiments.
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Cells fed media supplemented with 0.5% serum incorporated approximately 5% of the 

amount of radiolabel incorporated by cycling cells (controls), while the cells incubated 

with 0.25% serum-containing media incorporated approximately 4% o f the amount 

incorporated by a population of synchronously dividing cells (Table 4). Reducing the time 

of treatment in media with 0.5% or 0.25% to two days still resulted in the incorporation of 

6% and 5% o f the [3H]-thymidine of control cells, respectively. These results indicate that 

a small population of cells continue to cycle when maintained under these conditions.

Subsequently, human neuroblastoma cells were fed media totally depleted of serum 

for 3 days, to obtain a quiescent population of cells. However, after three days more than 

50% of the cells detached from the culture dish. Incubation of human neuroblastoma cells 

in serum-free media for two days resulted in approximately 0.5% incorporation of [3H]- 

thymidine as compared to control, indicating that almost all of the cells were not cycling 

(Table 4). However, under these conditions, approximately 30% of the cells detached 

from the culture dish. By reducing the incubation time in serum-free media to 36 hours, 

approximately 0.7% of the label was incorporated into DNA (Table 4), while only 15% of 

the cells detached from the culture dish. Therefore, cells were maintained in serum-free 

media for 36 hours to prepare quiescent cell cultures for subsequent studies.

Redoxyendonuclease Activity in Dividing and Quiescent Cells

The levels of redoxyendonuclease activity were compared in neuroblastoma 

extracts prepared from actively dividing and quiescent cell populations. As shown in 

Figure 19, the redoxyendonuclease activity was greater than 2-fold higher in actively 

dividing cells than cells maintained in serum-free media. These results suggest that
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Table 4. Incorporation of [3H]-thymidine in the DNA of neuroblastoma cells grown in 
media containing various amounts of serum.

3 DAYS

2 DAYS

1.5 DAYS

Percent Serum Concentration

10.00%

0.50%

0.25%

0 .00%

10.00%

0.50%

0.25%

0.00%

10.00%

0.50%

0.25%

0.00%

Percent Total [3H]-thymidine 
incorporation

100.0%

5.2%

4.2%

0 .0% 

100.0%

6.0%

4.8%

0.5%

100.0%

8 .0%

5.2%

0.7%
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Figure 19. Effect of serum on redoxyendonuclease activity. OsO,rtreated poly(dA)- 

poly(dT) radiolabeled with [3H]-TTP was incubated for 2 hours at 37°C with 

increasing concentrations of protein extracts from neuroblastoma cells 

maintained in media with 10% serum (closed symbols) or 0% serum (open 

symbols). The data points are the average of five separate experiments.
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quiescent cells have a reduced capacity to remove ring-saturated pyrimidines from their 

DNA as compared to actively dividing cells and thus, are likely more susceptible to the 

accumulation of DNA damage.

Cel! Survival

Cell survival studies were performed to determine a dose range for treatment of 

actively dividing neuroblastoma cells with 0 s 0 4 which produces both detectable levels of 

oxidative DNA damage and a high degree of cell viability. Cell survival was determined 

by both trypan blue exclusion and the ability of the cells to incorporate [3H]-thymidine 

following O s04 treatment. Logrithmically growing cells treated with lxlO'6% 0 s 0 4 (v/v) 

for 30 minutes had the highest cell viability of the tested conditions with approximately 

80% cell survival as assessed by trypan blue exclusion (Table 5). These cells incorporated 

[3H]-thymidine 36 hours after induction of the damage, indicating that the cell population 

recovered from the damage-induced cell cycle arrest. Treatment of neuroblastoma cells 

with lxl0"5% 0 s 0 4 resulted in approximately 70% cell viability with observable 

incorporation of [3H]-thymidine at approximately 48 hours after the chemical treatment. 

At the highest concentration of the damaging agent, 5x l0 's% 0 s 0 4, cell viability was 

reduced to approximately 50%. Incorporation of [3H]-thymidine into these cells was 

delayed until approximately 72 hours after treatment, indicating that this prolonged time 

period was required to allow the cells to recover sufficiently from the extensive cellular 

damage to re-enter the cell cycle. Populations of neuroblastoma cells that were not 

treated with the oxidizing agent had 100% cell viability and incorporated [3H]-thymidine 

was detected in the cell cultures at every time point throughout the experiment.
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Table 5. Neuroblastoma cell viability after treatment with osmium tetroxide.

Percent 0 s 0 4 Cell viability 
(Percent)

[3H]-thymidine incorporation 
0 hr 2 hr 6 hr 12 hr 24 hr 36 hr 48 hr 72 hr

0% 100% X X X X X X X X

1 x IV*% 80% - - X X X

1 x 10'5% 70% - - X X

5 x 10'5% 50% - X
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In vivo Formation and Repair of Oxidative DNA Damage

Human neuroblastoma cells were examined for their ability to excise ring-saturated 

pyrimidines from their cellular DNA following treatment with 0 s 0 4. Based on the cell 

survival data, initial experiments were performed to determine a dose of the oxidizing 

agent that produced detectable levels of ring-saturated pyrimidines. Cells were treated 

with 1x10"*%, lx l0 '5%, and 5xl0'5% 0 s 0 4 and the formation of endonuclease in

sensitive sites was determined by alkaline sucrose density gradient centrifugation.

Figure 20 shows the alkaline sucrose gradient profiles of cellular DNA following 

treatment o f the cells for 30 minutes with the indicated doses of 0 s 0 4. Observed 

variations in molecular weight between DNA preparations from each dose were eliminated 

by calculating the number of endonuclease IE-induced DNA strand breaks per 108 Daltons 

of DNA for each gradient. This is seen as a shift in the gradient profiles from 

superimposable curves to noticeable differences with increasing dose of the oxidizing 

agent. Treatment of cells with lx l0 '6% 0 s 0 4 resulted in a modest shift to the left in the 

distribution o f [3H]-thymidine (Figure 20b) which reflects approximately 0.24 enzyme- 

induced breaks per 108 Daltons of cellular DNA (Figure 21). As the concentration of 

0 s 0 4 was increased, the shift in the distribution of the [3H]-thymidine in DNA samples 

treated with endonuclease El became more pronounced and an increase in enzyme- 

induced DNA strand breaks was observed. Based on these results, a concentration of 

lx l0 '5% 0 s 0 4 was used to examine the in vivo repair rates o f oxidant-induced thymine 

glycol lesions. Cellular DNA extracted from untreated cells was used as a control. The 

control DNA had approximately 0.08 strand breaks per 108 Daltons DNA, indicating that 

there is a small amount of endogenous oxidative damage to cellular DNA.
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Figure 20. Alkaline sucrose density gradients of DNA isolated from cells oxidized with 

increasing concentration of 0 s 0 4. Neuroblastoma cells were oxidized with A) 

0% B) 1x10-6% C) 1x10-5% D) 5x10-5% O s04 for 0.5 hour at 37°C. 

Closed symbols represent DNA which was incubated with endonuclease 111 

and open symbols represent DNA incubated with buffer. Sedimentation was 

from left to right. Weight-average molecular weight (Mw) is equal to the 

I(C i x Mi)/(Ci), where Ci and Mi are the cpm and molecular weight, 

respectively, of the i* fraction. Only those fractions contributing to the major 

peak for each profile were included in the calculations. Gradients were 

calibrated using PM2 form II DNA.
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Figure 21. Oxidation dose for the in vivo formation of thymine glycols in DNA with 

increasing concentrations o f OsO-t. The number of strand breaks per 10s 

Daltons DNA was calculated from the curves in Figure 20 as (1/M nxl08)-1 

where Mn is the number average molecular weight which is taken as l/2Mw. 

and anaylzed by alkaline sucrose density gradient centrifugation. The data 

points are the average of duplicates and are representative of three 

experiments.
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Repair of Ring-Saturated Pyrimidines in Dividing and Quiescent Neuroblastoma 

Cells

The alkaline sucrose density gradient centrifugation method was used to examine 

whether quiescent neuroblastoma cells repair oxidant DNA damage as effectively as 

actively growing cells. Treated cells were harvested at various times following removal of 

OSO4 and the extracted, cellular DNA was analyzed for the presence of endonuclease in

sensitive sites. Asynchronously dividing cells were maintained in media supplemented 

with 1 0 % serum during the repair period, while quiescent cells were grown in serum-free 

media.

As shown in Figure 22, approximately 50% of the enzyme-sensitive sites were 

repaired within 6  hours of removal of the oxidizing chemical when actively dividing cells 

were treated with lx l0 '5% OSO4 . Within 12 hours approximately 30% of the 

endonuclease m-sensitive sites remained in the cellular DNA and by 24 hours essentially 

all o f the remaining lesions were excised. The results of these experiments demonstrate 

that ring-saturated pyrimidines are readily excised from the DNA of actively dividing 

neuroblastoma cells.

Quiescent cells treated with the same concentration of 0 s 0 4  ( lx l0 '5%) were also 

examined for their ability to repair ring-saturated pyrimidines from their cellular DNA. 

Within two hours after removal of the damaging agent, the majority of the cells began to 

detach from the cell culture dish and by sue hours all the cells detached, indicating that at 

this concentration o f the oxidizing agent, non-dividing neuroblastoma cells are not capable 

of withstanding the oxidant challenge. Non-dividing cells treated with a buffer control
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Figure 22. Time course for in vivo repair of thymine glycols in dividing neuroblastoma 

cells. Dividing cells were oxidized with lx l0 ‘5% 0 s 0 4 for 0.5 hour and 

allowed to repair the DNA. Cellular DNA was extracted from cells at the 

indicated times and anaylzed by alkaline sucrose density gradient 

centrifugation. The number of strand breaks per 10s Daltons was calculated 

as described for Figure 21. The data points are the average o f duplicates and 

are representative of three experiments.
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showed no evidence of cell mortality, suggesting that the observed effects were due to 

exposure to the chemical agent.

Redoxyendonuclease Activity during the Cell Cycle

The level of redoxyendonuclease activity at different stages o f  the cell cycle was 

examined to determine whether the enzyme activity is cell cycle regulated. Neuroblastoma 

cells were arrested by serum deprivation and then stimulated to enter the cell cycle by the 

addition o f serum to the culture media, to obtain homogeneous populations of cells at 

various stages of the cell cycle. The duration of the neuroblastoma cell cycle was 

determined by monitoring the incorporation of [3H]-thymidine into cellular DNA during S 

phase of the cell cycle. As shown in Figure 23, DNA synthesis begins at approximately 15 

hours after serum stimulation and peaks between 19 and 23 hours. By 25 hours, the 

neuroblastoma cells completed S phase and within two hours S phase of the second cell 

cycle is initiated. The second S phase peaks at 31 hours and is completed by 35 hours 

after the addition of serum. Each successive S phase peak is reached in approximately 10 

hours, indicating that the cell cycle of human neuroblastoma cells under the cell culture 

conditions used is approximately 10 hours. The initial lag period observed in the first 

cycle is due to the time required for the cells to recover from arrest induced by serum- 

deprivation. Over time, the population of neuroblastoma cells becomes progressively 

asynchronous, as evidenced by the broadening of the S phase peak. Cells maintained in 

serum-free media did not incorporate [3H]-thymidine throughout the experiment, 

indicating that these cells are not cycling. However, these quiescent cells were still viable.
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Figure 23. Incorporation of [3H]-thymidine into the DNA of human neuroblastoma cells.

Neuroblastoma cells were arrested by serum deprivation for 36 hours and 

stimulated to enter the cell cycle by the addition of 10% serum to the media at 

time 0. DNA synthesis was determined at the indicated times by the 

incorporation of [3H]-thymidine into the cellular DNA. The closed symbols 

represent cells stimulated to enter the cell cycle by the addition of 10% serum 

to the media, while the open symbols represent the data points of cells 

maintained in serum-free media.
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as evidenced by their ability to enter the cycle when supplemented with media containing 

10% serum at the 36 hour time point (data not shown).

Cells were harvested at various times following serum stimulation and 

redoxyendonuclease activity was quantified, to determine the level of enzymatic activity 

during different stages of the cell cycle. Serum was added at time 0, when the cells were 

arrested in GO. Analysis of redoxyendonuclease activity in cell extracts prepared at this 

time showed a basal level o f enzyme activity, comparable to that observed in quiescent 

cells (Figure 24). Five hours after the addition of serum, as cells entered the G1 phase of 

the cell cycle, enzyme activity increased. Redoxyendonuclease activity peaked within 10 

hours, with a 2-fold increase observed as compared to quiescent cells, suggesting that 

oxidative DNA repair capacity is elevated during the early G1 phase of the cell cycle, prior 

to the initiation of DNA synthesis. At subsequent time points, enzyme activity decreased 

and by 15 hours post-serum stimulation, the level of redoxyendonuclease activity returned 

to that of quiescent cells. Enzyme activity remained low until cells reached S phase, at 

approximately 22-23 hours. In parallel experiments, the redoxyendonuclease activity was 

quantified in extracts prepared from control, non-dividing neuroblastoma cells harvested at 

the times indicated. The enzyme activity remained constant, between 1.5 and 2.0% release 

of the radiolabeled substrate, suggesting that quiescent cells maintain a basal level of 

redoxyendonuclease activity. These results demonstrate that the redoxyendonuclease 

activity is regulated throughout the cell cycle, with the greatest enzyme activity observed 

during the early G1 and late S phases.
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Figure 24. Redoxyendonuclease activity at different stages of the cell cycle.

Radiolabeled, oxidized poly (dA)-poly(dT) was incubated with 50 jig of 

neuroblastoma protein extracts from synchronized cells (closed symbols) or 

from quiescent cells (open symbols) at 37°C for 2 hours. The data points are 

the average of duplicates and are representative of five experiments.
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In Vivo Repair at Different Stages of the Cell Cycle

The rate o f repair o f  ring-saturated pyrimidines was examined following oxidant 

challenge at various times to determine whether neuroblastoma cells are more susceptible 

to oxidative injury at particular stages of the cell cycle. Neuroblastoma cells were 

synchronized by serum deprivation for 36 hours and then serum-stimulated to re-enter the 

cell cycle at time zero (0). At the indicated times after addition of serum-supplemented 

media, cells were treated with OsC^and examined for the incorporation of [3H]-thymidine 

and for the presence of ring-saturated pyrimidines in cellular DNA. Cells exposed to the 

oxidizing agent during GO did not re-enter the cell cycle, as evidenced by their failure to 

incorporate [3H]-thymidine for at least 4 days after 0sC>4 removal. Alkaline sucrose 

density gradient centrifugation analysis of the DNA showed that greater than 80% of the 

endonuclease Hi-sensitive sites remained after 190 hours (Figure 25). These results 

indicate that arrested cells do not have the capacity to efficiently repair oxidative DNA 

base alterations and overcome the damage-induced arrest.

When synchronous cultures of neuroblastoma cells were incubated with OsCU 

during G l, 10 hours after addition of serum-containing media, ring-saturated pyrimidines 

were excised from the cellular DNA with a half-life of approximately 12 hours (Figure 

26). Repair of these lesions was complete within 48 hours of removal of the oxidizing 

chemical. Analysis of S phase cells treated at the 20 hour time point revealed that 

endonuclease ni-sensitive sites were removed from the DNA of these cells within 24 

hours, with a half-life of 5 hours (Figure 27). These data demonstrate that cells in G l and 

S phase are capable of efficient repair of oxidative DNA damage.
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Figure 25. Time course for in vivo repair of thymine glycols in neuroblastoma cells in GO 

phase of the cell cycle. Cells maintained in serum-free media for 36 hours were 

fed media containing 10% serum and lx l0 '5% 0 s 0 4 for 0.5 hour. The 

oxidizing agent was removed and the cells were maintained in media containing 

10% serum until harvest. Cellular DNA was extracted from cells at indicated 

times and anaylzed by alkaline sucrose density gradient centrifugation. The 

number of strand breaks per 10s Daltons was calculated as described for Figure 

21. The data points are the average of duplicates and are representative of 

three experiments.
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Figure 26. Time course for in vivo repair of thymine glycols in neuroblastoma cells in Gl 

phase of the cell cycle. Cells maintained in serum-free media for 36 hours were 

fed media containing 10% serum and then treated 10 hours later with lx l0 ‘5% 

0 s 0 4 for 0.5 hour. The oxidizing agent was removed and the cells were 

maintained in media containing 10% serum until harvest. Cellular DNA was 

extracted from cells at indicated times and anaylzed by alkaline sucrose density 

gradient centrifugation. The number of strand breaks per 10s Daltons was 

calculated as described for Figure 21. The data points are the average of 

duplicates and are representative of three experiments.
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Figure 27. Time course for in vivo repair o f thymine glycols in neuroblastoma cells in S 

phase of the cell cycle. Cells maintained in serum-free media for 36 hours were 

fed media containing 10% serum and then treated 20 hours later lx l0 '5% 0 s 0 4 

for 0.5 hour. The oxidizing agent was removed and the cells were maintained 

in media containing 10% serum until harvest. Cellular DNA was extracted 

from cells at indicated times and anaylzed by alkaline sucrose density gradient 

centrifugation. The number of strand breaks per 108 Daltons was calculated as 

described for Figure 21. The data points are the average of duplicates and are 

representative of three experiments.
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The differences in the rate of excision of these lesions during G l and S phase can 

be explained by variations in the levels of redoxyendonuclease activity at the time of 

exposure to the oxidizing agent. The redoxyendonuclease activity peaks at about 10 

hours after addition of serum-supplemented media, the time of addition of the OsC>4 to the 

cells in G l (Figure 24). At this point, the levels of this enzyme decrease until the later 

stages o f DNA synthesis. When S phase cells were treated 20 hours after serum- 

stimulation, the redoxyendonuclease activity is increasing as cells are leaving this stage of 

the cell cycle. Since the enzyme levels are rising, repair o f ring-saturated pyrimidines is 

more rapid compared to G l phase cells, in which enzymatic activity decreases as the cells 

encounter the DNA damage. Thus, the results of the DNA repair studies are consistent 

with analyses of the levels of redoxyendonuclease activity throughout the cell cycle.
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DISCUSSION

The redoxyendonuclease activity was greater than 2-fold higher in extracts from 

actively dividing neuroblastoma cells as compared to that o f a quiescent cell population. 

These results are similar to repons that another DNA repair enzyme, uracil-DNA 

glycosylase, exhibited increased enzymatic activity in proliferating lymphoblasts and 

fibroblasts as compared to quiescent cells (Sirover, 1979; Gupta and Sirover, 1981). 

Uracil-DNA glycosylase gene expression was elevated during fibroblast cell proliferation 

with an associated increase in enzyme activity (Meyer-Siegler et al., 1992). Similarly, a 2- 

3 fold increase in uracil-DNA glycosylase and 3-methyladenine-DNA glycosylase activities 

was found in regenerating rat liver extracts as compared to sham-operated controls 

(Gombar et al., 1981). These studies demonstrate that dividing cells have greater DNA 

repair activity compared to non-dividing cells and therefore, potentially have an increased 

capacity to excise DNA base damage.

The repair capacity of proliferating and quiescent neuroblastoma cells was 

examined by challenging cultures with non-toxic doses of 0 s 0 4. Logarithmically-growing 

cells actively excised ring-saturated pyrimidines from their DNA. These lesions were 

removed essentially in 24 hours, with a half-life of 8 hours. Similar studies examining the 

repair of ultraviolet light-induced ring-saturated pyrimidines in cultured human 

lymphoblastoid cells demonstrated a 3 hour half-life for excision with all detectable DNA 

base damages removed in approximately 5 hours (Weiss and Gallagher, 1993). The 

differences observed in the repair rates could be due to several factors. The predominant
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base damage produced by exposure to osmium tetroxide is thymine glycol (Burton and 

Reilly, 1966), while the major ring-saturated pyrimidine induced in DNA by exposure to 

ultraviolet light is cytosine hydrate (Dizdaroglu, 1992; Breen and Murphy, 1995). It is 

possible that specific ring-saturated pyrimidines are excised from damaged DNA at 

different rates. Alternatively, the disparity in the repair rate may simply be reflective of the 

inherent differences in the two cell types or in the cultures conditions. Lymphoblastoid 

cells are grown in suspension, while, neuroblastoma cells are adherent. As these are the 

only two studies examining the repair rate of ring-saturated pyrimidines in mammalian 

cells, frirther investigation of additional cell types is needed to address these questions.

While the cycling neuroblastoma cells actively removed the ring-saturated 

pyrimidines from their DNA, similarly damaged quiescent cells did not tolerate the oxidant 

insult. Reported differences in base excision repair also were observed in quiescent and 

mitogen-stimulated lymphocytes damaged with dimethyl sulfate (Shrader, 1992). 

Quiescent lymphocytes were less proficient than dividing cells in repairing DNA following 

exposure to this damaging agent. Dividing lymphocytes treated with dimethyl sulfate 

showed a 7-fold increase in repair activity compared to quiescent cells. The predominant 

damage induced in DNA by dimethyl sulfate is methylated purines (Grunberger and 

Singer, 1983) which are excised by the 3-methyladenine-DNA glycosylase (Gallagher and 

Brent, 1982)).

Reports indicate that quiescent cells also have a reduced capacity to excise DNA 

damages repaired by the nucleotide excision repair pathway. In this process, the damage 

site along with adjacent nucleotides are excised by a multi-protein complex and an
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oligonucleotide segment is released (Friedberg et al., 1995). Nucleotide excision repair is 

one of the predominant mechanisms for the removal of large adducts from damaged DNA. 

Studies by Jensen and Linn (1988) using differentiated neuroblastoma cells showed that 

bulky DNA damages, produced by benzo[a]pyrene treatment, had a half-life of 12 days 

compared to a 2 day half-life in mitogen-stimulated cells. In addition, a 2-3 fold increase 

in repair activity was observed in dividing cells irradiated with ultraviolet light as 

compared to damaged quiescent cells (Shrader, 1992). The major DNA damages 

produced by ultraviolet light are pyrimidine dimers (Wang, 1976). Taken together, these 

studies indicate that quiescent cells have a significantly slower rate of both base and 

nucleotide excision repair than cells which are actively dividing and therefore, are more 

susceptible to DNA damage accumulation following exposure to chemical or physical 

agents.

The basal levels of base and nucleotide repair activity in quiescent cells may be 

sufficient to excise the DNA damage arising from daily metabolic processes. However, if 

the cells are subjected to a sudden influx of a damaging agent, this limited repair capacity 

may not be sufficient to handle the resultant elevated DNA insults. Under conditions of 

oxidant injury, as occurs to neuronal cells during a stroke, the limited capacity of these 

non-dividing cells to repair the DNA base lesions produced poses a major problem to the 

cell and ultimately to the organ. Quiescent, but metabolically active, cells with unrepaired 

DNA damage could give rise to altered or non-functional proteins. If these proteins are 

involved in cell cycle regulation, unchecked cell proliferation can cause cellular
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transformation and carcinogenesis, while growth arrest can result in cell death and 

eventual organ failure.

Quantification of the redoxyendonuclease activity at different stages of the cell 

cycle showed that this enzyme activity is cell cycle-regulated in a bi-phasic pattern. 

Greater enzyme activity was observed in G l than at the Gl/S border, when DNA 

synthesis occurs. These results indicate that increased DNA repair is initiated prior to 

DNA replication. It is essential for the survival of the cell and the maintenance of genetic 

integrity that DNA damages are effectively removed before DNA synthesis. Tolerance of 

DNA damage can lead to errors during DNA replication which are passed to daughter 

cells. Such mutations can give rise to nonfunctional proteins, faulty gene regulation, and 

aberrant daughter cell function. Alternatively, some types of DNA damages block the 

action of DNA polymerases, thereby preventing replication, and ultimately causing cell 

death.

The decrease in redoxyendonuclease activity observed during the initiation of S 

phase may be a protective mechanism to minimize excision of oxidative DNA damage 

without complete repair of the damaged site. In the base excision repair pathway, the 

opposite undamaged DNA strand is used as a template by DNA polymerase to incorporate 

new nucleotides into the gap produced by excision of the lesion and adjacent nucleotides. 

Thus, proper base excision repair requires a double-stranded DNA substrate and cannot 

occur in single-stranded regions o f the DNA, such as the replication fork. Excision of an 

oxidative base damage from DNA by the redoxyendonuclease results in the formation of a 

base loss site. If the excision repair is not completed, studies show that many DNA
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polymerases will incorporate an adenine opposite a base loss site during DNA synthesis 

(Strauss et al., 1982; Strauss, 1991). Thus, a mutation will occur, unless the original 

damaged base was a thymine.

A second increase in redoxyendonuclease activity was observed in mid to late S 

phase o f the cell cycle. This provides the cell with an additional round of DNA repair 

prior to cell division. DNA damaging agents, such as oxygen free radicals, are produced 

continually as by-products of cellular metabolism. The second peak of DNA repair 

activity will excise any damages produced during S phase and G2 before the daughter cells 

are finally formed.

This biphasic pattern of cell cycle regulation was observed for another DNA repair 

enzyme, the uracil-DNA glycosylase (Mansur et al., 1993; Muller and Caradonna, 1993; 

Nagelhus et al., 1995). As shown with the redoxyendonuclease, two peaks of uracil-DNA 

glycosylase activity were observed with the first detected in early to mid G l and the 

second during S phase. The enzyme activity was correlated with a concomitant increase in 

both uracil-DNA glycosylase gene expression and protein synthesis. A major difference 

was observed between the findings with this enzyme and the redoxyendonuclease. The 

studies showed that the peak of uracil-DNA glycosylase activity is significantly higher in 

the S phase as compared to G l (Mansur et al., 1993; Muller and Caradonna, 1993; 

Nagelhus et al., 1995). This difference in the regulation of the redoxyendonuclease and 

uracil-DNA glycosylase could be due to the type of damaged bases that the two enzymes 

recognize. The base damages recognized by the redoxyendonuclease are formed 

throughout the cell cycle, resulting from exposure to a variety of damaging agents. On the
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other hand, uracil is produced in the DNA by either the deamination of cytosine or by 

incorporation during DNA replication (Friedberg, 1995). It is advantageous for the cell to 

have higher uracil-DNA glycosylase activity during S phase to remove the uracils inserted 

during DNA replication

The observed differences in the DNA repair rate of cycling neuroblastoma cells 

challenged with an oxidizing agent is reflective of the cell cycle regulation of the 

redoxyendonuclease activity. Cells damaged during either the S o r G 1 phase of the cell 

cycle completely repaired the DNA alterations, although the repair rate was significantly 

slower during G l. At the time the damaging agent was introduced during S phase, the 

level of the redoxyendonuclease activity was increasing, facilitating the excision of these 

lesions. However, at the damaging time point in G l, the enzyme activity was declining, 

necessitating a somewhat longer period for removal of the DNA lesions. When cells in GO 

were challenged with the oxidizing agent, no excision of the ring-saturated pyrimidines 

from the cellular DNA was observed. For these studies, cells were serum-arrested prior to 

introduction of the DNA damage and then supplemented with serum-containing media to 

induce re-entry into the cell cycle. However, rather than entering the cell cycle like 

undamaged neuroblastoma cells, the majority of cells rounded up and detached from the 

culture dish, indicating that the dose of osmium tetroxide used was toxic. Interestingly, a 

small percentage of the cells underwent permanent arrest and differentiation as evidenced 

by extending neurite outgrowth. There was no evidence of the repair of ring-saturated 

pyrimidines from the surviving fraction of neuroblastoma cells. Thus, it appears that cells 

that are actively growing at the time DNA damage occurs have a higher DNA repair
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capacity than non-cycling cells. Further, the presence of DNA damage in these cells 

results in the terminal differentiation or extensive cell killing of the cell population. This 

series o f studies is the first analysis of the ability of cells to repair any DNA alterations 

introduced at different stages of the cell cycle. The results suggest that DNA repair of 

ring-saturated pyrimidines is cell cycle-dependent and that the phase of the cell cycle 

during which the DNA damage occurs is a crucial factor in determining cell survival.

Exposure of the neuroblastoma cells to OSO4 resulted in cell cycle arrest. 

Increasing concentrations of the oxidizing agent resulted in both an increase in the number 

of endonuclease IE-sensitive sites and in the length of time required for cell cycle 

initiation. Studies show that dividing cells can delay progression through the cell cycle to 

facilitate the DNA repair process (Enoch and Norbury, 1995; Liu et al., 1995; Kaufmann, 

1995; Mumame, 1995; Lohrer, 1996; Kaufmann and Paules, 1996). For example, 

Mumame (1995) showed that cells in G l delay entry into S phase, S phase cells delay 

DNA replication, and G2 cells delay entry into mitosis following treatment with ionizing 

radiation. This arrest provides additional time for DNA repair to occur before the cell 

enters critical periods of the cell cycle.

As an extension of the studies described in this dissertation, an examination of the 

proteins involved in the cell cycle arrest observed with the neuroblastoma cells is currently 

under investigation. One critical cell cycle control protein is the tumor suppressor gene 

product, p53, whose function is to halt abnormal growth in normal cells and thereby 

prevent tumorigenesis (Kastan et al., 1992; Kastan et al., 1995; Smith and Fomance, 

1996). A small change in the p53 gene, such as a mutation in one of its 393 amino acids,
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can eliminate the function o f the protein. More than half of human cancers studied carry a 

p53 gene mutation with p53 mutations linked to 70% of the colorectal cancers, 50% of 

the lung cancers, and 40% of the breast cancers (Friedberg, 1995).

In response to DNA damage or unfavorable conditions for DNA synthesis, p53 up- 

regulates the expression o f target genes such as the gene for p21 waf'1 whose product in 

turn blocks cell proliferation in G l phase of the cell cycle (Cox and Lane, 1995; Kastan et 

al., 1995). p21 api/WAF1 is an inhibitor of Cdk2 and Cdk4, cyclin dependent kinases, 

whose activities are required for the cell to progress from G l to S phase ( El-Deiry et al., 

1993; Gu et al., 1993; Harper et al., 1993; Xiong et al., 1993). p2l also inhibits 

proliferating cell nuclear antigen (PCNA)-dependent DNA polymerase 8 in vitro, thereby 

slowing replication in the presence of damage to facilitate DNA repair (Florez-Rozas et 

al., 1994). GADD45, another gene product activated by p53 in response to DNA 

damage, is also associated with PCNA (Smith et al., 1994). Overexpression of GADD45 

inhibits DNA synthesis and enhances the excision repair process (Prelich et al., 1987; 

Shivji et al., 1992; Kastan et al., 1992; Hollander et al., 1993; Sanchez and Elledge, 1995). 

By inhibiting cell cycle progression, p53 provides the cell the time to repair DNA damage 

or to wait for more favorable conditions for DNA replication (Friedberg, 1995).

Thus, regulation of the cell cycle is a very crucial process for maintaining genetic 

integrity and cell cycle regulation is present in all eukaryotes studied. Recent reports 

indicate that cell cycle regulation may exist even in bacteria and regulatory proteins are 

being isolated (Bridges, 1995; Vinella and D ’Ari, 1995; Roush, 1996). This suggests that 

cell cycle regulation is a fundamental biological process that exists in all organisms.
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The same non-lethal concentration of 0 s 0 4 used to treat cycling neuroblastoma 

cells were toxic to non-cycling neuroblastoma cells. While the cycling cells were able to 

repair all of the ring-saturated pyrimidines, similarly damaged quiescent cells did not 

tolerate the oxidant insult The majority of the noncycling cells rounded up and detached 

from the culture dish while the remainder underwent permanent arrest and differentiation, 

as indicated by the formation of long neurite extensions. At very' high concentrations of 

0 s0 4, the cell viability o f the cycling cells also decreased and the majority of the cells died 

within 6 hours of exposure to the chemical agent. This indicates that the DNA repair 

machinery is not capable o f repairing extensive damage to cellular DNA, although at 

higher concentrations membrane damage could be responsible for some of the toxic effects 

observed. In both cases, it is possible that accumulation of oxidative DNA damage, either 

by overwhelming the DNA repair systems with excessive exposure to the damaging agent 

in the case of the cycling cells or due to limited DNA repair capacity in the case of the 

noncycling cells, caused the induction of apoptosis, programmed cell death.

In addition to cell cycle arrest, accumulation of DNA damage may also induce 

apoptosis in multicellular organisms, and thereby eliminate cells whose genetic alterations 

are beyond repair (Enoch and Norbury, 1995). Based on the results of this dissertation 

work, studies are currently underway to determine whether treatment of both quiescent 

and cycling neuroblastoma cells with oxidizing agents will result in the induction of 

apoptosis. When DNA damage is beyond repair, it is advantageous for the cell to 

“commit suicide” to protect the organism at the expense of individual cells. Studies of the 

p53 gene showed that its expression is not only associated with cell cycle arrest in G l
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following DNA damage but also with some of the apoptotic pathways (Kastan et al., 

1995). One study examined the role of p53 in neuronal death in adult rat brains. Adult 

rats administered an excitotoxin glutamate analogue, kainic acid, showed increased levels 

of p53 mRNA in neurons with morphological features of apoptotic damage in the targeted 

brain region (Sakhi et al., 1994). Therefore, p53 induction can also be a marker of 

irreversible injury in postmitotic cells such as neurons (Sakhi et al., 1994). The p53 

protein is thought to activate apoptosis by regulating 2 homologous proteins that have 

opposite effects on the process. The product of the proto-oncogene Bcl2, protects the 

cell from apoptosis while the induction of Bax protein increases the concentration of 

BaxrBax homodimers and Bax:Bcl2 heterodimers which then act as apoptotic signals 

(Oitvai et al., 1993). In some cell types, the up-regulation of p53 is concomitant with the 

down-regulation of Bcl2 and the up-regulation of Bax and apoptosis (Miyashita and Reed 

1995). Loss of apoptosis through genetic changes in this pathway can be a critical 

component o f tumorigenesis (Kastan et al., 1995).

Thus, the tumor suppressor protein p53 has multiple functions as a transcription 

factor. Cells that have normal p53 functions can coordinate multiple responses to DNA 

damage. When cells encounter DNA damage, the level of p53 protein increases (Cox and 

Lane, 1995) allowing the cell to induce apoptosis through the transcriptional activation of 

the Bax gene (Miyashita and Reed, 1995), if the damage is not repairable. If the DNA 

damage can be removed, the cell can induce DNA repair through p53-stimulated 

expression of the GADD45 gene.
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An examination of the function o f  p53 in our neuroblastoma system will provide 

further evidence for the importance o f DNA repair mechanisms in the protection of 

neuronal cells. Cellular DNA damage is a  critical problem in brain cells such as neurons 

which are actively metabolizing, non-dividing cells. When brain cells undergo oxidative 

damage, as may occur during stroke, extensive cell death is likely to occur. Since neurons 

are not capable o f cell division, the organism cannot replace the dying cells, potentially 

leading to loss o f organ function. Alternatively, it is possible that after oxidative damage, 

some of the neurons remain viable and try to maintain their normal metabolic activities. 

However, using the damaged DNA could give rise to altered proteins that are either non

functional or lethal to the cell. This can have such deleterious effects as cellular 

transformation and eventual tumorigenesis.

This dissertation study provides the first data on redoxyendonuclease activity in 

cycling and quiescent cells, the regulation of this enzyme during the cell cycle and the 

effect o f the level o f enzyme activity on the cellular DNA repair. This work contributes to 

an understanding o f the complex topic o f cell cycle regulation which is interlinked with 

DNA damage and repair. Information regarding DNA repair capabilities at critical stages 

of the cell cycle and repair capacity in non-mitogenic cells such as neurons may help in 

developing strategies to treat diseases that develop as a result of accumulation o f DNA 

damage.

I l l

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



REFERENCES

Ames, B.N. and Gold, L.S. (1991) Endogenous Mutagens and the Causes o f Aging and 
Cancer. Mutation Research, 250: 3-16.

Ames, B.N., Shigenaga, M.K., and Hagan, T.M. (1993) Oxidants, Antioxidants, and the 
Degenerating (Diseases o f Aging. Proc. Natl. Acad. Sci. USA, 90: 7915-7922.

Anderson, D. (1996) Antioxidant Defences Against Reactive Oxygen Species Causing 
Genetic and Other Damages. Mutat. Res., 350(1): 103-108.

Bakhle, Y.S. (1983) Synthesis and Catabolism of Cyclo-oxygenase Products. Br. Med. 
Bull., 39: 214-218.

Basu, A.K., Loechler, E.L., Leadon, S.A., and Essigmann, J.M. (1989) Genetic Effects of 
Thymine Glycol: Site Specific Mutagenesis and Molecular Modeling Studies. Proc. Natl. 
Acad. Sci. USA, 86: 7677-7681.

Bondy, S.C. (1995) The Relation of Oxidative Stress and Hyperexcitation to Neurological 
Disease. Exp. Bio. and Med., 337-345.

Braun, A. and Grossman, L. (1974) An Endonuclease from Escherichia coii That Acts 
Preferentially on UV-Irradiated DNA and is Absent from the uvrA and uvrB Mutants. 
Proc. Natl. Acad. Sci. USA, 71: 1838-1842.

Breen, A.P. and Murphy, J.A. (1995) Reactions o f Oxyl Radicals with DNA. Free Radical 
Biology and Medicine, 18: 1033-1077.

Brent, T.P. (1979) 3 Methyladenine-DNA Glycosylase: A Probe for Determining 
Alkylation Damage and Repair in Human Fibroblasts. Biochem. Biophys. Res. Comm., 91: 
N o.2 ,795-802.

Breimer, L.H. and Lindahl, T. (1980) A DNA Glycosylase from Escherichia coli that 
Releases Free Urea from a Polydeoxyribonucleotide Containing Fragments of Base 
Residues. Nucl. Acids Res., 8: 6199-6211.

Breimer, L.H. and Lindahl, T. (1984) DNA Glycosylase Activities for Thymine Residues 
Damaged by Ring Saturation, Fragmentation, or Ring Contraction Are Functions of 
Endonuclease ID in Escherichia coli. J. Biol. Chem., 259: 5543-5548.

Bridges, B.A. (1995) Are There DNA Damage Checkpoints in E. coli? BioEssays, 17: 
No. 1,63-70.

112

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Budhram-Mahadeo, V., Lillycrop, K.A., and Latchman, D.S. (1994) Cell Cycle Arrest and 
Morphological Differentiation can Occur in the Absence o f Apoptosis in a Neuronal Cell 
Line. Neurosci. Let., 165:18-22.

Burton, K., and Riley, W.T. (1966) Selective Degradation of Thymidine and Thymine 
Deoxynucleotides. Biochem., 98: 70-77.

Burton, G.W. and Traber, M.G. (1990) Vitamin E: Antioxidant Activity, Biokinetics, 
and Bioavailability. Annu. Rev. Nutr., 10: 357-382.

Chan, P.H. (1996) Role o f Oxidants in Ischemic Brain Damage. Stroke, 27(6): 1124- 
1129.

Choi, D.W. (1990) Cerebral Hypoxia: Some New Approaches and Unanswered 
Questions. J. Neurosci., 10: No.8, 2493-2501.

Cox, L.S. and Lane, D.P. (1995) Tumor Suppressors, Kinases and Clamps: How p53 
Regulates the Cell Cycle in Response to DNA Damage. BioEssays, 17: No.6, 501-508.

Cunningham, R., and Weiss, B.W. (1985) Endonuclease HI (nth) Mutants of Escherichia 
coli. Proc. Natl. Acad. Sci. 82:474-478.

Cunningham, R.P., Asahara, H., Bank, J.F., Scholes, C.P., Salerno, J.C., Surerus, K., 
Munck, E., McCracken, J., Peisach, J. and Emptage, M.H. (1989) Endonuclease III is an 
Iron-Sulfur Protein. Biochem. 28: 4450-4455.

Darley-Usmar, V., Wiseman, H. and Halliwell, B. (1995) Nitric Oxide and Oxygen 
Radicals: a question of balance. FEBS Letters, 369(2-3): 131-135.

Decuyper-Debergh, D., Piette, J. and Van de Vorst, A. (1987) Singlet Oxygen-Induced 
Mutations in M13 lacA Phage DNA. EMBO J., 6: 3155-3161.

Di Mascio, P., Murphy, M.E., and Sies, H. (1991) Antioxidant Defense Systems: the 
Role of Carotenoids, Tocopherols, and Thiols. Am. J. Clin. Nutr., 53: 194S-200S.

Dizdaroglu, M. (1992) Oxidative Damage to DNA in Mammalian Chromatin. Mut. Res., 
275: 331-342.

Doetsch, P.W., Henner, W.D., Cunningham, R.P., Toney, J.H., and Helland, D.E. (1987) 
A Highly Conserved Endonuclease Activity Present in Escherichia coli, Bovine, and 
Human Cells Recognize Oxidative DNA Damage at Sites of Pyrimidines. Mol. Cell. Biol., 
7: 26-32.

113

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Duker, N J . and Grant, C.L. (1980) Alteration in the Levels of Deoxyuridine 
Triphosphatase, Uracil-DNA Glycosylase and AP Endonuclease During the Cell Cycle. 
Exp.Cell Res., 125: 493-497.

El-Deiry, W .S., Tokino, T., Velculescu, V.E., Levy, D.B., Parsons, R., Trent, J.M., Lin, 
D., Mercer, W.E., Kinzler, K.W., and Vogelstein, B. (1993) WAF1, a Potential Mediator 
o f p53 Tumor Suppression. Cell, 75: 817-825.

Enoch, T. and Norbury, C. (1995) Cellular Responses to DNA damage: Cell Cycle 
Checkpoints, Apoptosis and the Role of p53 and ATM. TIBS, 20:426-430.

Evan, G.I., Brown, L., Whyte, M., and Harrington, E. (1995) Apoptosis and the Cell 
Cycle. Curr. Opin. Cell Biol., 7(6): 825-834.

Feig, D.I. and Loeb, L.A. (1993) Mechanisms o f Mutation by Oxidative DNA Damage: 
Reduced Fidelity of Mammalian DNA Polymerase B. Biochemistry, 32: 4466-4473.

Feig, D.I., Reid, T.M., and Loeb, L.A. (1994) Reactive Oxygen Species in Tumorigenesis. 
Cancer Research (Suppl), 54: 1890s-1894s.

Flores-Rozas, H., (1994) CDK-Interacting Protein-1 (CIP1, WAF1) Directly Binds with 
Proliferating Cell Nuclear Antigen and Inhibits DNA Replication Catalyzed by the DNA 
Polymerase d Holoenzyme. Proc. Natl Acad. Sci. USA, 91: 8655-8659.

Floyd, R.A. (1990) The Role of 8-hydroxyguanine in Carcinogenesis. Carcinogenesis, 11: 
1447-1450.

Fridovich, I. (1995) Superoxide Radical and Superoxide Dismutases. Annu. Rev. 
Biochem., 64: 97-112.

Friedberg, E.C., Walker, G.C., and Sied, W. (1995) DNA Repair and Mutagenesis. ASM 
Press, Washington D.C.

Gallagher, P.E. and Brent, T.P. (1983) Partial Purification and Characterization o f 3- 
Methyladenine-DNA Glycosylase from Human Placenta. Biochem., 24: 6404-6409.

Gallagher, P i . ,  Weiss, R.B., Brent, T.P., and Duker, N.J. (1989) A Human Endonuclease 
Incises Ultraviolet-irradiated DNA at Cytosines and Oxidized DNA at Thymines. Mol. 
Carcinogenesis, 2: 188-191.

Gates, F.T. and Linn, S. (1977) Endonuclease from Escherichia coli That Acts 
Specifically upon Duplex DNA Damaged by Ultraviolet Light, Osmium Tetroxide, Acid, 
or X-rays. J. Biol. Chem.. 252: 2802-2807.

114

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Gombar, C.T., Katz, E.J., Magee, P.N., and Sirover, M.A. (1981) Induction o f the DNA 
Repair Enzymes Uracil DNA Glycosylase and 3-Methyladenine in Regenerative Rat Liver. 
Carcinogenesis, 2: 595-599.

Gossett, J., Lee, K., Cunningham, R.P. and Doetsch, P.W. (1988) Yeast 
Redoxyendonuclease, a DNA Repair Enzyme Similar to Escherichia coli Endonuclease 
in . Biochem., 27: 2629-2634.

Gu, Y., Turck, C.W., and Morgan, D.O. (1993) Inhibition of CDK2 Activity in vivo by an 
Associated 20K Regulatory Subunit. Nature, 366: 707-710.

Gupta, P.K. and Sirover, M.A. (1980) Sequential Stimulation o f DNA Repair and DNA 
Replication in Normal Human Cells. Mutation Res., 72: 273-284.

Gupta, P.K. and Sirover, M.A. (1981) Cell Cycle Regulation of DNA Repair in Normal 
and Repair Deficient Human Cells. Chem. Biol. Int., 36: 19-31.

Gupta, P.K. and Sirover, M.A. (1981) Stimulation of the Nuclear Uracil DNA Glycosylase 
in Proliferating Human Fibroblasts. Cancer Res., 41: 3133-3136.

Halliwell, B. and Aruoma, O.I. (1991) DNA Damage by Oxygen-derived Species: Its 
Mechanism and Mesurement in Mammalian Systems. FEBS., 281: 9-19.

Harper, J.W ., Adami, G.R., Wei, N., Keyomarsi, K., and Elledge, S.J. (1993) The p21 
CDK-Interacting Protein CIP1 is a Potential Inhibitor of G l Cyclin-Dependent Kinases. 
Cell, 75: 805-816.

Harris, E.D. (1992) Regulation of Antioxidant Enzymes. FASEB, 6: 2675-2683.

Hartwell, L., Weinert, T., Kadyk, L., and Garvik, B. (1994) Cell Cycle Checkpoints, 
Genomic Integrity, and Cancer. Cold Spring Harbor Sym. Quantit. Biol., 59: 259-263.

Hawkins, R. (1985) In Cerebral Energy Metabolism and Metabolic Encephalopathy. 
(D.W. McCandless, ed.) Plenum Press, New York.

Hays, R.C. and Le Clerc, J.E. (1986) Sequence Dependence for Bypass o f Thymine 
Glycols in DNA by DNA Polymerase I. Nucleic Acids Res., 14: 1045-1061.

Higgins, S.A., Frenkel, K., Cummings, A., and Teebor, G.W. (1987) Definitive 
Characterization of Human Thymine Glycol N-Glycosylase Activity. Biochemistry, 26: 
1683-1688.

Hollander, M.C., Alamo, I., Jackman, J., Wang, M.G., McBride, O.W., and Fomace, Jr.,
A.J. (1993) Analysis of the Mammalian GADD45 Gene and its Responses to DNA 
Damage. J. Biol. Chem., 268: 24385-24393.

115

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Holmes, G.E., Bernstein, C., and Bernstein, H. (1992) Oxidative and Other DNA 
Damages as the Basis of Aging: A Review. Mutation Research, 275: 305-315.

Humple, T. (1995) Neuroblastoma. World J. Urol., 13: 233-239.

Ide, H ., Kow, Y.W., and Wallace, S.S. (1985) Thymine Glycols and Urea Residues in 
M13 DNA Constitute Replicative Blocks in vitro. Nucl. Acids Res., 13: 8035-8052.

Imlay, J.A. and Linn, S. (1988) DNA Damage and Oxygen Radical Toxicity. Science 
240: 1302-1309.

Jensen, L. and Linn, S. (1988) A Reduced Rate of Bulky DNA Adduct Removal is 
Coincidental with Differentiation o f Human Neuroblastoma Cells Induced by Nerve 
Growth Factor. Mol. and Cell. Biol., 8: N o .9 ,3964-3968.

Kamb, A. (1995) Cell Cycle Regulators and Cancer. Trends in Genetics, 11: No.4, 136- 
MO.

Kastan, M.B., Canman, C.E., and Leonard, C J . (1995) p53, Cell Cycle Control and 
Apoptosis: Implication for Cancer. Cancer and Metastasis Reviews, 14: 3-15.

Kastan, M.B., Zhan, Q., El-Deiry, W.S., Carrier, F., Jacks, T., Walsh, W.V., Plunkett,
B.S., Vogelstein, B., and Fomace, A J . (1992) A Mammalian Cell Cycle Checkpoint 
Pathway Utilizing p53 and GADD45 is Defective in Ataxia Telangiectasia. Cell, 71: 587- 
597.

Katcher, H.L. and Wallace, S.S. (1983) Characterization of the Escherichia coli X-ray 
Endonuclease, Endonuclease III. Biochem., 22(17): 4071-4081.

Kaufman, W.K. (1995) Cell Cycle Checkpoints and DNA Repair Preserve the Stability of 
the Human Genome. Cancer and Metastasis Reviews, 14: 31-41.

Kaufman, W.K. and Kaufman, D.G. (1993) Cell Cycle Control, DNA Repair and Initiation 
of Carcinogenesis. FASEB Journal, 7: 1188-1191.

Kaufmann, W.K. and Paules, R.S. (1996) DNA Damage and Cell Cycle Checkpoints. 
FASEB J., 10(2): 238-247.

Knight, J.A. (1995) The Process and Theories o f Aging. Ann. Clin. Lab. Sci., 25(1): 
1- 12.

Kow, Y.W. and Wallace, S.S. (1987) Mechanism of Escherichia coli Endonuclease 111. 
Biochemistry, 26: 8200-8206.

116

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Krause, G.S., White, B.C., Aust, S.D., Nayini, N.R., Kumar, K. (1988) Brain Cell Death 
Following Ischemia and Reperfusion: A Proposed Biochemical Sequence. Critical Care 
Medicine, 16:714-726.

Kuo, C.F., McRee, D.E., Fisher, C.L., O’Handley, S.F., Cunningham, R.P., and Tainer, 
J.A. (1992) Atomic Structure o f the DNA Repair [4Fe-4S] Enzyme Endonuclease 111. 
Science, 258:434-440.

Leake, R. (1996) The Cell Cycle and Regulation of Cancer Cell Growth. Ann. NY Acad. 
Sci., 784: 252-262.

Lee, K., McCray, W.H., and Doetsch, P.W. (1987) Thymine Glycol-DNA Glycosylase/AP 
Endonuclease of CEM-D1 Lymphoblasts: A Human Analog of Escherichia coli 
Endonuclease 111. Biochem. Biophys. Res. Commun., 149: 93-101.

Lewis, J.G. and Adams, D.O. (1985) Induction of 5,6-Ring-Saturated Thymine Bases in 
NIH-3T3 Cells by Phorbol Ester-Stimulated Macrophages: Role o f Reactive Oxygen 
Intermediates. Cancer Res., 45: 1270-1275.

Liu, V.F., Boubnov, N.V. and Weaver, D.T. (1995) Cell Cycle Checkpoints and Repair 
o f  Ionizing Radiation Damage. Stem Cells, 13(1): 117-128.

Lohrer, H.D. (1996) Regulation of the Cell Cycle Following DNA Damage in Normal and 
Ataxia Telangiectasia Cells. Experientia, 52: 316-324.

LoPresti, P., Poluha, W., Poluha, D.K., Drinkwater, E., and Ross, A.H. (1992) Neuronal 
Differentiation Triggered by Blocking Cell Proliferation. Cell Growth and Differentiation, 
3: 627-635.

Lowry, O.H., Rosenbrough, N.J., Farr, A.L. and Randall, R.J. (1951) Protein 
Measurement with Folin Reagent. J. Biol. Chem., 193: 265-276.

Maniatis, T., Fritsch, E.F., and Shambrook, J. (1989) Molecular Cloning - A Laboratory 
Manual. Cold Spring Harbor Press, Cold Spring Harbor.

Mansur, N.R., Meyer-Siegler, K., Wurzer, J.C., and Sirover, M.A. (1993) Cell Cycle 
Regulation o f the Glyceraldehyde-3-phosphate Dehydrogenase/Uracil DNA Glycosylase 
Gene in Normal Human Cells. Nucleic Acids Res., 21: No.4, 993-998.

McBride, T.J., Preston, B.D., and Loeb, L.A. (1991) Mutagenic Spectrum Resulting from 
DNA Damage by Oxygen Radicals. Biochemistry, 30: 207-213.

McCord, J.M. and Fridovich, I. (1969) Superoxide Dismutase: An Enzymic Function for 
Erythrocuprein (hemocuprein). J. Biol. Chem., 244: 6049-6055.

117

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



McCord, J.M. (1985) Oxygen-derived Free Radicals in Postischemic Tissue Injury. N. 
Engl. J. Med., 312: 159-163.

Meyer-Siegler, K., Rahman-Mansur, N., Wurzer, J.C., and Sirover, M.A. (1992) 
Proliferative Dependent Regulation of the Glyceraldehyde-3-phosphate
Dehydrogenase/Uracil DNA Glycosylase Gene in Human Cells. Carcinogenesis, 13: 
No. 11,2127-2132.

Miyashita, T. and Reed, J.C. (1995) Tumor Suppressor p53 is a Direct Transcriptional 
Activator o f the Human Bax Gene. Cell, 80: 293-299.

Moraes, E. C., Keyse, S.M., Pidoux, M. and Tyrrell, R.M. (1989) The Spectrum of 
Mutations Generated by Passage of a Hydrogen Peroxide Damaged Shuttle Vector 
Plasmid Through a Mammalian Host. Nucl. Acids Res., 17: 8301-8312.

Moraes, E. C., Keyse, S.M., Pidoux, M. and Tyrrell, R.M. (1990) Mutagenesis by 
Hydrogen Peroxide Treatment of Mammalian Cells: a Molecular Analysis.
Carcinogenesis, 11: 283-293.

Muller, S J . and Caradonna, S. (1993) Cell Cycle Regulation o f a Human Cyclin-like Gene 
Encoding Uracil DNA Glycosylase. J. Biol. Chem., 268: No.2, 1310-1319.

Mumane, J.P. (1995) Cell Cycle Regulation in Response to DNA Damage in Mammalian 
Cells: A Historical Perspective. Cancer and Metastasis Reviews, 14: 17-29.

Nagelhus, T., Slupphaug, G., Lindmo, T. and Krokan, H.E. (1995) Cell Cycle 
Regulation and Subcellular Localization o f the Major Human Uracil-DNA Glycosylase. 
Exp. Cell Res., 220: 292-297.

Oitvai, Z.N., Milliman, C.L. and Korsmeyer, S J . (1993) Bcl-2 Heterodimerized in vivo 
with a Conserved Homolog, Bax, that Accelerates Program Cell Death. Cell, 74: 609- 
619.

Prelich, G., Kostura, M., Marshak, D.R., Mathews, M.B., and Stillman, B. (1987) The 
Cell Cycle Regulated Proliferating Cell Nuclear Antigen is Required for SV40 DNA 
Replication in vivo. Nature, 326: 471-475.

Radman, M. (1976) An Endonuclease from Escherichia coli That Introduces Single 
Polynucleotide Chain Scissions in Ultraviolet-irradiated DNA. J. Biol. Chem., 251: 
1438-1445.

Randerath, K., Reddy, R., Danna, T.F., Watson, W.P., Crane, A.E., and Randerath, E. 
(1992) Formation of Ribonucleotides in DNA Modified by Oxidative Damage in vitro and 
in vivo. Characterization by 32P-post labeling. Mutation Research, 275: 355-366.

118

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Ratan, R.R. and Baraban, J.M. (1995) Apoptotic Death in an In Vitro Model of Neuronal 
Oxidative Stress. Clinical and Exp. Pharmacology and Physiology, 22: 309-310.

Reid, T.M. and Loeb, L. A. (1993) Tandem Double CC-TT Mutations are Produced by 
Reactive Oxygen Species. Proc. Natl. Acad. Sci., 90: 3904-3907.

Rose, R.C. and Bode, A.M. (1993) Biology of Free Radical Scavengers: an Evaluation 
of Ascorbate. FASEB J., 7: 1135-1142.

Rouet, P. and Essigmann, J.M. (1985) Possible Role for Thymine Glycol in the Selective 
Inhibition of DNA Synthesis on Oxidized DNA Templates. Cancer Res., 45: 6113-6118.

Roush, W. (1996) Choreographing the Bacterial Cell Cycle. Science, 271: 291.

Sakhi, S. (1994) p53 Induction is Associated with Neuronal Damage in the Central 
Nervous System. Proc. Natl Acad. Sci. USA, 91: 7525-7529.

Sancar A., and Sancar, G.B., (1988) DNA Repair Enzymes. Annu. Rev. Biochem., 57: 29- 
67.

Sanchez, Y. and Elledge, S.J. (1995) Stopped for Repairs. BioEssays, 17: No.6, 545-548.

Seeberg, E., Eide, L. and Bjoras, M. (1995) The Base Excision Repair Pathway. Trends 
Biochem. Sci., 20(10): 391-397.

Shrader, T.J. (1992) Differences in Nucleotide and Base DNA Excision Repair Observed 
During Mitogenic Stimulation of Bovine Lymphocytes. Mutation Res., 273: 29-42.

Shivji, M.K.K., Kenny, M.K. and Wood, R.D. (1992) Proliferating Cell Nuclear Antigen is 
Required for DNA Excision Repair. Cell, 69: 367-374.

Sies, H. (1991) Oxidative Stress: Oxidants and Antioxidants. Academic Press, New York.

Sies, H. and Menck (1992) Singlet Oxygen Induced DNA Damage. Mutat. Res., 275: 
367-375.

Simic, M.G. and Jovanovic, S.V. (1986) Free Radical Mechanisms in DNA Base 
Damage. Basic Life Sci., 38: 39-49.

Simic, M.G. (1994) DNA Markers of Oxidative Processes in vivo: Relevance to 
Carcinogenesis and Anticarcinogenesis. Cancer Research (Suppl.), 54: 1918s-1923s.

Simonian, N.A. and Coyle, J.T. (1996) Oxidative Stress in Neurodegenerative Diseases. 
Annu. Rev. Pharm. Toxicol., 36: 83-106.

119

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Singer, B. and Grunberger, D. (1983) Molecular Biology of Mutagens and Carcinogens. 
Plenum Press, New York, New York.

Sirover, M.A. (1979) Induction of the DNA Repair Enzyme Uracil DNA Glycosylase in 
Stimulated Human Lymphocytes. Cancer Res., 39: 2090-2095.

Slater, A.F., Nobel, C.S. and Orrenius, S. (1995) The Role of Intracellular Oxidants in 
Apoptosis. Biochem. Biophys. Acta, 1271(1): 59-62.

Slupphaug, G., Olsen, L.C., Helland, D., Aasland, R., and Krokan, H.E. (1991) Cell Cycle 
Regulation and In  Vitro Hybrid Arrest Analysis o f the Major Human Uracil-DNA 
Glycosylase. Nucl. Acids Res., 19: 5131-5137.

Small, D.L. and Buchan, A.M. (1996) Mechanisms of Cerebral Ischemia: Intracellular 
Cascades and Therapeutic Interventions. J. Cardiothor. Vas. Anesth., 10(1): 139-146.

Smith, M.L., Chen, I.T., Zhang, Q., Bae, I., Chen, C.Y., Gilmer, T.M., Kastan, M.B., 
O’Conner, P.M., and Fomace Jr., A.J. (1994) Interaction of the p53 Regulated Protein 
GADD45 with Proliferating Cell Nuclear Antigen. Science, 266: 1376-1379.

Smith, M.L. and Fomance, A.J. (1996) The Two Faces o f Tumor Suppressor p53. Am. 
J. Path., 148(4): 1019-1022.

Stadtman, E.R. (1992) Protein Oxidation and Aging. Science, 257: 1220-1224.

Strauss, B., Rabkin, S., Sagher, D. and Moore, P. (1982) The Role of DNA Polymerase 
in Base-Substitution Mutagenesis on Non-Instructional Templates. Biochimie, 64: 829- 
838.

Strauss, B.S. (1991) The “A Rule” of Mutagen Specificity: A Consequence of DNA 
Polymerase Bypass o f Non-Instructional Lesions. Bioessays, 13: 79-84.

Tkeshelashvili, L.K., McBride, T., Spence, K. and Loeb, L.A. (1991) Mutation Spectrum 
of Copper-Induced DNA Damage. J. Biol. Chem., 266: 6401-6406.

Tlsty, T.D. (1995) Cell Cycle Control and Genomic Instability. Cancer and Metastasis 
Reviews, 14: 1-2.

Verity, M.A. (1994) Oxidative Damage and Repair in the Developing Nervous System. 
Neurotoxicol., 15(1): 81-89.

Vinella, D. and D ’Ari, R. (1995) Overview of Controls in the Escherichia coli Cell Cycle. 
BioEssays, 17: No.6, 527-536.

120

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Wagner, J.R., Hu, C.C. and Ames, B.N. (1992) Endogenous Oxidative Damage of 
Deoxycytidine in DNA. Proc. Natl. Acad. Sci. USA, 89(8): 3380-3384.

Wallace, S.S. (1988) Apurinic Endonucleases and DNA glycosylases that Recognize 
Oxidative DNA Damage. Environ. Mol. Mutagenesis, 12: 431-477.

Wang, S.Y. (1976) Photochemistry and Photobiology o f Nucleic Acids. Academic 
Press, New York, New York.

Weiss. R.B. and Duker, N.J. (1986) Photoalkylated DNA and Ultraviolet-irradiated 
DNA Are Incised at Cytosines by Endonuclease III. Nucl. Acids Res., 14: 6621-6631.

Weiss. R.B. and Duker, N.J. (1987) Endonucleolytic Incision of UVB-Irradiated DNA. 
Photochem. Photobiol., 45(6): 763-768.

Weiss, R.B., Gallagher, P.E., Brent, T.P., and Duker, N.J. (1989) Cytosine 
Photoproducts-DNA Glycosylase in Escherichia coli and Cultured Human Cells. 
Biochem., 28: 1489-1492.

Weiss, R.B. and Gallagher, P.E. (1993) In vivo Repair o f Cytosine Hydrates in DNA of 
Cultured Human Lymphoblasts. Photochemistry and Photobiology, 58: No.2, 219-225.

Wems, S.W. and Lucchesi, B.R. (1990) Free Radicals and Ischemic Tissue Injury. TIPS, 
11: 161-166.

Wiseman, H. and Halliwell, B. (1996) Damage to DNA by Reactive Oxygen and 
Nitrogen Species: Role in Inflammatory Disease and Progression to Cancer. Biochem. J.. 
313(Pt. 1): 17-29.

Witson, R.H. and Itakura, K. (1992) TG F-pi Inhibits DNA Synthesis and Phosphorylation 
o f the Retinoblastoma Gene Product in a Rat Liver Epithelial Cell Line. Jour, o f  Cell. 
Biochem., 48: 305-315.

Wook, K.A. and Youle, R.J. (1994) Apoptosis and Free Radicals. Ann. N Y  Acad. Sci., 
738: 400-407.

Xiong, Y., Hannon, G.J., Zhang, H., Casso, D., Kobayashi, R., and Beach, D. (1993) p21 
is a Universal Inhibitor of Cyclin Kinases. Nature, 366: 701-704.

Yu, B.P. and Yang, R. (1996) Critical Evaluation of the Free Radical Theory of Aging. 
A Proposal for the Oxidative Stress Hypothesis. Ann. N Y Acad. Sci., 786: 1-11.

121

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ABSTRACT

Redoxyendonuclease activity was detected in extracts o f human neuroblastoma 

cells using a base-release assay specific for thymine glycol in DNA. The level of 

redoxyendonuclease activity was more than 2-fold higher in dividing cells compared to 

quiescent cells, suggesting that quiescent cells may have a reduced capacity to repair 

oxidative DNA base damages. Cells were synchronized by serum deprivation and then 

stimulated to enter the cell cycle by the addition of serum to determine enzyme activity at 

different stages o f the cell cycle. The redoxyendonuclease activity was regulated in a 

biphasic manner with a peak in early G1 and a peak in S phase. This suggests that at 

specific times during the cell cycle actively growing cells may be more resistant to 

oxidative DNA damage due to increased repair capacity.

The repair capacity of neuroblastoma cells was quantified as the decrease in 

enzyme-sensitive sites determined by alkaline sucrose density gradient centrifugation 

following treatment with the oxidant osmium tetroxide. Actively dividing cells repaired 

the oxidative damage in approximately 24 hours, while the quiescent cells failed to excise 

the damaged sites and subsequently died. These results indicate that non-dividing cells do 

not effectively repair oxidative DNA damage, as compared to the dividing cells. Similarly, 

quiescent cells, treated with osmium tetroxide and fed a serum-enriched media, failed to 

re-enter the cell cycle and did not repair the oxidative damage. The data indicate that non

dividing cells, such as neurons, do not have the capacity to repair excess oxidative damage 

and may suffer the biological consequences o f DNA damage accumulation, including 

cellular death, mutagenesis or carcinogenesis. When synchronized cells were damaged
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with osmium tetroxide, there were differential DNA repair rates, depending on the stage 

o f the cell cycle. These DNA repair rates coordinated with the redoxyendonuclease 

activity profile.

The results o f the studies described contribute to a further understanding of the 

DNA repair pathways which are interlinked with complex processes of cell cycle 

regulation.
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