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ABSTRACT

Oxidatively damaged DNA has been strongly associated with cancer,
chronic degenerative diseases and aging. Guanine is the most frequently
oxidized base in the DNA, and generation of a guanine radical cation (G'" ) as an
intermediate in the oxidation reaction leads to migration of a resulting cationic
hole through the DNA n-stack until it is trapped at the lowest-energy sites. These
sites reside at runs of guanines, such as 5'-GG-3' sequences, and are
characterized by the lowest sequence-specific ionization potentials (IPs). The
charge transfer mechanism suggests that hotspots of oxidative DNA damage
induced by electron transfer reagents can be predicted based on the primary
DNA sequence. However, preliminary data indicated that
nitrosoperoxycarbonate (ONOOCO2"), a mediator of chronic inflammation and a
one-electron oxidant, displayed unusual guanine oxidation properties that were
the focus of present work.

As a first step in our study, we determined relative levels of guanine
oxidation, induced by ONOOCO2 in all possible three-base sequence contexts
(XGY) within double-stranded oligonucleotides. These levels were compared to



the relative oxidation induced within the same guanines by photoactivated
riboflavin, a one-electron reagent. We found that, in agreement with previous
studies, photoactivated riboflavin was selective for guanines of lowest IPs located
within 5'-GG-3' sequences. In contrast, ONOOCO2" preferentially reacted with
guanines located within 5'-GC-3' sequences characterized by the highest IPs.
This demonstrated that that sequence-specific IP was not a determinant of
guanine reactivity with ONOOCO 2". Sequence selectivities for both reagents
were double-strand specific. Selectivity of ONOOCO 2 for 5'-GC-3' sites was also
observed in human genomic DNA after ligation-mediated PCR analysis. Relative
yields of different guanine lesions produced by both ONOOCO2" and riboflavin
varied 4- to 5-fold across all sequence contexts.

To assess the role of solvent exposure in mediating guanine oxidation by
ONOOCO2", relative reactivities of mismatched guanines with ONOOCO 2" were
measured. The majority of the mismatches displayed an increased reactivity with
ONOOCO2 as compared to the fully matched G-C base-pairs. The extent of
reactivity enhancement was sequence context-dependent, and the greatest
levels of enhancement were observed for the conformationally flexible guanine-
guanine (G-G) mismatches and for guanines located across from a synthetic
abasic site.

To test the hypothesis that the negative charge of an oxidant influences its
reactivity with guanines in DNA, sequence-selective guanine oxidation by a
negatively charged reagent, Fe+2-EDTA, was assessed and compared to
guanine oxidation produced by a neutral oxidant, y-radiation. Because both of
these agents cause high levels of deoxyribose oxidation, a general method to
quantify sequence-specific nucleobase oxidation in the presence of direct strand
breaks was developed. This method exploited activity of exonuclease III (Exo
III), a 3' to 5' exonuclease, and utilized phosphorothioate-modified synthetic
oligonucleotides that were resistant to Exo III activity. This method was
employed to determine sequence-selective guanine oxidation by Fe+2-EDTA
complex and y-radiation and to show that both agents produced identical guanine
oxidation pattems and were equally reactive with all guanines, irrespective of
their sequence-specific IPs or sequence context. This showed that negative
charge was not a determinant of Fe+2-EDTA-mediated guanine oxidation.

Finally, the role of oxidant binding on nucleobase damage was assessed
by studying sequence-selective oxidation produced by DNA-bound Fe+2 ions in
the presence of H202. We found that the major oxidation targets were thymines
located within 5'-TGG-3' motifs, demonstrating that while guanines were a
required element for coordination of Fe+2 to DNA, they were not oxidized.

Our results suggest that factors other than sequence-specific IPs can act
as major determinants of sequence-selective guanine oxidation, and that current
models of guanine oxidation and charge transfer in DNA cannot be used to
adequately predict the location and identity of mutagenic lesions in the genome.
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Chapter 1

Introduction

ABSTRACT

DNA damage resulting from oxidative stress has been strongly associated

with cancer, chronic degenerative diseases and aging. Both the nucleobase and

deoxyribose moieties of the DNA are targets for oxidative damage. Guanine is

the most frequently oxidized base because of its low ionization potential, and it

can be converted into a variety of primary and secondary oxidation products.

Generation of a guanine radical cation (G"÷) as an intermediate in the oxidation

reaction leads to migration of the resulting cationic hole through the DNA I-stack

until it is trapped at runs of guanines which are characterized by the lowest

sequence-specific ionization potentials. This charge transfer mechanism

suggests that hotspots of oxidative DNA damage induced by electron transfer

reagents can be predicted based on the primary DNA sequence. However,

preliminary data indicates that guanine oxidation mediated by

nitrosoperoxycarbonate (ONOOCO2"), a mediator of chronic inflammation, may

not conform to the rules of oxidative charge transfer.



BIOLOGICAL IMPORTANCE OF GUANINE OXIDATION

Cellular DNA is being constantly subjected to attack by a variety of

oxidizing agents, including environmental pollutants, ionizing radiation, and

endogenous reactive intermediates. The latter are responsible for the majority of

oxidative damage sustained by nuclear and mitochondrial DNA in aerobic cells,

and are overproduced during conditions of chronic inflammation and oxidative

stress (1-3). These reactive oxygen and nitrogen species (ROS and RNS,

respectively) include hydrogen peroxide (H202), superoxide (02"), nitric oxide

(NO'), peroxynitrite (ONOO), nitrosoperoxycarbonate (ONOOCO2") and the

hydroxyl radical ('OH) (4).

A variety of deleterious conditions, including chronic neurodegenerative

diseases, artherosclerosis, and carcinogenesis are associated with oxidative

stress and chronic inflammation (4-8). For example, recent estimations link

approximately 20% of all cancers to chronic inflammatory conditions, such as

pancreatitis, inflammatory bowel disease, hepatitis, and inflammation of the

prostate that lead to the increased risk of malignancies in the affected organs,

while chronic infection of gastric mucosa with H. pylori causes an increased risk

of gastric cancer (9-11). Oxidative DNA damage is a strong component of the

pathologies associated with such diseases, and has been suggested to

contribute to disease progression (5). For example, the mechanism of

carcinogenesis associated with chronic inflammation is thought to involve

chromosomal instability arising from DNA damage by ROS and RNS produced

15



by activated macrophages and neutrophils in inflamed tissues (5, 12) (Figure 1-

1).

yloperoxds H202

NO2

02 N20
%r Nious

NO Anhydrde

Macrophage

+Cl- HOCI
HOBr

NO2

l"rnu

NO2

0

Oxidation
Halogenation

Oxidation
Niration DNA

RNA
Nitrosatlon Lipids

Deaminaton Proteins

Oxidation
Nitration

NItrosoperoxycarbonate

Figure 1-1. ROS and RNS (shown in red) produced by the activated

macrophages and neutrophils during chronic inflammation.

While both deoxyribose and nucleobase oxidation constitute the spectrum

of DNA damage chemistries, guanine stands out as the major oxidation target

due to its low ionization potential and high reactivity with a variety of oxidizing

agents (13, 14). A study by Polyak et al. found that the majority of mutational

hotspots identified within mitochondrial DNA from human colorectal cancer cell

lines resided at guanine residues, thus providing direct evidence for the

dominating nature and biological importance of oxidative guanine damage

mediated by ROS (15). In fact, 8-oxoguanine, the most abundant oxidative

guanine lesion, has been commonly employed as a biomarker of conditions

16



associated with oxidative stress (16, 17). The following sections will briefly

discuss the chemistry of guanine oxidation and the determinants of hotspots of

oxidative guanine damage in double-stranded DNA.

CHEMISTRY OF GUANINE OXIDATION

Guanine is characterized by the lowest ionization potential of all canonical

DNA bases (Eo = 1.29 V vs normal hydrogen electrode, NHE) and is, therefore,

the major target of oxidative damage in DNA (18). The mechanism of guanine

oxidation is highly dependent on the nature of the oxidizing species and may

involve [4+2] cycloaddition of singlet oxygen (102), direct transfer of an electron

from the guanine base, or addition of a hydroxyl radicals ('OH) onto the double

bonds of a guanine heterocycle (19). Nevertheless, subsequent transformations

of the reactive intermediates produced in each case result in their eventual

conversion to the same final lesions (19). Mechanisms of generation of primary

and secondary guanine oxidation products by a variety of damaging agents have

recently been reviewed (19-21), and a brief summary will be presented here with

the focus on guanine oxidation mediated by electron transfer reagents as the

most relevant to the present discussion.

The initial step in oxidation of a guanine base by electron transfer involves

abstraction of an electron from guanine and generation of a guanine radical

cation (G'4) (Figure 1-2). The deprotonated form of this intermediate, a relatively

long-lived neutral guanine radical (G'), can be experimentally observed by time-



resolved spectroscopic methods (22-24). Deprotonation of Go* in the context of

double-stranded DNA has been demonstrated to proceed in a two-phase process

with the rate constants of 1.3 x 107 s'1 and 3 x 106 S-1 for the fast and slow

processes, respectively (25). These phases correspond to deprotonation of the

G°* moiety in the G:C base-pair to generate G':(C+H)*, followed by the loss of a

proton by cytosine to produce G':C (25).

The rate of G' recombination with other radical species is close to being

diffusion-controlled, and was measured to be 4.7 x 108 s"' and 4.3 x 108 s-1 for

superoxide (02") and nitrogen dioxide radical (NO2I), respectively (26, 27). A

hydroperoxide intermediate results from recombination of G' with 02" and is a

commonly accepted precursor of imidazolone (Figure 1-1), a major guanine

oxidation product that forms in high yields in DNA oxidation reactions mediated

by type I photosensitizers, such as benzophenone or riboflavin (19, 28-30).

Trapping of a G *̀ by a water molecule is a commonly accepted route to

formation of 8-oxo-7,8-dihydroguanine or 8-oxoguanine (8-oxoG), another major

guanine oxidation product (19, 21). Addition of a water molecule to the C8 of

guanine, followed by deprotonation, generates a reducing G8*OH species (Figure

1-1) (19). Loss of a second electron by this intermediate leads to its eventual

transformation to 8-oxoG, while presence of reductants in the reaction mixture

results in formation of 2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyG),

the reduced and ring-opened form of 8-oxoG (31). 8-oxoG is generally

considered to be the most abundant product that forms in high yields upon

oxidation of double-stranded DNA by a variety of oxidizing agents (29, 32-34).

18



The modified base 8-oxoG is highly prone to oxidation as its ionization

potential (Eo = 0.74 V vs NHE) is even lower than that of guanine (35).

Therefore, once it forms, 8-oxoG becomes a target for oxidation and a precursor

for a number of secondary oxidation lesions (19). The steps of 8-oxoG oxidation

by electron transfer are analogous to those for guanine and involve electron

transfer from 8-oxoG to an oxidant with subsequent generation of an 8-oxoG

radical cation (8-oxoG"÷) that can undergo deprotonation or hydration (19-21, 36).

Final lesions arising from 8-oxoG oxidation are listed in Figure 1-3 and include

spiroiminohydantoin (Sp), guanidinohydantoin (Gh), imidazolone (Im), and

dehydroguanidinohydantoin (DGh), a precursor to oxaluric acid (Oa) and a major

product of 8-oxoG oxidation by type I photosensitizers in double-stranded

oligonucleotides (19-21).
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Figure 1-2. Oxidation of guanine by electron transfer. Abbreviations: G,

guanine; G"÷, guanine radical cation; G', neutral guanine radical; 8-oxoG, 8-oxo-

7,8-dihydroguanine; Iz, imidazolone; Fapy, 2,6-diamino-4-hydroxy-5-

formamidopyrimidine.
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Figure 1-3. Products of 8-oxoguanine oxidation by electron transfer.

Abbreviations: 8-oxoG, 8-oxo-7,8-dihydroguanine; Iz, imidazolone; Sp,

spiroiminohydantoin, Gh, guanidinohydantoin; DGh, dehydroguanidinohydantoin;

Oa, oxaluric acid.

DETERMINANTS OF GUANINE REACTIVITY IN DOUBLE-STRANDED DNA

Oxidative charge transfer. An initial transfer of an electron from guanine

to the oxidizing agent produces a cationic hole within DNA I-stack that can

migrate long distances though the helix until being irreversibly trapped (Figure 1-

4) (37). Trapping involves deprotonation or hydration of G"+ and results in

formation of oxidative guanine lesions (38). Long-range oxidative charge transfer

has been directly observed within synthetic assemblies of double-stranded

oligonucleotides covalently linked at their 5' ends to a photooxidizing agent, such

DGh 

dR -Oxo



as a [Rh(phi) 2bpy']3+ (phi = phenanthrenequinone diimine; bpy' = 4'-

methylbipyridine-4-butyric acid) complex studied by the Barton group (37), or an

anthraquinone studied by the Schuster group (39). A cationic hole initially

injected into the n-stack upon photoactivation of the tethered oxidant has been

observed to cause oxidative damage at the sites located up to 200 A away from

the 5' end of such synthetic DNA assemblies (39, 40).

Figure 1-4. Oxidative electron transfer through DNA helix. Adapted from (38).

The mechanism of long-range electron hole migration through DNA has

been a subject of intensive investigations and is currently believed to involve

short-range fast superexchange combined with a longer-range hopping

mechanism. In the fast superexchange process, a cationic hole tunnels over

short distances through a DNA bridge between the electron donor and electron

acceptor, whereas migration of charge over longer distances consists of distinct

22



"hops" between guanine bases (41). The Schuster group proposed that the latter

involves thermally-assisted hopping of a "polaron", a structure consisting of a

cationic hole delocalized in a sequence-dependent manner over several base-

pairs in a DNA helix (42). Recently, Lewis et al. have directly observed a cross-

over from superexchange to the hopping mechanism that occurred at the donor-

acceptor distance of about 20 A, or about 5 base-pairs (43). Short-range

electron hole migration occurs on a very short time-scale of around 109-1012 S-1

(41), while the rate for a single hopping step from an isolated guanine to a

guanine doublet has been measured to be khop = 106 - 10 s" 6 (44). The rates for

the long-range electron hole migration are comparable to the rates of G°*

trapping through deprotonation or hydration (25).

Guanine runs as the most efficient electron hole traps. It has been

consistently noted that guanines located at the 5' positions within runs of

guanines, such as 5'-GG-3' and 5'-GGG-3' motifs, acted as the most efficient

electron hole traps during oxidative charge transfer. Indeed, the charge transfer

mechanism has been evoked to explain preferential damage of guanine runs that

has been observed for a variety of structurally diverse one-electron oxidants,

including photoactivatable Rh(lll) complexes (37), anthraquinones (39), riboflavin

(45), pterins (46) and benzophenone (47); Ru(llI) metallointercalators (48) and

Ni(ll) complexes in the presence of sulfite (49); as well as direct laser irradiation

(50). Conversely, preferential damage at 5' positions of guanine runs has been a

23



widely accepted hallmark of oxidative charge migration induced by a DNA

damaging agent acting through electron transfer.

Saito and co-workers have examined the properties of 5'-GG-3' and 5'-

GGG-3' sequences that conferred to the 5' guanines the ability to act as the most

efficient electron hole traps. They showed that stacking interactions of bases in

these sequence contexts resulted in lowering guanine's sequence-specific

ionization potentials (IPs) that, in turn, determined guanine's reactivity toward

one-electron oxidation (51, 52). In a comprehensive study, they used short

oligonucleotides containing guanines in all possible three-base sequence

contexts (XGY) in a one-electron oxidation reaction mediated by photoactivated

riboflavin, and quantified relative amounts of piperidine-sensitive lesions induced

within each guanine using sequencing gel (45). These relative reactivity values

for guanines were then compared to guanines' sequence-specific IPs, calculated

by ab initio methods. A strong inverse correlation was observed between IPs

and relative reactivities, and guanines located at the 5' position within 5'-GG-3'

sequence contexts were characterized by the lowest sequence-specific IPs and

highest reactivities toward one-electron oxidation (Figure 1-5). This experiment

demonstrated that sequence-specific IPs were the major determinants of

guanine's reactivity with electron transfer reagents in double-stranded DNA.
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Figure 1-5. Relative numbers of hot piperidine-sensitive guanine lesions

produced by photoactivated riboflavin in XGY sequence contexts versus their

calculated sequence-specific ionization potentials (IPs). Data points

corresponding to sequences containing runs of guanines are marked in bold.

Adapted from (45).

UNUSUAL GUANINE OXIDATION BY NITROSOPEROXYCARBONATE

Chronic inflammatory conditions are characterized by overproduction of

ROS and RNS that are secreted by activated macrophages and neutrophils to

cause elimination of the infections agents (53). The same species can also

cause substantial damage to the surrounding biomolecules, including lipid

25
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peroxidation and oxidation and nitration of lipids and DNA (5, 54) (Figure 1-1).

Peroxynitrite (ONOO-), a powerful oxidant and DNA damaging agent, is produced

by recombination of macrophage-derived nitric oxide (NO') and superoxide (02")

that occurs with a diffusion-controlled rate of 6.6-19 x 109 M-1 s' (55, 56). In

physiological tissues, where carbon dioxide (CO2) is present at an approximate

concentration of 1 mM, decomposition of ONOO proceeds via bimolecular

recombination with CO2 at the rate of 2.9 x 104 M1 s-1, resulting in the formation

of nitrosoperoxycarbonate (ONOOCO2") (57). Scission of the 0-0 bond in this

very unstable intermediate produces carbonate anion (C030) and nitrogen

dioxide (N02') radicals that can escape the solvent cage in 30-35% of cases to

react with surrounding biomolecules, causing damage (58, 59). Both ONOOCO 2"

and independently generated C0 3 -have been previously shown to cause

selective oxidation of guanines in double-stranded DNA (60, 61). In the case of

CO03 , guanine oxidation has been demonstrated to proceed through electron

transfer with the generation of a G°* , a charge transfer intermediate, the

deprotonated form of which has been detected in pulse radiolysis experiments

involving guanine-containing oligonucleotides (22).
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Figure 1-6. Normalized frequency of Fpg-sensitive DNA damage (% total

damage) and mutation frequency (total number of mutations) after exposure to

ONOOCO2j. Circled are the observed hotspots of total DNA damage, with their

sequence contexts underlined. Adapted from (61).

Our interest in sequence-selective guanine oxidation by ONOOCO2"

derives from an initial observation of unusual damage patterns produced within a

short DNA fragment upon treatment with ONOOCO2". Specifically, an

experiment was carried out by the Tannenbaum, Dedon and Wogan groups with

the purpose of correlating the sites of DNA damage and mutational hotspots

produced by ONOOCO2" within a supF gene in E. coli cells (61). While a strong

correlation between sites of guanine damage and mutations has indeed been

observed, examination of oxidative damage hotspots induced within a 135 bp

restriction fragment revealed that guanine runs, characterized by the lowest
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sequence-specific ionization potentials, sustained only relatively low levels of

oxidative damage (Figure 1-5). Moreover, it was found that 5'-AGC-3' and 5'-

TGC-3' sites, characterized by the highest sequence-specific ionization

potentials, were the hotspots of ONOOCO2--induced damage (Figure 1-5).

These preliminary observations contradicted the predictions of based on the

oxidative charge transfer model and suggested that sequence-specific ionization

potentials were not the predictors of oxidative damage hotspots produced by

ONOOCO 2 .

Building upon these observations, this work explores the basis of the

unusual sequence selectivity of guanine oxidation by ONOOCO 2. It has been

previously observed that guanines located within single-stranded

oligonucleotides displayed a higher reactivity toward ONOO" and ONOOCO2"

than guanines located within duplex DNA (60, 62). This has led us to

hypothesize than solvent exposure may play a more dominant role in selection of

oxidation targets by ONOOCO2- than sequence-specific ionization potentials.

Solvent exposure is indeed a determining factor of the reactivity of DNA bases

with chemical probes of DNA structure such as Ni(ll) complexes (63),

bromoacetaldehyde (64), diethylpyrocarbonate, and hydroxylamine (65).

Additionally, we have also hypothesized that unfavorable electrostatic

interactions between the negatively charged ONOOCO2" and the DNA backbone

precluded access of ONOOCO 2 to the bases stably stacked inside the DNA

helix, limiting its reactivity to the sites with more solvent exposed guanines.
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As an initial step in exploring the unusual guanine oxidation by

ONOOCO 2-, a comprehensive and a systematic study was undertaken to define

relative reactivities of guanines in all possible three-base sequence contexts

(XGY) with ONOOCO2. The role of solvent exposure in determining guanine

reactivity with ONOOCO2 was explored by measuring oxidation of mismatched

guanines in several sequence contexts. To test the hypothesis that the negative

charge of ONOOCO2 favors its selectivity for the more solvent-exposed bases,

sequence-selective guanine oxidation by another negatively charged oxidant, the

Fe+2-EDTA compex, was studied and compared to guanine oxidation produced

by y-radiation, a neutral oxidant. Because both Fe+2-EDTA and y-radiation

produce high level direct strand breaks that can interfere with nucleobase

oxidation analysis (66), a method to remove the high strand break background

has been developed. Finally, the role of oxidant binding in influencing sequence-

selective nucleobase oxidation has been examined by analyzing damage

produced by DNA-bound Fe+2 ions. Overall, our studies explored the factors that

determine the location and identity of mutagenic oxidation lesions in the genome.
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Chapter 2

Paradoxical hotspots for guanine oxidation by a

chemical mediator of inflammation

ABSTRACT

Peroxynitrite (ONOO') is produced during chronic inflammation and may

contribute to carcinogenesis through oxidative DNA damage. Its decomposition

in the presence of carbon dioxide leads to formation of nitrosoperoxycarbonate

(ONOOCO2), an unstable intermediate that produces carbonate anion (CO3 -)

and nitrogen dioxide (NO2') radicals through disproportionation. When added to

the buffer containing bicarbonate, ONOO- leads to selective oxidation of

guanines in the DNA, as does independently generated CO3", through a

mechanism involving electron transfer from guanine and generation of a guanine

radical cation (G"+) as an intermediate. Previous studies of ONOOCO 2 -mediated

DNA damage have indicated that, unlike other classical, one-electron oxidants

that are selective for guanines of lowest ionization potentials (IPs) located within

guanine runs, ONOOCO2" causes preferential damage at guanines located within

5'-AGC-3' and 5'-TGC-3' sequences characterized by the highest IPs. In a

methodical study of sequence-selective guanine oxidation by ONOOCO2", we



have determined relative reactivities of guanines within all possible three-base

sequence contexts in double-stranded oligonucleotides, and have compared

them to the relative reactivities of the same guanines toward photooxidized

riboflavin, a classical, one-electron oxidant. In agreement with previous studies,

we have determined that photooxidized riboflavin was selective for guanines of

lowest IPs, located within guanine runs. In contrast, ONOOCO 2 preferentially

reacted with guanines located within 5'-GC-3' motifs, characterized by the

highest IPs. Sequence selectivities for both reagents were double-strand

specific. ONOOCO2-mediated oxidation of human genomic DNA exhibited a

similar selectivity for 5'-GC-3' motifs, as was determined by ligation-mediated

PCR analysis. We have also demonstrated sequence-dependent variation in the

guanine oxidation chemistry, as relative yields of different guanine oxidation

products, produced by both ONOOCO2 and photooxidized riboflavin, varied as a

function of sequence. Our results demonstrate that factors other than sequence-

specific ionization potentials have a role in the selection of targets by

ONOOCOj, and this complicates efforts to predict the location and chemistry of

mutagenic DNA oxidation in the genome.

INTRODUCTION

The association between chronic inflammation and an elevated cancer

risk is now well established. A recent estimation links approximately 20% of all

cancers to chronic inflammatory conditions, such as pancreatitis, inflammatory
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bowel disease, hepatitis, and inflammation of the prostate that lead to the

increased risk of malignancies in the affected organs, while chronic infection of

gastric mucosa with H. pylori causes an increased risk of gastric cancer (1-3).

The mechanism of carcinogenesis associated with chronic inflammation is

thought to involve chromosomal instability arising from DNA damage by reactive

oxygen and nitrogen species (ROS and RNS) produced by the activated

macrophages and neutrophils in the inflamed tissues (4, 5) (Figure 1-1).

Peroxynitrite (ONOO'), a powerful oxidant and a DNA damaging agent, is

a major example of such a species, produced by a reaction of macrophage-

derived nitric oxide (NO') with superoxide (02' -) that occurs with a diffusion-

controlled rate of 6.6-19 x 109 M-1 s- (6, 7). The rate of 020" dismutation by

superoxide dismutase (SOD) is about 3-8 times lower (k = 2.5 x 109 M-1 s•),

allowing for initial accumulation of ONOO" in tissues (8). Indeed, microelectrode-

based measurements have established that a single activated RAW264.7

macrophage produces -9 fmol of ONOO" in approximately 50 seconds, from

estimated -30 fmol of NO' and 24 fmol of 02" generated by the same cell per

oxidative burst (9). It has been further suggested that because ONOO- is

released into a microenvironment of only a few femtoliters, local ONOO'

concentrations may reach into tens of millimolar (9).

Decomposition of peroxynitrite proceeds very rapidly in an aqueous

solution at physiological pH, and is dependent on the presence of carbon dioxide

(CO2) in the reaction buffer. In the absence of CO2, ONOO' decomposes with a

half-life of about 1 second and involves partial protonation to form peroxynitrous
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acid (10, 11). This species can undergo homolytic bond scission to produce

nitrogen dioxide radical (NO2') and a hydroxyl radical (OH') in a solvent cage,

approximately 70% of which degrades into N03 and H', while the remaining 30%

escapes the solvent cage and can diffuse across biological membranes to react

with surrounding biomolecules (Scheme 2-1) (10, 12). Indeed, peroxynitrite has

been shown to oxidize proteins, cause lipid peroxydation and induce both

deoxyribose and nucleobase oxidation and nitration in the DNA (13). In

physiological tissues, where carbon dioxide (CO2) is present at an approximate

concentration of 1 mM, decomposition of peroxynitrite proceeds via bimolecular

recombination of ONOO" and CO2 at the rate of 2.9 x 104 M-1 s-1, resulting in the

formation of nitrosoperoxycarbonate (ONOOCO2") (14). Analogous to

decomposition of peroxynitrous acid, scission of the 0-0 bond in this very

unstable intermediate produces carbonate anion (CO3") and nitrogen dioxide

(NO2*) radicals that can escape solvent cage in 30-35% of the cases to react with

surrounding biomolecules, causing damage (Scheme 2-1) (11, 15). Consistent

with formation of OH* in the absence, and of CO3" in the presence of CO2 during

ONOO' decomposition, a change in ONOO'-mediated DNA damage chemistry

has been observed, with the spectrum of lesions shifting from deoxyribose

oxidation leading to strand breaks toward predominant nucleobase oxidation (16,

17). Guanine (G) is the most frequently oxidized nucleobase in the DNA

because of its low ionization potential (1.29 V vs. NHE), and its selective damage

has indeed been observed within oligonucleotides reacted with ONOO' in the

presence of 25 mM bicarbonate (17, 18).
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30% 30%

"N02 + CO3" "NO2 + "OH

Figure 2-1. Decomposition of peroxynitrite in the absence and presence of CO2.

The chemistry of guanine oxidation by ONOO- has been extensively

investigated and has recently been reviewed (19). The spectrum of lesions

arising from ONOO--induced guanine damage at physiological pH of 7.4 in the

phosphate buffer includes both primary and secondary oxidation, as well as

nitration products (Figure 2-2). Secondary oxidation products arise from

oxidation of 8-oxoguanine (8-oxoG), the most studied guanine lesion that is

inherently more prone to oxidation than G due to its low ionization potential (E0 =

0.74 V vs. Eo = 1.29 V vs. NHE, respectively) (20). The nitration products of

guanine characterized to date include a stable nitroimidazole (NI) lesion and 8-

nitroguanine (8-nitroG); the latter depurinates within several hours to produce

abasic sites (17). Primary oxidation products include 8-oxoG and imidazolone

(lz) with its hydrolysis product, oxazolone (Oz) (Figure 2-1) (17, 19, 21-23).

Once formed, 8-oxoG is further oxidized to yield spiroiminodihydantoin (Sp),

guanidinohydantoin (Gh), HICA, oxaluric acid (OA), and cyanuric acid (CA) as

final products that can be detected by liquid chromatography and mass
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spectrometry (LC/MS) (19, 24-26). In addition, Iz and Oz can also be formed

from oxidation of 8-oxoG (19, 27). The concentration of ONOO- and its mode of

addition to the reaction mixture greatly influence relative efficiencies of formation

of various secondary products. If a very high local concentration of ONOO- is

instantaneously achieved by bolus addition, the secondary oxidative lesion

spectrum will be dominated by cyanuric acid, oxaluric acid, and oxazolone (19,

23, 26). When ONOO' is slowly infused into a reaction mixture over time, HICA,

Sp and Gh will be primarily observed (19, 25).

Guanine oxidation by independently generated products of ONOOCO2-

decomposition, C03" and NO2', has also been investigated. Specifically, it was

demonstrated that CO3 ", but not NO2%, is capable of selectively oxidizing guanine

through electron transfer to produce the guanine radical cation (G°*) (28, 29).

The deprotonated form of this intermediate, the neutral guanine radical (G'), has

been detected in pulse radiolysis experiments involving guanine-containing

oligonucleotides (28). The reaction of G' with 02* leads to formation of Im as a

major product, while its reaction with NO2* leads to production of NI (30-32).

Recent work has also shown that final products of guanine oxidation by CO'3 in

the absence of N02' are Sp and Gh, produced through the intermediacy of 8-

oxoG (25, 33, 34). Unlike CO3', NO2" does not oxidize guanine, but its oxidation

of 8-oxoG leads to the same final products (29, 32).
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Figure 2.2. Guanine lesions observed at high and low ONOO' fluxes in

phosphate buffer at physiological pH.

As has been reviewed in Chapter 1, oxidizing agents that act by electron

transfer and generate G"+ cause selective oxidation of runs of guanines within

double-stranded DNA, a result of migration of the electron hole through the it-

stack to the sites of lowest ionization potentials (35, 36). Surprisingly, guanine
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ONOOCO2- (17). Instead, guanines at positions 113 and 141 in the supF gene,

located within 5'-AGC-3' and 5'-TGC-3' sequences contexts, respectively,

sustained the highest levels of damage (17). These contexts are characterized

by the highest sequence-specific guanine ionization potentials, as has been

previously calculated using ab initio methods by Saito and co-workers (36). We

have pursued this curious observation by systematically defining sequence-

specific reactivity of ONOOCO2". This has been accomplished by determining

relative levels of oxidative damage, sustained by guanines within all possible

sixteen three-base sequence contexts located within short, single-stranded or

duplex oligonucleotides. In addition, we have also utilized ligation-mediated PCR

(LMPCR) to analyze sequence-specific guanine damage induced by ONOOCO2

within genomic DNA isolated from human TK6 cells. We have compared these

relative damage levels to the ones induced by photoactivated riboflavin, a

classical one-electron oxidant that is selective for guanine runs. We have also

indirectly probed the influence of the sequence context on the efficiencies of

formation of various oxidative lesions in the DNA.

MATERIALS AND METHODS

Materials. Synthetic oligonucleotides were purchased from Integrated

DNA Technologies (Coralville, IA). ONOO' was purchased from Cayman

Chemical (Ann Arbor, MI). Riboflavin, piperidine and TEMED (N,N,N',N'-

Tetramethylethylenediamine) were purchased from Sigma-Aldrich. Urea, boric

42



acid, tris base, ammonium persulfate and 40% solution of acrylamide:bis (19:1)

were obtained from American Bioanalytical (Natick, MA). K2HPO4, KH2PO4,

NaHCO 3 and EDTA (ethylenediaminetetraacetic acid, sodium salt) were

purchased from Mallinckrodt Baker (Phillipsburg, NJ). All chemicals were used

without further purification. Chelex-100 was purchased from Bio-Rad (Hercules,

CA), and Sephadex G-25 mini-spin columns were purchased from Roche

Diagnostics. E. Coli Fpg (formamidopyrimidine [fapy]-DNA glycosylase) was

purchased from Trevigen (Gaithersburg, MD), and T4 PNK (polynucleotide

kinase) was obtained from New England Biolabs (Ipswich, MA). [y-32P]-ATP with

activity of 6000 Ci/mmol was purchased from Perkin Elmer (Waltham, MA).

Distilled and deionized water (ddH20) was purified using a Milli-Q system from

Millipore (Bedford, MA) and was used for all experiments.

Preparation of buffers. A buffer containing 150 mM potassium

phosphate and 25 mM sodium bicarbonate at pH 7.4 was prepared and treated

with Chelex-100 resin overnight at 4 OC to remove adventitious metals. Following

treatment, the buffer was passed through a 0.2 micron filter and stored at 4 OC.

Design of oligonucleotides. The oligonucleotide sequences used for

analyses were adapted from previous studies and were of the type 5' -

CGTACTCTTTGGTXiGYITX 2GY2TTCTTCTAT - 3' (36). This sequence

contains consensus portions on both 5' and 3' ends, an invariant TGG sequence

at the same position in all oligonucleotides for normalizing damage (underlined),
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and two variable guanine sequence contexts X1GY, and X2GX2. For each

oligonucleotide, counterparts with the relative positions of X1GY, and X2GX2

reversed were also analyzed to account for longer-range sequence effects.

Table 2-1 shows sequences of all oligonucleotides used in experiments.

Purification of synthetic oligonucleotides. To remove the background

of oxidized bases, all oligonucleotides were treated with 1 M piperidine at 900 C

for 30 minutes and lyophilized prior to gel purification. The oligonucleotides were

re-dissolved in TE buffer, pH 8.0 with 20% glycerol, and loaded on a 20%

acrylamide:bis, 8M urea preparative gel electrophoresis. The gel was run in lx

TBE at a constant power of 70 watts for 6 hours. Oligonucleotides were

visualized by UV shadowing, cut out from the gel, eluted by overnight shaking in

0.5 M ammounium acetate and 10 mM magnesium acetate, filtered and ethanol

precipitated. All oligonucleotides were desalted by Sephadex G-25 spin columns

and transferred to 150 mM potassium phosphate, 25 mM sodium bicarbonate

buffer before use.
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Oligonucleotide name Oligonucleotide sequence (5' to 3')

S1 CGTACTCTT TGGTTGATGGGTTCTTTCTAT

1S CGTACTCTT TGGTGGGTTGATTCTTTCTAT

S2 CGTACTCTT TGGTCGGTTGCTTCTTTCTAT

2S CGTACTCTT TGGTTGCTCGGTTCTTTCTAT

S3 CGTACTCTT TGGTAGTTGGATTCTTTCTAT

3S CGTACTCTT TGGTGGATAGTTTCTTTCTAT

S4 CGTACTCTT TGGTAGGTTGTTTCTTTCTAT

4S CGTACTCTTTGGTTGTTAGGTTCTTTCTAT

S5 CGTACTCTTTGGTCGCTCGATTCTTTCTAT

5S CGTACTCTTTGGTCGATCGCTTCTTTCTAT

S6 CGTACTCTTTGGTAGCTAGATTCTTTCTAT

6S CGTACTCTT TGGTAGATAGCTTCTTTCTAT

S8 CGTACTCTTTGGTGGCTCGTTTCTTTCTAT

8S CGTACTCTTTGGTCGTTGGCTTCTTTCTAT

S9 CGTACTCTT TGGTAGCTGGTTTCTTTCTAT

9S CGTACTCTT TGGTGGTTAGCTTCTTTCTAT

Table 2-1. Sequences of oligonucleotides used for the analysis of relative

guanine damage induced by photoactivated riboflavin and ONOOCO2". Relative

reactivities of guanines shown in bold within underlined sequence contexts have

been quantified, and the invariant TGG sequence used for normalizing damage

is italicized.

Labelling and annealing of olilgonucleotides. Oligonucleotides were 5'-

end labeled with 32P in a reaction containing approximately 100 pmol of 5' ends,
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20 units of T4 polynucleotide kinase and 50 RCi of y-32P-ATP in 1x PNK buffer

(New England Biolabs, Ipswich, MA) in a total volume of 50 p1. After incubation

at 37 OC for 1 hr, unreacted y-32P-ATP was removed by a G-25 Sephadex column

that has been washed with 150 mM potassium phosphate, 25 mM sodium

bicarbonate buffer. For annealing, approximately 200 pmol of unlabeled

complement was added to the labeled oligonucleotide, the mixture was incubated

at 95 OC for five min and then was allowed to cool down to room temperature

over a course of approximately 90 min.

Damage of labeled oligonucleotides with riboflavin. Duplex or single-

stranded 30-mer oligonucleotides (30 gIM nt) were treated at 0 OC with 30 gM

riboflavin/366 nm irradiation for 20 min as described by Saito et al. except for

buffer conditions (150 mM potassium phosphate, 25 mM sodium bicarbonate, pH

7.4) (36). Following treatment, the oligonucleotides were de-salted by Sephadex

G-25 columns. Control reactions contained 150 mM potassium phosphate, 25

mM sodium bicarbonate buffer instead of riboflavin. Three independent damage

and control reactions were carried out for all oligonucleotides, and each

independent reaction was carried out in triplicates.

Damage of labeled oligonucleotides with ONOOCO2 '. Concentration of

ONOO' stock solution was measured in 0.3 N NaOH using an absorption

coefficient of e02 = 1670 M"' cm 1' (37). The stock solution in 0.3 N NaOH was

stored at -80 OC and was kept on ice at all times during use. For damage
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reaction, ONOO- stock solution or an equal volume of 0.3 N NaOH was added to

the duplex or single-stranded labeled oligonucleotides in 150 mM potassium

phosphate, 25 mM sodium bicarbonate buffer in a bolus manner for a final

ONOO' concentration of 2 mM. The reactions were typically left on a benchtop

for 1 hr before they were de-salted using Sephadex G-25 columns.

Piperidine and Fpg treatments of damaged oligonucleotides.

Damaged and de-salted oligonucleotides were treated with 1 M piperidine at 90

OC for 20 min or with Fpg glycosylase at 37 OC for 1 hour in the supplied buffer

(Trevigen, Gaithersburg, MD) under the conditions of enzyme excess (3

units/reaction; 1 unit is defined as the amount of enzyme required to cleave 1

pmole of a 32P-labeled oligonucleotide probe containing 8-oxoguanine within an

oligonucleotide duplex in 1 hr at 37 OC). Following lyophilization (or ethanol

precipitation in the case of Fpg treatment), the DNA fragments were dissolved in

a total of 5 pl of formamide gel-loading buffer.

Gel electrophoresis and damage quantification. The DNA was

resolved on a 20% polyacrylamide gel (8M urea) that was run in 1xTBE at the

constant power of 70 watts for 3 hrs. The gels were subjected to

phosphorimager analysis (ImageQuant, Molecular Dynamics). Phosphorimager

data for guanine cleavage were normalized to total radioactivity in the gel lane,

with ONOOCO2"- or riboflavin-treated values corrected for background, and

relative reactivity determined in relation to the 5'-TGG-3' sequence in each
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oligonucleotide. Total damage in each oligonucleotide ranged over the following

values: 6-17% for riboflavin in double-stranded DNA; 10-20% for riboflavin in

single-stranded DNA; 1-2% for ONOOCO2- in double-stranded DNA; 7-17% for

ONOOCO 2 in single-stranded DNA.

Analysis of sequence-dependent guanine oxidation in genomic DNA

by LMPCR (performed by Dr. Jean-Francois Cloutier). DNA was purified from

human TK6 cell nuclei by a phenol extraction method in the presence of

desferroxamine, as described in detail elsewhere (38). The purified genomic

DNA was treated with 0-3 mM ONOO- in 150 mM potassium phosphate and 25

mM sodium bicarbonate buffer (pH 7.4, ambient temperature, 30 min). Oxidized

bases were expressed as strand breaks by treatment with Fpg (oxidized purines)

and Endo III (oxidizes pyrimidines; to rule out reactions at pyrimidine bases) and

the strand breaks were mapped by LMPCR using primer sets developed for the

hypoxanthine phosphoribosyltransferase gene (HPRT), as described in detail

elsewhere (39).
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RESULTS

Sequence-specific guanine oxidation by riboflavin and ONOOCO 2" in

duplex oligonucleotides. 5'-32P-end labeled duplex or single-stranded

synthetic oligonucleotides containing guanines in all possible sixteen sequence

contexts were damaged with either 30 gM riboflavin or 2 mM ONOO-, treated

with hot piperidine or Fpg glycosylase to convert oxidized guanines to strand

breaks, and separated on a 20% sequencing gel. Damage induced within central

guanine of each XGY sequence context was quantified relative to the damage at

the central guanine within the invariant TGG normalization sequence. Figures 2-

3A and 2-3B show representative gels used for damage quantification.
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Figure 2-3A. A typical picture of a sequencing gel used for quantification of

relative guanine damage induced by photoactivated riboflavin. 5'-32P-end

labeled, double-stranded oligonucleotides were reacted with 0 or 30 AM

riboflavin/366 nm irradiation, then treated with 1M piperidine or Fpg, separated

on a 20% acrylamide, 8M urea sequencing gel and visualized by

autoradiography.
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Figure 2-3B. A typical picture of a sequencing gel used for quantification of

relative guanine damage induced by ONOOCO2". 5'-32P-end labeled, double-

stranded oligonucleotides were reacted with 0 or 2 mM ONOO', then treated with

1M piperidine or Fpg, separated on a 20% acrylamide, 8M urea sequencing gel

and visualized by autoradiography.
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Figure 2-4 shows relative reactivities of guanines in all sequence contexts,

expressed as relative amounts of hot piperidine-sensitive lesions, plotted as a

function of their calculated sequence-specific ionization potentials (36). A plot of

guanine damage frequency in different sequence contexts as a function of

guanine IP reveals only a modest sequence dependence of guanine reactivity

with ONOOCO 2 , except at the highest IP values. This stands in sharp contrast

to the inverse relationsip between IP and reactivity associated with the riboflavin-

mediated photooxidation. The highest frequency of ONOOCO2--induced damage

occurred in AGC and TGC sequences, which also conferred the highest guanine

IP (whereas GGG was characterized by the lowest reactivity and the lowest IP).

With the notable exception of GGC, guanine oxidation varied only modestly with

increasing IP up to 6.96 eV (TGT), after which there was a sharp increase in

reactivity (CGC, AGC and TGC). GGC was unique in having both the highest IP

of all GG-containing sequences and high relative reactivity with ONOOCO2 in

spite of the relatively low reactivity of other GG-containing sequences. With

respect to riboflavin-mediated photooxidation, we have found the same linear

relationship between relative reactivity and IP as reported in previously published

work by Saito et al. (omitting data for TGT, CGT, CGC and TGC, as in ref. 36),

even though we used different buffers (36). Sequence selectivity patterns

obtained by plotting relative amounts of Fpg-sensitive lesions, produced very

similar results for both oxidants. These patterns, however, are specific to the

duplex DNA, and break down when single-stranded oligonucleotides are used for

damage experiments, as is demonstrated in Figure 2-5.
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Figure 2-4. Sequence-selective guanine oxidation in duplex DNA by ONOOCO2

and riboflavin-mediated photooxidation. Relative reactivity data, expressed as

relative amounts of piperidine-sensitive lesions induced by ONOOCO2- and

riboflavin photooxidation in XGY motifs in oligodeoxynucleotides are plotted

against guanine sequence-specific ionization potentials (IP), obtained from ref

36. Lines in the riboflavin graph represent linear regression fits of riboflavin-

mediated photooxidation data from our studies (solid line; y = 18.5 - 2.90x; data

for TGT, CGT, CGC and TGC omitted) and from other published work (dashed

line; y = 30.2 - 4.62x). Data represent mean ± s.d. for three independent

experiments.
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Figure 2-5. Sequence-selective guanine oxidation in single-stranded DNA by

ONOOCO 2-and riboflavin-mediated photooxidation. Relative amounts of hot

piperidine-labile guanine lesions induced by photooxidized riboflavin and

ONOOCOj2 in single-stranded oligonucleotides in different sequence contexts

were graphed vs. guanine's sequence-specific ionization potentials. Data

represent mean ± s.d. for three independent experiments.
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Sequence-selective guanine oxidation by ONOOCO 2" in human

genomic DNA (performed by Dr. Jean-Francois Cloutier). Oxidative base

damage hotspots induced by ONOOCO2" in the HPRT gene of human

lymphoblastoid TK6 cell genomic DNA were mapped by ligation-mediated PCR.

Figure 2-6 displays representative gel traces of control and ONOOCO2--treated

lanes. Damage hotspots occurred almost exclusively at AGC and TGC sites,

again consistent with the observed selectivity of ONOOCO 2 for guanines with the

highest IP.

Figure 2-6. Sequence-selective guanine oxidation by ONOOCO2" in human

genomic DNA. Frequency of guanine oxidation by ONOOCOj in the HPRT gene

in human lymphoblastoid TK6 cell genomic DNA was mapped by ligation-

mediated PCR (See Materials and Methods). Oxidized guanines noted above

specific peaks in the line graphs are derived from phosphorimager analysis of an

LMPCR sequencing gel (not shown).
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Sequence-specific distribution of guanine lesions produced by

ONOOCO2" and riboflavin. Since guanine lesions induced by both ONOOCO2-

and riboflavin-mediated photooxidation are characterized by differential

sensitivities toward hot piperidine and Fpg treatments, comparison of the relative

amounts of Fpg- to piperidine-sensitive lesions across all sequence contexts

provides a measure of sequence-specific guanine oxidation chemistry. The

ratios of Fpg- to piperidine-sensitive damage products in different guanine

sequence contexts is graphed in Figure 2-7 and varies by approximately 5.4-fold

for ONOOCO2--induced damage, and by about 3.4-fold for riboflavin-induced

damage. For both oxidants, CGT, AGT and GGT motifs are characterized by the

lowest Fpg/piperidine ratios (ONOOCO2 induced undetectable levels of Fpg-

sensitive damage within GGT motif).
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Figure 2-7. Sequence selectivity of photooxidized riboflavin- and ONOOCO2j-

induced guanine oxidation chemistry. Duplex oligonucleotides were treated with

photooxidized riboflavin or ONOOCO2", and guanine lesions were expressed as

strand breaks by either hot piperidine or Fpg treatments (See Materials and

Methods). The ratio of Fpg- to piperidine-sensitive cleavage is plotted for each

XGY motif, with IP increasing from left to right. Each bar graph represents mean

± propagated s.d. for three experiments.
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DISCUSSION

Paradoxical sequence selectivity of guanine oxidation by ONOOCO 2'.

As has been reviewed in Chapter 1, selective oxidation of guanines located at

the 5' positions within guanine runs is characteristic of the majority of DNA

damaging agents that act through electron transfer. This sequence selectivity,

shared by a variety of structurally diverse oxidants, can be explained by a

generation of a common intermediate, guanine radical cation (G°*), and initiation

of charge transfer through the DNA n stack to trap the electron hole at runs of

guanines, with subsequent formation of oxidation products (35). Saito et al. have

calculated ionization potentials (IP) of guanines located within all possible three-

base sequence contexts, and have demonstrated that an inverse linear

relationship exists between guanine's susceptibility to one-electron oxidation and

its sequence-specific IP (36). Sequences containing guanine runs were found to

be characterized by the lowest IP values and sustained the highest levels of

damage by photooxidized riboflavin (36).

CO3 , formed during decomposition of ONOOCO2", selectively oxidizes

guanines through electron transfer to produce G'*, a charge transfer intermediate

(28). Sequence-selective damage of double-stranded DNA, however, has

revealed that oxidative damage hotspots, produced by ONOOCO2j, are located

within AGC and TGC sites that are characterized by the highest ionization

potentials, according to the Saito model (17, 36). We have confirmed these

observations with our present data, demonstrating that AGC and TGC motifs
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within double-stranded oligonucleotides are most frequently damaged by

ONOOCO2- in bicarbonate buffer. In addition, CGC and GGC motifs have also

emerged as the most frequently damaged sites, making a 5'-GC-3' sequence

context a major determinant of ONOOCOj2-mediated guanine oxidation. This

unusual sequence selectivity is also confirmed within genomic DNA of TK6 cells.

In contrast, we were able to reproduce published data of sequence-selectivite

guanine oxidation by photoactivated riboflavin, and have found the same linear

relationship between relative reactivity and IP values (omitting data for TGT,

CGT, CGC and TGC, as in ref 36). These results indicate that the unusual

sequence dependence of ONOOCO2--induced guanine oxidation is not an

experimental artifact, as we have observed no sequence dependence for

damage frequency in single-stranded oligodeoxynucleotides with riboflavin or

ONOO'.

In support of our conclusion that 5'-GC-3' motif is a major determinant of

ONOOCO2"-mediated guanine damage are the results of mutagenesis studies

carried out in E. coli MBL50 cells using a supF shuttle vector pSP189 (40). Of

the total of four guanine-centered mutational hotspots, identified between 100

and 180 nucleotide positions within the supF gene, three are located within 5'-

GC-3' motifs (AGC, GGC and TGC) (40). Out of a total of three cytosine-

centered hotspots, two are located within 5'-TCC-3' motifs, corresponding to the

5'-GGC-3' motifs on the complementary strand (40). In addition, earlier studies

have found a good correlation between the levels of damage induced within the
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same supF fragment by ONOOCO2j, and numbers of mutations produced after

its replication in MBL50 bacterial cells (17).

Clearly, factors other than sequence-specific guanine IP have a role in

selection of targets by ONOOCO2 or its decomposition products during DNA

oxidation. Our results showing that selectivity of ONOOCO2 for 5'-GC-3' sites

disappears in single-stranded oligonucleotides confirm that secondary structure

of the DNA may be one such factor. Solvent exposure is another possible

determining factor in sequence-selective guanine oxidation by ONOOCO2, as

single-stranded oligonucleotides are, on average, about 5- to 9-times more

reactive than duplex DNA (See Materials and Methods), consistent with previous

results (21). In contrast, no difference in total reactivity between single- and

double-stranded oligonucleotides was evident in the case of riboflavin-mediated

photooxidation (See Materials and Methods). It is possible that repulsion of the

negative charge of ONOO-, ONOOCO2 or CO;3 by the negatively charged DNA

backbone limits their accessibility to guanines within the double helix and drives

their reactions with transiently solvent-exposed bases. In support of this model,

Ingold and co-workers have observed major differences in the levels of

deoxyribose and nucleobase oxidation, induced by positively charged, neutral

and negatively charged peroxyl radicals in supercoiled DNA substrates,

underscoring a possible role of electrostatic interactions in DNA oxidation (41,

42).

The rates of initial electron removal by CO3. have been measured for

isolated guanines and guanines located within guanine runs in duplex
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oligonucleotides (43). No significant variations in the electron transfer rates have

been found, in contrast to oxidation of the same oligonucleotides by an ionized

pyrene derivative 7,8,9,10-tetrahydroxytetrahydrobenzo[a]pyrene (BPT), a

classical one-electron oxidant, where a 40-fold higher electron transfer rate has

been observed for guanine runs (43). Therefore, minimal variations in the

electron transfer rates during ONOOCO2--induced guanine oxidation may

partially explain the unusual sequence selectivity of ONOOCO 2 . Further studies,

however, will be needed to identify factors responsible for preference of

ONOOCO 2 for 5'-GC-3' sites. Interestingly, ONOOCO2 may not be the only

DNA oxidant that displays this unusual sequence selectivity. Rodriguez et al.

have conducted LMPCR analysis of sequence-specific DNA oxidation in human

fibroblast DNA by [2,2'-azobis(amidinopropane)hydrochloride] (AAPH), a source

of positively charged peroxyl radicals, and have determined that a 5'-GC-3'

sequence context was a major predictor of guanine damage (44).

Variations in sequence-specific distribution of guanine lesions

produced by ONOOCOi and riboflavin. At our reaction conditions of high

ONOO' fluxes, guanine oxidation is expected to yield six major products: 8-oxo-

G, 8-nitro-G, nitroimidazole, oxazolone, cyanuric acid and oxaluric acid (19, 21,

23, 26, 45). Of these lesions, nitroimidazole and cyanuric acid are not cleaved

by hot piperidine or Fpg to an appreciable extent (21,45); oxazolone and oxaluric

acid will be cleaved by both treatments to a similar extent (45); 8-nitro-G will be

resistant to Fpg treatment, but will depurinate rapidly at 90 oC during hot



piperidine treatment, creating an abasic site that can be converted into a strand

break (17). 8-oxo-G, on the other hand, is hot piperidine-resistant and is a

substrate for Fpg (46, 47). Therefore, approximate 5.4-fold variations in the

ratios of Fpg- to piperidine-sensitive lesions produced by ONOOCO2 in our

studies likely arise from differential distribution of 8-oxoG and 8-nitroG along the

oligonucleotide sequence. Since all of ONOOCO2--induced guanine lesions arise

from a common guanine radical cation (G' ) intermediate, these observations are

indicative of the effect that sequence context plays in influencing the chemical

fate of G°' by affecting the reactions that lead to final products. We observe a

similar, albeit smaller, effect in the case of riboflavin-mediated photooxidation.

Previous analyses of guanine lesions produced by photosensitized riboflavin

within synthetic oligonucleotide of the sequence 5'-TTGGTA-3', at conditions

similar to ours, have identified imidazolone and its hydrolysis product, oxazolone,

as major lesions, with only minor amounts of 8-oxoG formed (48, 49). In

contrast, Douki and Cadet have reported comparable amounts of 8-oxoG and

oxazolone formed in calf thymus DNA upon its irradiation in the presence of

riboflavin with continuous air bubbling (50). Our observations of approximate

3.4-fold variations in the ratios of Fpg- to piperidine-sensitive products across all

three-base contexts suggest a role for the sequence context in modulating

relative amounts of 8-oxoG, relative to oxazolone, and may provide an

explanation for the discrepancies in the amounts of 8-oxoG measured in different

studies (48-50). Interestingly, the smallest ratios of Fpg- to piperidine-labile

lesions are consistently produced by both ONOOCO2" and photooxidized

62



riboflavin within 5'-CGT-3', 5'-GGT-3' and 5'-AGT-3' motifs. This result indicates

that a 5'-GT-3' sequence motif may create a less favorable environment for the

hydration of a common intermediate G°* , a process that leads to 8-oxoG

formation (27). Instead, 5'-GT-3' may promote deprotonation of G°* , leading to

oxazolone. Our results of sequence-specific variations of Fpg- to piperidine-

sensitive products induced by riboflavin-mediated photooxidation are closely

paralleled by the results of Spassky and Angelov, who have investigated DNA

damage induced by exposure to high-intensity UV laser pulses (51). In these

experiments, the ratios of Fpg- to piperidine-sensitive damage varied

approximately 4- to 5-fold across different sequence contexts, and guanines

within 5'-GT-3' motifs were characterized by the lowest Fpg- to piperidine ratios

(51).

The unusual sequence selectivity of ONOOCO2- and the sequence

dependence of the product spectra suggest that current models of guanine

oxidation and charge transfer in DNA could follow paradigms other than those

proposed in earlier reports that argue for a direct relationship between IP and the

efficiency of guanine oxidation. This complicates efforts to predict the location

and chemistry of mutagenic DNA oxidation in the genome.
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Chapter 3

Solvent exposure as a determinant of sequence-

selective guanine oxidation by

nitrosoperoxycarbonate

ABSTRACT

Paradoxical selectivity of ONOOCO2--mediated guanine oxidation

demonstrated in earlier studies pointed to factors other than guanine's sequence

specific ionization potential (IP) in influencing selection of targets by ONOOCO2.

To explore a role of solvent exposure in mediating guanine oxidation by

ONOOCO 2 , we analyzed the reactivities of mismatched guanines with

ONOOCO2" in four representative sequence contexts. We demonstrated that the

majority of the mismatched guanines displayed an increased reactivity with

ONOOCO2", with the extent of the reactivity increase varying in a sequence

context-dependent manner. The greatest levels of reactivity enhancement were

observed for the guanines located within conformationally flexible guanine-

guanine (G-G) mismatches or across from a synthetic abasic site. Our results
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support the model that greater levels of solvent exposure cause increased

oxidation of guanines by ONOOCO 2 .

INTRODUCTION

Oxidatively damaged DNA is a hallmark of many pathological conditions,

and is thought to contribute to the increased cancer risk associated with chronic

inflammation (1-3). Guanine is the major oxidation target in the DNA owing to its

low ionization potential (IP) (4), with the generation of a variety of toxic and

mutagenic properties (5). An initial electron removal step during guanine

oxidation results in formation of a guanine radical cation (G°*) and produces an

electron hole in the DNA duplex that can travel through the i-stack to become

trapped at the sites of lowest ionization potentials (IPs) (6, 7). These sites are

located within guanine runs that have, indeed, been identified as oxidative

damage hotspots in reactions mediated by a variety of one-electron transfer

reagents such as anthraquinones (8), rhodium complexes (6) and photooxidized

riboflavin (7).

We have previously explored sequence-selective guanine oxidation

mediated by peroxynitrite (ONOOCO2"), a strong oxidant that forms in chronically

inflamed tissues from macrophage-derived nitric oxide (NO') and superoxide

(02") (9, 10). Decomposition of ONOO' in the presence of carbon dioxide (CO2)

proceeds through formation of nitrosoperoxycarbonate (ONOOCO2"), an unstable

intermediate that rapidly disproportionates to produce nitrogen dioxide (N020)
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and carbonate anion (CO3 -) radicals (11-13). The latter species has been

previously demonstrated to cause selective oxidation of guanines in the DNA

through electron transfer and production of G°* that becomes a neutral guanine

radical (G') after facile deprotonation (14). We have observed that, unlike other

one-electron oxidants, ONOOCO2- in bicarbonate buffer displayed a marked

selectivity for guanines located within 5'-GC-3' motifs that were characterized by

the highest ionization potentials (15). This result demonstrated that charge

transfer failed to affect the final distribution of oxidative damage in the case of

ONOOCO 2", and factors other than the sequence-specific ionization potential of

guanine influenced selection of targets by this oxidizing agent.

To explain our observations, we have hypothesized that solvent

accessibility may play a role in affecting guanine oxidation by ONOOCO 2".

Previous studies have shown that solvent-exposed guanines within single-

stranded oligonucleotides sustained, on average, 5- to 9-times more damage by

ONOOCO 2"than guanines located within duplex DNA (15, 16). Additionally,

guanines positioned close to a 5' or 3' end of an oligonucleotide duplex displayed

higher reactivity with CO;", probably due to greater solvent exposure through

strand-fraying (14, 17). It is well known that transient breaking and re-forming of

hydrogen bonds within base-pairs occur as a result of dynamic "breathing" of a

double-stranded DNA molecule that can cause exposure of the nucleobases to

the bulk solvent. Base-pair lifetime is a quantity that can be measured by

monitoring rates of imino proton exchange in hydrogen-bonded nucleobases

using NMR, and reflects an average length of time that a base-pair spends in a
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fully hydrogen-bonded state (18). Experiments from a number of laboratories

have shown that measured base-pair lifetimes displayed high degree of

variability that depended on sequence composition, nature of the base-pair, or

neighboring bases (19-22). We have hypothesized that guanines located within

5'-GC-3' motifs were characterized by shorter base-pair lifetimes and, as a result,

greater levels of solvent exposure, as compared to guanines in other sequence

contexts, such as stably stacked 5'-GG-3' motifs, and were, as a result, more

reactive with ONOOCO 2.

As a starting point in defining the role of solvent exposure in sequence-

selective guanine oxidation by ONOOCO2", we have focused our attention on the

mismatched guanines as a model of solvent-exposed bases. A number of

previous studies have provided evidence for the increased solvent accessibility of

the mispaired bases as compared to the normal Watson-Crick base-pairs. For

example, Pardi et al. and Bhattacharya et al. have used NMR-based

measurements of imino proton exchange to demonstrate a dramatic decrease in

the lifetimes of the mismatched G-T and G-G base-pairs, as compared to the

fully matched G-C pair (19, 21). Additionally, Johnston and co-workers have

shown that greater rates of oxidation of the mismatched guanines by Ru(bpy)32+

complexes correlated with their increased solvent accessibility, as compared to

the G-C base-pairs (23). In the current studies, we determined relative

reactivities of guanine-adenine (G-A), guanine-guanine (G-G), guanine-thymine

(G-T) and guanine-synthetic abasic site (G-ab) mismatches with ONOOCOj2 in

four different sequence contexts. We used sequencing gel-based approach



combined with hot piperidine treatment to detect oxidized guanines within

oligonucleotides, and showed that mismatches resulted in greater yields of

oxidative guanine lesion formation in a sequence context-dependent manner.

MATERIALS AND METHODS

Materials. All synthetic oligonucleotides, including the ones that

contained an abasic site modification, were obtained from Integrated DNA

Technologies (Coralville, IA) and purified according to the procedure previously

described (See Chapter 2). ONOO' was purchased from Cayman Chemical (Ann

Arbor, MI). Piperidine and TEMED (N,N,N',N'-Tetramethylethylenediamine) were

purchased from Sigma-Aldrich. Urea, boric acid, tris base, ammonium persulfate

and 40% solution of acrylamide:bis (19:1) were obtained from American

Bioanalytical (Natick, MA). K2HPO4, KH2PO4, NaHCO 3 and EDTA

(ethylenediaminetetraacetic acid, sodium salt) were purchased from Mallinckrodt

Baker (Phillipsburg, NJ). All chemicals were used without further purification.

Chelex-100 was purchased from Bio-Rad (Hercules, CA), and Sephadex G-25

mini-spin columns were purchased from Roche Diagnostics. [-32P]-ATP with

activity of 6000 Ci/mmol was purchased from Perkin Elmer (Waltham, MA).

Distilled and deionized water (ddH20) was purified using a Milli-Q system from

Millipore (Bedford, MA) and was used for all experiments. All melting

temperature measurements were conducted on a Cary UVNis spectrometer with

a separate temperature module.
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Preparation of buffers. A buffer containing 150 mM potassium

phosphate and 25 mM sodium bicarbonate at pH 7.4 was prepared and treated

with Chelex-100 resin overnight at 4 oC to remove adventitious metals. Following

treatment, the buffer was passed through a 0.2 micron filter and stored at 4 oC.

Design of oligonucleotides used for ONOOCO2' damage studies. The

mismatch studies utilized previously described oligonucleotides 1S, 3S and S6

(See Table 2-1, Chapter 2). These oligonucleotides had a general sequence 5'-

CGTACTCTTTGGTXiGYITX 2GY2TTCTTCTAT-3' that included consensus

portions on both 5' and 3' ends, an invariant TGG sequence at the same position

in all oligonucleotides for normalizing damage (underlined), and two variable

guanine sequence contexts X1GY 1 and X2GX2. Complements for all

oligonucleotides, in addition to perfect matches, contained appropriate

sequences to create G-A, G-G, G-T and G-ab (abasic site) mismatches across

from central guanines in 5'-GGG-3', 5'-TGA-3', 5'-GGA-3' and 5'-AGC-3'

sequence contexts. Complete sequences of all oligonucleotides and their

complements are listed in the Table 3-1.
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Oligonucleotide name Oligonucleotide sequence

1S 5'-CGTACTCTTTGGTGGGTTGATTCTTTCTAT-3'

Complements to 1S 3'-GCATGAGAAACCACCCAACTAAGAAAGATA-5'

3'-GCATGAGAAACCACACAACTAAGAAAGATA-5'

3'-GCATGAGAAACCACGCAACTAAGAAAGATA-5'

3'-GCATGAGAAACCACTCAACTAAGAAAGATA-5'

3'-GCATGAGAAACCACabCAACTAAGAAAGATA-5'

3'-GCATGAGAAACCACCCAACTAAGAAAGATA-5'

3'-GCATGAGAAACCACCCAACTAAGAAAGATA-5'

3'-GCATGAGAAACCACCCAAATAAGAAAGATA-5'

3'-GCATGAGAAACCACCCAAGTAAGAAAGATA-5'

3'-GCATGAGAAACCACCCAATTAAGAAAGATA-5'

3'-GCATGAGAAACCACCCAAabTAAGAAAGATA-5'

3S 5'-CGTACTCTTTGGTGGATAGTTTCTTTCTAT-3'

Complements to 3S 3'-GCATGAGAAACCACCTATCAAAGAAAGATA-5'

3'-GCATGAGAAACCACATATCAAAGAAAGATA-5'

3'-GCATGAGAAACCACGTATCAAAGAAAGATA-5'

3'-GCATGAGAAACCACTTATCAAAGAAAGATA-5'

3'-GCATGAGAAACCACabTATCAAAGAAAGATA-5'

S6 5'-CGTACTCTTTGGTAGCTAGATTCTTTCTAT-3'

Complements to S6 3'-GCATGAGAAACCATCGATCTAAGAAAGATA-5'

3'-GCATGAGAAACCATAGATCTAAGAAAGATA-5'

3'-GCATGAGAAACCATGGATCTAAGAAAGATA-5'

3'-GCATGAGAAACCATTGATCTAAGAAAGATA-5'

3'-GCATGAGAAACCATabGATCTAAGAAAGATA-5'

Table 3-1. Sequences of oligonucleotides used for mismatch damage analysis.

Complement sequences are shown in a 3' to 5' direction for easy sequence

comparison.
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Oligonucleotide name Oligonucleotide sequence

1S-GGG 5'-TTTGGTGGGTTGATT-3'

Complements to 1S-GGG 3'-AAACCACCCAACTAA-5'

3'-AAACCACACAACTAA-5'

3'-AAACCACGCAACTAA-5'

3'-AAACCACTCAACTAA-5'

3'-AAACCACabCAACTT-5'

1S-TGA 5'-GTGGGTTGATTCTTT-3'

Complements to 1S-TGA 3'-CACCCAACTAAGAAA-5'

3'-CACCCAACTAAGAAA-5'

3'-CACCCAAATAAGAAA-5'

3'-CACCCAAGTAAGAAA-5'

3'-CACCCAATTAAGAAA-5'

3'-CACCCAAabTAAGAAA-5'

3S-GGA 5'-TT TGGTGGATAGTTT-3'

Complements to 3S-GGA 3'-AAACCACCTATCAAA-5'

3'-AAACCACATATCAAA-5'

3'-AAACCACGTATCAAA-5'

3'-AAACCACTTATCAAA-5'

3'-AAACCACabTATCAAA-5'

S6-AGC 5'-TT TGGTAGCTAGATT-3'

Complements to S6-AGC 3'-AAACCATCGATCTAA-5'

3'-AAACCATAGATCTAA-5'

3'-AAACCATGGATCTAA-5'

3'-AAACCATTGATCTAA-5'

3'-AAACCATabGATCTAA-5'

Table 3-2. Sequences of oligonucleotides used for Tm measurements.

Complement sequences are shown in a 3' to 5' direction for easy sequence

comparison.
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Design of oligonucleotides used for melting temperature studies.

Sequences of all oligonucleotides utilized for the melting temperature (Tm

studies) are shown in Table 3-2 and represent the abridged sequences of

oligonucleotides shown in Table 3-1.

Determination of relative damage induced in mismatched guanines

by ONOOCO 2'. Oligonucleotides 1S, 3S, and S6 were 5'-end labeled with 32p in

a reaction containing approximately 100 pmol of 5' ends, 20 units of T4

polynucleotide kinase and 50 giCi of y-32P-ATP in lx PNK buffer (New England

Biolabs, Ipswich, MA) in a total volume of 50 p•. After incubation at 37 OC for 1

hr, unreacted y-32P-ATP was removed by a G-25 Sephadex column that has

been washed with 150 mM potassium phosphate, 25 mM sodium bicarbonate

buffer. For annealing, approximately 200 pmol of appropriate, unlabeled

complement was added to the labeled oligonucleotide, the mixture was incubated

at 95 OC for five min and then was allowed to cool down to room temperature

over a course of approximately 90 min.

Concentration of ONOO' stock solution was measured in 0.3 N NaOH

using an absorption coefficient of E302 = 1670 M'lcm-~ (24). The stock solution in

0.3 N NaOH was stored at -80 OC and was kept on ice at all times during use. All

damage and control reactions were performed three separate times, each time in

triplicates. For the reactions, ONOO' stock solution or an equal volume of 0.3 N

NaOH was added to the labeled duplex oligonucleotides in 150 mM potassium

phosphate, 25 mM sodium bicarbonate buffer in a bolus manner for a final
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ONOO- concentration of 2 mM. The reactions were typically left on a benchtop

for 1 hr prior to de-salting by Sephadex G-25 columns.

Conversion of oxidized guanines to strand breaks was accomplished by

incubating damaged oligonucleotides with 1M piperidine at 90 OC for 20 min in a

total reaction volume of 60 pl. Followed by lyophilization, the resulting DNA

fragments were dissolved in formamide gel loading buffer and resolved on a 20%

polyacrylamide gel (8M urea) that was run in 1xTBE at the constant power of 70

watts for 3 hrs. The gels were subjected to phosphorimager analysis

(ImageQuant, Molecular Dynamics). Phosphorimager data for the cleavage of

mismatched guanines was normalized to total radioactivity in the gel lane, with

ONOOCO2--treated values corrected for background, and relative reactivity

determined in relation to the 5'-TGG-3' sequence in each oligonucleotide.

Melting temperature Tm measurements. For each duplex, three

separate Tm measurements were obtained. In a typical experiment, 2 nmol of

each oligonucleotide 1S-GGG, 1S-TGA, 3S-GGA, and 6S-AGC were mixed with

equimolar amount of the appropriate complement in a total of 1.3 ml of chelexed

150 mM potassium phosphate and 25 mM sodium bicarbonate buffer at pH 7.4.

Absorbance at 260 nm was monitored as the temperature block containing

oligonucleotide samples was allowed to cool from 95 OC to 10 OC at the rate of 1

oC/minute, prior to a 5 min incubation at 95 OC. All Tm values were calculated by

a Cury Thermal program as a maximal derivative of the phase transition curve.
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RESULTS

Melting temperatures of mismatched oligonucleotides. Disruptions of

the helical structure of the DNA caused by base-pair mismatches translate into

lower melting temperatures (Tm) for the oligonucleotides (25-29). To compare

the effects of guanine mismatches in different sequence contexts on the global

helix stability, we measured Tm values of the oligonucleotides containing G-A, G-

G, G-T and G-ab mismatches within four representative sequence contexts, and

compared them to the Tm values obtained for the perfectly matched sequences.

For our studies, we chose to use shorter versions of oligonucleotides 1 S, 3S, S6,

because mismatched guanines caused minimal helical perturbations in the full-

length oligonucleotide sequences that were impossible to measure with our

instrument. Table 3-3 displays Tm values for oligonucleotides 1S-GGG, 1S-TGA,

2S-GGA and S6-AGC that contain matched and mismatched guanines within 5'-

GGG-3', 5'-TGA-3', 5'-GGA-3' and 5'-AGC-3' sequence contexts.

As expected, all mismatches introduced instability into the DNA duplex

and caused lowering of the Tm values. Of all mismatches, G-ab was the most

destabilizing, because, unlike other bases, the furan ring does not afford the

opportunity to the opposing guanine to form any additional base-pairs. All other

mismatches (G-A, G-G, and G-T) caused comparable levels of helix

destabilization in all sequence contexts studied.
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Base-pair

Sequence
context
GGG

TGA

GGA

AGC

Table 3-3. Melting temperatures of oligonucleotides

C) and mismatched (G-A, G-G, G-T, and G-ab) guan

representative sequence contexts (GGG, TGA, GGA

(OC) containing matched (G-

ines within four

, and AGC).

Reactivities of the mismatched guanines with ONOOCO 2'. To

characterize the effect of increased solvent accessibility of guanine on its

reactivity with ONOOCO2", we measured relative numbers of oxidative lesions

induced in matched and mismatched guanines by ONOOCO2" in the presence of

bicarbonate. For these measurements, 32P-labeled duplex oligonucleotides

containing guanines of interest in four representative sequence contexts were

damaged with 2 mM ONOO' in the presence of bicarbonate, and converted to

direct strand breaks by hot piperidine treatment. The resulting fragments were

separated on a 20% sequencing gel, visualized by autoradiography, and

oxidation induced within each matched or mismatched guanine was quantified
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G-C

55.997
± 0.006
55.6
± 0.6
52.7
± 0.6
51.6
± 0.6

G-A

50.007
± 0.006
43
±1
44.7
± 0.6
43.6
± 0.6

G-G

49.7
± 0.6
43.3
± 0.6
44.001
± 0.006
43.6
± 0.6

G-T

48.3
± 0.6
45.98
± 0.02
45.6
± 0.6
41.6
± 0.6

G-ab

38.987
+ 0.006

36.983
± 0.006

34.99
± 0.01

29.97
± 0



relative to the damage induced in the central guanine of the invariant 5'-TGG-3'

normalization sequence. Figure 3-1 shows an example of a typical gel used for

quantification of relative guanine damage for a 5'-GGA-3' sequence context.

Graphed in Figure 3-2 are relative guanine reactivities, measured for all five

base-pairs analyzed (G-C, G-A, G-G, G-T and G-ab) in four sequence contexts

(5'-GGG-3', 5'-TGA-3', 5'-GGA-3' and 5'-AGC-3'). We observed that the

mismatched guanines were at least as reactive with ONOOCO2 as the G-C

base-pairs, with the majority of the mismatches displaying marked increases in

the reactivity. Generally, G-T mismatches caused little or no change in the

extent of guanine oxidation as compared to the matched G-C base-pairs, with a

single exception of a 5'-GGG-3' sequence context, where relative guanine

reactivity was increased approximately two-fold. Guanines located across from

adenines in G-A mismatches were characterized by the intermediate increases in

the guanine reactivity compared to matched guanines, with the extent of the

reactivity change displaying dependence on sequence context and varying from

no change for the 5'-AGC-3' motif to an approximate 2.8-fold increase for 5'-

GGG-3'. Both G-G and G-ab mismatches caused the largest, 3- to 10-fold

increases in guanine reactivities with ONOOCO2 that were sequence context-

dependent. On average, the reactivity of the central guanine within a 5'-GGG-3'

sequence context was the most perturbed by changes in base-pairing.
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Figure 3-1. Representative gel picture used for quantification of relative damage

induced within mismatched guanines by ONOOCO2". 32P-labeled oligonucleotide

3S was annealed with five different complements, creating a G-C match and G-

A, G-G, G-T, and G-ab mismatches across from the central guanine in GGA

motif. All oligonucleotides were subjected to oxidation by ONOOCO2", hot



piperidine treatment, and gel electrophoresis, as described in Materials and

Methods.

Ez
oL.W0IDIID

G-C G-A G-G G-T G-ab
Base-pair

1 GGG E GGA 0 TGA E AGC

Figure 3-2. Relative reactivities of matched and mismatched guanines with

ONOOCO2". Amounts of piperidine-labile guanine lesions induced in the central

positions of 5'-GGG-3', 5'-TGA-3', 5'-GGA-3', and 5'-AGC-3' sequence contexts

and located across from cytosine, adenine, guanine, thymine, and the synthetic

abasic site were quantified relative to the guanine damage induced in the central

position of the invariant TGG motif by the ImageQuant program, as described in

Materials and Methods.
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DISCUSSION

To establish the role of solvent accessibility in modulating the reactivity of

guanines in duplex DNA with ONOOCO2-, we determined yields of oxidative

lesions produced by ONOOCO2- within G-A, G-T, G-G, and G-ab mispairs in four

representative sequence contexts. Numerous studies have found that guanines

mispaired with adenines, thymines, or guanines caused limited structural

perturbations of duplex DNA that did not extend beyond neighboring base-pairs

(19, 30-33). Nevertheless, these mismatches produced thermodynamic

destabilization of the helix in our studies, as was evidenced by a dramatic

lowering of melting temperatures of mismatch-containing oligonucleotides. The

greatest drop in Tm (17-21 OC, depending on sequence context) was caused by a

G-ab mispair, reflecting the expected lack of hydrogen bond formation for

guanine located opposite the furan ring.

The majority of mismatched guanines exhibited increased reactivity with

ONOOCO2, providing support to our hypothesis that increased solvent exposure

played a role in modulating target selection by ONOOCO2". This conclusion

correlates with previous studies and with our own experiments that found

enhanced reactivities of single-stranded oligonucleotides with ONOOCO2", as

compared to the duplex sequences (15, 16) (Chapter 2). G-ab mispairs, where

guanine most capable of rotating about glycosidic bond in the absence of

hydrogen bonding interactions, are characterized by the greatest (3.5- to 8-fold)

enhancements in ONOOCO2" reactivity, as compared to the fully matched bases.
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The extent of the reactivity increase observed for G-A, G-G and G-T mismatches

displays high levels of sequence context dependence and correlates well with a

number of previous studies that have underscored the effect of flanking

sequences on thermodynamic and structural properties of mismatch-containing

oligonucleotides (25-29, 34).

Compared to the G-A and G-T mismatches, G-G base-pairs caused

particularly high enhancements in guanine reactivity with ONOOCO2- that were

comparable to the enhancements measured for the G-ab mispairs, but could not

be attributed to the greater levels of overall helix destabilization, as measured by

Tm. A number of studies showed that the predominant conformation adapted by

a G-A mispair in solution at physiological pH was a relatively stable and well-

stacked G(anti)-A(anti) structure, although other, minor conformations were also

possible in some sequence contexts (30, 35-38) (Figure 3-3). Similarly, a G-T

mismatch was found to form a hydrogen-bonded wobble base-pair in different

sequence motifs that was characterized by good stacking interactions (29, 31,

32) (Figure 3-3). In contrast to these results, several workers demonstrated that

a G-G mismatch did not adapt a single conformational structure; rather, both

guanines within the mispair slowly interconverted between G(syn) and G(anti)

conformations by rotating about glycosydic bonds (33, 39-42) (Figure 3-3). This

dynamic nature of a G-G mismatch necessitates transient elimination of

hydrogen bonding, disruption of stacking interactions, and bulging of the base-

pairs out of the DNA helix that have indeed all been observed in structural

studies of G-G-containing oligonucleotides (33, 41). This conformational
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flexibility is, in turn, likely to promote increased solvent exposure of the guanine

bases, enhancing their reactivity with ONOOCO2j.

N--H

" GG antLsyn

interconvert

Figure 3-3. Predominant structures of G-C, G-T, G-A and G-G base-pairs in

solution at pH 7.4. Adapted from (43)

The results of our present studies on oxidation of mispaired guanines by

ONOOCO2" are closely paralleled by the results of earlier experiments, in which

oxidative cleavage induced by Ni" complexes in the presence of KHSOs was

investigated in mismatch-containing oligonucleotides (44). Guanine oxidation in
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double-stranded DNA promoted by these complexes has been previously shown

by Burrows and co-workers to be exquisitely sensitive to solvent accessibility of

the guanine base, with enhanced reactivities displayed by bulges, loops, and

mismatches in synthetic oligonucleotide duplexes (45, 46). In a systematic

study, Wunderman et al. determined that guanines in G-G mismatches located

within a 5'-GGG-3' sequence context were characterized by unusually high levels

of reactivity with the Ni" complex, contrasted with modest changes in the guanine

oxidation seen for the G-A and G-T base-pairs, and similar to the patterns of

guanine reactivity that we have observed for ONOOCO2- (44). Inner-sphere

electron transfer, a mechanism operative during Ni"-mediated guanine oxidation

has also been recently proposed for C0 3-, a product of ONOOCO2

disproportionation and a mediator of ONOOCO2--induced guanine damage (17).

This common mechanism of guanine oxidation for Ni" complexes and ONOO0

may explain the requirement for guanine solvent accessibility in both cases.
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Chapter 4

Development of a general method to quantify

sequence-specific nucleobase damage in the

presence of strand breaks

ABSTRACT

In order to study sequence-selective nucleobase damage by reagents that

cause high levels of deoxyribose oxidation, a method was developed to remove

the background of direct strand breaks in sequencing gel-based assays.

Exonuclease III (Exo III) activity was used to degrade labeled strands of

phosphorothioate-modified duplex oligonucleotides containing unprotected 3'

termini formed as a result of deoxyribose damage. The utility of this approach

was successfully verified in the case of DNA damage produced by Fe+2-EDTA

complex. Exo III activity was shown to generate no artifacts capable of affecting

measurements of relative guanine damage produced by both photoactivated

riboflavin and peroxynitrite in bicarbonate buffer. A complete inactivation of Exo

III activity was accomplished by a combination of EDTA chelation and filtration.



INTRODUCTION

Knowledge of mechanisms associated with sequence-specific target

selection by DNA oxidants may provide ways to predict the locations and relative

amounts of mutagenic nucleobase lesions in the genome. Studies of such

mechanisms may involve determinations of oxidative damage hotspots produced

by various reagents in duplex DNA, as has been described in Chapter 2 for two

guanine-specific oxidants, photoactivated riboflavin and nitsoroperoxycarbonate

(ONOOCO2). These studies made use of 32P labeled, double-stranded

oligonucleotides in oxidation reactions conducted under "single-hit conditions"

that produced a maximum of an average single damage event per

oligonucleotide molecule. The damage is subsequently revealed as direct strand

breaks by hot alkali or E. Coli Fpg glycosylase treatment, generating unique,

quantifiable bands on an autoradiography image after sequencing gel

electrophoresis (1, 2). This experimental approach, however, cannot be used for

analyses of sequence-specific nucleobase damage caused by reagents that also

produce substantial amounts of deoxyribose oxidation, such as Fe+2-EDTA, 7-

radiation, or ONOO', as the resulting direct strand breaks greatly complicate

sequencing gel-based studies (3).

We have, therefore, developed a method to remove the high background

of direct strand breaks and to unmask nucleobase oxidation. This method

exploits the activity of exonuclease III (Exo III), a 3' -+ 5' duplex-specific DNA

exonuclease that also possesses 3'-phosphatase and AP endonuclease activities
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(4-6). The exonuclease activity of Exo III is inhibited by phosphorothioate

linkages in DNA (7) (Figure 4-1).

Figure 4-1. Structure of a phosphorothioate linkage.

Figure 4-2 outlines a general strategy for the strand break removal

method. The procedure utilizes short double-stranded oligonucleotides that, in

addition to containing guanines within all possible three-base sequence contexts,

also include three consecutive phosphorothioate linkages at the 3' ends of each

strand. These linkages confer a complete resistance of a full-length

oligonuleotide to digestion by Exo III, as determined by control experiments (not

shown). Deoxyribose damage leading to strand breaks, but not nucleobase

damage, produces unprotected 3' ends that are recognized as substrates by Exo

III, leading to degradation of a labeled strand in a 3' to 5' direction. This reaction

will generate very short, 5'-32P-labeled fragments as products that can be easily
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separated from the rest of oligonucleotides during electrophoresis, and will not

interfere with subsequent nucleobase damage quantification. Undigested, full-

length 5'-32P-labeled oligonucleotides remaining in the solution after reaction with

Exo III will contain only nucleobase damage that can be revealed by treatment

with E.Coli Fpg glycosylase or hot piperidine and quantified by gel

electrophoresis in the usual manner (See Materials and Methods, Chapter 2).

We have validated our method of strand break removal using Fe+2-EDTA

complex that produces both direct strand breaks and nucleobase lesions.

5 3'50 °13
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Figure 4-2. General approach for removing background of direct strand breaks

for sequencing gel analysis of base lesions. The hydroxyl radical ('OH) is shown

as an example of an oxidant that produces both deoxyribose and nucleobase

damage.
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MATERIALS AND METHODS

Materials. Synthetic, phosphorothioate-modified oligonucleotides were

purchased from Integrated DNA Technologies (Coralville, IA). ONOO- was

purchased from Cayman Chemical (Ann Arbor, MI). Riboflavin, piperidine and

TEMED (N,N,N',N'-Tetramethylethylenediamine) were purchased from Sigma-

Aldrich. Urea, boric acid, tris base, ammonium persulfate and 40% solution of

acrylamide:bis (19:1) were obtained from American Bioanalytical (Natick, MA).

K2HPO 4, KH2PO4, NaHCO 3 and EDTA (ethylenediaminetetraacetic acid, sodium

salt) were purchased from Mallinckrodt Baker (Phillipsburg, NJ). All chemicals

were used without further purification. Chelex-1 00 was purchased from Bio-Rad

(Hercules, CA), Sephadex G-25 mini-spin columns were purchased from Roche

Diagnostics, and Micropure-EZ spin filters were obtained from Millipore (Bedford,

MA). E. Coli Fpg (formamidopyrimidine [fapy]-DNA glycosylase) was purchased

from Trevigen (Gaithersburg, MD), and T4 PNK (polynucleotide kinase) and

Exonuclease III (Exo III) were purchased from New England Biolabs (Ipswich,

MA). [y-32P]-ATP with activity of 6000 Ci/mmol was obtained from Perkin Elmer

(Waltham, MA). Distilled and deionized water (ddH20) was purified using a Milli-

Q system from Millipore (Bedford, MA) and was used for all experiments.

Preparation of buffers. A buffer containing 175 mM potassium

phosphate at pH 7.4 was prepared and treated with Chelex-100 resin overnight
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at 4 OC to remove adventitious metals. Following treatment, the buffer was

passed through a 0.2 micron filter and stored at 4 OC.

Purification of synthetic oligonucleotides. The oligonucleotides were

dissolved in TE buffer, pH 8.0 with 20% glycerol, and loaded on a 20%

acrylamide:bis, 8M urea preparative gel electrophoresis. The gel was run in lx

TBE at a constant power of 70 watts for 6 hrs. Oligonucleotides were visualized

by UV shadowing, cut out from the gel, eluted by overnight shaking in 0.5 M

ammounium acetate and 10 mM magnesium acetate, filtered and ethanol

precipitated. All oligonucleotides were desalted by Sephadex G-25 spin columns

and transferred to 175 mM potassium phosphate buffer before use.

Labelling and annealing of oligonucleotides. Oligonucleotides were 5'-

end labeled with 32P in a reaction containing approximately 100 pmol of 5' ends,

20 units of T4 polynucleotide kinase and 50 gCi of y-32P-ATP in 1x PNK buffer

(New England Biolabs, Ipswich, MA) in a total volume of 50 .l. After incubation

at 37 OC for 1 hr, unreacted y-32P-ATP was removed by a G-25 Sephadex column

that has been washed with 2x300 •l of 175 mM potassium phosphate buffer. For

annealing, approximately 200 pmol of unlabeled complement was added to the

labeled oligonucleotide, and the mixture was allowed to cool down to room

temperature over a course of approximately 90 min, after a 5-min incubation at

95 OC.
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Damage of labeled oligonucleotides with Fe+2-EDTA, ONOOCO 2" and

riboflavin. All damage analyses and controls were carried out three times, in

triplicates. Each Fe+2-EDTA reaction contained 20 pmol of labeled, double-

stranded oligonucleotide and 2 mM of FeSO4-EDTA (in the ratio of 1:1.1, freshly

prepared before each experiment), in 175 mM chelexed photassium phosphate

buffer and a total volume of 50 1i. The DNA was always added last, and the

controls contained potassium phosphate buffer instead of FeSO4-EDTA solution.

The reactions were incubated at 37 OC for 2 hours, after which Fe+2-EDTA was

removed by filtration through Sephadex G-25 columns. Damage reactions with 3

mM ONOO and 30 giM riboflavin were carried out as described in previously

(See Materials and Methods, Chapter 2).

Exonuclease III and hot piperidine treatment of damaged

oligonucleotides. Damaged and de-salted oligonuleotides were treated with 5

units of Exonuclease III in 1 x NEbuffer 1, (New England Biolabs, Ipswich, MA) at

37 OC for 1 hr in a total volume of 60 g•. (One unit is defined as the amount of

enzyme required to produce 1 nmol of acid-soluble total nucleotides in a total

reaction volume of 50 pl1 in 30 min at 37 OC in 1 x NEbuffer 1 with 0.15 mM

sonicated duplex [3H]-DNA.) These conditions were sufficient to remove all direct

strand breaks generated during damage reactions, as determined by control

experiments (results not shown). For hot piperidine treatment, oligonucleotides

were de-salted by gel filtration, incubated with 1M piperidine at 90 OC for 20 min

in a total volume of 120 il and dried by lyophilization.



Gel electrophoresis and damage quantification. Lyophilized samples

were dissolved in a total of 5 pl of formamide gel loading buffer, and 2 •I from

each sample was resolved on a 20% polyacrylamide gel (8M urea) that was run

in 1 x TBE at the constant power of 70 watts for 3 hrs, and then subjected to

phosphorimager analysis (ImageQuant, Molecular Dynamics). For ONOOO2

and riboflavin experiments, phosphorimager data for guanine cleavage was

normalized to total radioactivity in the gel lane, with damage values corrected for

background, and relative reactivity was determined in relation to the 5'-TGG-3'

sequence in each oligonucleotide.

RESULTS

Using Exo III to unmask nucleobase oxidation: proof of concept. We

validated our method of background removal using a single oligonucleotide of the

sequence 5'-CGTACTCTTTGGTTGATGGGTTCTTTC*T*A*T-3', where *

represents a phosphorothioate linkage. A 2-hr incubation of this oligonucleotide

with a 2mM Fe+2-EDTA complex in an air-saturated 175 mM chelexed potassium

phosphate buffer at pH of 7.4 for 2 hrs at 37 OC produces considerable amounts

of both direct strand breaks and piperidine-labile nucleobase damage, as

demonstrated in Figure 4-3. This damage is characterized by formation of

double bands as a result of 3'-phosphate and 3'-phosphoglycolate termini being

generated at every nucleotide position (8). Incubation of damaged

oligonucleotide with 0.1 units of Exo III at 37 oC for 1 hr results in complete



removal of direct strand breaks and leads to formation of lower-molecular weight

bands at the bottom of the gel. The intensities of these bands correspond to the

relative amounts of unprotected 3' ends present in each oligonucleotide before

and after damage reaction. Since short, 32P-labeled products of Exo III reaction

run substantially faster than other oligonucleotide fragments produced after hot

piperidine treatment, they do not interfere with quantification of relative

nucleobase damage levels.

Treatment of damaged oligonucleotides with Exo III does not

produce artifacts. We wished to determine if Exo III activity can introduce yet

uncharacterized artifacts, such as adventitious removal of base damage, which

would alter measurements of relative reactivities of DNA bases. We have,

therefore, measured relative damage induced within four defined guanine

sequence contexts by two guanine-specific oxidants - photooxidized riboflavin

and peroxynitrite and ONOOCO2" in bicarbonate buffer, in the absence and

presence of Exo III. Two oligonucleotides of the sequences 5'-

GTACTCTTTGGTCGGTTGCTTCTTTCTAT-3' and 5'-

CGTACTCTT TGGTGGCTCGTTTCTTTCTAT-3' were treated with either 30 mM

photooxidized riboflavin for 20 min or with 3 mM ONOO' in 150 mM sodium

phosphate, 25 mM sodium bicarbonate buffer at pH 7.4 (Materials and Methods,

Chapter 2), and then with either 0 or 5 units of Exo III at 37 OC for 1 hr in

lxNEbuffer 1 (New England Biolabs, Ipswich, MA). Relative reactivities of

central guanines (bold) within four representative sequence contexts (underlined)
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were determined as previously described (See Materials and Methods, Chapter

2), and expressed relative to the reactivity of the central guanine within the

invariant TGG sequence context (italicized). Figure 4-4 shows that Exo III

activity has no effect on the relative amounts of piperidine-sensitive guanine

oxidation products measured in the case of damage produced by either reagent

in four representative sequence contexts.

Removal of Exo III activity prior to base damage analysis. In a typical

assay of sequence-selective DNA damage, oxidized nucleobases are expressed

as direct strand breaks by hot piperidine or E. Coli Fpg treatments (9).

Unprotected 3' ends that result from these treatments can become substrates for

Exo III, leading to degradation of products of interest. A complete removal of Exo

III activity prior to either hot piperidine or Fpg treatment is, therefore, required.

This condition is particularly crucial in the case of Fpg treatment that, unlike hot

piperidine-mediated cleavage, is performed at mild conditions. Figure 4-5 shows

that removal of Exo III activity can be accomplished by combining EDTA addition

to chelate Mg2+ ions required for exonuclease activity (18), and subsequent

removal of the enzyme by filtration through protein-binding Micropure-EZ filters

(Millipore, Bedford, MA). As Figure 4-5 further demonstrates, neither of these

methods alone is sufficient to protect a 5' labeled duplex oligonucleotide of the

sequence 5'-GTACTCTTTGGTAGCTGGTTTCTTTCTAT-3' from degradation by

Exo Ill.
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Figure 4-3. Use of Exonuclease III to unmask guanine oxidation. A

phosphorothioate-protected double-stranded oligonucleotide was incubated with

0 or 2 mM Fe+2-EDTA 2" at 37 oC for 2 hours, then with 0 or 0.1 units of Exo III,

and 0 or 1M piperidine, as described in Materials and Methods.
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Figure 4-4. Relative reactivities of guanines with ONOOCO2" and photoactivated

riboflavin measured in the absence or presence of Exo II. Relative reactivities of

guanines within four representative sequence contexts with 3 mM ONOO' in 150

mM potassium phosphate, 25 mM sodium bicarbonate buffer, pH 7.4, and with

30 mM photoactivated riboflavin in 175 mM potassium phosphate buffer, pH 7.4,

were measured before and after treatment with 5 units of Exo III (See Materials

and Methods).
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Figure 4-5. Addition of EDTA combined with filtration through Micropure-EZ filter

is sufficient to completely remove Exolll activity. A 5'-labeled, double-stranded

oligonucleotide was mixed with 5 units of Exo III, and incubated at 37 oC for 1 hr

after addition of 0 or 20 mM EDTA andlor filtration through Micropure-EZ filters.

DISCUSSION

A high background of direct strand breaks presents a formidable challenge

to gel-based analyses of sequence-selective nucleobase damage. In previous
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studies in which DNA damage produced by Cu (II), Fe(lll) and Cr (VI) in the

presence of hydrogen peroxide has been analyzed by ligation-mediated PCR

(LMPCR), the problem of direct strand breaks has been addressed by addition of

sucrose to the damage reactions suppress deoxyribose oxidation (10). While

only partially effective, this method can also introduce yet uncharacterized

artifacts as a result of sucrose modification by the resulting hydroxyl radicals, and

can potentially change guanine oxidation chemistry. This can happen through

generation of DNA-damaging alkyl and alkoxyl radicals that have been shown to

form during incubation of sucrose with the Fenton reagent (11).

Our method of direct strand break removal is based on introducing

phosphorothioate linkages at the 3' ends of substrate oligonucleotides and using

Exo III to degrade only those oligonucleotides that contain unprotected 3' ends

and contribute to the strand break background. Control experiments

demonstrated that Exo III activity has no influence on the relative amounts of

oxidative guanine lesions detected after oligonucleotide damage by

photoactivated riboflavin and peroxynitrite in bicarbonate buffer. In addition, Exo

III activity was easily removed from the reaction mixture by a combination of

EDTA addition and filtration, and, therefore, did not interfere with subsequent Fpg

treatment. Because Exo III is inactivated at the conditions of hot piperidine

cleavage, no prior removal of Exo III activity is required (12).

For many oxidants, deoxyribose damage often leads to structurally

heterogeneous strand breaks; for example, irradiation of DNA with ionizing y-rays

has been shown to produce 3'-phosphate and 3'-phosphoglycolate-containing
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termini (8, 13). Wide applicability of our method of strand break removal is based

on the remarkable ability of Exo III to recognize both these 3' strand break

products as substrates (14). In addition, the AP endonuclease activity of Exo III

allows for conversion of oxidatively generated abasic sites to free, unprotected 3'

ends that are subsequently degraded by the exonuclease activity, resulting in the

removal of the abasic site background (6). Our method of background strand

break removal can be used to probe sequence selectivity of nucleobase

oxidation induced by a variety of oxidants that generate substantial amounts of

direct strand breaks, such as peroxynitrite ONOO-, Fe+2-EDTA, y-radiation, or

peroxyl radicals (3, 15-17).
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Chapter 5

Role of electrostatic interactions in sequence-

selective oxidation of guanines in DNA

ABSTRACT

To test the hypothesis that the charge of an oxidant influences its

reactivity with guanine in DNA, sequence-specific patterns of guanine oxidation

produced by the negatively charged Fe+2-EDTA complex in the absence and

presence of H202 were compared to guanine oxidation produced by y-radiation, a

neutral oxidant. This was accomplished with the use of double-stranded

oligonucleotides containing guanines within all possible three-base sequence

contexts (XGY) and a previously developed method for quantifying sequence-

specific nucleobase damage in the presence of strand breaks. We observed that

both Fe+2-EDTA and y-radiation produced identical guanine oxidation patterns,

demonstrating that negative charge of Fe+2-EDTA played no role in selection of

targets by this agent. Both reagents were equally reactive with all guanines,

irrespective of their ionization potential (IP) or sequence context, consistent with

the expected chemistry of guanine oxidation by the hydroxyl radicals ('OH).
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Guanines located within 5'-GT-3' motifs were characterized by lower yields of

Fpg-sensitive lesions, implying a role of local DNA structure and steric hindrance

by the thymine methyl group in 8-oxoguanine formation.

INTRODUCTION

Our previous studies demonstrated that nitrosoperoxycarbonate

(ONOOCO2), a chemical mediator of inflammation and a one-electron oxidant,

caused selective oxidation of guanines located within 5'-GC-3' sequence

contexts that were characterized by the highest sequence-specific ionization

potentials (IPs) (Chapter 2). This reactivity stood in violation of the rules of

oxidative charge transfer and was mediated by solvent exposure of the target

guanines, as was evidenced by the increased reactivities of guanines within

single-stranded oligonucleotides or mismatches with ONOOCO2" (Chapters 2 and

3). We hypothesized that negative charge of ONOOCO2' was an important

determinant of its preference for solvent-exposed guanines; unfavorable

interactions of ONOOCO2 with the negatively charged DNA backbone limited

accessibility of ONOOCO2 to the guanines buried inside helix and favored its

reactivity with the more accessible bases. The effect of electrostatic forces in

mediating interactions of various reactive agents with DNA is well-documented.

For example, the ability of thiols to protect calf thymus DNA from damage by

ionizing radiation was found to correlate with their net charge, with the highest

levels of protection exhibited by the positively charged species (1); a similar
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pattern of radioprotection ability was also observed for polyamines (2). The role

of electrostatic interactions in affecting oxidative DNA damage is exemplified by

the reactions of charged peroxyl radicals (3, 4) and naphthalimide derivatives

substituted with cationic and anionic side chains (5) with the DNA.

To find out if electrostatic interactions were indeed major determinants of

sequence-selective guanine damage by ONOOCO2, we tested if guanine

oxidation by another negatively charged reagent, Fe+2-EDTA complex, was

affected by its negative charge. Oxidizing properties of Fe+2-EDTA arise through

the Fenton reaction-dependent production of highly reactive hydroxyl radicals

('OH), generated in the presence of molecular oxygen (02) or hydrogen peroxide

(H202) according to the following reactions (6, 7):

Fe+2-EDTA + 02 -4 Fe+3-EDTA + 02" [1]

Fe+2-EDTA + 020" + 2H* -* Fe+3-EDTA + H20 2  [2]

Fe+2-EDTA + H20 2 -_ Fe+3-EDTA + "OH + OH [3]

The hydroxyl radicals generated in these reactions are extremely short-

lived, reacting at the site of their generation with all known biomolecules at

diffusion-controlled rates (107 - 1010 M "1 s"1) (8). Meanwhile, irradiation of an

aqueous solution with y-rays causes radiolysis of H20 and generation of diffusible

'OH that are not associated with a negative charge (9). Therefore, comparison of

sequence-selective guanine oxidation produced by Fe+2-EDTA and y-radiation
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provides a direct way to assess the effect of negative charge of an oxidant on its

reactivity with guanines in DNA.

In conducting experiments with Fe+2-EDTA we were also mindful of a long-

standing debate that surrounds the question of the efficiency of 'OH production

by the Fe+2-EDTA complex. Formation of alternative oxidizing species was

proposed by several groups on the basis of kinetic considerations and the

observed reactivities with various organic substrates that displayed

inconsistencies with the chemical properties of "OH (10-12). Although structural

characterization of these species has not yet been achieved, it is believed that

they consist of perferryl and ferryl ions, also termed "iron-oxo complexes". The

perferryl ion can be formed by either Fe' 2-/02 or Fe' 3-/02'" in the absence or

presence of EDTA (7):

Fe+2 + 02 +-+ [Fe*2-0 2 + Fe+3-02  ++- Fe+3 + 02s" [4]

perferryl ion

Its subsequent reaction with Fe+2 results in the production of ferryl species (7):

Fe+2 + [Fe+2-0 2 + Fe+3-02  -4 Fe+2-02-Fe+2 [5]

Fe+O2 02-Fe+2  2Fe+4=0 [6]
ferryl ion
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Alternatively, ferryl species can also be generated through a separate

mechanism involving recombination of Fe+2 with H202 (7, 13):

Fe+2 + 02 -+ Fe*4=0 [7]

Although ferryl and perferryl ions are very strong oxidants that readily

react with a variety of organic compounds (10, 12, 14, 15), they are less reactive

than 'OH with chemicals such as benzoate, tert-butyl alcohol, acetate ion,

arginine and serine (10, 11). This decreased reactivity follows from an

approximate 1.3 V difference in the reduction potentials between ('OHaqH201)

and (FeO2+-/Fe 3*-chelate) ion pairs (estimated to be Eo = 2.18 V and 0.9 V,

respectively) (13).

Numerous studies found that relative yields of 'OH and iron-oxo

complexes generated in the course of Fenton reaction were strongly dependent

on the reaction conditions, such as pH, solvent polarity, buffer components,

nature of the chelator, or relative stoichiometry (7, 12, 14, 16, 17). In particular,

the concentration of H202 in the reaction mixture was shown to have a profound

effect on the efficiency of 'OH generation. For example, Qian and Buettner

determined that the formation of putative ferryl and perferryl ions at the expense

of 'OH was highest when the concentration of 02 exceeded the concentration of

H202, such that [02]/[H202] 2 100 (7). These findings were corroborated by the

experiments of Welch and co-workers who showed that the species formed

during auto-oxidation of 50 CIM Fe+2-EDTA complex in air-saturated aqueous
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solution were not scavenged by Tris, in contrast to the oxidant formed by 50 gM

Fe" in the presence of equimolar amounts of H202 that displayed properties of

'OH (17). Similarly, Reinke et al. found that the product of FeSO4 auto-oxidation

in air-saturated phosphate buffer exhibited chemical reactivity of ferryl species,

and the hydroxyl radical adducts of 5,5-dimethyl-l-pyrroline N-oxide (DMPO), a-

phenyl-N-t-butylnitrone (PBN) or azide could only be detected in the solution after

addition of H202 (14). Thus, oxidizing species formed by the Fenton reagent at

very low H202 concentrations are characterized by a high proportion of putative

ferryl and perferryl species.

Taking into account the complicated chemistry of Fe+2-EDTA, we

conducted Fe+2-EDTA-mediated DNA oxidation reactions in the absence and

presence of 2 mM H202. The former condition (subsequently referred to as

"Fe+2-EDTA") was expected to favor production of iron-oxo complexes, while the

latter condition (subsequently referred to as "Fe+2-EDTAIH 202") was expected to

favor generation of 'OH.

In the present studies we measured relative levels of oxidative guanine

lesions produced by Fe+2-EDTA, Fe+2-EDTA/H 202 and y-radiation within all

possible three-base sequence contexts (XGY) located in double-stranded

oligonucleotides. Because Fe+2-EDTA, Fe+2-EDTAIH 202 and y-radiation cause

high levels of deoxyribose oxidation, a previously developed method to quantify

sequence-dependent nucleobase oxidation in the presence of strand breaks was

employed (Chapter 4). We determined that the three oxidants caused

approximately equal levels of guanine damage in all sequence contexts,
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suggesting that negative charge plays no role in selection of oxidation targets by

Fe+2-EDTA.

MATERIALS AND METHODS

Materials. A total of 16 phosphorothioate-modified oligonucleotides (8

oligonucleotides with unique sequences and their complements) were purchased

from Integrated DNA Technologies (Coralville, IA) and gel-purified as described

previously (See Chapter 4). The sequences of the oligonucleotides are shown in

Table 5-1.

Piperidine, TEMED (N,N,N',N'-Tetramethylethylenediamine) and 30%

w/w) solution of H202 were purchased from Sigma-Aldrich. Urea, boric acid, tris

base, ammonium persulfate and 40% solution of acrylamide:bis (19:1) were

obtained from American Bioanalytical (Natick, MA). K2HPO4, KH2PO4, NaHCO 3

and EDTA (ethylenediaminetetraacetic acid, sodium salt) were purchased from

Mallinckrodt Baker (Phillipsburg, NJ). All chemicals were used without further

purification. Chelex-100 was purchased from Bio-Rad (Hercules, CA), Sephadex

G-25 mini-spin columns were purchased from Roche Diagnostics, and

Micropure-EZ spin filters were obtained from Millipore (Bedford, MA). E. Coli Fpg

(formamidopyrimidine [fapy]-DNA glycosylase) was purchased from Trevigen

(Gaithersburg, MD), and T4 PNK (polynucleotide kinase) and Exonuclease III

(Exo III) were purchased from New England Biolabs (Ipswich, MA). [(-32P]-ATP

with activity of 6000 Ci/mmol was obtained from Perkin Elmer (Waltham, MA).
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Distilled and deionized water (ddH20) was purified using a Milli-Q system from

Millipore (Bedford, MA) and was used for all experiments.

Oligonucleotide name Oligonucleotide sequence (5' to 3')

S1-S CGTACTCTT TGGTTGATGGGTTCTTTC*T*A*T

S2-S CGTACTCTT TGGTCGGTTGCTTCTTTC*T*A*T

S3-S CGTACTCTT TGGTAGTTGGATTCTTTC*T*A*T

S4-S CGTACTCTTTGGTAGGTTGTTTCTTTC*T*A*T

S5-S CGTACTCTT TGGTCGCTCGATTCTTTC*T*A*T

S6-S CGTACTCTT TGGTAGCTAGATTCTTTC*T*A*T

S8-S CGTACTCTT TGGTGGCTCGTTTCTTTC*T*A*T

S9-S CGTACTCTT TGGTAGCTGGTTTCTTTC*T*A*T

Table 5-1. Sequences of oligonucleotides used for analysis of guanine damage

induced by Fe+2-EDTA, Fe+2-EDTA/H 20 2 and y-radiation. Relative reactivities of

guanines shown in bold within underlined sequence contexts were quantified.

The invariant TGG sequence used for normalizing damage is italicized, and *

represents a phosphorothioate linkage.

Labeling and annealing of oligonucleotides. Purified single-stranded

oligonucleotides were 5'-end labeled with 32P by incubation at 37 oC for 1 hr in a

reaction that contained 0.2 nmol of 5' ends, 0.1 mCi of [y_32P]-ATP and 40 units

of T4 PNK in 1xPNK buffer (New England Biolabs, Ipswich, MA), in a total

volume of 100 ILI. Excess label was removed by gel filtration using Sephadex G-
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25 columns (Roche Diagnostics, Indianapolis, IN) that were washed with a total

of 4x300 pl1 of chelexed 175 mM potassium phosphate buffer (prepared as

described in Chapter 4, Materials and Methods). For the annealing reaction, a

total of 0.4 nmol of unlabeled complement was added to each labeled

oligonucleotide, the mixture was heated at 95 OC for 5 min and was then allowed

to slowly cool to room temperature over the course of 2 hr.

Analysis of damage in double-stranded oligonucleotides. All damage

analyses and controls were performed three separate times, in triplicates. Each

Fenton reaction contained 0.1 mM FeSO 4-EDTA (in the ratio of 1:1.1, freshly

prepared before each experiment) and 2 mM H202 (concentration determined by

using extinction coefficient value of 39.4 M-1 cm-'), or 2 mM FeSO4-EDTA. The

rest of the reaction components included 20 pmol of labeled, double-stranded

oligonucleotide in 175 mM chelexed potassium phosphate buffer and total

volume of 50 pl. The DNA was always added last, and the controls contained

potassium phosphate buffer instead of FeSO4-EDTA solution. The reactions

were incubated at 37 oC for 2 hr, after which the FeSO4-EDTA complex was

removed by filtration through Sephadex G-25 columns that were washed with

2x300 pl of ddH20. For 1-irradiation experiments, samples containing a total of

20 pmol of labeled, double-stranded oligonucleotide in a total of 50 pCl of chelexed

potassium phosphate buffer were irradiated in a 6°Co source for a total dose of

50 Gray. Following treatment, the samples were normally incubated at ambient
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temperature for 20 min before purification by filtration using Sephadex G-25

columns.

Damaged and purified oligonuleotides were treated with 5 units of

Exonuclease III in 1xNEbuffer 1 (New England Biolabs, Ipswich, MA) at 37 OC for

1 h in a total volume of 60 •I. These conditions were sufficient to remove all

direct strand breaks generated during damage reactions, as determined by

control experiments (results not shown). For hot piperidine treatment,

oligonucleotides were de-salted by gel filtration, incubated with 1M piperidine at

90 OC for 20 min in a total volume of 120 gI, lyophilized, and dissolved in a total of

5 g1 of formamide gel loading buffer. To remove Exo III activity prior to Fpg

reactions, oligonucleotides were incubated with 20 mM EDTA to chelate Mg2+

present in NEbuffer 1, and passed through protein-binding Micropure-EZ filters.

The oligonucleotides were subsequently treated with 8 units of Fpg at 37 OC for 1

h, precipitated with ethanol, and dissolved in a total of 5 g• of formamide gel

loading buffer.

A total of 2 gil of DNA from each sample was resolved on a 20%

polyacrylamide, 8 M urea gel, and was subjected to phosphorimager analysis

(ImageQuant, Molecular Dynamics). Relative reactivities of guanines in each

oligonucleotide sequence were determined as previously described (See Chapter

2).
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RESULTS

Fe+2-EDTA/H 20 2, Fe+2-EDTA, and y-radiation produce similar levels of

piperidine-sensitive guanine lesions in all sequence contexts. We

measured relative amounts of oxidative guanine lesions produced by Fe+2-

EDTAIH 202, Fe+2-EDTA, and y-radiation within different sequence contexts. For

our studies, we used oligonucleotides of the general sequence 5'-

CGTACTCTTTGGTXIGiYiTX 2G2Y2TTCTTTC*T*A*T-3' containing three

consecutive phosphorothioate linkages (designated by *), two variable guanine

contexts (XGYi) and an invariant TGG sequence for normalizing damage

(underlined). The same oligonucleotide sequences were previously used for

similar analyses of sequence-specific guanine oxidation produced by

photoactivated riboflavin and ONOOCO2- in bicarbonate buffer (18, 19) (Chapter

2). To remove the background of direct strand breaks that are generated in

relatively high amounts by Fe+2-EDTAIH 202, Fe+2-EDTA and y-radiation, we used

a previously developed method, described in Chapter 4.

Damage reactions with Fe+2-EDTAH 202 were accomplished by incubating

32P-labeled double-stranded oligonucleotides with freshly prepared 0.1 mM Fe2+-

EDTA and 2 mM H202 in 175 mM chelexed phosphate buffer at pH 7.4. At these

conditions the efficiency of 'OH production in the air-saturated solution was

maximized, according to a recent study (7). Damage with Fe2+-EDTA was

accomplished by incubating the same oligonucleotides with freshly prepared 2

mM Fe2+-EDTA, while for y-irradiation experiments the oligonucleotides were
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exposed to a total dose of 50 Gray of y-rays at the rate of 1.1 Gray/min. The

reaction conditions utilized in all experiments were chosen to produce strong

damage signals needed for efficient quantification and, according to Poisson

distribution, resulted in a maximum of a single detectable base oxidation event

per an oligonucleotide molecule. This was evidenced by more than 70% of the

parent duplex unaffected by hot piperidine or E.Coli Fpg treatments after Exo III

reaction. After damage, all oligonucleotides were treated with Exo III to remove

strand break background, and then with hot piperidine to create strand breaks at

the sites of guanine oxidation. The resulting cleavage products were separated

on a sequencing gel, and damage induced within central guanine of each XGY

sequence context was quantified relative to the damage at the central guanine

within the invariant TGG normalization sequence.

Relative amounts of piperidine-labile guanine lesions produced by all three

oxidants were graphed versus guanine's sequence-specific IPs. The data for

Fe+2-EDTA/H 202 and y-radiation is graphed in Figure 5-2, while data for Fe+2

EDTA is graphed in Figure 5-3. Representative gels used for damage

quantification are shown in Figure 5-1. Relative piperidine-sensitive guanine

damage produced by all agents varies only modestly with sequence contexts and

ranges from 0.71 to 0.96 for Fe2+-EDTA/H 202 and from 0.60 to 1.0 for y-radiation.

Relative piperidine-sensitive guanine oxidation produced by Fe+2-EDTA displays

a greater variability from 0.60 to 1.0, reflective of somewhat lower relative

damage induced within 5'-GT-3' motifs. For comparison, relative reactivities of

guanines with riboflavin and ONOOCOi, determined previously within the same
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oligonucleotides and under similar experimental conditions, ranged from 0.2 to

1.4 and from 0.6 to 3.3, respectively (Chapter 2).
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Figure 5-1. Representative lanes of the sequencing gels used for quantitative

analysis of guanine damage induced by Fe+2-EDTA/H20 2, Fe+2-EDTA, and '-

radiation (See Materials and Methods).
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0 Fe'2-EDTA/H 202 0 y-radiation

Figure 5-2. Relative reactivities of guanines within all possible three-base

sequence contexts (XGY) with Fe+2-EDTA/ H202 and y-radiation, hot piperidine

treatment. Relative amounts of piperidine-sensitive guanine lesions produced by

0.1 mM Fe+2-EDTA in the presence of 2 mM H202 (closed circles) and by a total

of 50 Gray of y-radiation (open circles) are graphed vs. guanines' sequence-

specific IPs. Damage reactions and the subsequent analysis of relative

reactivities were performed as described in Materials and Methods.
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Figure 5-3. Relative reactivities of guanines within all possible three-base

sequence contexts (XGY) with Fe+2-EDTA, hot piperidine treatment. Relative

numbers of piperidine-sensitive guanine lesions produced by 2 mM Fe+2-EDTA

complex within different sequence contexts are graphed vs. guanines' sequence-

specific IPs. Damage reactions and the subsequent analysis of relative

reactivities were performed as described in Materials and Methods.

5'-GT-3' sequence contexts are characterized by lower relative

amounts of Fpg-labile guanine lesions. We also measured relative amounts

of Fpg-sensitive guanine lesions produced by Fe+2-EDTA/H 202, Fe+2-EDTA and

y-radiation in all possible sequence contexts. All damage reactions and
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subsequent treatment with Exo III to remove the background of direct strand

breaks were carried out in a manner analogous to the one already described for

the analysis of piperidine-sensitive products. Prior to Fpg treatment, Exo III

activity was removed by a combination of addition of EDTA and filtration through

Micropure-EZ filters, as described in Materials and Methods and in Chapter 4.

After Exo III treatment, damaged oligonucleotides were incubated with Fpg, and

resulting fragments were separated on a sequencing gel. Amounts of Fpg-

sensitive lesions induced within central guanine of each XGY sequence context

were quantified relative to the damage at the central guanine within the invariant

TGG normalization sequence and graphed versus guanine's sequence-specific

IPs.

The data for Fe+2-EDTA/H 202 and y-radiation is shown in Figures 5-2 and

5-4, while data for Fe+2-EDTA is shown in Figures 5-3 and 5-5. Similar to the

case of piperidine-sensitive damage, relative numbers of Fpg-sensitive products

produced by all three oxidants display only a modest variation with sequence

contexts. However, lower relative amounts of Fpg-sensitive damage was

induced within 5'-CGT-3', 5'-AGT-3', 5'-TGT-3' and 5'-GGT-3' motifs. This was

especially evident for the damage produced by Fe+2-EDTA, where relative

reactivity values ranged from 0.47 to 0.50 and differed in a statistically significant

manner (p < 0.001) from the rest of the values ranging from 0.78 to 1.1.
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Figure 5-4. Relative reactivities of guanines within all possible three-base

sequence contexts (XGY) with Fe+2-EDTAI H202 and y-radiation, Fpg treatment.

Relative amounts of Fpg-sensitive guanine lesions produced by 0.1 mM Fe+2-

EDTA in the presence of 2 mM H202 (closed squares) and by a total of 50 Gray

of y-radiation (open squares) are graphed vs. guanines' sequence-specific

ionization potentials. Damage reactions and the subsequent analysis of relative

reactivities were performed as described in Materials and Methods.
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Figure 5-5. Relative reactivities of guanines within all possible three-base

sequence contexts (XGY) with Fe+2-EDTA, Fpg treatment. Relative numbers of

Fpg-sensitive guanine lesions produced by a 2 mM Fe+2-EDTA complex within

different sequence contexts graphed as a function of guanines' sequence-

specific IPs. Damage reactions and the subsequent analysis of relative

reactivities were performed as described in Materials and Methods.

Ratios of Fpg- to plperidine-sensitive lesions produced by all three

oxidants display moderate variability as a function of sequence context.

Because 8-oxoG, the most common guanine lesion, displays differential

sensitivities toward hot piperidine and Fpg treatments, comparison of the relative
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ratios of Fpg- to piperidine-sensitive lesions across all sequence contexts

provides a measure of sequence-specific guanine oxidation chemistry. Ratios of

Fpg to piperidine sensitive lesions produced by Fe+2-EDTA/H 202, Fe+2-EDTA and

y-radiation in all sequence contexts are graphed in Figure 5-6 and display an

approximate two-fold variability. This is contrasted with similar ratios of Fpg to

piperidine-sensitive lesions induced by ONOOCO 2-within the same

oligonucleotides that display an approximate 5.4-fold variability (Chapter 2). As

was previously indicated, guanines located within 5'-GT-3' motifs (5'-CGT-3', 5'-

AGT-3', 5'-GGT-3' and 5'-TGT-3') are characterized by lower Fpglpiperidine

ratios.
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Figure 5-6. Ratios of relative amounts of Fpg to piperidine-sensitive guanine

lesions produced by Fe+2-EDTA/H 202 (closed bars), Fe+2-EDTA (grey bars), and

y-radiation (open bars) within different sequence contexts.
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DISCUSSION

Electrostatic forces are known to modulate interactions of DNA with small

reagents, such as thiols (1), polyamines (2), peroxyl radicals (3, 4), or

naphthalimide derivatives (5). We proposed that negative charge was also a

determinant of guanine oxidation by ONOOCO2", a chemical mediator of

inflammation that is selective for guanines of highest IPs and displays enhanced

reactivity toward solvent-exposed bases (Chapters 2 and 3). To test the

hypothesis that electrostatic repulsion between the negatively charged reagent

and polyanionic DNA backbone restricted its reactivity to the more solvent

accessible targets, we investigated sequence-selective guanine oxidation pattern

produced by another negatively charged species, Fe+2-EDTA and compared it to

guanine oxidation produced by y-radiation, a neutral oxidant. A study by Li et al.

demonstrated that electrostatic interactions played a significant role in

determining diffusion distances of Fe+2-EDTA species and the associated

oxidants that caused direct strand breaks in isolated and nuclear DNA (20).

Additionally, Balasubramanian et al. showed that generation of direct strand

breaks within a double-stranded DNA fragment by Fe+2-EDTA in the presence of

H202 was governed by solvent accessibility of hydrogen atoms of the

deoxyribose moiety (21). These studies provided preliminary evidence for the

influence of both solvent exposure and negative charge on the reactivity of DNA

with Fe+2-EDTA.
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Reactions of oligonucleotides with Fe+2-EDTA were conducted in

oxygenated aqueous solutions in the presence and absence of H202. Multiple

studies provided evidence that the nature of the predominant oxidizing species

formed at each condition may be different; the former condition was shown to

promote generation of 'OH, while the latter condition favored formation of the

putative Fe+2-EDTA-oxo complexes (6, 7, 10, 14). We observed small

differences in the patterns of guanine reactivity produced by Fe+2-EDTAIH 202

and Fe+2-EDTA, consistent with similar reactivity of 'OH and Fe+2-EDTA-oxo

complexes. Consistently lower levels of both piperidine-sensitive and Fpg-

sensitive guanine damage produced within 5'-GT-3' sequence context was a

pronounced feature Fe+2-EDTA-mediated damage (Figures 5-3 and 5-5).

Meanwhile, both piperidine- and Fpg-sensitive damage produced by Fe+2-

EDTA/H 202 and y-radiation was identical. This is consistent with 'OH mediating

guanine oxidation in the cases of Fe+2-EDTA/H 20 2 and y-radiation, and a

different species, possibly Fe+2-EDTA-oxo complex, mediating guanine oxidation

in the case of Fe+2-EDTA.

The effect of negative charge on guanine oxidation. Sequence-

selective guanine oxidation produced by Fe+2-EDTA/H 202 and Fe+2-EDTA within

double-stranded oligonucleotides was compared to the guanine oxidation

mediated by y-radiation, a neutral oxidant and an independent source of diffusible

'OH. Figures 5-2 and 5-3 demonstrate that Fe+2-EDTA/H 202 and ?-radiation

produced identical guanine oxidation patterns. This indicates that negative
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charge of Fe+2-EDTA failed to affect its reactivity with guanines in different

sequence contexts. Consistent with our results, Pogozelski et al. also observed

identical DNA strand cleavage patterns produced by y-radiolysis and Fe+2-

EDTA 2- in a variety of buffers (22).

Oligonucleotide damage reactions with Fe+2-EDTA/H 202, Fe+2-EDTA and

y-radiation were carried out in 175 mM potassium phosphate buffer to mimic the

conditions of earlier experiments with ONOOCO 2" (Chapter 2); presence of

counterions was anticipated to result in a partial screening of the negative charge

of the DNA backbone. However, we did not expect these buffer conditions to

eliminate unfavorable electrostatic interactions between DNA and Fe+2-EDTA,

given that Ingold and co-workers observed a minimal effect of addition of 140

mM NaCI or 140 mM KCI on the extent of DNA damage mediated by the charged

peroxyl radicals (3, 4).

Nearly equal reactivity of guanines in all sequence contexts with

Fe+2-EDTA/ H20 2, Fe+2-EDTA and yradlation. We observed a virtual lack of

variation in the relative numbers of guanine lesions produced within all possible

three-base sequence contexts by Fe+2-EDTA/H20 2 and by y-radiation, while

minimal variations were evident in the case of Fe+2-EDTA (Figures 5-2 and 5-3).

Equal distribution of guanine damage across all sequence contexts is consistent

with chemistry of guanine oxidation by the 'OH. Candeias and Steenken

demonstrated that the initial steps in this process consist of addition of 'OH to the

double bonds of guanine heterocycle, resulting in generation of G-8*OH and G-
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4'OH radicals (23) (See Figure 5-5). Subsequent transformations of G-80OH

yield 7,8-dihydro-8-oxoguanine (8-oxoG) or 2,6-diamino-5-formamido-4-

hydroxypyrimidine(FAPy-G) as final oxidation products, while loss of a water

molecule by G-4'OH at physiological pH results in formation a neutral guanine

radical (G') (23). The same radical can also arise from deprotonation of the

guanine radical cation (G°*) and is, therefore, a common intermediate to both

electron transfer and hydroxyl radical-mediated oxidative processes that is

consumed by a diffusion-controlled recombination with superoxide to be

converted into imidazolone (Iz) (24), (25) (Figure 5-7). No electron hole

migration is expected to result from hydroxyl radical-mediated guanine oxidation

at physiological pH, due to lack of G'' formation. Therefore, distribution of

guanine damage along a double-stranded sequence will be primarily determined

by the initial, sequence-independent rates of hydroxyl radical addition to the

guanine, in good agreement with our present results.

Sequence-independent distribution of guanine damage induced by r-

radiation is also consistent with the results of mutational studies involving MBL50

bacterial cells, which demonstrated that y-radiation-specific mutational hotspots

are equally distributed along all guanines within a supF gene, and lack a

common sequence motif (27). This stands in contrast with the results of similar

mutagenesis studies involving ONOOCOj, which showed that the majority of

mutational hotspots induced in the supF gene within the same bacterial cells are

characterized by a common 5'-GC-3' sequence motif (28), consistent with

previously identified damage hotspots (29) (Chapter 2).
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Figure 5-7. Hydroxyl radical-mediated guanine oxidation (23, 26).

Sequence-independent distribution of guanine damage induced by 7-

radiation is also consistent with the results of mutational studies involving MBL50

bacterial cells, which demonstrated that y-radiation-specific mutational hotspots

are equally distributed along all guanines within a supF gene, and lack a

common sequence motif (27). This stands in contrast with the results of similar

mutagenesis studies involving ONOOCO2", which showed that the majority of

mutational hotspots induced in the supF gene within the same bacterial cells are

characterized by a common 5'-GC-3' sequence motif (28), consistent with

previously identified damage hotspots (29) (Chapter 2).

130

0 0

H or H
NHN NNH

H NH2 HN NH2

8-oxoG FaPyGR FaPyG

J



Moderate variations in the ratios of Fpg- to piperidine-sensitive

products produced by Fe+2-EDTA/ H202, Fe+2-EDTA and y-radiation. Earlier

studies identified 8-oxoG and Im as the two major products of 'OH-mediated

guanine oxidation (26), of which only 8-oxoG has differential sensitivities toward

hot piperidine and Fpg treatments (30-32). Therefore, differences in the relative

ratios of Fpg- to piperidine-sensitive products are indicative of differential

sequence-dependent distribution of 8-oxoG. We note moderate, ~2-fold

variations in the ratios of Fpg- to piperidine-sensitive guanine lesions produced

by Fe+2-EDTA/H 20 2, Fe+2-EDTA and y-radiation in different sequence contexts

(Figure 5-5). We previously observed a much greater variability in the ratios of

Fpg- to piperidine-sensitive products produced by ONOOCO2- (Chapter 2) that

may be partially reflective of a more complicated chemistry of ONOOCO2- that

results in a rich spectrum of oxidation and nitration final products (23, 33).

Guanines located within 5'-GT-3' motifs are consistently characterized

lower Fpg- to piperidine-sensitive ratios not only in the cases of guanine

oxidation mediated by Fe+2-EDTA/H 20 2, Fe+2-EDTA and y-radiation, but also for

ONOOCO2" and photoactivated riboflavin (Chapter 2). This observation points to

an unfavorable effect of the 3' neighboring thymine on 8-oxoG formation that may

be dependent on several factors. Intrinsic flexibility of a DNA sequence

consisting of alternating purine and pyrimidine bases (34) may cause a DNA

backbone to adapt a conformation that hinders reaction at its C8 position.

Additionally, steric environment of the guanine within a double-stranded

sequence may also influence its reactivity. Indeed, using molecular dynamic
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simulations, Cleveland et al. have recently observed that steric blocking by a

thymine methyl group prevented a molecule of H20 from interacting with the C8

of 5' guanine within 5'-TGGT-3' motif. The authors claimed that this steric

blocking provided the basis for this guanine's decreased reactivity toward one-

electron oxidation, as compared to a guanine in the same position within 5'-

AGGA-3' and 5'-UGGU-3' sequences (35).

In conclusion, we have determined that negative charge plays no role in

the selection of oxidation targets by Fe+2-EDTA/H 20 2, and that guanine damage

by this reagent is mediated by 'OH. Sequence-independent oxidation of

guanines by Fe+2-EDTA/H 20 2 and y-radiation is consistent with the chemistry of

'OH and with the lack of G"* generation. In addition, steric and structural factors

may be responsible for the decreased formation of Fpg-sensitive lesions within

5'-GT-3' sequence contexts.
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Chapter 6

Guanine is not the primary target of nucleobase

oxidation mediated by unchelated Fe+2 ions

ABSTRACT

Iron, an essential component of all living systems, can lead to tissue

damage through generation of reactive oxygen species (ROS) by Fenton

reaction. In its unchelexed form, Fe+2 and Fe+3 ions were previously shown to

coordinate to the DNA and to cause production of strand breaks in a sequence-

specific manner in the presence of hydrogen peroxide (H202). In this study we

investigated sequence-selectivity of nucleobase oxidation caused by DNA-bound

Fe+2 ions, using a previously developed method for quantifying sequence-specific

nucleobase damage in the presence of strand breaks. We demonstrated that

binding of Fe+2 ions to DNA shifts the spectrum of nucleobase oxidation from

guanines to thymines located within 5'-TGG-3' motif. This suggests that the two

adjacent guanines constitute the preferred site of Fe+2 complexation to double-

stranded DNA, and that this coordination prevents the guanines from reacting

with the reactive oxygen species produced by the redox cycling of Fe+2. In
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addition, possible structural distortions of the helix caused by Fe+2 binding may

be responsible for the increased reactivity of thymine.

INTRODUCTION

Iron is a key component of enzymes involved in electron transfer and

oxygen management and is, therefore, an essential element for the majority of

living organisms. In humans, iron deficiency is the most widespread form of

malnutrition worldwide and a major cause of anemia that affects approximately

400-500 million people in third-world countries (1, 2). However, iron can also

stimulate production of reactive oxygen species (ROS) through redox cycling,

and iron overloads can lead to tissue damage in conditions such as primary and

secondary hemochromatosis, as well as in the course of cerebrovascular or

cardiovascular diseases (3). This potentially deleterious property of iron

necessitates a complex mechanism of iron homeostasis control that is operative

in vivo and includes systems regulating iron absorption, transport and storage

within a cell. A small percentage of cellular iron (estimated to be about 3-5% at

concentrations of approximately 50-100 gIM), constitutes an intracellular labile

iron pool (LIP) composed of weakly chelated redox-active Fe+2 and Fe*3 ions (4,

5). It has been suggested that LIP components are primarily responsible for the

adverse effects for iron in vivo, and several studies have demonstrated

significant correlations between increased LIP levels and greater yields of DNA

and protein damage products (5-7). Iron toxicity is mediated through the Fenton
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reaction-dependent production of highly reactive hydroxyl radicals ('OH) or iron-

oxo complexes in the presence of molecular oxygen (02) or hydrogen peroxide

(H20 2) (8). Generation of 'OH proceeds according to the following reactions (8,

9):

Fe+2 + 02 - Fe+3 + 02*" [1]

Fe+2 + 02?" + 2H÷  -+ Fe+3 + H20 2  [2]

Fe+2 + H20 2 -+ Fe 3 + 'OH + "OH [3]

Binding of unchelexed Fe+2 ions to DNA may result in generation of

reactive forms of oxygen directly adjacent to the DNA, contributing to oxidative

DNA damage. In fact, it has been previously demonstrated that both Fe+2 and

Fe+3 ions can bind to DNA components, exhibiting particularly strong affinities to

guanines and the sugar-phosphate backbone (10). Additionally, S. Linn and co-

workers showed in a series of studies that preferential nicking of a DNA

backbone at consensus sequences of 5'-purine-GGG-3' and 5'-purine-TG-purine-

3' can be explained by the selective binding of Fe+2 ions at these sites (11-13).

This sequence-specific nicking pattern sharply contrasts with previously

observed sequence-independent generation of strand breaks by a negatively

charged Fe+2-EDTA complex (14). We previously determined that EDTA-

chelexed Fe+2 ions produced sequence-independent oxidation of guanines in

double-stranded oligonucleotides (Chapter 5). We now extended our studies to

include sequence-specific nucleobase oxidation produced by DNA-bound Fe+2

ions, using a previously developed method to analyze sequence-specific

138



nucleobase oxidation in the presence of high levels of direct strand breaks

(Chapter 4). Here we show that thymines, and not guanines, located within a 5'-

TGG-3' sequence motif, are the primary targets of oxidative damage mediated by

DNA-bound Fe2.

MATERIALS AND METHODS

Materials. Phosphorothioate-modified oligonucleotides were purchased

from Integrated DNA Technologies (Coralville, IA) and gel-purified as described

previously (See Chapter 4). The sequences of the oligonucleotides are shown in

the Table 6-1.

Oligonucleotide name Oligonucleotide sequence (5' to 3')
S 10-S CGTACTCTT TGGTGGCTTGATTCTTTC*T*A*T
S11-S CGTACTCTTTGGTGGGTCGTTTCTTTC*T*A*T
S 12-S CGTACTCTTTGGTAGCTGGTTTCTTTC*T*A*T

Table 6-1. Sequences of oligonucleotides used Fe+2-mediated nucleobase

damage analysis. Relative reactivities of guanines shown in bold within

underlined sequence contexts were quantified. The invariant TGG sequence

used for normalizing damage is italicized, and * represents a phosphorothioate

linkage.
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Piperidine, TEMED (N,N,N',N'-Tetramethylethylenediamine) and 30%

w/w) solution of H202 were purchased from Sigma-Aldrich. Urea, boric acid, tris

base, ammonium persulfate and 40% solution of acrylamide:bis (19:1) were

obtained from American Bioanalytical (Natick, MA). K2HPO4, KH2PO4, NaHCO 3,

EDTA (ethylenediaminetetraacetic acid, sodium salt) and NaCI were purchased

from Mallinckrodt Baker (Phillipsburg, NJ). All chemicals were used without

further purification. Chelex-100 was purchased from Bio-Rad (Hercules, CA),

Sephadex G-25 mini-spin columns were purchased from Roche Diagnostics, and

Micropure-EZ spin filters were obtained from Millipore (Bedford, MA). T4 PNK

(polynucleotide kinase) and Exonuclease III (Exo III) were purchased from New

England Biolabs (Ipswich, MA). [y-32P]-ATP with activity of 6000 Ci/mmol was

obtained from Perkin Elmer (Waltham, MA). Distilled and deionized water

(ddH20) was purified using Milli-Q system from Millipore (Bedford, MA) and was

used for all experiments.

Labeling and annealing of oligonucleotides. Purified single-stranded

oligonucleotides were 5'-end labeled with 32P by incubation at 37 OC for 1 hr in a

reaction that contained 0.2 nmol of 5' ends, 0.1 mCi of [y-"3 P]-ATP and 40 units

of T4 PNK in 1xPNK buffer (New England Biolabs, Ipswich, MA), in a total

volume of 100 pl. Excess label was removed by gel filtration using Sephadex G-

25 columns (Roche Diagnostics, Indianapolis, IN). The oligonucleotide annealing

reactions were carried out in 20 mM NaCI. A total of 0.4 nmol unlabeled

complement was added to each -P-labeled oligonucleotide, the mixture was
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heated at 95 OC for 5 min, and then was allowed to cool to room temperature

over the course of 2 hrs.

Analysis of Fe+2-mediated nucleobase damage. All control and

damage reactions were performed in duplicates and contained either 0 or 5 RiM

of FeSO4 (freshly prepared), 2.2 nmol of labeled, double-stranded

oligonucleotide, 50 mM H202, and 50 mM NaCI in a total volume of 50 gIl. The

oligonucleotides were incubated with FeSO4 for 5 minutes before the addition of

H20 2, and were allowed to incubate at 37 OC for 30 min. Damage reactions were

stopped by addition of 0.5 mM desferoxamine mesylate to chelate Fe+2, and

subsequent filtration through Sephadex G-25 columns that were washed with

2x300 g1 of ddH20. Reactions with Exonuclease III were followed by hot

piperidine treatment, and the analysis of resulting fragments by gel

electrophoresis was accomplished as described in Chapter 5. Damage of the

same oligonucleotides with ONOOCO2 was accomplished as described in

Chapter 2.

RESULTS

Binding of Fe+2 to DNA changes sequence selectivity of nucleobase

oxidation. In our previous studies we have investigated guanine oxidation

produced by a negatively Fe÷2-EDTA complex that is prevented from

complexation to DNA by unfavorable electrostatic interactions with the negatively

charged backbone (Chapter 5). To investigate influence of Fe+2 binding on
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sequence selectivity of guanine oxidation, we incubated unchelexed Fe+2 ions

with 32P-labeled double-stranded oligonucleotides in 60 mM NaCI, in the

presence of 50 mM H202. These conditions were previously used for studies of

Fe"-mediated DNA nicking (11), and produced direct strand breaks at each

nucleotide position, irrespective of sequence context (results not shown). After

treatment with Exo III to remove the strand break background according to the

method described in Chapter 4, nucleobase modifications were expressed as

strand breaks by hot piperidine treatment, and the resulting fragments were

separated by sequencing gel electrophoresis. A typical gel picture, shown in

Figure 6-1, demonstrated a striking shift in the patterns of nucleobase

modifications, as compared to Fe+2-EDTA/H 20 2 and Fe+2-EDTA data (Chapter 5),

with thymine becoming a primary target of Fe+2-mediated oxidative damage. All

damaged thymines were located within 5'-TGGX-3' sequences, and the identity

of X modulated the extent of thymine modification in the following manner: 5'-

TGGG-3' = 5'-TGGC-3' > 5'-TGGT-3' > 5'-TGGA-3'. Guanine oxidation was only

observed in 5'-TGGG-3' sequence context, with the extent of damage decreasing

in the 5' to 3' direction.
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Figure 6-1. Oxidative nucleobase damage induced in double-stranded

oligonucleotides by Fe2. 32P-labeled, double-stranded oligonucleotides with

sequences listed in Table 6-1 were incubated with 5 gIM FeSO4 and 50 mM H202

in 60 mM NaCI for 30 minutes. Damaged oligonucleotides were subsequently

treated with Exo III to remove the strand break background, oxidized lesions

were converted to strand breaks by hot piperidine, and the resulting fragments

were separated by gel electrophoresis, as described in Materials and Methods.

Oxidative damage induced by ONOOCO2" was used to map guanine locations,

and was carried out as described in Materials and Methods, Chapter 2.
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DISCUSSION

Numerous experiments provided evidence for binding of Fe+2 and Fe*3

ions to DNA components (10, 15, 16). We investigated sequence-specific

nucleobase oxidation, induced by DNA-bound Fe+2 ions in the presence of 50

mM H202, constituting conditions directly analogous to previous nicking studies

(11). We determined that, unlike oxidants that were demonstrated to cause

mainly guanine oxidation, such as Fe+2-EDTA/H 202, Fe+2-EDTA and y-radiation,

DNA-bound Fe+2 ions induced damage only in thymines located within a 5'-TGG-

3' motif. We also showed that guanine damage occurred only within a 5'-TGGG-

3' sequence context, where yields of nucleobase oxidation decreased in a 5' to 3'

direction. These observations are in a general agreement with the results of S.

Linn and co-workers, who demonstrated in a series of experiments that binding

of Fe+2 ions to the DNA occurs in a sequence-specific manner, and correlates

with the sites of preferential nicking observed after incubation of Fe+2-DNA

complexes with different concentrations of H202 (11-13). Specifically, they

showed that at 50 mM H202, consensus motifs containing guanine runs, such as

5'-GGGG-3' or 5'-AGGG-3' sequences, sustained the highest levels of nicking,

with the yields of strand breaks decreasing in the 5' to 3' direction (11, 13).

Our results indicate that 5'-TGG-3' sequence context is both a necessary

and a sufficient element for nucleobase oxidation by DNA-bound Fe+2 ions, with

two adjacent guanines being the major sites of Fe+2 coordination. This agrees

well with the recent study of Ouameur et al., who used capillary electrophoresis
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and Fourier transform infrared (FTIR) difference spectroscopy to show that the

major sites of Fe+2 binding to double-stranded DNA include N-7 positions of

guanines, as well as phosphates, characterized by the binding constants of KG =

5.40 x 104 M1 and Kp = 2.4 x 104 M1, respectively (10). In our studies, the

identity of the base located immediately 3' to the 5'-TGG-3' consensus sequence

can modulate the extent of thymine damage by possibly providing additional

coordination sites for the Fe+2 ion. Guanine oxidation is observed only within a

5'-TGGG-3' sequence context, and can be explained by a possible tandem

coordination of two Fe+2 ions at this site, resulting in the increased local

production of reactive oxygen species.

Henle et al. used both molecular modeling and NMR to investigate Fe+2

interactions with a duplex sequence 5'-ATGA-3', and concluded that Fe+2

associates with the thymine flipped out from the helix to allow octahedrally-

oriented coordination of the Fe+2 ion with purine residues (11). It is likely that

Fe+2 associates with a 5'-TGG-3' sequence in a similar manner, and that

increased solvent exposure of thymine in this complex makes it more vulnerable

to the oxidants generated by Fe+2 and H202, resulting in preferential damage. It

is also evident that the structure of Fe+2 coordination complex with the DNA

prevents guanines from reacting with the oxidants produced by Fe+2 and H202.

Participation of the 3' adenine of 5'-ATGA-3' sequence studied by Henle et al. in

the coordination complex with the Fe+2 ion is consistent with our results that

display an influence of the base located 3' to the 5'-TGG-3' consensus sequence

on the extent of thymine oxidation.
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Our experiments show that electron hole migration does not play a role in

sequence-selective nucleobase oxidation by DNA-bound Fe+2 ions, in agreement

with our previous studies of guanine oxidation mediated by Fe+2-EDTA/H 202 and

Fe+2-EDTA. Therefore, guanine radical cation (G*') is not an intermediate in

Fe"/H202-induced nucleobase damage.
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Chapter 7

Conclusions and future directions

The purpose of studies described in this thesis was to investigate the

basis for the unusual sequence-selective oxidation of guanines by

nitrosoperoxycarbonate (ONOOCOi), a chemical mediator of inflammation and a

one-electron oxidant. Previous results indicated that ONOCOO2 preferentially

oxidized guanines located within 5'-TGC-3' and 5'-AGC-3' motifs that were

characterized by the highest sequence-specific ionization potentials (1, 2).

These preliminary observations contradicted the model of oxidative charge

transfer that predicted that the reactivity of a guanine toward one-electron

oxidation was determined by its sequence-specific ionization potential (IP) (2).

Sequence-selective guanine oxidation by ONOOCO 2. As the first step

in exploring sequence-selective guanine oxidation by ONOOCOj, we undertook

a comprehensive and systematic study to define relative reactivities of guanines

in all possible three-base sequence contexts (XGY) with ONOOCOj and

photooxidized riboflavin (Chapter 2). With respect to riboflavin-mediated

photooxidation, we were able to reproduce the results of earlier studies that

found a strong inverse correlation between reactivities of guanines and their
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calculated sequence-specific IPs (2). We also demonstrated that ONOOCO2

exhibited enhanced reactivity with guanines in 5'-GC-3' sequences; of these, 5'-

TGC-3', 5'-AGC-3' and 5'-CGC-3' were characterized by the highest calculated

sequence-specific IPs, and 5'-GGC-3' sequence context exhibited the highest IP

of all GG-containing motifs (2). This selectivity of ONOOCO 2 was also confirmed

in genomic DNA isolated from human lymphoblastoid cells, where 5'-AGC-3' and

5'-TGC-3' motifs were observed as the major oxidative damage hotspots. These

experiments demonstrated that sequence-specific IPs were not the determinants

of guanine oxidation by ONOOCO2. The guanine reactivity patterns for both

riboflavin and ONOOCO2 were double strand-specific and, therefore, dependent

on the secondary structure of the DNA.

Solvent exposure as a determinant of guanine reactivity with

ONOOCOi. Solvent-exposed guanines displayed greater reactivity with

ONOOCO2, as was evidenced by approximately 5- to 9 times greater levels of

damage sustained by single-stranded oligonucleotides, as compared to double-

stranded sequences. In contrast, no differences in reactivity between single-

stranded and duplex oligonucleotides were observed for riboflavin-mediated

photooxidation. Additionally, solvent-exposed guanines located within

mismatches also displayed enhanced reactivity with ONOOCO2". A crucial

aspect of solvent exposure model that remains to be tested is whether guanines

within 5'-GC-3' sequences that were identified as hotspots of ONOOCO2"-

mediated guanine damage are indeed characterized by higher average levels of
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solvent exposure in the context of duplex oligonucleotides. This can be

accomplished by NMR-based measurements of the rates of guanine's imino

proton exchange in different sequence contexts (3). These rates are reflective of

"base-pair lifetime", a length of time that a G-C pair spends in a fully hydrogen-

bonded state. A number of previous studies indicated that this quantity may be

sequence context-dependent, but a systematic and consistent comparison of the

lifetimes of G-C base-pairs in different sequence motifs is currently lacking (4, 5).

Negative charge as a determinant of oxidant's reactivity with guanine

in DNA. We proposed that electrostatic repulsion between negatively charged

ONOOCO2 and the polyanionic DNA backbone limited accessibility of

ONOOCOj to the guanines buried in the helix and restricted its reactivity to more

accessible targets. To test the hypothesis that negative charge of an oxidant

drives its reactivity with the solvent exposed bases, we determined sequence-

specific patterns of guanine oxidation produced by Fe+2-EDTA, a negatively

charged complex and compared them to the guanine oxidation produced by y-

radiation, a neutral oxidant. Both are sources of hydroxyl radicals ('OH), highly

oxidizing species that react at the site of their generation (6, 7).

DNA oxidation by Fe+2-EDTA and y-radiation is characterized by high

levels of deoxyribose damage that results in production of direct strand breaks

(8). To extend our studies of sequence-selective guanine oxidation to Fe+2

EDTA and y-radiation, we developed a general method for quantifying

nucleobase oxidation in the presence of direct strand breaks. This method
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exploited activity of Exonuclease III (Exo III), a 3' to 5' exonuclease, and utilized

phosphorothioate-modified synthetic oligonucleotides that were resistant to Exo

III activity. Control experiments demonstrated that treatment with Exo III

generated no artifacts capable of affecting guanine reactivity measurements.

This method was successfully applied to the study of sequence-selective guanine

oxidation by Fe+2-EDTAIH 20 2, Fe+2-EDTA and y-radiation, and can be utilized in

the future studies to assess sequence-selective nucleobase damage by other

oxidants that produce high levels of direct strand breaks, such as ONOO- and

peroxyl radicals.

We determined that negative charge of Fe+2-EDTNH 20 2 was not a factor

in modulating its reactivity with guanines in DNA and that both Fe+2-EDTA/H 202

and y-radiation produced identical patterns of sequence-selective guanine

damage. All guanines were equally reactive with Fe+2-EDTAIH 20 2 and 7-

radiation, irrespective of their sequence contexts or IPs. This reactivity was

consistent with the chemistry of 'OH-mediated guanine oxidation that does not

involve the intermediacy of G'' capable of supporting oxidative charge transfer.

Our results provide preliminary evidence that the nature of the oxidant and the

mechanism of its reaction with guanine are better predictors of its sequence

selectivity than the negative charge. However, to further define the role of

negative charge in sequence-selective guanine oxidation, studies of other

negatively charged species, such as ONOO', (SCN) 2', and negatively charged

peroxyl radicals, will be needed.
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Sequence-selective nucleobase oxidation by DNA-bound Fe*2 ions.

We applied our method to quantify nucleobase damage in the presence of direct

strand breaks to study guanine oxidation by DNA-bound Fe+2 ions. We observed

that this damage was produced in a sequence-specific manner at 5'-TGG-3'

motifs, consistent with previous nicking studies (9). Surprisingly, thymine, and

not guanine was found to be the main oxidation target, demonstrating that

binding of Fe+2 can affect sequence selectivity of nucleobase damage in a

profound manner. Similar studies with other redox-active and biologically

relevant ions, such as Cu+2, Ni+2 and Cr+6, can be used to map sequence-specific

DNA binding sites for these metals and reveal patterns of oxidative damage.

Sequence-specific chemistry of guanine oxidation. We observed that

the ratios of Fpg- to piperidine-sensitive products varied as a function of

sequence context, indicating that the chemical yields of different guanine lesions

were sequence context-dependent. This was especially evident in the case of

guanine oxidation produced by ONOOCO2- that displayed an approximate 5.4-

fold variability in the ratios of Fpg- to piperidine-sensitive lesions; 4.5-fold

variability was observed for photoactivated riboflavin, and a 2-fold variability for

Fe+2-EDTA/H20 2, Fe+2-EDTA and y-radiation across different sequence contexts.

Interestingly, in all cases 5'-GT-3' motifs were characterized by the lowest Fpg-

to piperidine-sensitive ratios (with some variations). This demonstrates an effect

of a neighboring 3' thymine on the reactivity of an intermediate common to all

agents, the neutral guanine radical (G'). To further assess the effect of
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sequence context on guanine oxidation chemistry, the identities and chemical

yields of guanine lesions produced within different sequence contexts will need to

be determined. This can be accomplished by using a combination of stable

isotope labeling and HPLC-electrospray ionization tandem mass spectrometry

approach that was already utilized to quantify sequence-dependent distribution of

acetaldehyde-derived 2N-deoxyguanine adducts (10).

Overall, we demonstrated that a complicated interplay of different factors

governs reactivity of a guanine toward one-electron oxidation and that sequence-

specific IP is not a determinant of oxidative damage produced by the biological

oxidants ONOOCO2" and 'OH. Further studies of the role of sequence context

on the reactivity of guanine and its oxidation intermediates will help predict the

location and identities of mutagenic guanine lesions in the genome.
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