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ABSTRACT. Endogenous DNA damage induced by lipid peroxidation is believed to play a critical role in
carcinogenesis. Lipid peroxidation generates free radical intermediates (primarily peroxyl radicals, ROO
and electrophilic aldehydes as the principal genotoxicants. Although detailed information is available on
the role of aldehyde base adducts in mutagenesis and carcinogenesis, the contribution of peroxyl radical
mediated DNA base damage is less well understood. In the present study we have mapped oxidative base
damage induced by peroxyl radicals in teapF tRNA gene and correlated this information with
peroxidation-induced mutations in several human fibroblast cell lines. Nearly identical patterns of oxidative
base damage were obtained from reaction of DNA with either peroxidizing arachidonic acid§20#

peroxyl radicals generated by thermolysis of ABIP in the presence of oxygen. Oxidative base damage
primarily occurred at G and C. Transversions at GC base pairs isUpE gene were the major base
substitution detected in all cell lines. Peroxyl radical induced tandem mutations were also observed. Many
mutation hot spots coincided with sites of mapped oxidative lesions, although in some cases hot spots
occurred adjacent to the damaged base. Evidence is presented for the involvement of 8-oxodG in the
oxidation of DNA by ROO. These results are used to interpret some key features of previously published
mutation spectra induced by lipid peroxidation in human cells.

DNA damage resulting from endogenous lipid peroxida- generation of electrophilic aldehyded, (11, 12). The
tion has been recognized as a contributing factor in carcino- reactions of these endogenously generated aldehydes with
genesis 1, 2). Lipid peroxidation is a free radical chain DNA to form cyclic etheno and propano base adducts have
reaction of polyunsaturated fatty acids initiated by both been extensively studied13—15), and their mutation-
enzymatic and nonenzymatic processes within cellular inducing potential has been explored in detdib{19).
membranes. Potential DNA-damaging agents produced in-Elevated levels of etheno and propano DNA base adducts
clude free radical intermediates and electrophilic aldehydeshave been observed in humans in response to high intake of
(3, 4). The main chain propagating intermediate of lipid polyunsaturated fatty acid2@) and in individuals considered
peroxidation is the peroxyl radicab,(6), remarkable for its ~ to be at high risk for developing certain kinds of cancers
exceptionally long half-life t,, ~ seconds) 4, 8). The (21, 22).
concentration of other lipid radical intermediates, such as Yet evidence also suggests that, in addition to alkylation
carbon and alkoxyl radicals, is negligible during lipid damage, endogenous lipid peroxidation may be a significant
peroxidation; therefore, their role in oxidative DNA damage source of oxidative DNA damage. In a study involving
is assumed to be miniméb,(9, 10). The potentially important ~ women considered to be at high risk for breast cancer,
role of peroxyl radicals in lipid peroxidation induced increased dietary polyunsaturated fatty acids significantly
genotoxicity has previously been recognized by Mar®it ( enhanced the levels of 5-(hydroxymethyl)uracil (5-HmHU)
but biochemical details of their involvement in oxidative in DNA, an effect which could be suppressed by dietary
DNA damage remain to be elucidated. In contrast, the antioxidants 23, 24). Chemical studies have shown that
mutagenic and carcinogenic contributions of lipid-derived 5-HmdU is the major product obtained from reaction of
aldehyde base adducts in DNA have been more thoroughlyperoxyl radicals with thymidine25), consistent with lipid
examined.
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peroxidation induced oxidative DNA damage in these ecules. DNA fragments were amplified with Taq polymerase
patients. Elevated levels of 8-oxodG have been detected in(Roche, Indianapolis, IN) using the 25-mer of the linker and
animal models for Wilson’s disease, a cancer-prone syn-a gene-specific PCR primesupF2 (5-TAAGGGCGA-
drome characterized by enhanced cellular lipid peroxidation CACGGAAAT-3"). After 21 cycles of PCR, the samples
due to abnormal copper storage6). Increased oxidative  were phenotchloroform extracted and ethanol precipitated,
metabolism of polyunsaturated fatty acids by nuclear oxy- and the amplified fragments were separated on 8% (w/v)
genases such as cyclooxygenase 2 (COX-2) and 5-lipoxy-polyacrylamide gels containgn/7 M urea. The samples were
genase (5-LO) generates lipid peroxyl radical intermediates run until the xylene cyanol dye reached the bottom of the
(27, 28) in close proximity to chromatin. Inflammation- sequencing gel, and the bottom 40 cm of the gel was
induced expression of COX-2 in a rodent model has been electroblotted onto nylon membranes by using an elec-
shown to stimulate formation of 8-oxoguanine adducts in trotransfer device (Owl Scientific, Cambridge, MA). The
DNA (29), an effect which could be suppressed by admin- sequences were visualized by autoradiography after hybrid-
istration of COX-2-specific inhibitors3Q). ization with a single-stranded gene-specific PCR probe. The

To examine in greater detail the spectrum of oxidative base hybridization probes were made by repeated runoff polym-
damage induced by reaction of DNA with peroxyl radicals, €rization using primesupF3 (5-GAAATGTTGAATACT-
we have used a variation of the ligation-mediated PCR CATACTCTTCC-3) and the respective PCR products as
(LMPCR) technique to map oxidized bases in sipFtRNA templates. Fragments created by Maxe@ilbert sequencing
gene induced by reaction with either peroxidizing AA or reactions of pSP189 were also amplified by LMPCR and
peroxyl radicals generated from the decomposition of-2,2 Were used to assign oxidized bases within shpF tRNA
azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride (ABIP) gene and to calibrate signal intensities.
in the presence of DThe mapped oxidative base damage Human Fibroblast Cell LinesFibroblasts defective in
patterns were correlated with mutation hot spots insilyer nucleotide excision repair proteins XPA (GM04429) and
gene acquired in mammalian cells. The full range of guanine XPF (GM08437), as well as DNA repair proficient fibro-
lesions which give rise to the observed base substitution blasts (GM00637), were obtained from the Coriell Institute
mutations is not known; however, quantitative measurementfor Medical Research (Camden, NJ). Fibroblasts derived from
of the time-dependent formation and decay of 8-0xoG in the @ patient with the XP-G class 2 defect (XP3BR.SV) were
course of peroxyl radical oxidation of double-stranded DNA provided by Dr. A. Sarasin, Institut Gustave Roussy (Villejuif,
suggests its intermediate involvement in lipid peroxidation France). All cell lines were SV40 immortalized. Cells were

induced mutagenesis.

MATERIALS AND METHODS

Chemicals and Reagenirachidonic acid (AA, 20:46)
was obtained from Avanti Polar Lipids (Alabaster, AL).

cultured in Dulbecco’s modified Eagle’s high-glucose me-
dium (Irvine Scientific, Santa Ana, CA) and supplemented
with 4 mM L-glutamine, 100 units/mL penicillin G, 1Qay/

mL streptomycin (Gibco Invitrogen Corp., Grand Island,
NY), and 10% fetal bovine serum (Omega Scientific, Inc.,
Tarzana, CA). Cells were maintained in a 10% £O

Purity was assessed by ESI-MS in the negative ion mode atmosphere in a humidified incubator.

(Mariner Biospectrometry Workstation; Applied Biosystems,
Foster City, CA) and was judged to bé®8%. Water-soluble
diazo initiator 2,2azobis[2-(2-imidazolin-2-yl)propane] di-
hydrochloride (ABIP) was obtained from Wako Chemicals
(Richmond, VA).

Sequence Mapping of Oxidaéi Base DamageThe
pSP189 shuttle vector containing tbepFtRNA gene as a
mutational marker was reacted with either peroxidizing AA
or peroxyl radicals generated by the thermolysis of ABIP in
the presence of YReactions of pSP189 plasmid DNA with
either ABIP/Q or peroxidizing arachidonic acid were as
previously described3(l). Methylated pSP189 was obtained
by reaction with Sssl methylase in the presenc&-atlieno-
sylmethionine, which results in C-5 cytosine methylation at
all CpG sites 82). Peroxidized pSP189 was digested with
Fpg or Nth proteins under saturating conditions in order to

Mutagenesis Assaylhe shuttle vector pSP189 arfth-
cherichia coli (E. col) indicator strain MBM7070 were
kindly provided by Dr. Michael Seidmar34). The pSP189
plasmid contains theupFamber suppressor tRNA gene as
a mutational marker, as well as sequences required for
replication in both SV40 permissive mammalian cells and
E. coli. Plasmid DNA (5ug) was reacted with peroxyl
radicals generated by thermolysis of ABIP in the presence
of O, as previously described3{). Oxidized DNA was
isolated by ethanol precipitation and immediately used to
transfect human cells using the nonliposomal FuGene 6
reagent (Roche Diagnostics, Indianapolis, IN) according to
the instructions of the manufacturer. Human fibroblasts were
seeded at a density of6 10° cells/100 mm plate 24 h prior
to transfection. Cells were allowed to grow for 72 h at 37
°C prior to plasmid isolation using the alkaline lysis method.

create single strand breaks at oxidized purines or pyrimidines,Unreplicated plasmids were removed Dgnl digestion (10

respectively, prior to mapping by LMPCR3). An LMPCR
protocol for analysis of UV damage in tteipF gene of
pSP189 has recently been describ@®) @nd was modified
for the mapping of oxidative base damage. In brief, oligo-
nucleotide primesupF1 (5-CAAAAAAGGGAATAAGG-

3') was annealed to 0.Bg of oxidized, enzyme-digested
DNA, followed by primer extension at 4& with Sequenase
2.0 (USB, Cleveland, OH). The oligonucleotide linker,

units at 37°C for 30 min), RNA was removed by RNase
digestion, and DNA was recovered by ethanol precipitation
with glycogen prior to electroporation (Bio-Rad GenePulser
II, Hercules, CA) intoE. coli MBM7070 indicator strain.
Bacteria were plated on LB agar supplemented with carbe-
nicillin (120 ug/mL), X-gal (120ug/mL; 5-bromo-4-chloro-
3-indoyl g-b-galactopyranoside), and IPTG (4@y/mL;
isopropyl g-b-thiogalactopyranoside). The plates were in-

consisting of a 25-mer annealed to an 11-mer oligonucleotide, cubated at 37C for 12—16 h prior to scoring for normal

was then ligated to the blunt-ended, primer-extended mol-

(blue) or mutant (light blue or white) colonies. Mutation
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frequency was calculated as the number of white and light The complete sequence of ttsipF coding strand is
blue/total colonies. Statistical significance was judged using provided in the peroxyl radical induced base substitution map
the chi-square test. Plasmid DNA from mutant colonies was of Figure 2. Oxidative base mapping was also carried out
isolated and sequenced as previously descriBéf ( for 5-methylcytosine (5-MeC) containing pSP189 DNA
Quantification of 8-Oxoguanine in Calf Thymus DNA by treated with ABIP/Q (Figure 1A, lane 5). Previous work in
Gas Chromatographylsotope Dilution Mass Spectrometry  our laboratory demonstrated that the 5-Me group of thymi-
(GC-IDMS). Calf thymus DNA (100 ng) was dissolved in dine was preferentially oxidized by peroxyl radicaib)
300 uL of 10 mM sodium phosphate buffer, pH 7.4, prior This suggested that C-5 methylation at CpG sites in DNA
to the addition of 34uL of a 1 mM solution of ABIP. might enhance the potential for peroxyl radical mediated
Reactions were maintained at 4G under an atmosphere DNA damage, relative to unmethylated cytosines.
of O, in a Parr reactor with continuous shaking. Oxidations A comparison of the oxidative base damage patterns for
were stopped by ethanol precipitation at various time points. unmethylated DNA exposed to either ABIR/@Figure 1A,
The supernatant was decanted, and the DNA pellets werelane 6) or AA for 4 @ 8 h (Figure 1B, lanes 5 and 6) reveals
washed two times with 306L of cold 70% EtOH and dried  nearly identical sequence specificities of oxidative damage.
in a SpeedVac (Savant, Irvine, CA). Analysis of oxidatively Base oxidation occurred primarily at guanines and cytosines.
modified bases in DNA by GC-IDMS using Fpg hydrolysis Eight out of 22 guanines (45%) and 5 out of 28 cytosines
has previously been described in det&ib)( Briefly, dried (18%) within thesupFtRNA coding strand were detected
oxidized DNA samples were dissolved in 100 of sodium as oxidized following treatment with either AA or ABIP/
phosphate buffer (final concentration 50 mM, pH 7.4) O,. Although observed at weaker intensities, 4 adenines were
containing 100 mM KCI, 1 mM EDTA, and 0.1 mM found to be oxidized in the AA-induced damage pattern in
dithiothreitol. Following addition of Fpg, three replicates of Figure 1B (As3 64,869} Lipid peroxidation induced oxidation
each sample were incubated at°87 Following incubation, of adenines has not been previously described. Adenine
DNA was precipitated with cold ethanol at20 °C for 2 h. oxidation was barely detectable in the ABIR/@duced
An aliquot of 8-OH-Gua**N;-13C (2 pmol) was added as an damage pattern, perhaps as a result of the shorter reaction
internal standard to each sample. Samples were centrifugedimes used (1 h). No oxidative modifications at thymidines
at 1500@ for 30 min at 4°C. DNA pellets and supernatant were detected in theupF tRNA coding strand, although
fractions were separated. Ethanol was removed from super-minor reaction at two thymidines was observed in the
natant fractions under vacuum in a SpeedVac. The super-noncoding strand (see Supporting Information). The results
natant fractions were lyophilized for 18 h and then deriva- presented in Figure 1B provide the first direct demonstration
tized with 0.6 mL of a 1:1 (v/v) mixture of BSTFAN,O- of sequence-specific oxidative base damage in double-
bis(trimethylsilyl)trifluoroacetamide] and pyridine at room stranded DNA induced by polyunsaturated fatty acid per-
temperature fo 2 h under nitrogen. The samples were oxidation.
centrifuged at 5009 for 30 min to precipitate the salt. The Treatment of pSP189 with Sssl methylase &waldeno-
clear supernatant fractions were removed and placed insylmethionine results in the methylation of six cytosines at
nitrogen-purged vials and tightly sealed with septa. The CpG sites within thesupFtRNA sequence42). Only one
derivatized samples were analyzed by GC-IDMS with methylated cytosine residue £ was observed to be
selected ion monitoring (SIM) using a gas chromatograph oxidized by peroxyl radicals. Histogram analysis revealed a
(Hewlett-Packard Model 5890 Series-Hinass spectrometer  4-fold increase in signal intensity relative to unmethylated
(Hewlett-Packard Model 5989A MS Engine) system equipped Cg; (data not shown). Guanines associated with methylated
with an automatic sampler. SIM was performed in the CpG sites, such as #us7s02 did not display enhanced
electron ionization mode at 70 eV using the characteristic reactivity toward peroxyl radicals relative to guanines in the
ions of the trimethylsilyl derivatives of 8-OH-Gua, guanine, corresponding unmethylated sequence.
and their stable isotope-labeled analog#&s 7). An aliquot Peroxyl Radical Induced Mutation Spectra in Human
of each sample (4L) was injected into the injection port  Cells Mutations induced by peroxyl radical mediated oxida-
of the gas chromatograph using the split mode of injection tive base damage in threipFgene were determined in four
with a ratio of 10 to 1. genetically distinct human fibroblast cell lines. Three cell
lines (XP-A, XP-G, and XP-F) possessed specific defects in
RESULTS nucleotide excision repair (NER). Mutations were also
Sequence Specificity of Oxidegi Base Damage in the examined in a repair-competent cell line (GM00637). The
supF Gene Induced by ABIP/Gand Arachidonic Acid. different classes of induced mutations are summarized in
Oxidative DNA damage induced by reaction with ABIB/O  Table 1. Peroxyl radical induced base damage increased the
or peroxidizing AA (20:406) was mapped along theupF supF mutation frequency from 30- to 50-fold over back-
gene of the pSP189 shuttle vector. Single strand breaks wereground levels. The vast majority of the induced mutations
created at oxidized bases by incubation with Fpg and Nth were single base substitutions. No base insertions were
proteins, which recognize and cleave at a wide variety of detected among 207 independent mutations, and deletions
oxidized purines and pyrimidines but not at aldehyde base were observed only in XP-G cells at a low frequency (4%).
adducts 88—41). The location of these breaks was then Tandem base substitutions were elicited in all cell lines.
determined using ligation-mediated PCR (LMPCR). Oxida-  The distribution of base substitution mutations is presented
tive base mapping results for teepFtRNA gene in pSP189  in Table 2.
are presented in Figure 1. Plasmids were exposed to either The percentage of transition and transversion mutations
pure peroxyl radicals generated from the ABIRf@action was remarkably similar across all cell lines, with transver-
(Figure 1A) or peroxidizing arachidonic acid (Figure 1B). sions predominating to the extent of-843%. Transversions
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Ficure 1: Results for oxidative base damage mapping of the coding strand sfiftRNA gene in pSP189. The complete sequence and
numbering scheme faupFis provided in Figure 2. Lanes4 correspond to MaxamGilbert sequencing reactions. Lanes 7 and 8 correspond

to unoxidized control pSP189 that was subjected to the mapping protocol. (A) Methylated or unmethylated plasmid DNA (pSP189) was
exposed to peroxyl radicals generated by the thermal decomposition of ABIP in the presencé)fldhmethylated pSP189 was reacted

with peroxidizing arachidonic acid (AA) for 4 or 8 h.

at GC pairs were the predominant base substitution, whereastrand sequence, while spontaneous (background) mutations
AT transversions were detected at a frequene§%. are indicated below. More than four base substitutions at
Transitions consisted almost exclusively of GC/AT substitu- any nucleotide position were defined as “hot spots” for
tions and comprised-516% of all base substitutions. The mutations. Certain nucleotide positions within gupFtRNA

GC transversion distribution consisted of a nearly identical sequence were found to be highly prone to base substitution
number of GC/TA and GC/CG base substitutions in XP-G mutations in a manner which was independent of the
and XP-F cell lines. The distribution in the normal fibroblast originating cell line. Peroxyl radical induced tandem muta-
line was not found to be statistically different from these tions are denoted by underlining in Figure 2. A complete
ratios (chi-square? = 0.08), whereas in the XP-A cells the list of tandem mutations is provided in Table 3. Eight out of
transversion distribution was more biased toward GC/TA. nine tandems were observed at GG, CG, or GT sequence
In general, however, the distribution of mutations was motifs. Identical tandem transversions atGs; (to TT) were
remarkably similar across all cell lines, suggesting that the observed independently in both XP-G and XP-F cell lines.
oxidative base lesions, rather than the cellular repair back- Different tandem transversions atJdB7; were generated in
ground, were the primary determinant of the base substitutionXP-G and normal fibroblasts, consisting of CA and CG base
pattern. A composite map of all peroxyl radical indusegF substitutions, respectively.

base substitutions is shown in Figure 2. Peroxyl radical Quantitation of Peroxyl Radical Induced Formation of
induced mutations are displayed above theF coding 8-OxoG in DNA by GC-IDMS The predominance of
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Ficure 2: Distribution of base substitution mutations induced by peroxyl radicals isthEtRNA gene of pSP189 following replication

in human fibroblasts. The cellular origin of individual base substitutions is indicated by color. Mutations induced by peroxyl radicals
appear above theupFsequence, while spontaneous (background) mutations are denoted below. Tandem mutations are underlined. Asterisks
indicate bases detected as oxidized from the mapping data of Figure 1A.

Table 1: Classification of Peroxyl Radical Induced Mutations in Table 2: Distribution of Peroxyl Radical Induced Base Substitution
pSP189 Replicated in Human Cells Mutations in pSP189 Replicated in Human Cells
cell line cell line
normal normal
fibroblast  XP-A  XP-G  XP-F fibroblast  XP-A XP-G XP-F
independent plasmids analyzed 22 (100) 73 (100) 66 (100) 38 (100) (ransitions 4(16) 10 (12) 6(9) 3(7)
point mutations =~ G:C—AT  4(16) 9(11) 6 (9) 2(5)
single base substitutions 19(86) 67(92) 57(86) 35(92) A-T—G-C 0 1(1) 0 1(2)
tandem base substitutions  3(14)  2(3)  2(3)  2(5) transversions ~ 21(84)  70(88)  62(91)  39(93)
multlple base substitutions 0 4 (5) 3 (5) 1 (3) G-C—T-A 12 (48) 53 (67) 31 (46) 19 (45)
deletions 0 0 s@ 0 GC—CG  7(28) 16 (20)  29(43) 17 (41)
insertions 0 0 0 0 .
S . AT—TA 1(4) 1(1) 1(1) 2(5)
deletions/insertions 0 0 0 0
others 0 0 1@ o AT—CG 1(4) 0 1(1) 1(2)
fold induced mutant fractiofis total 25 (100) 80 (100) 68 (100) 42 (100)

1 mM ABIP 32x ND 52x 33x aNumber of mutations (%).

2 Number of independent plasmids with alterations (%8}elative
increase in mutation frequency over spontaneous mutant frequency. the Fpg protein. Quantitation was achieved by the isotope
dilution method using PN3,*C]-8-ox0G as an internal
oxidative damage sites and base substitution mutations at Gstandard 43). The results of these experiments are shown
suggested the potential involvement of 8-0xoG and derived in Figure 3. The level of 8-0xoG in calf thymus DNA was
secondary oxidation products. Double-stranded DNA was observed to increase from 43fltases to 120/Fbhases after
subjected to oxidation by peroxyl radicals and analyzed for 4 h of reaction. Increased oxidation times led to a gradual
the time-dependent formation of 8-0xoG using GC-IDMS. depletion of 8-0x0G. The 8-0xoG lesion density after 48 h
Gas chromatography/mass spectrometry (GC/MS) with se-of reaction was observed to be slightly lower than the original
lective ion monitoring (SIM) was used to detect 8-oxoG background levels. These results demonstrate that guanines
following digestion of peroxidized calf thymus DNA with  can be oxidized in double-stranded DNA to 8-oxoG by
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unmethylated pSP189 DNA in several mammalian cell lines.

Table 3: Peroxyl Radical Induced Tandem MutationsupF : - . e
The predominance of transversions at GC sites was similar

Wt SupP nt%r;gﬁg:] cell line to prgviou§ resul_ts thained for peroxyl radical induced
mutations inE. coli using the lacé gene as a reporte4).
g:‘l’gjzl Cﬁ‘ ;((Fl;'_f__‘ The ratio of transversions/transitions was not significantly
Ca:Gao AA XP-A different between mammalian cell lines, and the distribution
Gs1Gs2 TT XP-G of base substitution mutations was strikingly similar for XP-
Gs1Gs2 IT XP-F G, XP-F, and normal fibroblasts. Failure to observe signifi-
éii%: I:é r:]%rrrrrr‘glff'g%%gft cant differences in the level of induction and distribution of
GroTrs CA XP-G base substitution mutations between NER defective and
Cs3Gsa AT normal fibroblast normal cell lines suggested a diminished role for repair of

peroxyl radical induced base damage by NER. A significant
number of tandem mutations were induced by peroxyl
radicals in all human fibroblast cell lines examined. Tandems
were not observed in peroxyl radical induced mutation
spectra in bacteria4g). Tandem mutations induced by
hydroxyl radical induced oxidative damage at CC sites have
been previously described by Loeb7( 48). More recently,

A modification of the LMPCR sequencing method specif- tandem mutations involving purines have been recognized
ically designed to detect oxidized purines and pyrimidines as a feature of oxidative DNA damag@l( 49, 50). Nearly
was used to identify DNA base damage sites induced by half (4/9) of the peroxyl radical induced tandem mutations
lipid peroxidation or by peroxyl radicals generated by the occurred at GG sequences. This motif has been identified
ABIP/O, reaction. The Fpg and Nth glycosylase/AP lyase as a hot spot for oxidative damaggl). The formation of
proteins used to create strand breaks at lesion sites do noB-oxoG at GG sites lowers the ionization potential of the
recognize aldehyde-adducted bases, allowing for detailedadjacent guanines@), enhancing the probability of tandem
examination of the oxidative component of lipid peroxidation lesion formation. Since the majority of GG tandem mutations
induced DNA damage. Mapping of oxidative damage within consist of TT transversions (3/4), either 8-oxoG and/or
the supF tRNA marker gene of pSP189 also provided an oxazolone may be involved (see below). Box and co-workers
opportunity to examine the relationship between base damagenitially suggested that sequences of the type G(T/C) were
and mutations induced by peroxyl radicals in several human susceptible to oxidative damage and identified 8-oxoG and
cell lines. a formamido remnant as the major products resulting from

The patterns of sequence-specific oxidative base damagea single initiating radical evenb8). Two tandem mutations
induced by either AA or ABIP/@were nearly identical. This ~ were detected at GT sites in our studies (Table 3), but the
suggests that peroxyl radicals are the principle oxidants CG and CA double transversions observed are inconsistent
involved in lipid peroxidation induced base damage in DNA. with this lesion composition.

More reactive and less selective oxidants such as hydroxyl Oxidative base damage mapping data for shpF gene
radicals would have given rise to a substantially larger in Figure 1A was used to interpret the sequence distribution
fraction of damage at pyrimidines. For example, oxidative of peroxyl radical induced mutation hot spots in mammalian
base damage mapping of DNA following reaction with cells. In many cases mutagenic hot spots coincided with
hydrogen peroxide revealed modifications~&0% of all C prominent damage sites (indicated by an asterisk in Figure
and T bases4d). In contrast, reaction with ABIP/Oor
peroxidizing arachidonic acid resulted in the modification with peroxyl radical induced damage sites in the coding
of only 18% of C and<5% of T bases in theupFtRNA strand ofsupF Other prominent mutation sites ag:(r.91.100,103
gene. Peroxyl radicals displayed a marked preference forcorresponded to oxidized bases detected in the noncoding

aSequence position of tandem substitution in wild-tygopF

peroxyl radicals and that additional oxidative decomposition
takes place to yield secondary products.

DISCUSSION

yyyyy

reaction at G, the most readily oxidized bagB)( consistent
with their enhanced selectivity.
Out of six CpG methylation sites isupF, only one (Gas)

strand (see Supporting Information). A few mutation hot
spots were observed adjacent to theh3 side of mapped
damage sites, e.g. g6 This phenomenon may be attributable

was detected as oxidized in our assay. Cytosine methylationto “action at a distance” mutagenesis, whereby an oxidative

increased the extent of oxidative damage by 4-fold gtiC

lesion induces replication errors at adjacent template sites

the supF tRNA gene relative to the unmethylated base. (54). Polymerase miscoding at both the lesion site and
Whether addition of a 5-Me group in general enhances adjacent site would lead to tandem mutations without the
reactivity of C toward peroxyl radicals cannot be determined requirement for tandem lesion formation. Tandem mutations
from our data. However, increased oxidizability may be at G;;Gs, may have arisen from this mechanism, whereas
possible due to the facile formation of resonance-stabilized the tandem at &Gs; can be attributed to adjacent oxidative
benzylic radicals upon 5-Me hydrogen atom abstraction, aslesions observed in the mapping data of Figure 1.
previously proposed for reaction of thymidine with peroxyl Our results indicate that the peroxyl radical is an effective
radicals 5). It was recently shown that cytosine methylation 1e™ oxidant for guanine [E/G = 1.29 V (45)]. A proposed
increased the frequency of transition mutations induced by mechanism for the peroxyl radical mediated formation of
hydrogen peroxide at CpG sites, consistent with increased8-oxodG is provided in Scheme 1. One-electron oxidation
oxidative damage at 5-Me-@2). of guanine by peroxyl radicals results in the corresponding
We undertook an extensive analysis of peroxyl radical radical catior2, with concomitant formation of the conjugate
induced mutation spectra in thsupF tRNA gene for base of the alkyl hydroperoxide. Alkyl peroxide anions are
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Ficure 3: Time-dependent quantification of 8-0xoG in calf thymus DNA. Aliquots of reactions of calf thymus DNA with peroxyl radicals
were removed at the indicated times, digested with Fpg protein, and analyzed for 8-oxoG using GC-IDMS. Values shown for each time
point represent the mean of three determinations.

Scheme 1: Proposed Mechanism for the Formation of 8-Oxdk)@)( Peroxyl Radicals
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strong bases f, ~ 13 (65)] and can deprotonate water in induced supF mutation spectra (Figure 2). It is well
the solvent cage surrounding the radical cation. Attack by established that 8-oxoG results in G/T transversions in both
~“OH on 2 provides the neutral radic&, which undergoes  bacterial and mammalian cell§@—62). More recently, it
additional 1e oxidation and concerted hydrogen abstraction has been demonstrated that secondary oxidation products of
to give 8-oxodG 4) shown in the enol form. The enhanced 8-oxoG such as oxazolone can also induce G/T transversions
susceptibility of 8-oxoG to secondary oxidation is well- (63). The identity of the lesion(s) responsible for G/C
known (62, 56) and is consistent with the time-dependent transversions in the peroxyl radical induced mutation spec-
increase and decay observed in the quantitative MS data oftrum has not been established; however, other workers have
Figure 3. Model compound studies have identified some of shown that a uniquely substituted guanidinohydantoin in
these secondary oxidation products resulting from additional DNA results in the nearly exclusive formation of this base
le oxidation of 8-0xoG as imidazolone, oxazolone, and substitution in bacteriz64). Imidazolone, another secondary
guanidinohydantoing7—59). We have tentatively identified  guanine oxidation product, has also been suggested to be
several of these products in the peroxyl radical oxidation of jnyolved in the formation of G/C transversionssf. Thus
dG nucleoside reactions using ESI-MS/MS fragmentation the majority of the peroxyl radical induced base substitutions
analyses, in addition to several unidentified products (data phserved at G in mammalian cells are consistent with the
not ShOWn) The extent of their distribution in perOXIdlzed known Cod|ng proper“es 8-0x0G and derived Secondary
double-stranded DNA remains to be determined. oxidation products. The base mapping data of Figure 1 were
The formation of 8-0xodG in DNA is consistent with the also used to evaluate the contribution of oxidative base
base substitution pattern observed at G in the peroxyl radicaldamage to the recently reported mutation spectra induced



15346 Biochemistry, Vol. 43, No. 49, 2004

by arachidonic acid 31). Several oxidative lesion sites RE
identified in Figure 1 correspond to previously observed

mutagenic hot spots induced by AA. Examples may be found !

at Gs77sand Gags Five out of eight base substitutions at 2.

Gs7 in the AA-induced mutation spectra were G/C and G/T
transversions, consistent with oxidative lesions at these sites.
Mutations induced at & by peroxidizing AA @1) consisted 3
almost entirely of C/T transitions (6/7). Possible candidate

oxidative lesions include 5-hydroxycytosine, 5-hydroxyuracil, 4

and uracil glycol 65, 66). More definitive correlations must

await the outcome of structural studies of peroxyl radical s,

induced cytosine oxidation products.

Although reaction with either ABIP/Eor peroxidizing AA
induced oxidative damage at the same G sitesuipF; the
distribution of induced base substitution mutations differed
for these two treatments. The ratio of G/T to G/C transver-
sions in XP-G cells was either 1:1 (Table 2) or 431)(
depending upon whether pSP189 was reacted with ABIP/
O, or AA, respectively. The decreased frequency of G/C
transversions in the AA-induced spectra may be attributable
to a lower abundance of secondary 8-oxodG oxidation
products. These differences may be due to variation in the
encounter rate of cationic ABIP peroxyl radicals relative to
their neutral or anionic lipid counterparts with DNA. Cationic
peroxyl radicals generated by ABIP/Gre likely to be

associated with the phosphodiester backbone, and thus their 10.

participation in successive 1éase oxidations is entropically

favored. The influence of peroxyl radical charge on the yield 17

of DNA strand breaks has been pointed out by Ingold and

co-workers 67), and we suggest that similar effects may 12

influence the formation of base oxidation products. Thus
8-0x0G initially formed in DNA via 1e oxidation by fatty
acid derived peroxyl radicals is less likely to undergo

secondary oxidation to guanidinohydantoin or other products 13:

which induce G/C transversion$8). Despite apparent 14
reactivity differences due to charge, lipid peroxyl radicals
are efficient DNA oxidants, capable of inducing both strand
breaks and base modificatior3l}. In addition to the well-

known genotoxic effects resulting from the production of
electrophilic aldehydes during lipid peroxidation, DNA base

oxidation and phosphodiester backbone cleavage by peroxyl 16.

radicals must also be considered to be potentially important
sources of premutagenic DNA damage.

17.
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