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ABSTRACT. Oxidative damage of DNA by endogenously generated oxygen radicals contributes to the
mutagenic process. Hydroxy, alkoxy, and peroxy radicals all have the potential to react with DNA, giving
rise to strand breaks and potentially mutagenic oxidative base damage. Although reactions of the hydroxy
radical with DNA have been well studied, far less is known about the reactivities of these other radicals
with DNA and their mutation-inducing potential. Frequencies of DNA base modifications and strand
break densities caused by peroxy radical (RA®idation were measured by glyoxal gel electrophoretic
analysis. We report the spectrum of mutations inducdglscherichia colupon transfection with peroxy
radical treated DNA carrying thecZo. gene as a reporter. Transfection of DNA exposed to micromolar
amounts of peroxy radical resulted in a 30-fold increase in mutation frequency in non-SOS-inducible
cells. Sequencing analysis of DNA isolated from mutants showed that among base substitution mutants
88% consisted of transversions at G, with a nearly equal numberefCand G— T mutants. Transition
mutations were rarely detected, in contrast to control experiments. Electrophoretic analysis of peroxy
radical treated DNA exposed to NaOH, Nth, and Fpg proteins demonstrated that abasic sites are not
formed to any detectable degree. The oxidative G lesions are sensitive to digestion by the Fpg protein.
We were unable to detect the formation of 8-oxo-dG by HPLC/electrochemical analysis of peroxy radical
oxidation of dG, suggesting that the-6 T transversions were not caused by this base lesion.

The role of catabolic and metabolic processes in the for its role in mutagenesis, however, the superoxide ion may
production of endogenous oxidants in vivo and their involve- undergo one-electron reduction by either transition metal ions
ment in the degradation of cellular and nuclear membranesor superoxide dismutase to produceCh
and proteins are now Wi_dely apppreciated. Thgse PIOCESSES Thg extreme reactivity of the hydroxy radicalg ~ 10-°
are also thought to be m_volv_ed in the pmd“C“O’? of DNA s) requires that it be generated in close proximity to an
_damage, in theory contr_lbutmg to the mutagenic process oxidizable substrate to generate damage; i.e., its reactivity
mdzpe?dent:(yhofdany enwronrr_](;antbal mutagen exposlllJre. Th deis essentially diffusion controlled. However, it is apparent
production of hydrogen peroxide by various organeties and ., .q may also be important in the generation of

enzymes and the presence of Within cells provide the . : . )
substrates for the generation of free radical intermediates Ofsecondary radical Species with the capacny for DNA damage.
These secondary radicals would likely possess greater

oxygen. This can occur via sequential one-electron reduction i .
by adventitious low-valent transition metal ions or “leakage” cherr_ucal stability tharOH ‘?‘”d would t_h_e ref_ore be. expectfad
to display greater chemical selectivity in their reaction

of electrons and/or reduction of radical species from biologi- > X i :
cal redox pathways. Thus the leeduction of hydrogen ch_emlstry b). Thus, in contrast_to relat_|vely nonselective
peroxide yields the hydroxy radicatQH, the Fenton  ©Xidants such as hydroxy radical which produce many
reaction), while reduction of ©yields the superoxide ion ~ Products upon direct reaction with DNA) these secondary
(Os°). The hydroxy radical, also produced during the radicals may produce a set of characteristic products which
radiolysis of water, is a powerful mutagen owing to its high defines the exposure, i.e., a chemical/mutagenic signature
reactivity as a DNA oxidant, and its mutation-inducing distinct from that produced by hydroxy or other less selective
potential has been well-studiedl, 2). Superoxide demon-  radicals. One such radical species of great importance in
strates little or no reactivity toward the DNA bases, since it biology is the peroxy radical (ROP Peroxy radicals have
is a poor oxidant at physiological pkB) however, it may  unusual stability, with approximate half-lives on the order
be involved in strand-nicking of DNA4). More importantly of seconds¥), and play a prominent role in chain initiation
and propagation reactions in the autoxidation of lipids (

T This work was supported by PHS Grant GM 53962. H.R. was . -,
supported by PHS Grant CA 69449 to Drs. G. P. Holmquistand S. A, Peroxy radicals are formed from the addition of molecular
Akman. oxygen to carbon radicals. Carbon radicals may be readily

:ggFg'gtom";rftogfe,\s/l%cl’ggjgfeB%l‘g;& be addressed. formed by at least two pathways, one involvingtistraction

s Department of Biology. Present address: Biotechnology Division, PY Other radicals and one by the addition of radicals such as
NIST Bldg. 222, Gaithersburg, MD 20899. *OH to double bonds, as depicted in Scheme 1. Marnett has

S0006-2960(97)03132-2 CCC: $15.00 © 1998 American Chemical Society
Published on Web 04/22/1998



Peroxy Radical Mutagenesis Biochemistry, Vol. 37, No. 19, 199031

Scheme 1
H H;C

H;C -
. O
OR OR 0—0:
HSC H WA A%
V\/Zzgfw . OR
N 0, H
— +HOR — >:\
S\ NN

R = H, alkyl ihbd

S H,C - '0_O>

pointed out that not only may peroxy radicals contribute to been used to model biologically relevant oxidation reactions
the induction of mutations by direct reaction with DNA, but by peroxy radical 17, 18).

they are also likely involved in the activation by oxidation  We have recently characterized the reaction products of
of a variety of procarcinogen8) Thus peroxy radicals may  peroxy radical generated by this method with deoxythymi-
play an important role in carcinogenesis. Despite this, dine, and we have found that in contrast to the reaction with
virtually nothing is known about DNA damage resulting from “OH, which produces at least 10 base damage products via
reaction with peroxy radicals and its mutagenic potential. initial addition to the 5,6 double bond, only three major

Some work has appeared exploring the mutagenic potentialproducts are produced by peroxy radical oxidatib®) (All
of lipid hydroperoxides. Hydroperoxides (ROOH), potential involve oxidation of the C-5 Me group. Interestingly, these
precursors of peroxy radicals, have been shown to promoteproducts, formed in minor amounts in tt@H reaction, are
the formation of 8-hydroxyguanine in calf thymus DNA, an among the most mutagenic oxidation products of thymidine
effect potentiated by transition metal ior)). Increased  (20—22). Here we report on some biochemical and biologi-
levels of lipid peroxidation in isolated mitochondria correlate cal aspects of peroxy radical oxidation of DNA. Using a
with an increased level of 8-hydroxyguanine in mtDNIA) lacZo. forward mutation assay, we show that transversions
Lipid hydroperoxides have also been shown to produce at G dominate the mutation spectrum and that peroxy radical
piperidine-sensitive lesions at G and T in a metal ion iS @ moderately strong mutagen in this system. DNA
dependent reaction, although no oxidation products were transfection efficiency and modified base and strand break
identified (12, 13). Hydroperoxides of sterols have been densities are shown to be dependent on peroxy radical
shown to be mutagenic in th®almonellareversion assay  concentration in a dose-dependent manner. Data on the
(14), and lipid hydroperoxides produced by rat liver mi- nature of the predominant G lesion is also presented, which
crosomes have mutation-inducing activityeiecherichia coli ~ together suggest that 8-oxo-dG and/or abasic sites play little,
(15). if any, role in the mutational outcome.

It is difficult to determine in these experiments the extent MATERIALS AND METHODS
of involvement of peroxy radicals, since they are produced
as secondary radicals in the transition metal ion catalyzed Bacterial Strains and Plasmids. E. colL1-Blue strains
decomposition of hydroperoxides. The~le=duction of (Stratagene, La Jolla, CA)RecAl endAl gyrA96 thi-1
hydroperoxides initially provides alkoxy radicals. These may hsdR17 supE44 relAl lacZ[F’ proAB lacZx9ZAM15 Tn10
abstract M from other hydroperoxides to yield peroxy (Tet)]¢), and JM 103endAl supE sbcBC thi-1 stlac-
radlcgls, but aIkoxy radicals would. also be expectgd to pro)[F'traD36 lac’AM15 proAR (P1 lysogen), were used
function as DNA oxidants. The chemistry of alkoxy radicals as hosts in the forward mutation assays. Bacteriophage
with DNA remains to be explored. Moreover, breakdown M13mp18 containingacZa. was used to restorg-galac-
products from lipid alkylperoxides such as malondialdehyde tosidase activity via intracistronie complementation.
and other autoxidation byproducts can also react with DNA  Reaction of Phage DNA with Peroxy Radicalll
and have mutagenic consequences. This experimental dif-so|ytions were prepared with doubly distilled deionized water
ficulty may be circumvented through the use of a reagent (Barnstead Nanopure system). ABAP [2a20bis(2-meth-
which generates peroxy radicals directly in a manner which yjpropionamidine) dihydrochloride] was obtained from
formation of side products. The water-soluble radical n13mp18 DNA was dissolved in 250L of water which
initiator ABAP! [2,2'-azobis(2-methylpropionamidine) di-  had been previously saturated with oxygen by sparging with
hydrochloride] produces tertiary carbon radicals upon ther- 99 9994 purified @for 20 min at 0°C. This yields a solution
molysis which in the presence ob@rovides peroxy radicals  gpproximately 1 mMin @ Aliquots of freshly made ABAP
concentrations of 1&M to 4 mM initiator in 500uL of

1 Abbreviations: 8-0xo-dG, 8-hydroxy-2leoxyguanosine; ABAP,  total reaction volume. The reactions were allowed to proceed
2,2-azobis(2-methylpropionamidine) dihydrochloride; IPTG, isopropyl for 1 h at 40°C. DNA was isolated by precipitation with

ﬂ-D-thiogalactopyranosiQe; AP, .apurinic/apyrimidinic; Nth, endonu- (.1 vol of 3 M sodium acetate and 2 vol of 100% ethanol.
clease Ill; Fpg, formamidopyrimidine DNA glycosylase; ddd, doubly

distilled deionized; PGK, phosphoglycerate kinase; ssb, single-strand 1 ransfection Efficiency Competent XL1-Blue cells were
break. transfected according to published methdey),(using lug
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tary to positionst+181-197 and+527—543, respectively,
of the lacZa structural gene.

Quantitation of Strand Break and Base Modification
Density. Purified human male fibroblast DNA (2/H) was
reacted with 0.035.0 mM ABAP initiator as described
above for the peroxy radical oxidation of phage DNA. After
ethanol precipitation, samples were resuspended ink4.5
of ddd KO, 2uL of 100 mM sodium phosphate, pH 7.0, 10
uL of DMSO, and 3.5uL of 6 M glyoxal and incubated at
50 °C for 1 h. Three microliters of loading dye (50%
glycerol, 10 mM sodium phosphate, and 0.25% each bro-
mphenol blue and xylene cyanol) was added, and the samples
were immediately subjected to electrophoresis in 0.6%
agarose and 10 mM sodium phosphate, pH 7-a ¥/cm.

A mixture of Hadll-restricted ®X-174 DNA andHindlII-
restrictedd DNA was used as a marker lane for molecular
Ficure 1: Inhibition of plaque-forming ability by peroxy radical. ~ weight calibration. Gels were stained withu@/mL acridine
Phage DNA was treatedifd h at 40°C with varying concentrations  grange for 45 min and destained overnight in water. Gels
of radical initiator under saturating,@o generate peroxy radicals. . . . - . .
Units of intiator concentration are micromolar. Each point represents were visualized W',th a Vista Fluorescence/ F'L,‘O“mager Si
the average of at least two determinations. (Molecular Dynamics Inc., Sunnyvale, CA) using the Mo-
lecular Dynamics ImageQuant software. From the digitized
of peroxy radical treated single-stranded M13mp18 phage image data, the single-stranded DNA break distribution was
DNA. XL1-Blue cells were also transfected via electropo- determined by comparison to the sizobility calibration
ration with a Bio-Rad Gene Pulser according to the manu- curve obtained using the marker lane. The DNA break
facturer’s directions. Peroxy radical mediated inhibition of density (1/Mn) was calculated as described previouay. (
transfection was determined by peroxy radical oxidation over To estimate the extent of base modifications, breaks were
a range of intiatior concentrations from 0.01 to 1.0 mM under introduced at the site of base lesions using a combination of
saturating @ conditions. These samples were transfected base excision repair proteins which would excise modified
by electroporation into XL1-Blue cells and plated to give bases and create breaks at abasic sites using terminal
30—-300 plagues/plate. The decrease in transfection ef-digestion conditions (see below). Integration of these data
ficiency as a function of concentration is shown in Figure provides the sum of direct strand breaks and enzyme-induced
1. Transfection efficiency is defined as the number of breaks. Correction for the former provides an estimate of
plaques obtained per nanogram of transfected DNA. Ap- the base modification frequency.
proximately 4-10 uL of transfected cells was added to 3 Reactions of Peroxy Radical Treated DNA with Alkali and
mL of top agar (1% bactotryptone, 1% NaCl, 0.5% yeast the DNA Glycosylase/AP Lyase Proteins Nth and Fjpge
extract, and 0.7% agar) with 40 of 20 mg/mL X-gal (5- 5' regulatory region and first exon-@436 to+371) of the
bromo-4-chloro-3-indoly|3-p-galactopyranoside), 4L of human phosphoglycerate kinase 1 gene (PGK125gfvas
200 mg/mL IPTG (isopropy$-p-thiogalactopyranoside), and  subcloned in Bluescript SK (Stratagene, San Diego, CA).
200uL of XL1-Blue cells grown in L broth (1% bactotryp-  Ten micrograms of plasmid DNA was sequentially digested
tone, 1% NacCl, and 0.5% yeast extract) at’87for 6—8 h. with 10 units each oBsfEl andBsm. The two fragments
This mixture was poured onto L plates (1% bactotryptone, produced (3.3 kb and 12 bp) werééhd-labeled using the
1% NacCl, 0.5% yeast extract, and 1.5% agar) and incubatedKlenow fragment of DNA polymerase (10 units) ar¥éH]-
at 37°C for 8—12 h. dCTP. Following phenol/chloroform extraction, the 3.3-kb

Scoring of Mutant PlaquesPlaques with inactivg-ga- fragment was isolated on a Sephadex G-50 microspin column
lactosidase were scored as white or light blue plaques.and ethanol precipitated. The labeled DNA was reacted with
Mutant plaques were picked using sterile pasteur pipets, peroxy radicals and ethanol precipitated as described above
placed in 1 mL of L broth, incubated at room temperature using 100uM ABAP initiator. Samples were resuspended
for 1-2 h, and then stored at€. Verification of mutant in deionized HO to a final concentration of 26 ngl. DNA
plaques was obtained by replating the mutant phage togethemvas titrated with increasing amounts®f coli derived Fpg
with wild-type phage. or Nth proteins (16-300 ng) in 100uL of the respective

Isolation of Mutant DNA. Single-stranded DNA from  buffers, incubated fol h at 37 °C, and subsequently
verifiable mutants was isolated using QiaPrep Spin M13 kits. analyzed by autoradiography to determine the minimal
Approximately 5 ug of DNA was obtained from each amount of endonuclease required for “terminal digestion”
mutant for sequencing analysis. (data not shown). This is defined as the minimal amount of

DNA SequencingDideoxy DNA sequencing using floures-  enzyme required to maximize band intensities at enzyme-
cent nucleotides was accomplished with an ABI Prism reactive sites in DNAZ4), and in the present case it was
377XL DNA sequencer (PE/Applied Biosystems, Foster determined to be-150 ng each for Nth and Fpg proteins.
City, CA). The following primers were designed to cover Control reactions were incubated with buffer alone. Reac-
the entire coding region of the structural geneéGGC- tions were quenched by the addition of @0 of 10 M NH,-
GAAAGGGGGATGTG3 and BAACCAATAGGAACGC- OAc, 1 uL of 20 mg/mL glycogen, and 2.5 vol of cold
CA3'. The primers were synthesized by the DNA Synthesis ethanol. Precipitated, dried DNA was resuspendedih 7
Core Facility of the City of Hope. These were complemen- of formamide loading buffer containing 0.05% each of xylene
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cyanol and bromophenol blue and was subjected to electro- 40
phoresis on a 60-cm 6% polyacrylamide/7 M urea gel.
Alkaline hydrolysis reactions were carried out by the addition
of 100uL of 0.4 M NaOH to 100«L solutions of 1.3ug of
peroxy radical treated DNA and incubation at 40 for 1

h. Reactions were quenched as described above for the
enzyme digestions.

Nucleoside Oxidation Reactions and Chromatographic
Analysis. Nucleosides dT, dC, dA (Aldrich Chemical Co.,
Milwaukee WI), and dG (Chem-Impex, Intl., Wood Dale,
IL) were each dissolved in 50 mL of 0.1 M KRQO, buffer
(pH 5.5) to create a solution that was 2B in deoxy-
nucleoside. All phosphate buffer stock solutions were
filtered through 500 g of Chelex 100 Na to remove metal 0 ] = N M
ions. Chromatogaphic standards of 8-hydrojg@oxygua-
nosine (Sigma, St. Louis, MO) were prepared in this buffer. o
Each solution was then saturated witha@droom temperature (F;‘;L’giﬁ fl'j;ecggﬁ”g]}’igf;ég‘sri‘g brc%i':e)ﬁ??aciigﬁsff mg?(;‘;'(‘;/a:g’d”izal
by sparging with 99.99% oxygen for 20 min. ABAP was Purified male fibroblast DNA V\?&S oxidized by pergxy radicals at
added to give a 10-fold molar excess of initiator, and the gifferent initiator concentrations fdl h at 40°C. DNA was then
reaction mixtures were sealed and placed in a shakinganalyzed for single-strand break distributidm,) by electrophoresis
incubator at 40C. Aliquots (500uL) were withdrawn at on neutral glyoxal gels. Fibroblast DNA subjected to the same
24 h and analyzed by HPLC using a Supelco—CSi8 isolation procedure without exposure to peroxy radical was used

h wtical col D . ither b to determine the endogenous break density and to correct all
reverse-phase analytical column. Detection was either by gpsequent measurement®)(2 break/10 kb). Break densities were

optical absorbance (Kratos SF773 diode array) or by calculated as previously describe@4), To analyze the base
electrochemical methods (Coulochem 2, Chelmsford, MA). modification frequency, oxidized DNA was reacted with a com-
The column was initially equilibrated for 5 min at a flow _blgatlonbof Epgtandd'_\]f_thdprotems ustljng S_atl_gatmg Ccondltltanfto

P on A 1004 B (OO0 induce breaks at modified purines and pyrimidines. Correction for
rate of 1.5 mL_/mln W'.th 90% A'lo/OOB' (_)AJOC fo_"O\:)VEd by breaks resulting from direct attack on the carbohydrate backbone
a ternary gradient which reached 40% A:10% B:50% C OVer yie|ded the values for base modifications recognizable by Fpg and
a period of 15 min. Solvents/buffers: A, water; B, 0.2 M Nth.

KH,PQ,, pH = 4.5; C, MeOH.

Breaks per 10 kb

[ABAP] (mM)

base modification frequency following oxidation with peroxy
RESULTS radical requires the use of double-stranded DNA. This is

because the assay employs DNA glycosylases/AP lyases to

Peroxy Radical Induced Inhibition of Bacteriophage create strand breaks at modified bases, and these enzymes

M13mp18 Transfection.The ability of peroxy radical to  require double-stranded substrates for activity. The data in
induce DNA damage was investigated by studying phage Figure 2, derived from integration of glyoxal gel electro-
reproduction following exposure to peroxy radical. Single- phoretic analyses of peroxy radical treated human fibroblast
stranded phage DNA was incubated with various concentra-pNA, indicate that the number of strand breaks induced by
tions of peroxy radical prior to transfection. The ability to  peroxy radical lag behind the yield of base modifications at
replicate was then determined by monitoring the plaque every concentration examined. The extent of base modifica-
forming efficiency, expressed as number of plagues/nano-tjon increases more rapidly than strand breaks with increasing
gram of transfected DNA. The viability of the single- concentration, an effect most pronounced at [ABAPIL
stranded phage DNA would be reduced as a consequencenm. The increase in yield of both base modifications and
of peroxy radical induced strand breaks. In this regard, the strand breaks is logarithmic. At 1Q€M the ratio of base
viability curve can be considered to be primarily an indicator modifications to strand breaks reached.4. (1.3 base
of the extent of breaks introduced into single-stranded DNA modifications vs 0.33 dsb per kilobase).
as a function of peroxy radical concentration. The contribu-  pmutation Frequency.The spontaneous (control) mutation
tion of base moadifications which would block replication of frequency, determined by counting light blue/white plaques
transfected phage DNA is considered to be small. Theseproduced upon transfection of untreated phage DNA carrying
results are summarized in Figure 1. In the absence of peroxythe lacZa gene into XL1-Blue hosts, was found to bex3
radical exposure, transfection yielded80 plaques/ng, 104 transfectant (Figure 3). This is the mutation frequency
defined as 100% survival. Relatively small amounts of opserved in the absence of activation of the “error prone
radical initiator in the presence of oxygen had a significant repair’ pathway, the so-called SOS response. The XL1-Blue
impact on transfection efficiency. Concentrations inthe 40 cells are RecA, and are thus by definition non-SOS-
50M range reduce phage survival ;60%. Since ABAP  inducible. Transfection of phage DNA which had been
thermolyzes slowly at 37C (z1/2 = 175 h), the estimated  exposed to peroxy radical (1M radical initiator and 1
amount of peroxy radical formed during the 1-h incubation mm O, at 40°C) resulted in a greater than 30-fold increase

period is ~100-fold less (see Discussion). At 10M in mutation frequency (Ix 10 Ztransfectant) when ex-
initiator, ~30% of oxidized phage DNA yields transfectants. pressed in XL1-Blue cells. Transfection of identically treated
This dosage was used in the forward mutation assay. DNA into a related yet RecAstrain (JM103) yielded a lower

Relative Distribution of Peroxy Radical Induced Base level of induced mutations as compared to the XL1-Blue
Modifications and Strand BreaksA determination of the  cells. The backround or spontaneous mutation frequency
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Mutation Frequencies position with the spontaneous mutants, although at an
1000 T elevated frequency. Thus, for example, at position 324 a
relatively rare spontaneous-6 C transversion is observed,
while seven transversions of this type are induced by peroxy
radical at this position.

The only types of frameshift mutants which appear to be

L1 Peroxy Radical induced by peroxy radical are deletions. No insertions are
observed in the induced spectra, although two appear among
the spontaneous mutants; in both cases at short runs of C
(—42, 87). A total of four deletions are observed in the
induced mutants. At position 73, two spontaneous and two
induced deletions at G are observed. An unusuat@G

Strain transversion appears among the induced mutants at position

) ) _ —56 in the promoter region. It is unclear whether it is peroxy
Ficure 3: Spontaneous and induced mutation frequencieg&for

coli strains XL1-Blue (RecA) and JM 103 (RecA) transfected radlca_l.lnduced o_r arare spon'Faneous C.hlange.

with M13mp19 containing thiacZo. gene. Spontaneous frequencies  Lability to Alkali and Enzymatic Recognition of the Peroxy
were measured following transfection with untreated plasmid DNA, Radical G Lesion in DNA.The nature of the predominant
while induced mutants resulted from transfection with peroxy radical |esion at G sites produced in DNA by peroxy radical was
oxidized plasmids. probed using alkaline hydrolysis and enzymatic digestion.
The production of chain breaks by alkali at G sites would
be consistent with the presence of abasic si2€s (Treat-
transversions transitions frameshifts duplications ment with alkali should result in strand breaks at abasic sites

100+
Spontaneous

-
<
|

Mutation Frequency x 10¢

—

XL1-Blue
JM103

Table 1: Peroxy Radical Induced and Spontaneous Mutations

induced G-T20 C—T2 -G3 0 through an antf-elimination reaction involving the C-2
G—C28 -C1 hydrogen 27). In addition to the hemiacetal abasic sites
c—-G1 formed by hydrolytic depurination/depyrimidination, the

spontaneous G- T3 C—T9 -G2 1 , . L Lo
G—C2 G—A1l +C2 C-1, C-2, and C-4oxidized AP (apurinic/apyrimidinic) sites
A—T1 A—G1 should also react with alkali to generate strand breaks owing

to the presence of acidia-carbonyl hydrogens. Chain

observed in RecA JM 103 cells was essentially the same ?reaks rrpag a_lso b_e mtduzgd \{;a al_kzl_l-latt)llle tzlz_ahse mtﬂdmcc?-
as that observed for the RetAXL1-Blue strain (3.16x léons Wt'c. give rlsle 0 q tSI es Il:? lrhec y't ef th an
10-*/transfectant). pg proteins were also used to probe the nature of the peroxy

h ¢ either sinal | radical lesions. These proteins possess both DNA glycosy-
The use of either single- or double-stranded DNA as a |56 ang AP Iyase activities. The Fpg protein removes the
substrate for peroxy radical oxidation d'_d not affect _the ring-opened imidazole derivatives (resulting from rupture of
frequency of mutations observed following transfection. "~ _g/N.9g bond) of guanine bas@8), It also appears to
Peroxy radical treatment of double-stranded M13mp18 (1) e one of the major repair enzymes involved in the removal

followed by transfection into XL1-Blue cells gave rise to a of 8-0x0-2-deoxyguanosine29). Nth protein shares the AP
mutation frequency which was within 10% of that found for 40 clease activities of the Fpg protein in addition to

the single-stranded vector. The use of single-stranded DNA excising a wide variety of saturated, fragmented, and ring-

to “fix_” the mutagenic lesions did not appear to bias the g acted bases derived from pyrimidings,(31). Pyri-
mutation frequency. midine oxidation products which do not result in saturation
Peroxy Radical Mutation SpectrumA summary of the of the 5,6 double bond, e.g., 5-(hydroxymethyRe2ox-
spontaneous and peroxy radical induced mutations in theyuridine, are not substrates for this enzyn8g, (33). The
lacZo. gene is provided in Table 1. The complete map of AP lyase activities of the Fpg and Nth proteins create strand
induced and spontaneous mutations is shown in Figure 4.preaks at abasic sites produced by oxidation or hydrolytic
The entirelacZa. sequence, including the promoter region, depurination/depyrimidinatior3@).
was examined for mutations recovered in the XL1-Blue  The autoradiogram of Figure 5 reveals the strand break
strain. The most striking result from the induced mutant sysceptibility of peroxy radical treated DNA following
sequencing data was tha87% of peroxy radical induced  exposure to either alkali, Fpg, or Nth proteins. The DNA
mutants (48/55) consisted of transversions at G. The extentsybstrate is a linearize@P-end-labeled double-stranded
of G— C and G— T transversions was roughly the same, plasmid containing the human PGK1 ge@®)( Oxidized
with a slight preponderance of the former. In contrast, pNA was prepared by exposing plasmids to peroxy radicals
spontaneous transversions at G occurred with a frequencyysing the same conditions described for the mutagenesis
of ~25%. Among spontaneous mutants, transitions at C assay immediately prior to digestion with alkali or Nth/Fpg
predominated, accounting for nearly half the mutants. proteins. Lanes45 show the backround breaks obtained
Conversely, these appeared rarely in the induced mutationsfor unoxidized plasmid DNA (control) using various diges-
where they occurred with a frequency s6%. tion conditions. Lanes-68 duplicate these conditions with
There also appear to be a number of “hotspots” at which DNA that has been exposed to peroxy radical. Control DNA
transversions tend to cluster. Most of these appear in thetreated with alkali (lane 5) does not seem to differ signifi-
coding region of the gene. Prominent examples of this can cantly from untreated control (lanes 1 and 2). Peroxy radical
be seen in Figure 4 at positions 199, 202, and 324. In someoxidation of DNA does not result in an increase in the
cases, the peroxy radical induced hotspots coincide innumber of alkali-labile sites relative to unoxidized control



Peroxy Radical Mutagenesis Biochemistry, Vol. 37, No. 19, 199035

T
| T G---lac promoter
gcgc aacgcaatta atgtgagtta gctcactcat taggcacccc aggectttaca ctttatgett
-80 AC -50 A T GT
C T
| lac operator C |=-=-lac z—---->

ccggctcgta tgttgtgtgg aattgtgagec ggataacaat ttcacacagg aaacagct atg acc atg
0

* T
* T
att acg aat tcg agc tcg gta ccc ggg gat cct cta gag tcg acc tgc agg cat gea
50 T* 100

*

T Cc
cC T C
agc ttg gca ctg gcc gtc gtt tta caa cgt cgt gac tgg gaa aac cct ggc gtt acc
150
ccc C
T C ¢C
T T C T T
* C T TC TT T
caa ctt aat cgc ctt gca gca cat ccc cct ttc gecec age tgg cgt aat agc gaa gag
T T A 200 T T

C C TTT

gcc cgc acc gat cgc cct tce caa cag ttg cgc agec ctg aat ggc gaa tgg cge ttt
T 250
ccc
cce
o4 C T c
gcc tgg ttt ccg geca cca gaa gog gtg ccg gaa agc tgg ctg gag tgce gat ctt cct
T 300 C
T
gag gcc gat act gtc gtc gtc ccec tca aac tgg cag atg cac ggt tac gat gcg ccc
350
C
atc tac acc aac gtg acc tat ccc att acg gtc aat ccg ccg ttt gtt ccec acg gag
400

aat ccg acg ggt tgt tac tcg ctc aca ttt aat gtt gat gaa agec tgg cta cag
450

gaa ggc cag acg cga att
500

Ficure 4: Map of peroxy radical induced and spontaneous mutants for the entire M13agqZt9gene. Induced changes are indicated
above the coding sequence, while spontaneous changes are noted below. Frameshift mutants are derfotethsestions, while *
indicates deletions. The sequence outlined in bold corresponding to positiond @78 presents a spontaneous duplication. Base substitution
mutations are tabulated in Table 1.

(compare lanes 5 and 8). Similarly, treatment of peroxy are produced as side products from the non-oxygen-depend-
radial treated DNA with Nth protein does not seem to ent decomposition of ABAP109), and do not represent dG
produce any sensitive lesions significantly above backround oxidation products. In contrast to the reaction of dT with
(lane 6 vs 3). In contrast to this result, lesions produced by peroxy radical under identical conditions, more than half of
peroxy radical appear to be sensitive to the Fpg protein (lanethe starting material is consumed in the reaction. The
7 vs 4), producing breaks at predominantly G sites. It isogram reveals a long-wavelength absorbance at 278 nm
appears unlikely that these sites are abasic in nature sincdor the major product, while the latest eluting component
they are neither substrates for the AP endonuclease activityabsorbs maximally at 296 nm. No free guanine is detected
of the Nth protein at high concentrations nor susceptible to in the chromatogram. The presence of 8-oxo-dG appeared
cleavage by alkali. The lack of Nth-sensitive sites is possible since itdmax at pH 4.5 is close to that of the latest
consistent with prior studies of peroxy radical oxidation of eluting component. However; authentic 8-oxo-dG possesses
thymidine which demonstrated that saturated pyrimidines a retention time of 5.32 min under these chromatographic
were not formed to any detectable extebh®)( conditions (Figure 6B). The possibility of formation of very
Peroxy Radical Oxidation of Deoxyguanosirighe oxida- minor amounts of this oxidation product, undetectable by
tion of dG by peroxy radical was examined as a model optical absorbance, was investigated by the use of electro-
reaction to provide information on the transversion inducing chemical detection. Analysis of the reaction failed to detect
G lesions. The HPLC trace of a typical reaction of dG with the presence of 8-oxo-dG, within a sensitivity range=df
peroxy radical is shown in Figure 6A. The diode array ng/mL (data not shown). The structural elucidation of the
isogram data obtained from this chromatogram is shown in two major oxidation products is in progress.
the top panel. In addition to recovered starting material,
eluting at 4.9 min, two new products are formed, eluting at DISCUSSION
5.8 and 7.8 min, respectively. The early eluting components The majority of research on oxidative DNA damage has
at <1.5 min are low wavelength absorbing components that focused on the reaction products and mutagenicity of the
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Ficure 5: Electrophoretic analysis of the reactions of peroxy radical
treated DNA with alkali and the DNA glycosylase/AP lyase proteins L A
Fpg and Nth32P-end-labeled, linearized PGK1 plasmid DNA was ]

treated with peroxy radical and then reacted with either 750 ng of
Nth protein (lane 6) or 500 ng of fpg protein (lane 7). Control lanes FIGURE 6: HPLC chromatographic anaIyS|s of the reaction of dG
3 and 4 reveal the backround breaks elicited by Nth and Fpg with peroxy radicals. (A) Top figure shows the isogram obtained
proteins, respectively, on unoxidized DNA. Reactions with NaOH from the HPLC trace shown directly below. (B) Superposition of
were designed to test for the presence of alkali-labile sites. the reaction chromatogram with that of an 8-oxadoxyguanosine

hydroxy radical, formed either from the radiolysis of water standard.

O o el of gt toge erexide. e methods might provide nsight o s quesia One
arti)éi ate in DNA dgamaye and muta enesisp was ins iredpOSSibiIity is that only a small subset of base damage
P P g 9 P products or radical precursors are competent at effecting

in part by e"'def.‘ce V\.’h'Ch presen@ed a role for pyrimidine strand breaks; thus a number of base modifications would
base peroxy radicals in the formation of strand breaks upon )
accumulate prior to the appearance of strand breaks.

aerobic pulse radiolysi8b—37). The notion that a highly
reactive radical species such ‘@H may react with DNA The fact that base modification occurs at least 4 times more
in the presence of oxygen to generate more stable radicaleadily than strand breaks at low initiator concentrations
intermediates with their own characteristic pattern of reactiv- reflects the greater oxidizability of the bases relative to the
ity suggests that “secondary” radicals such as peroxy or libophosphate moiety. The estimates of base modification
alkoxy may play important roles in production of endogenous Presented in Figure 2 are on the conservative side since it is
DNA damage. likely that not all base lesions were excised by the combina-
Although these studies were informative about the in- tion of DNA glycosylases/AP lyases used in this study. This
volvement of peroxy radicals in strand breaks, it was apparentiS not the case with ssb’s, since they are detected directly in
that little information was available concerning peroxy radical the glyoxal gel analysis. The ratio of base modifications to
oxidation reactions of the nucleic acid bases and the resultingssb’s is higher than that reported for the*QH,O-/ascorbate
potential for mutagenesis. The data of Figure 2 demonstratesystem, which utilized an identical procedure to calibrate
that base oxidation by peroxy radical occurs more readily breaks and modification@24). The greater degree of strand
than strand breaks in DNA. This would suggest that peroxy breaks in this case may reflect the greater reactivity of the
radicals have a greater potential for mutagenesis via mech-radical intermediate(s) produced in the?Ciii,O./ascorbate
anisms involving translesional synthesis than through thosereaction. Whether the principal oxidant in this caseds
involving DNA breakage. It can be seen from the data in remains to be demonstrated, since it has been shown that
Figure 2 that the yield of modified bases increases more the extent of reaction of hydroxy radicals with ribose is too
rapidly than strand breaks at low initiator concentrations. slow to account for the observed yield of strand bre&&. (
Whether there is a prior dependence on the formation of The preferential reaction of peroxy radical with the bases,
modified bases for the generation of strand breaks, as is theand the overwhelming preference for reaction at guanine,
case for pyrimidine base peroxy radicals generatetOby likely reflects the greater chemical selectivity of this species
addition, is unclear from the present work. Optical pulse relative to that produced by the Fenton reaction with low-
radiolysis in conjunction with time-resolved light scattering valent transition metal ions.
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In these experiments, peroxy radicals were generated viaallow base pairing with dG to produce this mutant. This

thermolysis of the water-soluble diazo initiator ABAP in the
presence of saturating concentrations ef Ohe half-life

of this initiator at 37°C is~175 h; thus, the rate of formation
of carbon-centered radicals over the first few hours is linear.
Since the reaction of these radicals with oxygen is diffusion
controlled 38), the rate of peroxy radical formation must
also be linear. The slow formation of peroxy radicals limits
the probability for radical quenching by self-condensation

transversion has also been observed following treatment with
alkylating agents such as 4-nitroquinoline 1-oxi@®)( In

this case, C-8 adduction at guanine forces the base into the
syn conformer which can formally base pair with an opposed
dG in the anti conformation. This lesion is the only known
example of a G— C transversion causing a base damage
product whose identity is known. Perhaps the dG oxidation
product possesses a similar conformational geometry and

and maximizes opportunities for substrate reaction. Radicalhydrogen bonding arrangement.

yields at 37°C may be estimated over the linear range of
initiator decomposition according to the equation of Niki,
wheret is in seconds X6):

[ROO] = 1.36 x 10 [ABAP] x t

Applying this approximation to the ABAP concentrations
of Figures 1 and 2 reveals levels of RO& least 2 orders

of magnitude lower than that of the initiator, implying that
even submicromolar concentrations of radical may exert
significant toxicity and mutagenicity.

Since the base moieties were the principal target of peroxy

radical oxidation of DNA (Figure 2), replication of oxidized
template DNA was expected to give rise to mutations via

translesional DNA synthesis. Transfected single- or double-

stranded plasmid DNA exposed to 500 nM peroxy radicals
resulted in a>30-fold increase in the mutation frequency

The finding of an elevated level of mutations in a RecA
strain transfected with peroxy radical oxidized DNA prompted
us to examine the mutation frequency in a related yet RecA
strain (JM101). Here the frequency of mutations was 10
times higher than the backround mutation level (which was
identical in RecA and RecA strains), yet it was still about
3-fold less than that observed in the Recgtrain. It would
appear that the presence of a functional RecA gene product
can limit the mutagenic potential of peroxy radical induced
DNA damage, although how this might occur is presently
unclear.

G — T transversions are known to arise via replication of
template DNA containing either 8-oxo-dG or abasic sites
(40—43). Strand breaks at G sites of oxidized DNA
following treatment with the Fpg protein (Figure 5) initially
suggested the presence of abasic sites, imidazole ring-opened
purine derivatives (fapy derivatives), or 8-oxo-dG. Resis-

over untreated transfectants. The striking result here is thattance to cleavage by alkali, as well as resistance to digestion
nearly all the base-substitution mutations are G transversionsby a second AP lyase, the Nth protein, argued against the

with a virtually equivalent number of G> C and G— T
substitutions. In contrast, base mutations arising from
transfection of unoxidized DNA were primarily transitions
at cytosine (Table 1).
previously observed in forward mutation assay€incoli,

presence of abasic sites. Consistent with this, free guanine
was not detected in model oxidations of dG. Sensitive
electrochemical detection methods failed to confirm the

Transversions at G have beenpresence of 8-o0xo-dG. It is unlikely that fapy guanine is

produced in the reaction to any extent, since this lesion is

where the oxidizing radicals were generated by Fenton or apparently lethal in bacteria in the absence of repair and does

Udenfriend reaction of DNA. G— C transversions was

not appear to give rise to a characteristic mutant spectrum

observed by Loeb and co-workers in the mutagenic spectrum(44). The Fpg-sensitive G lesion is possibly a modified fapy

of Udenfriend-oxidized (P&, O.) DNA (1). Forty percent
of the base substitutions observed in theZa forward
mutation assay were & C transversions, while the next
most abundant were € T transitions (23%). This transition

derivative, or an oxidized purine hitherto unrecognized as a
substrate for Fpg glycosylase/AP lyase.

While this work was nearing completion, a report appeared
describing the mutations inducedtn coli by peroxy radicals

was detected rarely in our studies with peroxy radical induced using a similar assay4b). While those authors also

mutants £4%), yet it appears frequently among the spon-
taneous mutants (Table 1). The30-fold enhancement in
mutation frequency obtained by McBride et dl) {s similar

identified G transversions as the predominant mutation, very
few G — C transversions were found, in contrast to this
report. Induction of the SOS response in R&ésiains was

to the level of mutation induction that we observe. However, also required to detect induced mutants, yet this frequency
the mutations we observe arise from translesional synthesiswas less than 10-fold over the spontaneous backround.
in the absence of RecA and the associated SOS responseMoreover, the predominant G> T transversions were
The DNA lesions produced by low-valent transition metal proposed by those authors to arise from abasic sites. We
ion oxidations require error-prone DNA repair synthesis present evidence that conflicts with this view, although the
(SOS response) to give levels of mutability comparable to differences may reflect nonidentical genetic backrounds and/
those obtained by peroxy radicals. Thus, there appear to beor differences in methodology. Those authors do not appear
some fundamental differences in the kinds of base damageto have controlled the partial pressure of oxygen in the DNA
produced by peroxy radical. Some of these are alreadyreactions, which are described as being “incubated in open
apparent. For example, 8-hydroxyguanine is produced byreaction vessels”. We have observed variations in the
the Fenton and Udenfriend reactions, where it may accountproduct distributions of the peroxy radical reaction products
in part for the G— T transversions observed, but this base of dG as a function of @partial pressure; thus, it is possible
lesion is not produced by peroxy radical oxidation. It will that the conditions used by Harkin et all5[ failed to

be of interest to determine whether the lesion at guanosinegenerate the same distribution of lesions that gave rise to
which gives rise to G— C transversions following treatment  our observed mutant pattern. The different genetic back-
with peroxy radical is identical to that produced in Uden- round of the strains used in these two studies may also
friend/Fenton-oxidized DNA. This oxidation product must account for some differences.
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We previously demonstrated that peroxy radical reaction 17.

with thymidine gives rise to 5-Me oxidation product.

Failure to observe mutations at dT in our assay may have
been due to the lack of mutagenicity of some C-5 Me 19,

oxidized thymidine lesions in bacterid®) or the efficient

repair of others. We have recently completed in vitro 20
mapping studies of peroxy radical DNA damage on genomic 2
DNA for selected exons in the PGK1 and P53 genes using
the ligation-mediated PCR technique (Rodriguez et al.,
Eighty-seven percent of the
thousands of base damaged sites detected were at G2
Guanine possesses the lowest ionization potential among the o4

unpublished experiments).

standard WatsonCrick bases and is often observed to be

the most damaged base when DNA is exposed to oxidizing

conditions 47). Thus, it is not suprising that G is the
preferred target for a highly selective radical oxidant like
ROQO. With respect to its mutagenic profile, the peroxy

radical appears similar to singlet oxygen, which also is a

strong inducer for transversions at guaniag, @9). Inter-

estingly, singlet oxygen can be produced via the decomposi-

tion of peroxy radical dimers5Q), and it is possible that it
is produced in our reaction. However, the major oxidative
product of the singlet oxygen reaction with DNA is 8-hy-

droxy-2-deoxyguanosine, which is not detected in the peroxy

radical reaction. G~ C transversions produced by singlet

oxygen have been detected in a mutation assay using

mamallian cells 49). Whether this lesion shares identity

with those responsible for & C transversions in the Fenton/

Udenfriend or peroxy radical oxidations will be the subject
of future investigation.
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