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tion in nuclear membranes adjacent to chromatin at-
We have recently shown that peroxyl radicals react tachment sites suggests a possible role in spontaneous

with DNA to form alkali-labile sites. To further charac- DNA damage (8–10). We recently showed that a range
terise these lesions, we studied their susceptibility to of base substitutions are produced upon bacterial pro-
digestion by repair endonucleases that recognise dif- cessing of peroxyl radical-damaged DNA, althoughferent types of abasic sites. We found that peroxyl radi- G r T transversions were by far the most common (7).cal-damaged pSP189 plasmids were resistant to cleav-

Since the premutagenic damage was alkaline-sensitiveage by T4 endonuclease V, an enzyme that incises DNA
and SOS-dependent, we hypothesised that abasic sitesat ‘‘regular’’ and C4-oxidised abasic residues. In con-
were probably responsible for the G r T transversionstrast, the DNA was digested by exonuclease III, an en-
(7). However, since other genetic lesions can also gener-zyme that recognises ‘‘regular’’ and C1-oxidised abasic
ate this mutation, the present work was intended tosites. The presence of Trolox during exposure to per-
directly assess the contribution of depurination events.oxyl radicals reduced subsequent DNA cleavage by

Due to the toxic properties of abasic sites, most cellsexonuclease III, while prior incubation of damaged
are equipped with apurinic/apyrimidinic (AP) endonu-plasmids with methoxyamine potentiated digestion by
cleases which repair these lesions (11). The majority ofthis enzyme. These findings suggest that peroxyl radical-

induced DNA damage involves the generation of novel AP endonucleases, which includes such E. coli enzymes
C1-oxidised deoxyribose residues. q 1997 Academic Press as endonuclease IV and exonuclease III, cleave double-

stranded DNA immediately 5* to an abasic site (12, 13).
In contrast, a smaller group of AP endonucleases (such
as E. coli endonuclease III and T4 endonuclease V) in-
cise DNA 3* to an abasic site via a b-elimination reactionEndogenously-produced genotoxicants are receiving
mechanism (14, 15). Recent substrate-specificity studiesincreasing attention as likely contributors to spontane-
have revealed that these two classes of AP endonucle-ous mutagenesis (1–3). One key source of such species
ases also show differences in their activity against cer-is lipid peroxidation, an autocatalytic cascade affecting
tain types of abasic sites (16–18). Whilst ‘‘regular’’ orpolyunsaturated fatty acids that generates various
nonoxidised abasic sites are readily digested by all APDNA-damaging products such as malondialdehyde and
endonucleases, those enzymes which cleave 5* to an aba-a number of enals (4). The recent detection of adducts
sic site show a higher reactivity against DNA that con-from these aldehydes in mammalian DNA has con-
tains C1-oxidised sugars, while digesting C4-oxidised de-firmed that lipid peroxidation is a major contributor to
oxyribose residues less readily. In contrast, endonucle-spontaneous DNA damage in vivo (5, 6). To gain a fuller
ases which incise the DNA at the 3* side cleave bothappreciation of the genotoxic properties of other lipid
types of oxidised AP sites to a similar degree with theperoxidation products, we recently commenced study
exception of T4 endonuclease V which shows minimalof the DNA-damaging properties of peroxyl radicals (7).
recognition of 1*-oxidised sites (16).These oxygenated lipid radicals catalyse the propaga-

In this study we have exploited the differences intion phase of lipid peroxidation, and their likely forma-
substrate specificity of various AP endonucleases in an
effort to characterise the DNA damage caused by per-

1 Corresponding author. Fax: 61-8-822-40685. E-mail: pburcham@ oxyl radicals. Double-stranded pSP189 plasmids were
medicine.adelaide.edu.au. treated with the peroxyl radical generator 2,2 *-azo-Abbreviations: AP site(s), apurinic/apyrimidinic site(s); AP endo-

bis(2-amidinopropane) hydrochloride (AAPH) and thennuclease(s), apurinic/apyrimidinic endonuclease(s); AAPH, 2,2*-azo-
bis(2-amidinopropane) hydrochloride. digested with either exonuclease III or T4 endonucle-
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ase V (19). We predicted that if a premutagenic lesion
other than an abasic site was present in the modified
DNA, it would not be cleaved by either AP endonucle-
ase. Conversely, if ‘‘regular’’ abasic sites were the major
lesion, the damaged DNA should be digested by both
enzymes. In contrast, if the damage involves C1-oxi-
dised sugars the DNA would be cleaved by exonuclease
III only, while the presence of C4-oxidised sugars would
enhance digestion by both enzymes although to a lesser
extent than ‘‘regular’’ AP sites. Collectively, our results
indicate that while abasic sites are major contributors
to peroxyl radical-induced mutagenesis, the DNA dam-
age is more complex than the simple depurination
events initially envisaged.

MATERIALS AND METHODS
FIG. 1. Effect of increasing enzyme concentration on the diges-

Materials. 2,2 *-azobis (2-amidinopropane)-HCl was obtained tion of AAPH-modified pSP189 plasmids by two AP endonucleases.
from Polysciences, Inc. (Warrington, PA). Double-stranded pSP189 AAPH-treated double-stranded pSP189 DNA (0.5 mg) was incubated
plasmid DNA, amplified in the bacterial strain Ab2463, was a gener- with either exonuclease III (0–10 units) or T4 endonuclease V (0–
ous gift from Prof. L. J. Marnett, Vanderbilt University, Nashville, 10 units) for 1 hour at 377C in a final reaction volume of 10 mL.
TN. Methoxyamine and Trolox were purchased from Sigma-Aldrich The reaction products were then resolved on an ethidium bromide-
Pty., Ltd. (Australia). Exonuclease III and T4 endonuclease V were containing 0.8% agarose gel prior to densitometric quantitation of
obtained from Boehringer Mannheim Pty., Ltd. (Australia) and As- form I (supercoiled) and form II (relaxed) DNA. The results are ex-
tral Scientific (Australia) respectively. All other reagents were pur- pressed as a percentage change over the amount of forms I and II
chased from standard commercial suppliers. DNA present in non-digested, AAPH-modified plasmids. Each data

Peroxyl radical modification of pSP189 DNA. To prepare peroxyl point represents the mean of two independent observations.
radical-treated plasmids, double-stranded pSP189 DNA (0.1 mg/mL)
was incubated for 2 hr at 37 7C in open reaction vessels containing
100 mM 2,2 *-azobis(2-amidinopropane) hydrochloride (AAPH) in so-
dium phosphate buffer (50 mM, pH 7.0). Control DNA samples were type of damage was minimised during the preparation
treated similarly in the absence of AAPH. Following incubation, the of our substrate DNA, we used the lowest concentration
DNA was recovered using a BIORAD DNA purification kit and then of AAPH which was mutagenic in our previous experi-quantitated via absorbance measurements at 260 nm (20). In some

ments (i.e. 100 mM) (7). Nonetheless, some nicking (ap-experiments, the same DNA modification conditions outlined above
were used except that various concentrations of Trolox (0 to 200 mM) prox. 20%) was associated with exposure to even this
were included in the reaction mixtures. low concentration of AAPH (data not shown). To deter-

mine whether abasic site formation accompanied thisEndonuclease relaxation assay. AAPH-modified pSP189 DNA
(0.5 mg) was incubated for 1 hour at 37 7C with either exonuclease damage, peroxyl radical-modified pSP189 plasmids
III (0–10 units) or T4 endonuclease V (0–10 units) in a final volume were then digested with two dissimilar AP endonucle-
of 10 mL. The reaction media used during exonuclease reactions com- ases, T4 endonuclease V and E. coli exonuclease IIIprised 50 mM Hepes/KOH (pH 7.6), 1 mM dithiothreitol, 10 % glyc-

(Figure 1). Intriguingly, we found that the modifiederol (w/v) and 5 mM MgCl2 (21), while the buffer used in T4 endonu-
clease V reactions contained 20 mM Tris-HCl (pH 7.5), 100 mM NaCl DNA was readily digested by exonuclease III, with a
and 1 mM EDTA (16). In experiments where the effects of methoxya- concentration-related loss of form I (supercoiled) DNA
mine were investigated, modified DNA was incubated with me- (solid squares, Figure 1) and a corresponding increase
thoxyamine (0 to 250 mM) for 30 mins at 37 7C prior to the addition

in form II (relaxed) DNA (solid triangles, Figure 1) ac-of exonuclease III (7.5 units) (22). All endonuclease reactions were
companying treatment with the enzyme. Note that de-stopped by adding 2 mL of 2 % sodium dodecyl sulfate (16), and the

DNA was loaded onto a 0.8 % agarose gel containing 0.5 mg/mL spite the loss of form I DNA, form II DNA formation
ethidium bromide. The DNA was then resolved for 2 hours at 65 V declined in the presence of 10 units of enzyme. A simi-
after which it was visualised under UV light (20). The supercoiled lar finding has been reported by others following the(form I) and relaxed (form II) DNA was then quantitated via densi-

use of high concentrations of exonuclease III, and mosttometry using a Kodak DC40 digital camera and Digital Science
likely reflects degradation by the 3 *–5* exonucleaseelectrophoresis analysis software.
activity associated with this protein (24).

The exonuclease III experiments provided clear evi-RESULTS
dence for the induction of abasic sites by peroxyl radi-
cals. However, the finding that the damaged DNA wasEffects of increasing AP endonuclease concentration.

Other workers have shown that high concentrations of completely resistant to degradation by T4 endonucle-
ase V suggested that it did not contain ‘‘regular’’ abasicthe peroxyl radical generator AAPH cause nicking of

DNA, converting supercoiled plasmids (form I) to their sites which are formed by simple hydrolysis of the N-
glycosyl bond of deoxynucleotides (Figure 1). We foundrelaxed counterpart (form II) (23). To ensure that this
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thoxyamine with abasic sites has previously aided clar-
ification of the mechanism of action of various AP endo-
nucleases (12, 22, 25–27). Whilst the derivatisation of
abasic sites by methoxyamine inhibits the action of
most mammalian 5*-acting AP endonucleases (22, 27),
such modified sites are readily cleaved by the bacterial
counterparts to these enzymes (12, 22). Indeed, it has
been suggested that the presence of o-methylhydroxyl-
amine adducts at abasic sites actually enhances cleav-
age by bacterial AP endonucleases, since the ring-
opened abasic sugar may enhance enzyme access dur-
ing 5* phosphodiester bond hydrolysis (12). Our present

FIG. 2. Effect of increasing concentrations of the radical scaven- results support this proposal, since pretreatment with
ger Trolox on the generation of exonuclease III-sensitive lesions in methoxyamine produced a concentration-related en-
pSP189 plasmids during exposure to peroxyl radicals. Double-

hancement of exonuclease III-catalysed digestion ofstranded pSP189 DNA was treated with AAPH (100 mM) in the pres-
AAPH-damaged DNA (Figure 3). By showing that reac-ence of Trolox (0 to 200 mM) and then digested with 7.5 units of

exonuclease III. The reaction products were then resolved on an tion with methoxyamine facilitates cleavage by exo-
ethidium bromide-containing 0.8% agarose gel prior to densitometric nuclease III, this finding strengthens the conclusion
quantitation of form II (relaxed) DNA. The percentage of DNA in the that abasic sites are key DNA damage products of per-form II (relaxed) state is expressed as the percentage change over

oxyl radicals.the amount present in non-digested, unmodified DNA. Each data
point represents the mean of two independent observations.

DISCUSSION

that even in the presence of up to 10 units of T4 endonu- Our results provide the first conclusive demonstra-
clease V, the proportion of DNA molecules in the su- tion that peroxyl radicals, ubiquitous products of lipid
percoiled (open squares, Figure 1) and relaxed (open peroxidation, generate abasic sites during their inter-
triangles, Figure 1) forms remained essentially the actions with DNA. Since our previous experiments
same as in undigested substrate DNA. In a separate showed that the most common mutations in peroxyl
control experiment, we established that this lack of radical-damaged DNA occur at guanine residues, it
activity was not due to a poor batch of enzyme or inap- seems likely that the AP endonuclease-sensitive sites
propriate assay conditions, since T4 endonuclease V result from the loss of guanine bases (7). These findings
readily digested depurinated pSP189 DNA that con- are consistent with previous studies that have detected
tained ‘‘regular’’ abasic sites generated by heating the alkaline-sensitive lesions at, or immediately 5* to, gua-
plasmids under mildly acidic conditions (data not nine nucleotides in DNA following exposure to peroxi-
shown). On the basis of substrate specificities for exo-
nuclease III and T4 endonuclease V reported by Haring
et al. (1994) (16), the most consistent interpretation
of our data is that peroxyl radicals almost exclusively
generate a subgroup of ‘‘oxidised’’ abasic sites that con-
tain a C1-oxidised sugar residue, rather than ‘‘regular’’
depurinated sites.

Effects of a radical scavenger on exonuclease III di-
gestion of AAPH-modified DNA. We have previously
reported that AAPH-induced mutagenesis in the M13
forward mutational assay is abolished by the water-
soluble vitamin E analogue, Trolox (7). To assess
whether this peroxyl radical scavenger blocked the gen-
eration of exonuclease III-sensitive lesions, plasmids

FIG. 3. Effect of methoxyamine on the susceptibility of peroxylwere exposed to 100 mM AAPH in the presence of a
radical-damaged DNA to digestion by exonuclease III. Following ex-range of Trolox concentrations prior to digestion with
posure to 100 mM AAPH for 2 hr at 377C, double-stranded pSP189exonuclease III (Figure 2). The presence of Trolox re- plasmids were incubated with increasing concentrations of me-

sulted in a concentration-dependent decrease in DNA thoxyamine (0 to 250 mM) for 30 minutes prior to digestion with 7.5
units of exonuclease III. The reaction products were then resolvedcleavage by exonuclease III, confirming that peroxyl
via agarose gel electrophoresis prior to densitometric quantitationradicals mediate the formation of the exonuclease III-
of form II (relaxed) DNA. The extent of digestion (form II formation)sensitive abasic sites in the DNA.
is expressed as the percentage increase over the amount of digestion

Effects of methoxyamine on exonuclease III digestion occurring in AAPH-modified plasmids. Each data point represents
the mean of two independent observations.of AAPH-modified plasmids. The reaction of me-
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dised lipids and transition metal catalysts as a source classes of endogenous oxygen-centred radicals (eg. per-
oxyl radicals versus hydroxyl radicals) produce differ-of peroxyl radicals (28–31). Unfortunately, the geno-

toxicity observed in these types of experiments is diffi- ent types of sugar damage, then quantitation of such
damage in DNA from cells and tissues might providecult to interpret since a plethora of other lipid decompo-

sition products are also formed, hence a specific form an important insight into specific free radical fluxes in
living systems.of DNA damage cannot be attributed to any one partic-

ular species. This problem was avoided in the present
study by using the azo initiator compound AAPH which ACKNOWLEDGMENTS
generates peroxyl radicals in a metal-free environment
(32). Such species are a valid surrogate for lipid-derived This study was supported by a Priming Grant from the National
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