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ABSTRACT Oxidation of endogenous macromolecules
can generate electrophiles capable of forming mutagenic
adducts in DNA. The lipid peroxidation product malondial-
dehyde, for example, reacts with DNA to form M1G, the
mutagenic pyrimidopurinone adduct of deoxyguanosine. In
addition to free radical attack of lipids, DNA is also contin-
uously subjected to oxidative damage. Among the products of
oxidative DNA damage are base propenals. We hypothesized
that these structural analogs of malondialdehyde would react
with DNA to form M1G. Consistent with this hypothesis, we
detected a dose-dependent increase in M1G in DNA treated
with calicheamicin and bleomycin, oxidizing agents known to
produce base propenal. The hypothesis was proven when we
determined that 9-(3-oxoprop-1-enyl)adenine gives rise to the
M1G adduct with greater efficiency than malondialdehyde
itself. The reactivity of base propenals to form M1G and their
presence in the target DNA suggest that base propenals
derived from oxidative DNA damage may contribute to the
mutagenic burden of a cell.

Oxidation of biological molecules has been implicated in both
cancer and aging (1, 2). The genotoxicity of oxidizing agents, both
exogenous and endogenous, arises from direct damage to DNA
(3, 4) or from reactions with other biomolecules that lead to the
formation of DNA-reactive electrophilic species (5–7). The lipid
peroxidation product malondialdehyde is an example of the
indirect pathway (8). Malondialdehyde reacts with DNA to form
a variety of adducts, the most abundant of which is M1G (Fig. 1),
the pyrimidopurinone of deoxyguanosine (5, 9). The M1G adduct
is mutagenic (10–12) and has been detected at levels of '5000
adducts/cell in normal human liver (5). We now report that M1G
adducts can also be formed in a reaction of DNA with base
propenals derived from oxidative DNA damage.

Lipids represent an important target for free radical attack
(13). However, it is estimated that DNA in a human cell is
subjected to thousands of oxidative insults per day from oxygen
radicals and related species that arise from normal metabolism
and inflammation (2). Even with efficient DNA repair, oxi-
dation of deoxyribose and possibly the bases results in the
formation of several electrophilic and potentially genotoxic
products (3, 4). For example, base propenal (Fig. 1) is one of
the products arising from abstraction of the deoxyribose
49-hydrogen atom by hydroxyl radical (3) and other activated
oxygen species (14), as well as several DNA-cleaving antibi-
otics (15). Base propenals have been shown to be lethal to cells
at micromolar concentrations (16, 17), but the genotoxicity of
these and other products of oxidative deoxyribose damage
have been largely unexplored.

The genotoxic potential of a base propenal was predicted
from its structural identity as a b-substituted acrolein, which is
analogous to the enolate form of malondialdehyde (Fig. 1).
Previous studies demonstrated that certain b-substituted ac-
roleins are significantly more mutagenic than malondialde-
hyde (12). To test the hypothesis that base propenals would
react with DNA to form M1G, we have examined the forma-
tion of this adduct in DNA treated with adenine propenal and
with two oxidizing agents known to produce base propenal,
bleomycin and calicheamicin (15). Our results suggest that, in
addition to the direct genotoxicity of oxidative DNA lesions,
the base propenal product of deoxyribose oxidation may also
contribute to the mutagenic burden of a cell.

MATERIALS AND METHODS

Reagents. 9-(3-Oxoprop-1-enyl)adenine (adenine-N1-prope-
nal, adenine propenal) was purchased from Salford Ultrafine
Chemicals (Manchester, U.K.). Blenoxane (a mixture of bleomy-
cins A2 and B2) and calicheamicin g1

I were generously provided
by Terry Doyle (Bristol-Myers Squibb) and George Ellestad
(Wyeth Ayerst Research, Pearl River, NY), respectively. Calf
thymus DNA (Sigma) was prepared by rehydration in water,
shearing with a 20-gauge needle, purification with a Qiagen
Gigaprep kit, and dialysis against 50 mM sodium phosphate (pH
7). All other chemicals were reagent grade or better.

Reactions of DNA with Oxidizing Agents and Adenine
Propenal. The calicheamicin reaction was performed by add-
ing a methanolic solution of the drug (5 or 20 mM final
concentrations) to calf thymus DNA (50 mg/ml or 950 mg/ml)
in 50 mM sodium phosphate (pH 7), with 10 mM glutathione
present to activate the drug. Reaction of bleomycin with DNA
was performed by premixing an aqueous solution of blenoxane
with ferrous ammonium sulfate at a molar ratio of 4:5 and
adding the mixture to a solution of DNA in 50 mM sodium
phosphate (pH 7). In all cases, the reactions occurred at
ambient temperature for 1 hr followed by overnight dialysis at
4°C against 50 mM Hepes/1 mM EDTA (pH 7). DNA was
treated with adenine propenal by adding an aliquot of the base
propenal in dimethyl sulfoxide to a 1-mg/ml solution of a
duplex oligonucleotide (GGTGTCCGzCGGACACC) in 10
mM Mops/100 mM NaCl (pH 7). This reaction was allowed to
proceed for 1.5 hr at ambient temperature. In reactions of calf
thymus DNA with either malondialdehyde or b-benzoyloxya-
crolein, DNA (0.35 mg/ml) was treated with the compounds at
37°C for 5 hr in 25 mM sodium phosphate (pH 7.4).

Detection and Quantitation of M1G Adduct. Following enzy-
matic hydrolysis of DNA samples with DNase I, nuclease P1, and
alkaline phosphatase (18), the M1G adduct was quantified by gas
chromatography/electron capture/negative chemical ionization/
mass spectrometry preceded by an immunoaffinity purification
step as described in detail elsewhere (18).The publication costs of this article were defrayed in part by page charge
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RESULTS

We first tested the hypothesis that chemicals causing formation of
base propenals would also produce M1G. A base propenal is one
of the products arising from radical-mediated abstraction of the
49-hydrogen atom of deoxyribose. Following abstraction, the
damage chemistry partitions to form either of two sets of products
(Fig. 2): a strand break consisting of 39-phosphoglycolate- and
59-phosphate-ended DNA fragments and base propenal; or a
ketoaldehyde abasic site and free base (15). Calicheamicin and
bleomycin have been shown to cause 49-hydrogen atom abstrac-
tion (15, 19, 20). Calicheamicin is an enediyne antibiotic that,
when activated by thiols, forms a minor groove-specific diradical
species that abstracts deoxyribose hydrogen atoms (15, 20). The
resulting damage consists of bistranded lesions with 49 chemistry
on one strand and 59 chemistry on the other (21). The iron-
chelating antibiotic bleomycin produces both single-and double-
strand DNA lesions caused only by 49-hydrogen atom abstraction
(15, 19).

As shown in Fig. 3, treatment of DNA with calicheamicin
and bleomycin caused a concentration-dependent formation
of M1G. On a molar basis, bleomycin was three- to fourfold
more efficient at causing formation of M1G than calicheamicin
(1 3 1015 vs. 3 3 1014 M1G/mol, respectively). As discussed
shortly, this difference may be due to limited redox cycling by
the Fe(II)–bleomycin complex (calicheamicin is capable of
only a single damage reaction), the reactivity of individual base
propenals, or the proximity of base propenal formation to
neighboring guanines.

To establish that base propenal was responsible for the
formation of M1G, we treated a duplex deoxyoligonucleotide
with adenine propenal. As shown in Fig. 4, the base propenal
caused a concentration-dependent formation of M1G. The
inset in Fig. 4 attests to the linearity of the dose-response
relationship.

The greater reactivity of base propenal relative to malon-
dialdehyde is demonstrated in Table 1. Of the three b-substi-
tuted acroleins tested, adenine propenal proved to be the most
efficient at forming M1G. Both malondialdehyde and b-ben-

zoyloxyacrolein required significantly higher concentrations
and/or longer incubation times to achieve a similar level of
adduction as adenine propenal. The M1G data for b-benzoyl-
oxyacrolein, however, must be viewed as a conservative esti-
mate given its instability in aqueous solution (12).

FIG. 3. Formation of M1G in DNA treated with calicheamicin and
bleomycin. Calf thymus DNA was treated with the indicated concen-
trations of these radical-mediated DNA cleavers and M1G was quan-
tified as described in Materials and Methods. Error bars represent
deviation about the mean for duplicate determinations.

FIG. 1. Structures of malondialdehyde, its tautomer, adenine
propenal, and M1G and a proposed mechanism for the formation of
M1G from adenine propenal.

FIG. 2. Formation of base propenal following radical-mediated
49-hydrogen atom abstraction (15). (A) The pathway leading to base
propenal is oxygen dependent for both calicheamicin and bleomycin,
while the oxidized abasic site produced by bleomycin is oxygen
independent (33). (B) A model for the formation of M1G in DNA by
reaction of base propenal (cytidine) with a neighboring guanine.
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DISCUSSION

We have demonstrated that base propenals are capable of
forming the M1G adduct by a direct reaction of DNA with
adenine propenal and indirectly as a consequence of DNA
damage produced by oxidizing agents. Several lines of evi-
dence suggest that base propenals derived from oxidative DNA
damage will be a biologically important source of M1G. The
first involves proximity to DNA. Although lipids may be a
greater target for attack by free radicals than DNA (13),
malondialdehyde produced in lipid membranes must diffuse to
DNA, while base propenal is generated directly in DNA. An
enhancement of M1G formation by proximity to the ultimate
target may be compounded if the base propenal remains
intercalated in DNA. This may explain the high level of M1G
associated with bleomycin-induced DNA damage. Bleomycin
causes damage mainly at the pyrimidine of G-Py sequences
(22) with subsequent formation of thymine and cytosine
propenals (23, 24). As illustrated in Fig. 2B, if the pyrimidine
propenals retain their positions by base stacking and by
hydrogen bonding to the opposing purine, then the proximity
of the neighboring guanine may enhance the rate of formation
of M1G.

A second important point is the higher reactivity of adenine
propenal, and probably other base propenals, than malondi-
aldehyde in the formation of M1G. Adenine propenal was
predicted to be more reactive than malondialdehyde since the
imine nitrogen of a DNA base should be a better leaving group
than the enol hydroxyl group of malondialdehyde at neutral
pH, which bears a full negative charge (pKa 5 4.6) (9). Many

oxidizing agents, such as radiation and endogenous Fenton
chemistry, are capable of forming both malondialdehyde and
base propenal in cells (reviewed in refs. 3 and 25). However,
even in the presence of much higher levels of malondialdehyde,
the more reactive base propenal may represent a significant
source of M1G.

One possible example of the biological implications of base
propenal-derived M1G lies in the mutational spectra observed
with bleomycin and neocarzinostatin (26–28); the latter is an
enediyne similar to calicheamicin that produces base propenals
(15, 29). Although many of the mutations caused by these
agents can be explained by the formation of apurinic/
apyrimidinic lesions at sites of damage, a significant number of
the mutations do not occur at known damage sites (26–28).
These transition and transversion mutations are consistent
with M1G produced by diffusible base propenal (11).

An important question that remains to be answered is the
relative contributions of lipid peroxidation (malondialdehyde)
and oxidative DNA damage (base propenal) to the cellular
burden of M1G. The levels of M1G in several tissues are similar
to the levels of 8-oxoG, an oxidative DNA damage product: rat
liver, 5 M1G vs. 6 8-oxoG/107 bases (30, 31); and human
pancreas, 32 M1G vs. 19 8-oxoG/108 bases (F. F. Kadlubar et
al., submitted for publication). Furthermore, of four types of
base damage examined in a study of human pancreas (M1G,
8-oxoG, 1,N6-ethenoadenine, and 3,N4-ethenocytosine), only
M1G and 8-oxoG showed a significant correlation (F. F.
Kadlubar et al., submitted for publication). However, it has also
been observed that exposure of rats to carbon tetrachloride
caused an increase in the quantity of M1G in the liver (5) but
did not affect the level of 8-oxoG (32). Though this problem
awaits definitive studies, the relative contributions of malon-
dialdehyde and base propenal to the quantity of M1G in a cell
is likely to be tissue and oxidant specific.

In conclusion, we have demonstrated that base propenal, a
product of oxidative DNA damage, reacts with DNA to form
M1G adducts. In view of these results, it is likely that other
electrophilic deoxyribose degradation products will also be
genotoxic, such as the formylphosphate residues associated
with 59-hydrogen atom abstraction (15). Given the continuous
production of oxidative DNA lesions in cells and the adven-
titious location of DNA-generated electrophiles, the base
propenal-induced formation of M1G may represent a signifi-
cant mutagenic burden in vivo.
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