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ABSTRACT: Malondialdehyde (MDA) and nucleobase propenals can transfer oxopropenyl groups to guanine
residues of DNA to yield pyrimodopurinone (M1G) adducts. The DNA structural requirements for reaction
with R,â-unsaturated aldehydes were explored. We found that single-stranded DNA is more sensitive to
oxopropenylation than double-stranded DNA, and supercoiled plasmid DNA is more sensitive than
linearized plasmid DNA. Increasing ionic strength inhibits oxopropenylation, especially by adenine propenal.
The intercalating agents ethidium bromide and 9-aminoacridine enhanced oxopropenylation by severalfold.
In contrast, actinomycin D, which both intercalates and binds in the minor groove, inhibited oxoprope-
nylation. The anthracycline drugs daunorubicin and doxorubicin enhanced oxopropenylation by MDA up
to 3-fold and by adenine propenal up to 7-fold in a concentration-dependent manner. The minor groove
binders netropsin and distamycin inhibited oxopropenylation, but methyl green, a major groove binder,
had little effect. These data suggest that steric access to the target nucleophile located in the minor groove
of DNA is critical for adduct formation by the endogenous mutagens MDA and base propenals.

Malondialdehyde (MDA)1 is an endogenous product of
lipid peroxidation that is carcinogenic in rats and mutagenic
in bacterial and mammalian cells (1-4). MDA forms adducts
with adenine and cytosine, but it reacts most readily with
guanine to form a 1:1 adduct, pyrimidopurinone (M1G)
(Scheme 1) (2, 5-8). Base propenals are structural analogues
of MDA that are produced during oxidative cleavage of the
DNA backbone by agents such as bleomycin, peroxynitrite,
or chromium(V) (9-12). Like MDA, base propenals form
M1G in DNA treated in vitro and are mutagenic in the frame-
shift tester strainSalmonella typhimurium hisD3052. Base
propenals are more reactive than MDA in vitro and more
mutagenic in vivo (13, 14).

The enol tautomer of MDA,â-hydroxyacrolein, and the
base propenals areR,â-unsaturated aldehydes with different
leaving groups, but their mechanism of reaction with DNA
is similar (Scheme 1). Model chemistry suggests that M1G
is formed by initial 1,2-addition of the exocyclic amino group

of guanine to the aldehyde ofâ-substituted acroleins followed
by cyclization with the guanine ring nitrogen (N1) (15).
Because the N2 atom of guanine is involved in hydrogen
bonding and is buried in the minor groove, the three-
dimensional structure of DNA is predicted to impact its
reactivity towardR,â-unsaturated aldehydes.

The three-dimensional structure of DNA can vary radically
during normal biological processes such as replication, repair,
and transcription. For example, during DNA replication,
single-stranded and supercoiled intermediates are generated
(16). RNA transcription involves alteration of nucleosomal
structure, DNA bending, and unwinding (17-21). In addition
to biochemically induced structural variations, some tracts
of DNA have innately peculiar structure. Particular repetitive
sequences can lead to conformations that differ from the
canonical B form as described by Dickerson (22). Such
“defined order sequence” DNA is present in eukaryotic
genomes and can exist in bent, A-form, Z-form, hairpin,
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Scheme 1: Formation of M1G by Malondialdehyde and
Base Propenals
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cruciform, triplex, or looped conformations (23). Therefore,
the structure of genomic DNA is neither static nor homo-
geneous, and these variations may have important biological
consequences, including altered reactivity toward mutagens.

The role of DNA structure in the reaction with mutagens
has been briefly explored for certain DNA-damaging agents.
For example, the structural changes induced by TATA
binding protein direct alkylation at a defined downstream
site by pluramycin, an epoxide-containing antitumor antibi-
otic with intercalating properties (24). Additionally, nucleo-
somal structure has been shown to preferentially direct
alkylation by enediynes, dimethylnitrosamine, and aflatoxin
B1 to internucleosomal tracts of DNA (25-27).

The three-dimensional structure of DNA as dictated by
sequence and buffer composition also affects adduct forma-
tion. Wurdeman et al. (28) treated model DNA substrates
that were single-stranded, mismatched, or bulged withN-
methyl-N-nitrosourea (MNU) and 2,12-dimethyl-3,7,11,17-
tetraazabicyclo[11.3.1]heptadeca[1(17),2,11,13,15-pentaena-
to]nickel(II) (NiCR)/KHSO5. They found that single-stranded
DNA is much more sensitive to NiCR/KHSO5 than double-
stranded DNA. In the case of MNU, there are less pro-
nounced differences between single- and double-stranded
DNA, but the site of alkylation is altered. Mismatched and
bulged DNA substrates are more sensitive to damage by
NiCR/KHSO5, and the effect on MNU alkylation either
increases or decreases depending on sequence. Tang et al.
(29) examined the effect of Z-DNA structure on DNA
damage. They found that guanines in Z-DNA tracts in the
context of a plasmid are selectively oxidized by NiCR and
Co2+ with KHSO5.

The role of topology in directing DNA damage has been
explored (30, 31). With regard to strand breaks, oxidizing
agents that produce highly reactive intermediates without
binding to DNA, such asγ-irradiation and peroxynitrite, are
insensitive to differences in superhelical tension. However,
some of the oxidizing agents that bind noncovalently to DNA
are affected by DNA supercoiling. For example, compared
to negatively supercoiled plasmids, positively supercoiled
plasmids are more sensitive to oxidation by Cu2+, which
binds to DNA and converts H2O2 into hydroxyl radical in a
site-specific manner (31). In addition, the enediyne antibiotic,
calicheamicinγ1

Ι, damages negatively supercoiled DNA
more efficiently than positively supercoiled DNA (30). These
results show that superhelical tension also can affect the
reaction between DNA and damaging agents.

The role of DNA structure in the reaction withR,â-
unsaturated aldehydes, such as 4-hydroxynonenal, crotonal-
dehyde, acrolein, MDA and base propenals, has not been
studied. Using MDA and base propenals as modelR,â-
unsaturated aldehydes, we explored the role of DNA structure
on this type of DNA damage in vitro. Specifically, we show
that increased levels of exposure of the N2 atom of guanine
in the minor groove by heat denaturation, negative super-
coiling, and the addition of simple intercalating agents
increases the sensitivity to oxopropenylation. Conversely, this
reaction is attenuated in DNA condensed by a high ionic
strength or direct blockade of the minor groove.

EXPERIMENTAL PROCEDURES

Reagents.Caution: Ethidium bromide, daunorubicin,
doxorubicin, actinomycin D, and 9-aminoacridine should be

considered toxic, potential human carcinogens and should
be handled accordingly.

Ethidium bromide, daunorubicin, doxorubicin, distamycin
A, and methyl green were purchased from Sigma Chemical
Co. Actinomycin D and 9-aminoacridine were purchased
from Aldrich. Netropsin was purchased from Fluka (Mil-
waukee, WI). Plasmid DNA, pBR322, was purchased from
Roche Molecular Biochemicals (Mannheim, Germany).
EcoRI was purchased from New England Biolabs (Beverly,
MA). Sodium MDA, adenine propenal, cytosine propenal,
and thymine propenal were synthesized according to pub-
lished methods (32, 33). Products were characterized by1H
nuclear magnetic resonance using (CH3)2SO-d6 as the solvent.

Calf thymus DNA (CT-DNA) was dissolved in 10 mM
potassium phosphate buffer (pH 7.0), and aliquots were
stored at-20 °C until they were used. Stocks of base
propenals were prepared in dimethyl sulfoxide (DMSO) and
stored at-20 °C. Sodium MDA stocks were prepared in
water just prior to use. Actinomycin D and 9-aminoacridine
were dissolved in a water/acetonitrile mixture (10:1, v/v),
and distamycin was dissolved in a water/acetonitrile mixture
(5:1, v/v). Other DNA binding agents were dissolved in
water. Concentrations of stock solutions were determined
by UV absorbance using the following extinction coef-
ficients: ethidium bromide (ε480 ) 5850 M-1 cm-1) (34),
daunorubicin, doxorubicin (ε480 ) 11 500 M-1 cm-1) (35),
thymine propenal (ε304 ) 26 900 M-1 cm-1), cytosine
propenal (ε314 ) 26 800 M-1 cm-1), adenine propenal (ε258

) 34 000 M-1 cm-1), and MDA (ε268 ) 34 200 M-1 cm-1).
Preparation of DNA Substrates.To generate single- and

double-stranded DNA substrates, CT-DNA (0.6 mg/mL) in
10 mM potassium phosphate (pH 7.0) was sonicated for 1 h
in a water bath sonicator, incubated in a 100°C (single-
stranded) or room temperature (double-stranded) water bath
for 10 min, and immediately cooled on ice until it was used
in modification reactions.

To make linearized plasmid DNA, 50µg of supercoiled
pBR322 (0.25 mg/mL) was treated with 125 units ofEcoRI
for 1 h at 37 °C. The supercoiled plasmid was treated
similarly, except a 300 mM sodium chloride solution was
substituted for the restriction enzyme solution to give similar
ionic strengths. Both samples were ethanol precipitated,
washed with cold 70% ethanol, and redissolved in 10 mM
potassium phosphate (pH 7.0).

Modification of DNA.DNA (0.3 mg/mL) was modified
in 100 mM potassium phosphate buffer (pH 7.4) with the
indicated concentrations of modifying agents at 37°C for
24 h. Typically, 20 µg of CT-DNA was employed per
treatment, except 450µg was used for the liquid chroma-
tography-tandem mass spectrometry (LC-MS/MS) study
and 10µg of plasmid DNA was used in the topology study.
Reactions run in parallel included the same amount of DMSO
(4-8%). For ionic strength studies, 10 mM potassium
phosphate buffer was used. DNA binding chemicals were
preincubated with DNA for 2 h atroom temperature before
addition of oxopropenylating agents. Reactions were stopped
by addition of1/10 volume of 3 M sodium acetate and 2.5
volumes of cold ethanol followed by storage at-20 °C
overnight. The DNA pellet was washed twice with cold 70%
ethanol and redissolved to a concentration of 0.1 mg/mL in
10 mM potassium phosphate buffer (pH 7.0) for 1 h atroom
temperature by mechanical agitation. The M1G content of
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modified DNA samples was determined by immunoslot blot
analysis or LC-MS/MS with borohydride reduction as
described below.

Immunoslot Blot Analysis of M1G. Immunoslot blot
analysis was carried out as described previously (14, 36).
Briefly, DNA samples were immobilized on nitrocellulose
membranes, and M1G content was measured by immunoblot
analysis with enhanced chemiluminescence (ECL) using an
anti-M1G monoclonal antibody (37). The ECL values were
normalized for any variation in the amount of DNA im-
mobilized by subsequently staining membranes with pro-
pidium iodide (PI). Relative levels of M1G in modified DNA
samples were expressed as the ratio of ECL signal to PI
staining intensity.

Liquid Chromatography-Tandem Mass Spectrometry of
Dihydro-M1G-dR.Modified DNA samples with 33 pmol of
isotopically labeled internal standard, [2H2]M1G-dR, were
enzymatically hydrolyzed to nucleosides and added to 600
µL of an anti-M1G immunoaffinity gel (38). The hydrolysate
was diluted to 8 mL with PBS, incubated for 1 h at room
temperature with end-over-end mixing, and then poured into
a 1 mL extraction tube (Supelco, Bellefonte, PA). The gel
was washed with 1 mL of PBS and 1 mL of water. The
column was eluted with three 0.5 mL aliquots of methanol
into a 2 mL plastic tube. The eluate was evaporated to
dryness under reduced pressure, dissolved in 100µL of water,
and stored at-20 °C. Samples were thawed, and 10µL of
a freshly prepared sodium borohydride solution in methanol
(10 mg/mL) was added to convert M1G-dR to the more
readily ionized dihydro-M1G-dR. After incubation for 10 min
at room temperature, the reduction reaction was quenched
by adding 500µL of 100 mM ammonium acetate (pH 5.0).
The samples were added to 50 mg C18 solid-phase extraction
tubes (Varian, Palo Alto, CA) and washed with 1 mL of
water to remove the excess sodium borohydride. Dihydro-
M1G-dR was eluted with two 0.5 mL aliquots of methanol
into a 1.5 mL tube. The eluate was evaporated to dryness
under reduced pressure and dissolved in 55µL of 25 mM
ammonium acetate (pH 5.0). The solutions were filtered
through 0.22µm nylon centrifuge tube filters (Corning
Costar, Cambridge, MA) by centrifugation and transferred
to self-centering glass inserts in autosampler vials for LC-
MS/MS analysis. Chromatography was carried out on a
Zorbax-C18 column (150 mm× 2.1 mm, 5µm particle size)
(Hewlett-Packard, Wilmington, DE) using a Waters 2690
separations module (Waters Corp., Milford, MA). Chro-
matographic separation was accomplished by increasing the
mobile phase from 100% 25 mM ammonium acetate (pH
5.0) to 70% buffer and 30% acetonitrile over the course of
10 min, and then holding at 30% acetonitrile for 10 min.
The elution time for dihydro-M1G-dR was 10 min. The mass
spectrometer was a Finnigan MAT TSQ 7000 model
(Thermo Finnigan, Bremen, Germany). Electrospray ioniza-
tion with a voltage of 3.5 kV was employed with 70 psi
sheath gas and 20 psi auxiliary gas (N2). The tube lens
voltage and capillary voltage were optimized using a T-unit
and direct infusion of a synthetic dihydro-M1G-dR standard.
For selected reaction monitoring analyses, the loss of the
deoxyribose moiety (116 mass units) was monitored from
the two ions (m/z 306 and 308) according to dihydro-M1G-
dR and dihydro[2H2]M1G-dR with a dwell time of 1 s. The
offset voltage was-20 eV for collision-induced dissociation.

Quantitation of M1G in the original DNA sample was based
on the ratio of the peak areas ofm/z 306 and 308 multiplied
by the amount of internal standard initially added.

High-Performance Liquid Chromatography of Adenine
Propenal and Adenine.To follow conversion of adenine
propenal to adenine as stimulated by doxorubicin, high-
performance liquid chromatography was employed with a
Varian 9012 solvent delivery system (Varian) and ultraviolet
detection with a Hewlett-Packard 1040A HPLC detection
system (Hewlett-Packard). The column was a Hypersil C18

BDS, 5µm model (2.1 mm× 100 mm) (Hypersil, Needham
Heights, MA); the mobile phase was 3% acetonitrile in water,
and the flow rate was 0.25 mL/min. Absorbance at 260 nm
was followed for both adenine propenal (11 min) and adenine
(3 min).

RESULTS

Effect of Base Pairing.To test the effect of Watson-Crick
base pairing on susceptibility to modification, we studied
differences between single-stranded and double-stranded
DNA. Sonicated CT-DNA was heat-denatured and rapidly
cooled to generate a single-stranded DNA substrate. Either
double-stranded or single-stranded CT-DNA was then treated
with 20 mM MDA or 0.5 mM base propenals for 24 h at 37
°C. The reaction time and concentrations were chosen to
achieve easily detectable and similar levels of M1G with all
modifying agents (14). Relative M1G levels were quantified
by immunoslot blot analysis (Figure 1). Single-stranded DNA
was much more sensitive than double-stranded DNA to all
the oxopropenylating agents that were tested. The effect of
heat denaturation itself on anti-M1G immunoreactivity was
negligible (Figure 1, DMSO). These data suggest that heat
denaturation allows access to the N2 atom of guanine, the
nucleophile involved in the initial 1,2-addition to oxopro-
penylating agents.

Effect of Ionic Strength.Given the anionic character of
the phosphodiester backbone, the tertiary structure of DNA
is sensitive to variations in ionic strength. To test the role of
electrostatic effects on oxopropenylation of DNA, modifica-
tions were carried out at various ionic strengths. For these
reactions, CT-DNA was treated with oxopropenylating agents
in low-ionic strength potassium phosphate buffer (10 mM,

FIGURE 1: Effect of heat denaturation on M1G formation by MDA
and base propenals. Sonicated CT-DNA was either boiled (black
bars) or left at ambient temperature (white bars) for 10 min and
immediately cooled on ice. DNA (0.3 mg/mL) was incubated with
20 mM sodium malondialdehyde or 0.5 mM base propenal.
Reaction mixtures were incubated for 24 h at 37°C in 100 mM
potassium phosphate (pH 7.4). DNA was ethanol precipitated and
analyzed by the immunoslot blot method. Bars represent means(
sem (n ) 3).
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compared to 100 mM potassium phosphate for the other
reactions) in the presence of increasing sodium chloride
concentrations. At high concentrations, sodium chloride
inhibited M1G formation by MDA and cytosine propenal and,
to a lesser extent, thymine propenal (Figure 2). In contrast,
the level of adenine propenal oxopropenylation was reduced
by 50% at salt concentrations of as low as 100 mM, but no
more at higher concentrations.

Effect of Plasmid Topology.During normal biological
processes such as replication and transcription, DNA is
subject to positive and negative supercoiling. We sought to
test the effect of DNA topology on oxopropenylation by
using a plasmid model. Plasmids grown normally in bacteria
are isolated in a negatively supercoiled state. Restriction
digestion of a supercoiled plasmid at a single site results in
a relaxed, linearized plasmid. We modified linearized and
mock-digested pBR322 with MDA and base propenals. As
can be seen in Figure 3, supercoiled plasmid DNA was more
sensitive to oxopropenylation than relaxed, linearized plasmid
DNA.

Effect of Intercalation.We originally hypothesized that
the enhanced reactivity of base propenals compared to MDA
was in part due to formation of an intercalated intermediate.
To test this hypothesis, we attempted to compete for binding
sites with the classic intercalator, ethidium bromide (Figure
4). Rather than observing a concentration-dependent decrease
in DNA modification by base propenals, we found the level
of oxopropenylation was dramatically increased by ethidium
bromide. Unlike other reports of intercalator-enhanced alky-
lation of∼30%, we observed enhancements of 400-1200%
(39).

Because the enhancement of oxopropenylation by ethidium
bromide was unexpected and dramatic, we sought to confirm

the result. One hypothesis to explain this finding was that
the enhancement was simply an artifact of the immunoslot
blot method whereby ethidium remaining bound to the DNA
would somehow lead to increased immunoreactivity. This
hypothesis was tested by deliberately adding ethidium
bromide to standard curve samples prior to immunoslot blot
analysis (Figure 5). Clearly, ethidium bromide actually
decreasedimmunoslot blot sensitivity, suggesting that the
observed enhancement was not an artifact of the assay.
However, to confirm that the enhancement of M1G formation
by ethidium bromide was genuine, an alternate analytical
method, namely, LC-MS/MS, was employed. CT-DNA
(450 µg) was modified with adenine propenal or thymine
propenal in the presence of ethidium bromide. Subsequently,
3 µg of the sample was analyzed by the immunoslot blot
method, and the remainder was subject to LC-MS/MS
analysis (Figure 6). In the latter method, M1G was separated
from any residual ethidium bromide by DNA hydrolysis and
immunoaffinity purification. The resulting M1G-dR was
reduced to dihydro-M1G-dR with sodium borohydride and
quantified by stable isotope dilution LC-MS/MS. Both

FIGURE 2: Effect of ionic strength on M1G formation by MDA
and base propenals. CT-DNA (0.3 mg/mL) in 10 mM potassium
phosphate (pH 7.4) was incubated with various concentrations of
sodium chloride and either 40 mM sodium malondialdehyde, 0.25
mM adenine propenal, 0.5 mM thymine propenal, or 0.5 mM
cytosine propenal for 24 h at 37°C. DNA was ethanol precipitated
and analyzed by the immunoslot blot method. Values at each
concentration represent the mean( sem normalized to the mean
value obtained in the absence of salt (n ) 3).

FIGURE 3: Effect of DNA topology on M1G formation by MDA
and base propenals. Negatively supercoiled plasmid DNA was either
linearized byEcoRI digestion (white bars) or mock treated (black
bars). Plasmid (0.3 mg/mL) was incubated with 40 mM sodium
malondialdehyde, 0.25 mM adenine propenal, 0.5 mM thymine
propenal, or 0.5 mM cytosine propenal. Reaction mixtures were
incubated for 24 h at 37°C in 100 mM potassium phosphate (pH
7.4). DNA was ethanol precipitated and analyzed by the immunoslot
blot method. Bars represent means( sem (n g 3).

FIGURE 4: Effect of ethidium bromide on M1G formation by MDA
and base propenals. DNA (0.3 mg/mL, 460µM base pairs) was
preincubated with various concentrations of ethidium bromide and
modified with 25 mM MDA (9), 0.5 mM adenine propenal (b),
or 0.5 mM thymine propenal (0) for 24 h at 37°C. Samples were
analyzed by the immunoslot blot method (ECL only). The ECL
signals of MDA and thymine propenal-treated DNA in the absence
of ethidium bromide were 70 and 50% lower, respectively, than
that for adenine propenal. Values at each concentration represent
the mean( sem normalized to the mean value obtained in the
absence of an intercalating agent (n ) 3).
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methods of M1G analysis gave similar results, suggesting
that the enhancement of oxopropenylation by ethidium
bromide was authentic. This effect is likely due to a general
unwinding of the DNA, which presumably allows greater
access to the N2 atom of guanine.

To further characterize this effect, other molecules that
specifically bind DNA were tested (Figure 7). Figure 8 shows
the effect of additional intercalating agents on oxopropeny-
lation by MDA and adenine propenal. Acridine dyes are
simple tricycles, which bind to DNA because they are planar
molecules that are protonated at neutral pH (Figure 7). A
representative acridine dye, 9-aminoacridine, stimulated
oxopropenylation by MDA and adenine propenal 2-3-fold,
respectively [Figure 8 (O)]. This pattern was similar to that
for ethidium, which is consistent with their similar binding
affinities and modes of DNA interaction.

Actinomycin D is a complex intercalator with a tricyclic
phenoxazone group and two cyclopeptide lactone substituents
that cover four base pairs in the minor groove promoting
very tight binding (Figure 7). The binding constant (K) for
binding of actinomycin D to DNA is 3.8× 106 M-1, whereas
the K of ethidium is 0.1× 106 M-1 (40). Unlike 9-ami-
noacridine, actinomycin D decreased the level of oxopro-
penylation by MDA and adenine propenal [Figure 8 (9)].

This suggests that the dominant effect is blockade of the
minor groove by the cyclopeptide substituents.

The anthracycline anticancer drugs daunorubicin and
doxorubicin have an intercalating anthraquinone moiety
linked to a minor groove-binding daunosamine sugar (Figure
7) (41). At lower concentrations, both drugs stimulated
oxopropenylation by both MDA and adenine propenal
(Figure 9). However, at higher concentrations of anthracy-
cline drugs, the enhancement of the adenine propenal reaction
was attenuated. At the highest concentrations, the amount
of oxopropenylation with adenine propenal was actually
decreased. This decrease could be attributed to inactivation
of adenine propenal by the anthracycline drugs by virtue of
their reactive primary amine groups (Figure 7). At low
concentrations of anthracycline drugs, most of the drug is
bound to DNA, altering DNA structure for efficient oxo-
propenylation in a manner similar to that of ethidium bromide
and 9-aminoacridine. However, at high concentrations, free
anthracycline drug could react with the oxopropenylating
agent, attenuating modification. Incubating adenine propenal
with doxorubicin stimulated the conversion of adenine
propenal to adenine as assessed by high-performance liquid
chromatography with ultraviolet detection (Figure 10). This
suggests that the decrease at high anthracycline concentra-
tions observed in Figure 9B is due to a direct reaction
between adenine propenal and the drugs. MDA oxoprope-
nylation was not similarly affected due to its overwhelming
excess (50 mM) compared to anthracycline drug concentra-
tions.

Effect of Minor and Major GrooVe Binding.The effect of
various groove-binding agents on oxopropenylation by MDA
and adenine propenal was explored (Figure 11). Netropsin
and distamycin are structurally related crescent-shaped
molecules with a high affinity for the minor groove of AT-
rich sequences. Both modestly inhibited oxopropenylation,
suggesting that shielding the minor groove can block access
to the N2 atom of guanine and therefore modification.

There are few reported small molecules that bind DNA
in the major groove. One exception is methyl green, which
appears to participate in groove binding in general as shown
by linear dichroism, but it is excluded from triplex DNA,
where the third strand lies in the major groove (42). These
findings have been interpreted as selective major groove
binding, but others have suggested that other binding
modalities are possible (43). Nevertheless, methyl green did
not dramatically affect oxopropenylation by either MDA or
adenine propenal [Figure 11 (0)]. This further supports the
idea that oxopropenylating agents approach the DNA nu-
cleophile by way of the minor groove and not the major
groove.

DISCUSSION

MDA, a product of lipid peroxidation, and base propenals,
products of DNA backbone oxidation, react with DNA to
form M1G adducts. The results presented here characterize
the role of target DNA structure in these reactions. MDA
and base propenals modify single-stranded DNA more
effectively than double-stranded DNA, and supercoiled
plasmid DNA more than relaxed plasmid DNA. A high ionic
strength inhibits oxopropenylation to some extent, especially
by adenine propenal. Unwinding of target DNA with simple

FIGURE 5: Effect of ethidium bromide on immunoslot blot analysis.
MDA-modified CT-DNA was diluted with unmodified CT-DNA
to various adduct concentrations and analyzed by the immunoslot
blot method in the absence (0) or presence of 100 (b) or 500µM
(O) ethidium bromide. The ECL signal is plotted against adduct
level (n ) 1).

FIGURE 6: LC-MS/MS and immunoslot blot analysis of DNA
modified by base propenals in the presence of ethidium bromide.
DNA (0.45 mg/mL, 690µM base pairs) was preincubated with
various concentrations of ethidium bromide and modified with 0.5
mM adenine propenal (b) or thymine propenal (0) for 24 h at 37
°C. Samples were divided and analyzed by (A) the immunoslot
blot method (ECL only) or (B) LC-MS/MS (reduction method).
Values represent the mean( sem normalized to the mean value
obtained in the absence of ethidium bromide (n ) 2).
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intercalating agents enhances oxopropenylation severalfold,
but blockade of the minor groove attenuates oxopropenyla-
tion. These results suggest that oxopropenylation requires
steric access to the reaction site, which lies in the minor
groove.

Steric Hindrance and Oxopropenylation.Increasing ionic
strength affects DNA structure by reducing the electrostatic
repulsion between the negatively charged backbones, which
allows for a more compact helix. High salt concentrations
have variable effects on DNA damage reactions. Reactions
of electrophiles that intercalate prior to covalent binding are
normally inhibited by high salt concentrations. For example,
reactions of polycyclic aromatic hydrocarbon diol epoxides
are quite sensitive to salt concentration (44). Presumably,
the more compact helix disfavors opening of intercalation
sites. Alkylation by nitrosamines such as MNU is also
inhibited by increasing ionic strengths (39, 45). This has been
explained by interruption of the electrostatic attraction
between the cationic alkylating intermediate, diazonium ion,

and the anionic DNA target. In contrast, neither salt nor
cationic DNA binders (spermine and ethidium) affect
reactivity of the small, neutral alkylating agent, dimethyl
sulfate (45, 46).

High salt had a modest inhibitory effect on all the
oxopropenylating agents that were tested, but oxopropeny-
lation by adenine propenal was the most sensitive. If we
assume that adenine propenal is not charged when it reacts
with DNA, attenuation of favorable electrostatic interactions
probably does not explain the inhibitory effect. The simplest
hypothesis is that high salt compacts the DNA helix, reducing
steric access to the DNA nucleophile. Because adenine
propenal is the bulkiest oxopropenylating agent, it is most
sensitive to this effect.

We attempted to test the hypothesis that intercalation by
adenine propenal is required for its reaction with DNA by
competition with a known intercalating agent, ethidium
bromide. This approach was based on similar experiments
by Gopalakrishnan et al. (47), who demonstrated that

FIGURE 7: Structures of DNA binding agents used in this study.
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ethidium could compete with intercalation of aflatoxin B1

and its subsequent modification of N7 of guanine. Contrary
to expectations, a dramatic enhancement in oxopropenylation
was observed, suggesting that intercalation of base propenals
is not an important factor in reactivity. The magnitude of
the enhancement was unexpected because other alkylating
agents are either inhibited (MNU) or not affected (dimethyl
sulfate) by ethidium (39, 45). One exception is a conjugate
of MNU linked to the intercalator phenyl neutral red;
alkylation at the N7 atom of guanine was enhanced∼30%
by 500 µM ethidium bromide, but this is a modest effect
compared to the severalfold differences observed with
oxopropenylating agents (39). These differences between
oxopropenylation and alkylation by MNU and dimethyl
sulfate might be explained by the sites of reactivity. MNU
and dimethyl sulfate react mainly with the relatively solvent
exposed N7 atom of guanine and N7 and N3 atoms of
adenine. In contrast, formation of M1G begins with modi-
fication of the less sterically accessible N2 atom of guanine.
Because it is buried in the minor groove and is involved in
hydrogen bonding in base-paired DNA, its reactivity may
be uniquely sensitive to structural changes induced by
increasing ionic strengths and intercalation. As the ionic
strength increases, the DNA helix becomes more compact,
and the N2 atom of guanine becomes less accessible. In

contrast, as intercalating agents expand the stacked bases,
the helix unwinds and makes the N2 atom of guanine more
accessible (48, 49). Alternately, intercalating agents may
decrease steric hindrance by rapidly exchanging between

FIGURE 8: Effect of 9-aminoacridine and actinomycin D on M1G
formation by MDA and adenine propenal. DNA (0.3 mg/mL, 460
µM base pairs) was preincubated with 0.5 and 1 base pair
equivalents of 9-aminoacridine (O) or actinomycin D (9) and
modified with (A) 50 mM MDA or (B) 0.25 mM adenine propenal
for 24 h at 37°C. Samples were analyzed by the immunoslot blot
method. Because some of the drugs have electronic properties that
can interfere with fluorescence quantitation of propidium iodide
staining, the ECL signals alone were used. The ECL signal of
adenine propenal-treated DNA in the absence of intercalating agents
was 27% lower than that for MDA. Values at each concentration
represent the mean( sem normalized to the mean value obtained
in the absence of intercalating agent (n ) 3).

FIGURE 9: Concentration-dependent effect of anthracycline drugs
on M1G formation by MDA and adenine propenal. DNA (0.3 mg/
mL, 460µM base pairs) was preincubated with varying concentra-
tions of daunorubicin (9) or doxorubicin (O) and modified with
(A) 50 mM MDA or (B) 0.25 mM adenine propenal for 24 h at 37
°C. Samples were analyzed by the immunoslot blot method.
Because these drugs have electronic properties that can interfere
with fluorescence quantitation of propidium iodide staining, only
ECL signals were calculated. The ECL signal of adenine propenal-
treated DNA in the absence of intercalating agents was 48% lower
than that for MDA. Values at each concentration represent the mean
( sem normalized to the mean value obtained in the absence of
drug (n ) 3).

FIGURE 10: Concentration-dependent conversion of adenine pro-
penal to adenine by doxorubicin. An aqueous solution of adenine
propenal (10µM) was incubated with various concentrations of
doxorubicin at 37°C for 16 h. Relative levels of adenine propenal
(b) and adenine (0) were determined by high-performance liquid
chromatography analysis by monitoringA260. The column was a
Hypersil C18 BDS, 5 µm model (2.1 mm× 100 mm), and the
mobile phase was 3% acetonitrile in water. The retention times
were 3 min for adenine and 11 min for adenine propenal. The peak
areas are plotted against the concentration of doxorubicin (n ) 1).
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solvent and DNA binding sites, leaving transient gaps
between the stacked bases. These short-lived gaps might
allow oxopropenylating agents to slip between base pairs
and attack N2 from above or below the base pair plane,
minimizing steric clash with hydrogen bonding atoms.

Minor GrooVe Effects.Kelly et al. (50) showed that
formation of the minor groove adductsN3-methyladenine and
N3-methylguanine by methyl methanesulfonate and MNU is
inhibited by the minor groove binder distamycin, whereas
formation of the major groove adductN7-methylguanine is
unaffected. These data are consistent with our observations
that the minor groove binders distamycin and netropsin
attenuated M1G formation but that the major groove binder
methyl green did not. Because the binding specificity of
methyl green has not been completely elucidated, these
results need to be interpreted cautiously.

Using chromatin DNA as a substrate, Rajalakshmi et al.
(51) demonstrated a more general inhibition by distamycin
of MNU-induced adducts at the N7 and O6 positions of
guanine and the N3 position of adenine. They argue that
distamycin selectively binds A-T tracts and prevents local
melting, thereby stabilizing base pairing in general. The
greatly enhanced sensitivity of melted DNA to oxoprope-
nylation indicates that a similar mechanism may also play a
role here.

Actinomycin D is a unique compound in that its interaction
with DNA has significant minor groove binding and inter-

calative components. Inhibition of oxopropenylation by
actinomycin D can be explained by the two large cyclopep-
tide lactone groups that bidirectionally lie in the minor groove
and block access to the N2 atom of guanine in a manner
similar to that of netropsin and distamycin. Daunorubicin
and doxorubicin also have both intercalating and minor
groove binding elements, but compared with actinomycin
D, the minor groove binding moiety is unidirectional and
relatively small. On the basis of the observation that the
anthracycline drugs enhanced oxopropenylation, it seems that
exposure of the N2 atom of guanine by helix unwinding
dominates any minor groove blocking effect.

CONCLUSION

We have shown that the structure of DNA dramatically
impacts the sensitivity to adduct formation by theR,â-
unsaturated aldehydes MDA and base propenals. The nu-
cleophile involved in oxopropenylation, the N2 atom of
guanine, lies at the floor of the minor groove and is relatively
hindered compared to other reactive sites in DNA. For this
reason, conditions that block access to the minor groove,
such as helix compression by increased ionic strength or
minor groove binding agents, inhibit oxopropenylation. In
contrast, conditions that increase the level of exposure of
N2, such as unwinding by intercalators or strand melting,
increase the extent of oxopropenylation. The role of DNA
structure in the reactivity of oxopropenylating agents can
likely be generalized to otherR,â-unsaturated aldehydes that
react with the N2 atom of guanine. Such observations are
important in understanding the interactions between processes
that modulate DNA structure and DNA-damaging agents.
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