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DNA sequence context has emerged as a critical determinant
of the location and quantity of nucleobase damage caused by
many oxidizing agents. However, the complexity of nucleobase
and 2-deoxyribose damage caused by strong oxidants such as
ionizing radiation and the Fenton chemistry of Fe2�-EDTA/
H2O2 poses a challenge to defining the location of nucleobase
damage and the effects of sequence context on damage chemis-
try in DNA. To address this problem, we developed a gel-based
method that allows quantification of nucleobase damage in oxi-
dized DNA by exploiting Escherichia coli exonuclease III to
remove fragments containing direct strand breaks and abasic
sites. The rigor of the method was verified in studies of guanine
oxidation by photooxidized riboflavin and nitrosoperoxycar-
bonate, for which different effects of sequence context have
been demonstrated by other approaches (Margolin, Y., Cloutier,
J. F., Shafirovich, V., Geacintov, N. E., and Dedon, P. C. (2006)
Nat. Chem. Biol. 2, 365–366). Using duplex oligodeoxynucleoti-
des containing all possible three-nucleotide sequence contexts
for guanine, the method was used to assess the role of DNA
sequence context in hydroxyl radical-induced guanine oxida-
tion associated with �-radiation and Fe2�-EDTA/H2O2. The
results revealed bothdifferences and similarities forGoxidation
by hydroxyl radicals and by one-electron oxidation by ribofla-
vin-mediated photooxidation, which is consistent with the pre-
dominance of oxidation pathways for hydroxyl radicals other
than one-electron oxidation to form guanine radical cations.
Although the relative quantities of G oxidation produced by
hydroxyl radicals were more weakly correlated with sequence-
specific ionization potential thanG oxidation produced by ribo-
flavin, damage produced by both hydroxyl radical generators
and riboflavin within two- and three-base runs of G showed
biases in location that are consistent with a role for electron
transfer in defining the location of the damage products. Fur-
thermore, both �-radiation and Fe2�-EDTA/H2O2 showed rel-

ativelymodest effects of sequence context on the proportions of
different damage products sensitive to E. coli formamidopyrim-
idine DNA glycosylase and hot piperidine, although GT-con-
taining sequence contexts displayed subtle biases in damage
chemistry (formamidopyrimidine DNA glycosylase/piperidine
ratio). Overall, the results are consistent with the known chem-
istry of guanine oxidation by hydroxyl radical and demonstrate
that charge migration plays a relatively minor role in determin-
ing the location and chemistry of hydroxyl radical-mediated
oxidative damage to guanine in DNA.

With implications formutagenesis and carcinogenesis, DNA
damage caused by strong oxidizing agents such as ionizing radi-
ation and Fenton chemistry (e.g. Fe2�-EDTA, Cu�/H2O2)
affects both the base and sugar moieties (1, 2). This complexity
poses a challenge to understanding the mechanisms of forma-
tion of the ultimate stable oxidation products and their relative
amounts, especially in terms of defining the effects of DNA
sequence context on the quantity and location of the damage.
For example, ionizing radiation causes DNA damage by oxida-
tion through both “direct” (non-scavengeable) and “indirect”
(scavengeable) pathways, in roughly equal proportions that
affect both the base and 2-deoxyribose components (2–4). The
indirect pathway is mediated mainly by products of water radi-
olysis such as hydroxyl radicals that react with DNA by hydro-
gen atom abstraction from the 2-deoxyribose moiety to pro-
duce strand breaks and abasic sites, and by addition to
nucleobases to form a variety of damage products (5–7). The
direct effect of �-radiation entails energy deposition that leads
to ionization of the DNA nucleobases and the sugar-phos-
phate backbone, again leading to base damage and strand
breaks (5).
This complicated mixture of sugar and base damage pro-

duced by strong oxidants in DNA has hampered studies of the
sequence selectivity of nucleobase oxidation, which is critical
for defining the contributions of charge transfer to the spec-
trum of DNA lesions and for quantifying influences of local
DNA structure on the final spectrum of damage products. The
role of charge transfer in oxidatively damaged DNA has been
well characterized in model systems involving direct photooxi-
dation reactions (8) and those mediated by agents such as
pterins (9), anthraquinones (10), rhodium complexes (11), and
riboflavin (12). These agents oxidize mainly DNA nucleobases
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by a commonmechanism that is presumed to involve one-elec-
tron oxidation of guanine (G) to form a guanine radical cation
(G .�),3 because of the favorable redox potential for G relative to
the other nucleobases (1.29 V versusNHE for the guanine neu-
tral radical, G(�H)�; 1.58V versusNHE forG .�; see Ref. 13). The
resulting electron holemigrates through the �-stack of B-DNA
in competition with trapping to form stable products (10–12),
with the common observation of damage “hot spots” at sites
containing multiple adjacent guanines (e.g. GG, GGG). Ab ini-
tio calculations by Saito et al. (12, 14) and Senthilkumar et al.
(15) revealed sequence-specific variations in the ionization
potentials (IP) of G, with the lowest guanine IPs occurring in
runs of G. Saito et al. (12) further correlated sequence-specific
IP with the reactivity of G toward riboflavin-mediated pho-
tooxidation and derived the expected inverse correlation
between reactivity and IP, an observation later verified directly
by photoelectron spectroscopy (8).
Similar arguments for charge migration have been made for

the direct effect of ionizing radiation. Although electron gain
from the direct type effects occursmainly with the formation of
cytosine and thymine anions (16–19), electron loss occurs
most frequently at Gs, with G .� being the predominant species
formed with �-radiation (13, 17, 20). However, direct type
effects also produce a significant amount of ionization of the
sugar-phosphate backbone (e.g. Refs. 21–24), with the ensuing
formation of strand breaks and abasic sites comprising�25%of
the total damage (23). This high background of strand breaks
complicates analysis of the sequence selectivity of base oxida-
tion andnecessitates the use of indirect approaches in studies of
charge transfer with ionizing radiation, such as the use of easily
ionized base analogs. For example, Doddridge et al. (26) dem-
onstrated that 7,8-dihydro-8-oxoguanine (8-oxo-G), with its
lower reduction potential than G (0.74 V versus NHE; see Ref.
25), served as a damage hot spot when placed in an oligode-
oxynucleotide that was subjected to �-irradiation under dry
film conditions that obviate the indirect effects. The use of such
base analogs in solution studies with ionizing radiation, how-
ever, is complicated by artifacts such as the generation of sec-
ondary radical-mediated oxidizing species from the quenching
agents used to obviate the indirect effects (27).
DNA damage by strong oxidants yields a mixture of strand

breaks and base damage, thereby greatly complicating
sequence-specific analysis of nucleobase oxidation. To address
this problem, we have developed a gel-based method that
allows quantification of nucleobase damage in oxidized DNA
by exploitingEscherichia coli exonuclease III (ExoIII) to remove
fragments containing direct strand breaks and abasic sites. The
rigor of the method was verified in studies of G oxidation by
riboflavin-mediated photooxidation or nitrosoperoxycarbon-

ate (ONOOCO2
�), for which dramatically different effects of

sequence context have been demonstrated by other approaches
(12, 28). Using �-radiation and Fe2�-EDTA, the method was
applied to test the hypothesis that hydroxyl radical-induced
guanine oxidation would not be affected by sequence context
because of the predominance of oxidation pathways other than
one-electron oxidation to form G .� radical cations.

EXPERIMENTAL PROCEDURES

Materials—Phosphorothioate-modified oligodeoxynucle-
otides were purchased from Integrated DNA Technologies
(Coralville, IA) and gel-purified. All other reagents and chemi-
cals were used without further purification. [�-32P]ATP with
activity of 6000 Ci/mmol was purchased from PerkinElmer Life
Sciences. Piperidine, ferrous sulfate, riboflavin, and 30% (w/w)
hydrogen peroxide solution were purchased from Sigma. All
enzymes were purchased from New England Biolabs (Ipswich,
MA). Chelex-100 was purchased from Bio-Rad. Potassium
phosphate, sodium bicarbonate, and EDTA were purchased
fromVWR (West Chester, PA). Peroxynitrite solutionwas pur-
chased from Cayman Chemical (Ann Arbor, MI). Distilled and
deionized water was purified using a Milli-Q system fromMil-
lipore (Bedford, MA) and was used for all experiments.
Labeling and Annealing of Oligodeoxynucleotides—Purified

single-stranded oligodeoxynucleotides were 5�-end-labeled
with 32P by incubation at 37 °C for 1 h in a reaction that con-
tained 0.2 nmol of 5� ends, 0.1 mCi of [�-32P]ATP, and 40 units
of T4 PNK in 1� PNKbuffer, in a total volume of 100�l. Excess
label was removed by gel filtration using Sephadex G-25 col-
umns (Roche Diagnostics) that were washed four times with a
volume of 300 �l of Chelex-treated 175 mM potassium phos-
phate buffer (pH 7.4). For annealing reaction, a total of 0.4 nmol
of unlabeled complement was added to each purified labeled
oligodeoxynucleotide; the mixture was heated at 95 °C for 5
min and was then allowed to slowly cool to room temperature
over the course of 2 h.
Analysis of Damage in Double-stranded Oligodeoxy-

nucleotides—All damage analyses and controls were performed
in three separate experiments. Each Fenton reaction contained
2 mM hydrogen peroxide (concentration determined using an
extinction coefficient of 39.4 M�1 cm�1), 20 pmol of labeled,
double-stranded oligodeoxynucleotide, and 0.1 mM FeSO4/
EDTA (in the ratio of 1:1.1, freshly prepared before each exper-
iment), in 175 mM Chelex-treated potassium phosphate buffer
(pH 7.4) and a total volume of 50 �l. The DNA was always
added last, and the controls contained potassium phosphate
buffer instead of FeSO4/EDTA solution. The reactions were
incubated at 37 °C for 2 h, after which Fenton reagent was
removed by filtration through Sephadex G-25 columns. For
�-irradiation experiments, the samples containing a total of 20
pmol of labeled, double-stranded oligodeoxynucleotide in a
total of 50 �l of Chelex-treated 175 mM potassium phosphate
buffer (pH 7.4) were irradiated in a 60Co source for a total dose
of 50 gray. Following treatment, the samples were incubated at
ambient temperature for 20 min before purification by filtra-
tion using Sephadex G-25 columns. Studies of oligode-
oxynucleotide damage byONOOCO2

� and riboflavin were per-
formed according to the procedure described previously (28).

3 The abbreviations used are: G .�, guanine radical cation; NHE, normal hydro-
gen electrode; Ox, oxazolone, 2,2-diamino-4-[(2-deoxy-�-D-erythro-pento-
furanosyl)-amino]-5(2H)-oxazolone; CO3

��, carbonate radical anion;
8-oxo-G, 7,8-dihydro-8-oxoguanine; Fpg, E. coli formamidopyrimidine
DNA glycosylase; ExoIII, E. coli exonuclease III; Fapy-G, 2,6-diamino-5-form-
amido-4-hydroxypyrimidine; G, guanine; G(�H)�, guanine neutral radical;
4-OH-G�, 4-hydroxyguanine neutral radical; 8-OH-G�, 8-hydroxyguanine
neutral radical; IP, ionization potential; NO2

� , nitrogen dioxide radical; ONO-
OCO2

�, nitrosoperoxycarbonate; ONOO�, peroxynitrite.
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Damaged and purified oligodeoxynucleotides were treated
with 5 units of ExoIII in 1� NE buffer 1 (New England Biolabs,
Ipswich, MA) at 37 °C for 1 h in a total volume of 60 �l. These
conditions were sufficient to remove all direct strand breaks
generated during damage reactions, as determined by control

experiments (results not shown).
For hot piperidine treatment, oli-
godeoxynucleotides were desalted
by gel filtration, incubated with 1 M
piperidine at 90 °C in a total volume
of 120 �l, lyophilized, and dissolved
in a total of 5 �l of formamide gel
loading buffer (28). To remove
ExoIII activity prior to Fpg reac-
tions, oligodeoxynucleotides were
incubated with 20 mM EDTA to
chelate Mg2� present in 1� NE
buffer 1 and passed through pro-
tein-binding Micropure-EZ filters
(Millipore, Bedford, MA). The oli-
godeoxynucleotides were subse-
quently treated with 8 units of Fpg
at 37 °C for 1 h, precipitated with
ethanol, and dissolved in a total of 5
�l of formamide gel loading buffer.

A total of 2 �l of each sample was
resolved on a 20% polyacrylamide
gel containing 8M urea andwas sub-
jected to PhosphorImager analysis
(ImageQuant, GE Healthcare). Rel-
ative reactivities of Gs in each oli-
godeoxynucleotide sequence were
determined as described previously
(28).

RESULTS

Development of an Exonuclease
Digestion Method for Quantifying
Nucleobase Damage in Oligode-
oxynucleotides—One approach to
quantifying the sequence specificity
of nucleobase damage employs con-
trolled reactions in 32P-labeled,
double-stranded oligodeoxynucle-
otides, with sequencing gel analysis
of strand breaks formed when
nucleobase lesions are expressed as
strand breaks by treatment with hot
alkali (e.g. piperidine) or with DNA
N-glycosylase repair enzymes that
recognize damaged nucleobases
(e.g. E. coli formamidopyrimidine
DNA glycosylase, Fpg) (12, 28). The
major limitation of this approach is
interference from direct strand
breaks and labile abasic sites arising
from 2-deoxyribose oxidation with
agents such as �-radiation and Fen-

ton chemistry that damage both the base and sugar moieties
(29). To resolve this problem, we devised a method to remove
interfering direct strand breaks and abasic sites and thus allow
for the direct analysis of nucleobase oxidation, as illustrated in
Fig. 1A. Themethod utilizes double-stranded oligodeoxynucle-

FIGURE 1. ExoIII-mediated removal of DNA containing strand breaks for sequencing gel analysis of G
oxidation. A, schematic presentation of the ExoIII approach to strand break removal. B, demonstration of
strand break removal with ExoIII. A 32P-labeled double-stranded oligodeoxynucleotide (S1-S in Table 1) was
treated with Fe2�-EDTA/H2O2 and subsequently with ExoIII. Base damage was converted to strand breaks
using hot piperidine, and the resulting fragments were resolved by denaturing PAGE (20%) as described under
“Experimental Procedures.”
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otides (Table 1) containing three consecutive phosphorothio-
ate linkages at the 3� end of each strand to protect the strands
from degradation by the 3�-to-5�-exonuclease activity of ExoIII
(30, 31). Upon treatment of damaged oligodeoxynucleotides
with the combined 3�-to-5�-exonuclease and AP endonuclease
activities of ExoIII (30, 31), the oligodeoxynucleotides that con-
tain abasic sites and direct strand breaks with unprotected 3�
ends are degraded, and the resulting 32P-containing small frag-
ments are either lost during processing of the oligodeoxynucle-
otides or during sequencing gel electrophoresis (see supple-
mental Fig. 1 for a typical gel). The remaining full-length,
5�-32P-labeled oligodeoxynucleotides are protected from
ExoIII degradation by the phosphorothioates at the 3� end and
are either undamaged or contain only nucleobase damage. Fol-
lowing inactivation (chelation of Mg2� cofactor by EDTA; see
Ref. 32) and removal of the enzyme by passing the reaction
mixture through protein-binding filters, the nucleobase dam-
age is converted to strand breaks by treatment with hot piper-
idine or Fpg. Sequencing gel analysis now reveals the location
and quantity of nucleobase damage caused by the oxidizing
agent, without interference from direct strand breaks or abasic
sites.
Validation of the ExoIII Method—The method was validated

in two ways. The first set of studies was designed to assess the
effects of ExoIII digestion on the nucleobase damage produced
by two oxidants, riboflavin-mediated photooxidation and
ONOOCO2

�, that cause well defined G oxidation in terms of
quantity and location and that cause few strand breaks or abasic
sites (28). The studies were conducted in a series of oligode-
oxynucleotides (shown in Table 1) with the following general
structure: 5�-CGTACTCTTTGGTX1G1Y1TX2G2Y2TTCTT-
TC*T*A*T-3�. Each contains three consecutive phosphoro-
thioate linkages (asterisks), two Gs in variable three-nucleotide
sequence contexts (XiGiYi), and an invariant TGG damage site
for normalizing damage levels across all of the oligode-
oxynucleotides (12, 28). Following treatment of duplex oligode-
oxynucleotides with either 3mMONOOCO2

� or 30 �M ribofla-
vin/366 nm irradiation (28), samples were split, and one-half
was treated with ExoIII for 60 min. Following inactivation and
removal of ExoIII, the oligodeoxynucleotides were treated with
hot piperidine, and the resulting strand breaks were quantified
by sequencing gel analysis, as illustrated in Fig. 1B. The bar
graphs shown in Fig. 2 reveal that the quantity of G oxidation
detected by the sequencing gel method is not affected by ExoIII
treatment, which indicates that the ExoIII digestion step did
not introduce artifacts into the quantification of sequence-se-

lective G oxidation in the oligodeoxynucleotides. The results
are also consistent with our previous studies, in which the level
of riboflavin-mediated oxidation of G varied inversely with the
sequence-specific IP of the central G in a three-nucleotide con-
text (relative G oxidation in decreasing order CGG � GGC �
CGT � TGC), whereas the opposite was true for ONOOCO2

�

(TGC � GGC � CGT � CGG) (28).
A second approach to validating the ExoIII digestion

method entailed characterization of G oxidation in an oli-
godeoxynucleotide treated with Fe2�-EDTA/H2O2, an agent
well known to oxidize 2-deoxyribose to produce strand
breaks and abasic sites at all positions in DNA (29, 33) and to
oxidize nucleobases (7, 34). As shown in Fig. 1B, Fe2�-
EDTA/H2O2 produced a significant quantity of strand
breaks at all positions in the oligodeoxynucleotide (Fig. 1B,
lane 2), with the doublet band pattern in the gel image aris-
ing from differential migration of oligodeoxynucleotide frag-
ments containing 3-phosphate and 3�-phosphoglycolate
ends (35, 36). Incubation of the damaged oligodeoxynucle-
otide with ExoIII prior to hot piperidine treatment substan-
tially diminished the background of direct strand breaks and
revealed damage mainly at Gs (Fig. 1B, lane 4). The com-
bined results of these validation studies indicate that ExoIII
is effective at removing strand breaks and oxidized abasic
sites without interfering with nucleobase damage.

TABLE 1
Sequences of oligodeoxynucleotides used for damage analysis
Target guanines are in boldface type, and trinucleotide motifs are underlined. The
invariant TGG sequence used for normalizing the quantity of damage is italicized,
and asterisks denote phosphorothioate linkages.

Oligodeoxynucleotide Sequence (5�3 3�)
S1-S CGTACTCTTTGGTTGATGGGTTCTTTC*T*A*T
S2-S CGTACTCTTTGGTCGGTTGCTTCTTTC*T*A*T
S3-S CGTACTCTTTGGTAGTTGGATTCTTTC*T*A*T
S4-S CGTACTCTTTGGTAGGTTGTTTCTTTC*T*A*T
S5-S CGTACTCTTTGGTCGCTCGATTCTTTC*T*A*T
S6-S CGTACTCTTTGGTAGCTAGATTCTTTC*T*A*T
S8-S CGTACTCTTTGGTGGCTCGTTTCTTTC*T*A*T
S12-S CGTACTCTTTGGTAGCTGGTTTCTTTC*T*A*T

FIGURE 2. Verification of the ExoIII digestion method with sequence-se-
lective G oxidation by ONOOCO2

� and riboflavin. 32P-Labeled double-
stranded oligodeoxynucleotides containing four representative G sequence
contexts (Table 1) were treated with ONOOCO2

� (A) or photo-activated ribo-
flavin (B), as described under “Experimental Procedures.” The sample was
subsequently split, with one-half treated with ExoIII to remove direct strand
breaks (black bars) and the other half left untreated as a control (white bars).
Base damage in both samples was then expressed as strand breaks resulting
from hot piperidine treatment, and the resulting fragments were resolved on
by denaturing PAGE (20%), as described under “Experimental Procedures.”
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Assessment of the Sequence Selectivity of G Oxidation Pro-
duced by �-Radiation and Fe�2-EDTA/H2O2—The ExoIII
digestion and sequencing gel method was employed to define
the role of sequence context in hydroxyl radical-mediated G
oxidation, with comparison to one-electron oxidation by ribo-
flavin-mediated photooxidation. The studies were initiated by
performing damage reactionswith each of the 32P-labeled, dou-
ble-stranded oligodeoxynucleotides shown in Table 1 in 175
mM metal-free phosphate buffer at pH 7.4. Optimal doses for
�-irradiation (60Co, 1.1 gray/min) and Fe2�-EDTA/H2O2 treat-
ment were chosen to produce a range of quantifiable damage
signals from the sequencing gels and to cause a maximum of
one detectable base oxidation event per oligodeoxynucleotide
molecule, which, according to a Poisson distribution, occurs
when less than 30% of the parent duplex is consumed following
removal of strand breaks by ExoIII treatment and base damage
expression by hot piperidine or Fpg. In light of the uncertainty
about the exact nature of iron-based Fenton chemistry (37), we
chose reaction conditions that would maximize hydroxyl radi-
cal production in an air-saturated solution as follows: 0.1 mM
Fe2�-EDTA, 2 mM H2O2 in 175 mM Chelex-treated potassium
phosphate buffer (pH 7.4) for 2 h at 37 °C (37).
As shown in Fig. 3 for piperidine-labile G damage products,

the reactivity at eachGwas determined relative to the central G
of the TGG normalization sequence contained in each oligode-
oxynucleotide (Table 1). The ln(relative reactivity) data were
plotted as a function of the sequence-specific IP of the G (open
circles in Fig. 3; see supplemental Fig. 1 for a typical gel used for
quantification). In the case ofXGG, GGX, and GGG sequences,
the relative damage level was determined for the central G to be
consistent with our previous studies of G oxidation by pho-
tooxidized riboflavin and ONOOCO2

� (28). For both �-radia-
tion and Fe2�-EDTA/H2O2, the ln(relative activity) of G varied
only modestly with sequence context, within a range of 0.60–
1.0 for �-radiation and 0.71–0.96 for Fe2�-EDTA/H2O2. Sim-
ilar trends were observed with Fpg-labile G oxidation for both
agents (closed circles in Fig. 3; see supplemental Fig. 1), although
relatively lower reactivity was observed for 5�-CGT-3�,
5�-AGT-3�, 5�-TGT-3�, 5�-GGT-3�, and 5�-GGC-3� (0.4–0.6
for �-radiation and 0.5–0.6 for Fe2�-EDTA).
Assessment of the Sequence Selectivity of G Oxidation Pro-

duced by �-Radiation and Fe�2-EDTA/H2O2 within Runs
of G—In addition to the correlation between IP and sequence
context-dependent G reactivity as evidence of charge transfer,

FIGURE 3. Relative reactivities of Gs in different sequence contexts as a
function of their sequence-specific ionization potentials. Labeled oli-
godeoxynucleotides with sequences shown in Table 1 were subjected to

oxidation by 50 gray of �-irradiation (A), 0.1 mM Fe2�-EDTA/2 mM H2O2 (B),
and riboflavin-mediated photooxidation (C). Subsequent to treatment with
ExoIII to remove the background of 2-deoxyribose oxidation, the oligode-
oxynucleotides were treated with hot piperidine (E) or Fpg (F) to convert
oxidized bases to strand breaks and subjected to sequencing gel electro-
phoresis. For all three oxidants, the relative reactivity of each G was calculated
as the percentage of total radioactivity in the corresponding band, relative to
the damage induced within the central G of the invariant TGG sequence,
quantified after autoradiography as described under “Experimental Proce-
dures.” Data for riboflavin-mediated photooxidation were taken from Margo-
lin et al. (28). Data in all three panels were plotted on the same y axis scale for
purposes of comparison and represent the mean � S.D. for three experi-
ments. Dashed lines represent linear regression fits of combined piperidine and
Fpg data for �-irradiation (y � �0.469x � 2.88; r2 � 0.22) and Fe-2�EDTA/2 mM

H2O2 (y � �0.376x � 2.28; r2 � 0.16) and of riboflavin-mediated photooxidation
data from Margolin et al. (28) (y � �2.30x � 14.5; r2 � 0.61); all lines have statis-
tically significant negative slopes, as noted in the text.
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G oxidation by classical one-electron oxidants such as photo-
activated riboflavin has also been observed to localize at the
5�-most G in GG motifs, and variably at the 5�- or middle G of
GGG (38), as a result of charge transfer. Although the sequence
context studies revealed no significant preference for damage in
runs of G by �-radiation or Fe2�-EDTA/H2O2 compared with
other sequence contexts (Fig. 3), we sought to determine
whether the hydroxyl radical was site-selective within GG and
GGGmotifs. This was accomplished by quantifying the relative
amount of damage sustained by G in four representative
5�-TXGXT-3� sequence contexts as a result of exposure to�-ra-
diation and Fe2�-EDTA/H2O2, with the relative reactivity
expressed as the fraction of total G oxidation in a pair or trio of
Gs. As shown in Fig. 4, the quantity of damage produced by
photooxidized riboflavin exhibits an inverse correlation with
the calculatedG IP values, which is consistentwith the previous
studies of Saito and co-workers (12, 14), most notably for the
TGGGT sequence context (38). The results with ONOOCO2

�

reveal a weaker dependence on the IP of G, as shown in Fig. 4
and in our previously published studies (28). In the case of
the TG1G2CT sequence, ONOOCO2

� was highly selective for
the G2 position adjacent to C, which is consistent with the
direct relationship between G IP and reactivity observed for
ONOOCO2

� (28). The results with �-radiation and Fe2�-
EDTA/H2O2 indicate that oxidation is slightly favored at the 5�-G
in GG sequence contexts except in TG1G2G3T, where there G2
andG1 sustain similar levelsofdamage.These results are similar to
the riboflavin data, with less pronounced selectivity.
Estimation of the Sequence Dependence of G Oxidation

Chemistry Caused by �-Radiation and Fe�2-EDTA/H2O2—In
addition to the effects on the quantity of G oxidation, sequence
context may also affect the chemistry of the damage. One

approach to assessing the sequence dependence of G oxidation
chemistry entails quantification of the differential sensitivity of
the lesions to hot piperidine and Fpg treatments. It is well estab-
lished that the reactivity of different G oxidation products with
piperidine and Fpg is variable and depends upon the structures
of the lesions (39) with 8-oxo-dG and the 2,6-diamino-5-form-
amido-4-hydroxypyrimidine form of dG (Fapy-dG) sensitive to
Fpg and resistant to piperidine treatment (39–42). The oppo-
site is true for the G oxidation product 2,2-diamino-4-[(2-
deoxy-�-D-erythro-pentofuranosyl)-amino]-5(2H)-oxazolone
(oxazolone; Ox), the stable degradation product of the 2-ami-
noimidazolone lesion (39, 43, 44). The diastereomeric spiroimi-
nodihydantoin lesions, a major product of G oxidation by car-
bonate radical anion (CO3

��) in DNA (45) and a minor product
of 8-oxo-dG oxidation in riboflavin-mediated photooxidation
(46), are Fpg-sensitive but only partially alkali-labile (47).
Because the major G oxidation products arising from �-irradi-
ation of DNA include, among a minority of other products, the
Fpg-sensitive Fapy-dG and 8-oxo-dG and the piperidine-sensi-
tive Ox (48, 49), we set out to estimate the sequence specificity
of G oxidation chemistry using the approach of Spassky and
Angelov (39) by measuring differences in the proportions of
Fpg- and piperidine-sensitive lesions in the various sequence
contexts.
As shown in Fig. 5, the ratios of Fpg- to piperidine-sensitive

lesions produced by �-radiation and Fe2�-EDTA/H2O2 in all
sequence contexts vary over an �2-fold range. This range of
ratios is similar to that observed with riboflavin-mediated pho-
tooxidation (Fig. 5), but it stands in contrast to the 5.5-fold
variation in the ratios of Fpg- to piperidine-sensitive lesions
produced by ONOOCO2

� (28). As noted earlier, Gs within
5�-GT-3� motifs (5�-CGT-3�, 5�-AGT-3�, 5�-GGT-3�, and
5�-TGT-3�) are characterized by Fpg/piperidine ratios that are
significantly lower than the other ratios (p 	 0.02) and range
from 0.5 to 0.7 for �-radiation and from 0.6 to 0.8 for Fe2�-
EDTA/H2O2. In addition, the 5�-GGC-3� sequence context is
also characterized by a relatively low Fpg/piperidine ratio of 0.8
in the case of damage produced by Fe2�-EDTA/H2O2.

DISCUSSION

The complexity of nucleobase and sugar damage caused by
strong oxidizing agents such as ionizing radiation and the Fen-
ton chemistry typified by Fe2�-EDTA/H2O2 poses a challenge
to defining the location of nucleobase damage and the effects of
sequence context on the damage. To address this problem, we
developed a gel-based method that allows quantification of
nucleobase damage in oxidized DNA by exploiting ExoIII to
remove fragments containing direct strand breaks and abasic
sites. The feasibility of this approach was proven in two sets of
studies. The first entailed corroboration of the sequence selec-
tivity of G oxidation by riboflavin-mediated photooxidation
and by ONOOCO2

� (Fig. 2). These agents were previously
observed to cause G oxidation with widely differing sequence
selectivity; the level of riboflavin-mediated oxidation of G
decreases as a function of the sequence-specific IP of the central
G in a three-nucleotide context (relative G oxidation in
decreasing order CGG � GGC � CGT � TGC), whereas the
opposite is true forONOOCO2

� (TGC�GGC�CGT�CGG)

FIGURE 4. Relative oxidative damage sustained by individual Gs within
four representative G runs for four oxidizing agents. Numbers on the col-
umns for riboflavin-mediated photooxidation correspond to the sequence-
specific calculated ionization potential (eV) for each G identified in the
sequence above each graph and along the z axis (12). The y axis corresponds
to the fraction of the total �-radiation-induced oxidative damage sustained
by all Gs in the run of Gs. The data represent the mean for three experiments;
the standard deviation for all of the data is 	10%.
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(28). This behavior is identical to that observed in studies
employing ExoIII (Fig. 2). Furthermore, ExoIII digestion of oli-
godeoxynucleotides treated with Fe2�-EDTA/H2O2 caused a
significant reduction in the direct strand breaks and abasic sites
produced by this agent, with the remaining damage confined to
G bases (Fig. 1B), as expected from previous studies (7, 34).
The ExoIII approach to removing strand breaks and abasic

sites can be used to probe sequence selectivity of nucleobase
oxidation by other oxidants that generate substantial amounts
of 2-deoxyribose oxidation, such as ionizing radiation, per-
oxynitrite (ONOO�) (44), and peroxyl radicals (50). Previous
approaches to studying nucleobase oxidation in Fenton reac-
tions induced by Cu� and Fe2� in the presence of H2O2 and
ascorbate addressed the strand break problem by adding
sucrose to the damage reactions to suppress 2-deoxyribose oxi-
dation (51). However, this approach generates sucrose-derived
radical species that could lead to alterations of G oxidation
chemistry (52).
The method was applied to define the role of sequence con-

text in G oxidation by hydroxyl radicals, with �-radiation and
Fe2�-EDTA/H2O2 as model hydroxyl radical-generating sys-
tems. Both of these oxidizing agents produce a substantial
quantity of 2-deoxyribose oxidation in DNA (2, 33), which
would otherwise confound a gel-based analysis of G oxidation
by adding 2-deoxyribose-derived strand breaks to those derived
from nucleobase damage. Although nucleobase oxidation
mediated by the direct effect of �-radiation is associated with
charge transfer as a result of the formation of G .� radicals (13,
17, 20), the relatively dilute DNA concentration employed in
the present studies leads to a predominance of hydroxyl radi-
cals (i.e. the indirect effect) as themain DNA-damaging species

generated during �-irradiation. In
conducting these experiments, we
were mindful of the proposed for-
mation of oxidizing species other
than the hydroxyl radical by the
Fe2�-EDTA complex (53–55), spe-
cifically oxidizing iron-oxo com-
plexes such as the perferryl ([Fe2�-
O27 Fe3�-O2

. ]) and ferryl ([Fe4� �
O]) species (37). Although these
species are strong oxidants, they are
less reactive than hydroxyl radical
with molecules such as benzoate,
tert-butyl alcohol, acetate ion, argi-
nine, and serine (53, 54), presum-
ably because of their lower reduc-
tion potentials relative to that of
hydroxyl radical (56). It has been
observed that the relative yields of
hydroxyl radical and the iron-oxo
complexes are strongly dependent
on factors such as pH, solvent polar-
ity, buffer components, and the
metal chelator (55, 57, 58). The con-
centration of H2O2 in the reaction
mixture was shown to have a signif-
icant effect on the efficiency of �OH

generation, with low concentrations (� �M) favoring iron-oxo
species and high concentrations (mM) favoring hydroxyl radical
(37, 57, 58). Taking into account the complicated chemistry of
Fe2�-EDTA,we conducted Fe2�-EDTA-mediatedDNAoxida-
tion reactions in the presence of 2 mM H2O2, which leads to
predominant formation of hydroxyl radical (37).
As shown in Figs. 3–5, the G oxidation patterns observed for

�-radiation and Fe2�-EDTA/H2O2 showed strong similarities
for the two agents, as expected for the predominant role of
hydroxyl radicals in their mechanisms of DNA oxidation (2, 33,
37). However, there were differences from the one-electron
oxidation mediated by photoactivated riboflavin, which is pre-
sumed to be dominated by G .� radicals (13, 17, 20). Linear
regression analysis revealed a much weaker correlation (r2 �
0.2) between the level of G oxidation and the sequence-specific
G IP for �-radiation and Fe2�-EDTA/H2O2 (Fig. 3, A and B)
compared with the stronger correlation observed for riboflavin
here (Fig. 3C, r2 � 0.6) and in previous studies (12, 28). How-
ever, the analysis confirmed statistically significant negative
slopes for the plots shown in Fig. 3 for both hydroxyl radical
generating agents and riboflavin (p	 0.02 and	0.0004, respec-
tively), which is consistent with a weak negative correlation
between IP and G reactivity.
A stronger similarity of the behavior of hydroxyl radicals and

riboflavin in terms of sequence-selective G oxidation was
apparent in the observed biases in damage location within GG
and GGGmotifs. In general, the relationship between the level
ofGoxidation produced by hydroxyl radicals and the calculated
IP ofG in the fourGG- andGGG-containing sequenceswas less
pronounced than that associated with riboflavin, but an inverse
correlation between reactivity and IP is still apparent (Fig. 4).

FIGURE 5. Ratios of relative amounts of Fpg- to piperidine-sensitive oxidized G lesions produced by
Fe2�-EDTA/H2O2 (white bars) and �-radiation (black bars) (A) and riboflavin-mediated photooxidation
(white bars) and ONOOCO2

� (black bars; data from Ref. 28) within different sequence contexts (B). Values
represent mean � S.D. for three experiments. The sequence contexts are organized from left to right as a
function of increasing IP.
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This behavior stands in contrast to the varying pattern of G
oxidation in GG and GGG sequences by ONOOCO2

� (Fig. 4).
These observed effects of sequence context on hydroxyl rad-

ical-induced G oxidation raise questions about the basis for
both the similarities and the differences with respect to one-
electron oxidants such as riboflavin. The most obvious differ-
ence involves the initial step inGoxidation, with addition of the
hydroxyl radical to C4 or C8 of G to produce 8-hydroxy- and
4-hydroxy-G radical species (8-OH-G� and 4-OH-G�; Scheme
1) (59) as opposed to one-electron removal from G to produce
G .� with riboflavin-mediated photooxidation. The additional
complication of 2-deoxyribose oxidation by hydroxyl radicals
will be discussed shortly. The reactions subsequent to the initial
electron removal by photoactivated riboflavin fit a widely
accepted general model of charge transfer mediated by the G .�
radical, with migration of the hole to sequence contexts that
confer the lowest IP to G (Fig. 3). Furthermore, the reactions of
riboflavin-mediated G .� within runs of G (e.g. GG and GGG
contexts) have been explained by a more complicated model to
account for differences observed with longer range sequence
contexts, such as TGGG versus CGGG (38).
The mechanistic basis for the observed sequence context

effects of hydroxyl radical-induced G oxidation is not as well
defined as in the case of riboflavin-mediated photooxidation.
This can be accounted for by the following considerations.
As opposed to the predominance of G .� as the initial product
of one-electron oxidation of G, hydroxyl radical reacts to
form 8-OH-G� and 4-OH-G� radicals. The subsequent trans-
formations of 8-OH-G� yield the stable products 8-oxo-G
and Fapy-G (60). The loss of a water molecule from 4-OH-G�

at physiological pH results in G(�H)� (59) that appears to
undergo conversion mainly to the stable damage product Ox
(61) (Scheme 1). The complicating factor here is the balance
between the fates of 8-OH-G�, 4-OH-G�, and G(�H)�. A bias
toward 8-OH-G� would lead to a predominance of stable
damage products (i.e. 8-oxo-G and Fapy-G) formed at the
initial site of G oxidation, whereas higher proportions of
4-OH-G� and its dehydration product G(�H)� could lead to
migration of the radical to neighboring G bases, as discussed
shortly. This may explain the diminished sequence context

effects on hydroxyl radical-mediated G oxidation relative to
that of riboflavin.
This weak sequence dependence may arise from contribu-

tions of the G(�H)� radical. It is well established that this spe-
cies can arise fromboth dehydration of 4-OH-G� and fromdep-
rotonation ofG .�, so it represents a common intermediate forG
oxidation caused by riboflavin and hydroxyl radicals (62). This
does not explain, however, the role of G(�H)� in determining
the location of the final damage products in runs of two or three
Gs. At one extreme, G(�H)� could simply represent an inter-
mediate on the path to final damage products, with the
sequence selectivity for damage products determined by the
stability of the G(�H)� radical (38). In this case, G(�H)� does
not participate in electron transfer reactions with neighboring
bases and is consumed by reactions such as recombinationwith
superoxide and the subsequent formation of species such as Ox
(Scheme 1) (61) at the site of initial G oxidation. According to
this model, the predominance of 8-OH-G�, 4-OH-G�, and
G(�H)� in the case of �-radiation and Fe2�-EDTA/H2O2 treat-
mentwould explain the less pronounced sequence specificity of
G oxidation product formation (Fig. 3, A and B) if hydroxyl
radicals are relatively unselective in their initial oxidation of Gs
at different sites in DNA. Tullius and co-workers (36) have
demonstrated that the reactivities of hydroxyl radicals at differ-
ent positions in 2-deoxyribose are governed in part by the sol-
vent exposure of the hydrogen atoms at these positions, which
would suggest some degree of “selectivity” of hydroxyl radical
reactivities for solvent-exposedGs aswell. Thismay explain the
weak sequence dependence of hydroxyl radical-induced G oxi-
dation (Fig. 3, A and B) that is significantly less pronounced
than the strong charge transfer-mediated sequence depend-
ence for the distribution of final damage products with one-
electron oxidants such as riboflavin (Fig. 3C) (12, 28).
The G(�H)� may also participate in electron transfer in

DNA. The deprotonation of the G .� cation in DNA in solution
occurs with a rate constant of �3 � 106 s�1 (63), suggesting
that intra-strand proton-coupled hole transfer can occur
between G(�H)� and a neighboring G in DNA on slower time
scales (64). G(�H)� is a relatively strong oxidant, only 0.29 V
weaker than G .� (1.29 and 1.58 V versusNHE, respectively; see
Ref. 13), so it is reasonable to assume that it can remove an
electron from a neighboring G, albeit with a slower rate than
G .� because of this energy difference. This would explain the
similarities between the hydroxyl radical generators and ribo-
flavin-mediated photooxidation in terms of relative reactivity
between different G sequence contexts (Fig. 3) and within runs
of G (Fig. 4). Just as with G .�, the most probable position of the
G(�H)� (i.e. the most stable position) determines the eventual
final location of damage products in a run of Gs. This is con-
sistent with the studies of Saito and co-workers (38), who cor-
related ab initio molecular orbital calculations with damage
product analysis and concluded that the predominance of dam-
age at the G2 of TG1G2G3 correlates well with the greater sta-
bility of the G(�H)� at G2.

Although there are similarities between the hydroxyl radical
generators and the one-electron oxidant, there are clear differ-
ences. One factor possibly contributing to these differences is
the oxidation of the 2-deoxyribose moiety by hydroxyl radical
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but not by one-electron oxidants such as riboflavin. It is well
known that hydroxyl radicals cause hydrogen atom abstraction
from the 2-deoxyribose inDNA,with the resulting carbon-cen-
tered radicals capable of reactingwith the C8 of purines (65, 66)
and with molecular oxygen to form peroxyl radicals and a host
of degradation products (29, 67). Although the ExoIII digestion
removes the final strand break and abasic site products of the
sugar radical species, the sugar radicals could confound the
mechanism of base oxidation by reacting with neighboring
nucleobases to generate base radical species. Precedent for this
activity comes from the observations of 5�,8-cyclopurine nucle-
otides arising from addition of a 5�-radical at the C8 position of
purines (65, 66).
In addition to the weak sequence dependence of hydroxyl

radical-mediated G oxidation, we also observed limited
sequence effects on the chemistry of the G damage (Fig. 5). The
ratio of the quantity of Fpg-sensitive to hot piperidine-sensitive
lesions has been shown to be an accurate estimate of site-spe-
cific guanine oxidation chemistry (28, 39). Indeed, the higher
Fpg-to-piperidine ratios that were observed with riboflavin
(Fig. 5) are consistent with the higher proportion of Fpg-sensi-
tive lesions associated with riboflavin compared with �-radia-
tion (68). The major lesions observed to date with riboflavin
consist of Fpg-sensitive 8-oxo-G and piperidine-sensitive Ox
(39, 40, 68–70), along with smaller amounts of spiroiminodi-
hydantoin, which is sensitive to Fpg (46, 71) and partially labile
in piperidine (47). The major stable G oxidation products in
hydroxyl radical-induced DNA damage (7, 72, 73) include
8-oxo-G and Ox, along with Fapy-G, which is sensitive to both
Fpg and piperidine (40). The�2-fold sequence-dependent var-
iation in the proportions of Fpg- and piperidine-sensitive
lesions produced by the hydroxyl radical generators and ribo-
flavin is smaller than the �5-fold range for ONOOCO2

�-in-
duced G oxidation (28) and points to the modest role of
sequence context in determining the spectrum of G damage
products. The stronger sequence dependence of G oxidation
chemistry byONOOCO2

�may reflect themore complicated set
of reactive intermediates arising from this agent as follows: CO3

�

and nitrogen dioxide radical (NO2
� ) (74). These studies with

sequence-dependent variation in Fpg- and piperidine-sensitive
G oxidation products provide testable models for analysis of
damaged spectra by chemically specific methods such as mass
spectrometry.
As noted earlier, the results with the 5�-GT-3� contexts pres-

ent a special case of context-dependent G oxidation chemistry.
TheXGT sequencemotifs are consistently characterized by the
lowest Fpg-to-piperidine ratios for �-radiation and Fe2�-
EDTA/H2O2, as well as riboflavin and ONOOCO2

� (Fig. 5).
This phenomenon is not general to Gs positioned next to py-
rimidines sinceXGCmotifs show Fpg-to-piperidine ratios sim-
ilar to other sequence contexts (Fig. 5). There aremany possible
explanations for the unusual behavior of the XGT sequences.
One involves the propensity for hydroxyl radical-mediated for-
mation of tandem lesions at GT sequences involving both
8-oxo-G and a thymine-derived formyl residue (49, 75, 76). The
tandem lesions appear to arise by attack of a thymine peroxyl
radical at the C8 of G (49). However, any model must also
account for the fact that the unusual Fpg-to-piperidine ratios

are also observed with ONOOCO2
� and riboflavin-mediated

photooxidation. Based on the ratio of Fpg and piperidine sen-
sitivities, the XGT context effects suggest the existence of a
local structure that is unfavorable to formation of 8-oxo-G
(piperidine resistance) or favorable to formation of Ox (Fpg-
resistant; Fapy-G is sensitive to both Fpg and piperidine). The
established intrinsic flexibility of DNA sequences containing
alternating purine and pyrimidine bases (77) may favor a back-
bone conformation that promotes addition of the hydroxyl rad-
ical to the C4 position of G and produces a greater number of
Ox lesions at the expense of 8-oxo-G. This shift to a greater
proportion of piperidine-sensitive lesions is also consistent
with amodel of local helical instability proposed by Spassky and
Angelov (39) to explain differential Fpg and piperidine sensitiv-
ities of G oxidation products. The results with the Fpg and
piperidine sensitivity warrant further study to identify the spec-
trum of G oxidation products and the role of sequence context
in defining the damage spectrum for both hydroxyl radicals and
one-electron oxidants.
The observations made with ionizing radiation and Fe2�-

EDTA/H2O2 have implications for the biological impact of G
oxidation andDNAdamage in general. For example, each of the
various G oxidation products has a different mutagenic poten-
tial in terms of both the type of mutation and the frequency
(78). This is further complicated by the recognized role of
sequence context as a determinant of polymerase fidelity not
only in copying normal DNA but also in translesion synthesis
(79). Sequence-dependent variation in the spectrum of DNA
oxidation products may thus influence the spectrum of muta-
tions arising in oxidatively stressed cells.
In conclusion, we have developed an approach to quantifying

sequence-selective nucleobase oxidation in DNA in the pres-
ence of strand breaks and have used it to demonstrate a more
limited sequence selectivity for both the quantity and chemistry
of G oxidation produced by the hydroxyl radical generators
�-radiation and Fe2�-EDTA/H2O2 compared with the one-
electron oxidants riboflavin-mediated photooxidation and
ONOOCO2

�. The results are consistent with the formation of
neutral G radical species (8-HO�-G, 4-HO�-G, G(�H)�) by
hydroxyl radicals as compared with the formation of G .� by
one-electron oxidants, but also point to the potential for intra-
molecular electron transfer with G(�H)� as the means to
account for the correlation between G reactivity and IP in GG
and GGG sequences.
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