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Guanine in DNA is a major oxidation target owing to its
low ionization potential (IP), and there is often an inverse
correlation between damage frequency and sequence-
dependent variation in guanine IP. We report that the
biological oxidant nitrosoperoxycarbonate (ONOOCO2

–)
paradoxically selects guanines with the highest IP in GC-
containing contexts. Along with sequence-dependent variation
in damage chemistry, this behavior points to factors other than
charge migration as determinants of genomic DNA oxidation.

Determinants of the location and quantity of oxidatively damaged
DNA have been extensively studied in recent years for a variety of one-
electron oxidants1–3 that selectively oxidize the 5¢-guanine in runs of
guanines. This behavior has been attributed to migration of the initial
radical cation to the guanine with the lowest IP, with termination by
trapping and product formation1. Support for this model comes from
observations of an inverse correlation between calculated IP for
guanines in different sequence contexts and the reactivity of the

guanines toward riboflavin-mediated photooxidation3. These observa-
tions have led to the general conclusion that DNA oxidants produce
large amounts of damage at the most readily oxidized guanines as
a result of charge migration to the lowest-energy hole trap. Contrary
to this model, we observed a different behavior with ONOOCO2

–,
a chemical mediator of inflammation arising from macrophage-
derived nitric oxide4. Homolysis of the O-O bond in ONOOCO2

–

(t1/2 o 1 ms) produces the one-electron oxidants nitrogen dioxide
(½NO2��) and carbonate radical anion (½CO3��–)4, of which only
½CO3��– is capable of oxidizing guanine5.

We previously observed a correlation between the quantity of
ONOOCO2

–-induced damage and mutations in the Escherichia coli
supF gene6. Re-examination of this data revealed a marked selectivity
of ONOOCO2

– for guanines in TGC and AGC sequences. This
observation was characterized by quantitatively comparing
ONOOCO2

– reactivity with guanines in all possible trinucleotide
sequence contexts in the double-stranded, 30-mer oligodeoxynucleo-
tides used in published studies of riboflavin-mediated photooxida-
tion3. The consensus sequence 5¢-CGTACTCTTTGGTX1G1Y1TX2

G2Y2TTCTTTCTAT-3¢ contains two variable guanine contexts
(XiGiYi) and an invariant TGG (underlined) for normalizing damage.
We quantified ONOOCO2

–-induced damage at each guanine in 5¢-32P–
labeled oligodeoxynucleotides on sequencing gels (Supplementary
Fig. 1 online) after converting guanine lesions to strand breaks with
piperidine or formamidopyrimidine DNA glycosylase (Fpg; both
treatments produced similar results for sequence selectivity; Supple-
mentary Fig. 2 online)6.
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Figure 1 Sequence-selective guanine oxidation in duplex DNA by ONOOCO2
– and riboflavin-mediated photooxidation3. (a,b) Data we obtained for the relative

reactivity of ONOOCO2
– (a) and riboflavin photooxidation (b) in XGY motifs in oligodeoxynucleotides are plotted against guanine IP (IP values obtained from

ref. 3). Lines in b represent linear regression fits of riboflavin-mediated photooxidation data from our studies (solid line; y ¼ 18.5 – 2.90x; data for TGT,

CGT, CGC and TGC omitted) and from other published work3 (dashed line; y ¼ 30.2 – 4.62x). Data represent mean ± s.d. for three experiments.

(c) Frequency of guanine oxidation by ONOOCO2
– in the HPRT gene in human lymphoblastoid TK6 cell genomic DNA mapped by ligation-mediated

PCR (Supplementary Methods). Oxidized guanines noted above specific peaks in the line graphs are derived from Supplementary Figure 4.
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A plot of guanine damage frequency in different sequence contexts
as a function of guanine IP revealed only a modest sequence depen-
dence of guanine reactivity with ONOOCO2

– except at the highest IP
values (Fig. 1a). This stands in sharp contrast to the inverse relation-
ship between IP and reactivity associated with the riboflavin-mediated
photooxidation (Fig. 1b). The highest frequency of ONOOCO2

–-
induced damage occurred in AGC and TGC sequences, which also
conferred the highest guanine IP (whereas GGG was characterized by
the lowest reactivity and the lowest IP). With the notable exception of
GGC, guanine oxidation varied only modestly with increasing IP up to
6.96 eV (TGT), after which there was a sharp increase in reactivity
(CGC, AGC and TGC). GGC was unique in having both the highest IP
of all GG-containing sequences and high relative reactivity with
ONOOCO2

– in spite of the relatively low reactivity of other GG-
containing sequences. These results point to the GC motif as a major
determinant of ONOOCO2

– oxidation hotspots in DNA.
We also quantified guanine oxidation by photoexcitation of ribo-

flavin (Fig. 1b) and found the same linear relationship between rela-
tive reactivity and IP as reported elsewhere3 (omitting data for TGT,
CGT, CGC and TGC as in ref. 3), even though we used different
buffers. These results indicate that the unusual sequence dependence
of ONOOCO2

–-induced guanine oxidation is not an experimental arti-
fact. In support of this conclusion, we observed no sequence depen-
dence for damage frequency in single-stranded oligodeoxynucleotides
with riboflavin or ONOOCO2

– (Supplementary Fig. 3 online).
This unique selectivity of ONOOCO2

– is also evident in the HPRT
gene in human genomic DNA, in which base lesions have been
mapped by ligation-mediated PCR7. Damage hotspots occurred
almost exclusively at AGC and TGC (Fig. 1c and Supplementary
Fig. 4 online), again consistent with the observed selectivity of
ONOOCO2

– for guanines with the highest IP (Fig. 1a).
The identification of the GC motif as a major determinant of

ONOOCO2
– oxidation hotspots in duplex DNA suggests that factors

other than sequence-specific guanine IP have a role in the selection of
targets by ONOOCO2

– or its decomposition products. That this
sequence selectivity is dependent on the secondary structure of
DNA is confirmed by studies of single-stranded oligonucleotides
(Supplementary Fig. 3). Thus, one question that remains to be
resolved is whether the observed differences in sequence selectivity
of riboflavin and ONOOCO2

– (Fig. 1a,b) stem from differences in the

rates of initial electron removal or from subsequent steps leading to
formation of stable oxidation products. Both ½CO3��– (refs. 5,8) and
riboflavin9 share a common initial one-electron oxidation to produce
a guanine radical cation. Sequence context effects can occur if the rate
constant of electron transfer increases with decreasing IP, as implied by
earlier studies3. However, rates of one-electron transfer depend not
only on differences between the redox potentials of donor and
acceptor, but also on reorganization energy and other oxidant features.
It is possible that repulsion of the negative charge of ONOOCO2

– or
½CO3��– (or some other factor) limits access to guanines exposed to
oxidant-containing bulk solvent, a model supported by a five- to ten-
fold increase in guanine reactivity in single- compared to double-
stranded oligodeoxynucleotides (Supplementary Methods online).
This is consistent with other published work4.

Alternatively, sequence context may determine the fate of the
guanine radical cation by influencing reactions that lead to final
products. This idea is supported by the results shown in Figure 2,
in which the ratio of Fpg- to piperidine-sensitive damage products
in different guanine-sequence contexts varies by seven-fold (total
damage in each context behaved as in Fig. 1). Fpg sequence selectivity
cannot explain this, as experiments have been conducted with excess
enzyme to ensure release of all products10. It is well established that
the reactivities of piperidine and Fpg vary between different guanine
lesions11, and there are likely to be few products resistant to both Fpg
and piperidine, given the defined sensitivities of the major guanine
lesions produced by riboflavin9 and ONOOCO2

– (refs. 4,8,12,13).
The unusual sequence selectivity of ONOOCO2

–, which may be
shared by other oxidants14, and the sequence dependence of the
product spectra suggest that current models of guanine oxidation
and charge transfer in DNA could follow paradigms other than those
proposed in earlier reports3 that argue for a direct relationship
between IP and the efficiency of guanine oxidation. This complicates
efforts to predict the location and chemistry of mutagenic DNA
oxidation in the genome.

Note: Supplementary information is available on the Nature Chemical Biology website.
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Figure 2 Sequence selectivity of ONOOCO2
–-induced guanine oxidation

chemistry. We treated duplex oligodeoxynucleotides (Fig. 1) with ONOOCO2
–

and expressed the guanine oxidation products as strand breaks with either

piperidine or Fpg treatments (Supplementary Methods). The ratio of Fpg-

to piperidine-sensitive cleavage is plotted for each XGY motif, with

IP3 increasing from left to right. Data represent mean ± s.d. for

three experiments.
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