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Abstract
It has been suggested that carbonate radical anions are biologically important because they may be
produced during the inflammatory response. The carbonate radicals can selectively oxidize guanine
in DNA and RNA by one-electron transfer mechanisms and the guanine radicals thus formed decay
by diverse competing pathways with other free radicals or nucleophiles. Using a photochemical
method to generate CO3

•− radicals in vitro, we compare the distributions of products initiated by the
one-electron oxidation of guanine in the trinucleotides 5’-r(GpCpU) and 5’-d(GpCpU) in aqueous
buffer solutions (pH 7.4). Similar distributions of stable end-products identified by LC-MS/MS
methods were found in both cases. The guanine oxidation products include the diastereomeric pair
of spiroiminodihydantoin (Sp) and 2,5-diamino-4H-imidazolone (Iz). In addition, intrastrand cross-
linked products involving covalent bonds between the G and U bases (G*CU*) were also found,
although with different relative yields in the 2’-deoxy- and the ribotrinucleotides. The positive ion
MS/MS spectra of the 5’-r(G*pCpU*) and 5’-d(G*pCpU*) products clearly indicate the presence of
covalently linked G*-U* products that have a mass smaller by 2 Da than the sum of the G and U
bases in both types of trinucleotides. The 5’-d(G*CU*) cross-linked product was further
characterized by 1D and 2D NMR methods that confirm its cyclic structure in which the guanine
C8-atom is covalently linked to the uracil N3-atom.
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Introduction
Inflammation is believed to play an important role in the etiology of a number of human cancers
[1]. The overproduction of free radicals associated with chronic inflammation is suspected to
induce enhanced cell proliferation and malignant cell transformation [2]. Among the oxyl
radicals that are believed to be generated at sites of inflammation [3–5], hydroxyl radicals and
carbonate radical anions can directly react with and irreversibly damage DNA molecules [6,
7]. The hydroxyl radical is an extremely strong electrophile that rapidly and unselectively reacts
with DNA mostly via the addition to double bonds of the nucleobases and by abstraction of
hydrogen atoms from either the 2-deoxyribose moieties or the methyl group of thymine [6,8,
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9]. In contrast, CO3
•− radicals with a reduction potential of 1.59 V vs NHE [10] selectively

oxidize biomolecules by one-electron abstraction mechanisms [11]. It has been suggested that
in vivo, CO3

•− radicals are formed via homolysis of nitrosoperoxycarbonate derived from the
combination of carbon dioxide and peroxynitrite, an important byproduct of the inflammatory
response [4,5,12].

Our own laser flash photolysis experiments have shown that CO3
•− radicals induce site-

selective one-electron oxidation of guanine bases in 2’-deoxyribooligonucleotides in either the
single- or double-stranded forms [7,13,14]. Neutral guanine radicals, G(−H)•, directly
monitored via their UV absorption maximum at 315 nm, give rise to a series of relatively stable
end products [13,15,16] including mostly the diastereomeric pair of spiroiminodihydantoin
(Sp), the guanidinohydantoin (Gh) lesion, and the intrastrand cross-link between G* and T*
bases, as well as minor quantities of 2,5-diamino-4H-imidazolone (Iz) lesions. Analysis of the
intrastrand cross-linked products by NMR and mass spectrometry methods indicate that the
G* and T* bases are covalently linked via the C8 atom of guanine and the N3-atom of thymine.
These unusual cross-links are formed in single-stranded DNA with 5’-GCnT and 5’-TCnG
sequences with n = 0, 1, 2 and 3, and in double-stranded DNA containing the 5’-GT
dinucleotide sequence [16]. The cross-linking mechanism involves the nucleophilic addition
of the thymine N3 to the C8 position of guanine radical followed by the removal of the unpaired
electron by an O2 molecule. Different kinds of cross-links involving a covalent bond between
the guanine C8 and thymine C5 methyl group of the adjacent G and T bases in DNA produced
by radiation-induced •OH radicals in deoxygenated solutions have been observed [17,18]. The
formation of these cross-links requires H-atom abstraction from the methyl group of thymine
and is not initiated by the one-electron oxidation of guanine as in the case of C8 – N3 cross-
links between G* and T bases.

In this work, we hypothesized that cross-linking triggered by electron abstraction from guanine
might occur between the guanine C8 atom and the N3 position of uracil. The latter is a
demethylated form of thymine (with an H-atom instead of the methyl at C5), in which the N3
(H) group remains available for the cross-link formation with the C8 site of guanine. In contrast
to DNA where T pairs with A, in RNA uracil is the complementary base to adenine. In cellular
RNA, bases are often unpaired in single-stranded regions and the bases are chemically more
reactive than in double-stranded regions of RNA [19]. Although oxidatively generated damage
to RNA has received much less attention than DNA damage, there is growing evidence that
the enhanced oxidation of RNA is associated with early events in the development of
neurodegenerative diseases [20,21]. Recently, enhanced levels of 8-oxo-7,8-dihydroguanosine
(8-oxoGuo) have been found in RNA isolated from brains of deceased patients with Alzheimer
disease [22], as well as in patients suffering from mild cognitive impairment, a transition
between normal aging and dementia [23]. The 8-oxoGuo lesion, a major product of guanine
oxidation, is significantly more abundant in RNA than 8-oxodGuo in DNA exposed to Fenton
reagents (H2O2/ascorbate/Fe3+ or Cu2+) in vitro, or in rat liver after doxorubicin administration
in vivo [24]. However, it has not yet been demonstrated whether other guanine oxidation
products such as Iz, Sp, Gh, occur in RNA as they do in DNA exposed to oxidizing agents
[4,5]. Here, we investigated whether these lesions, as well as cross-links between G-C8 and
U-N3, are formed in 5’-r(GpCpU), and compared the relative proportions of these products
with those formed in the analogous single-stranded 2’-deoxyribotrinucleotide 5’-d(GpCpU)
exposed to carbonate radicals. These trinucleotide sequences were selected because in previous
experiments we showed that the yields of cross-linked products are maximal in the 5’-d(GCT)
sequence context in which the interacting G and T are separated by one cytosine residue [16].
The carbonate radicals were generated by a continuous illumination method that produces
relatively low, steady-state concentrations of these radicals that are more relevant to biological
conditions than the laser pulse methods previously employed for generating carbonate radicals
[16]. We found that the oxidation of 5’-r(GpCpU) by CO3

•− radicals generates basically the
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same major lesions including Sp, Iz and 5’-G*CU* products with the C8 – N3 cross-links
between the G* and T* bases as in the cases of 5’-d(GpCpU). However, the relative proportions
of end-products were different in the 2’-deoxyribo- and ribonucleotide sequences.

Materials and methods
Materials

All chemicals (analytical grade) were used as received. The 5’-d(GpCpU) from Sigma Genosys
(Woodlands, TX), and 5-r(GpCpU) from Bio-Synthesis (Lewisville, TX) were purified and
desalted using reversed-phase HPLC. The integrity and composition of the oligonucleotides
were confirmed by LC-MS techniques.

Oxidation of trinucleotides by CO3•− radicals
The CO3

•− radicals were generated by the photochemical method used in our previous
experiments [7,13,14,25]. This method involves the photodissociation of peroxodisulfate to
sulfate radical anions, followed by the one-electron oxidation of HCO3

− anions by SO4
•−

radicals:

(1)

(2)

(3)

(4)

(5)

(6)

In order to minimize the contribution of the direct oxidation of trinucleotides by SO4
•− radicals

(reaction 3), we employed high concentrations of HCO3
− (300 mM) and much lower

concentrations of oligonucleotides (0.1 mM). Under these conditions, the contribution of the
direct oxidation of trinucleotides by SO4

•− radicals, determined from the ratio of the pseudo
first-order rate constants, k3[GCU]/(k4[HCO3

−] + k3[GCU]), does not exceed ~2% [7,13,14,
25].

Trinucleotides (10 nmol) were dissolved in 1 mL of air-equilibrated solutions containing 300
mM NaHCO3 and 10 mM Na2S2O8 and the pH was adjusted to 7.5 with 1 M NaH2PO4.The
solutions were irradiated with light from a 100 W high pressure Xenon lamp that was reflected
from a dichroic mirror with the reflectance in the 300 – 340 nm spectral range that delivered
an incident energy of ~100 mW/cm2 to the sample. After irradiation for 10 – 30 s, the sample
was immediately subjected to HPLC analysis.

Reversed-phase HPLC separation of the oxidation products
The end products produced by photochemical oxidation were separated using an Agilent 1200
Series LC system (quaternary LC pump with degasser, thermostated column compartments,
and diode array detector) equipped with an analytical (250 × 4 mm i.d.) Varian, Microsorb
C18 column. Typically, HPLC separations of the oxidation products were performed
employing a 1 – 40% linear gradient of methanol in 20 mM phosphate (for NMR experiments)
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or acetate (for LC/MS/MS analysis) buffer solutions, pH 7 for 45 min at a flow rate of 1 mL/
min.

LC-MS/MS experiments
The oxidation products were identified using an Agilent 1100 Series capillary LC/MSD Ion
Trap XCT mass spectrometer equipped with an electrospray ion source as described previously
[16]. Typically, 1 – 8 µL of the sample solution were injected in a narrow bore (50 × 1 mm i.
d.) Zorbax SB-C8 column and eluted with an isocratic mixture (55% methanol in water with
0.1% formic acid) at a flow rate of 0.2 mL/min. The mass spectra were recorded in the positive
mode.

NMR spectra of the oligonucleotide irradiation products
The 1D 1H spectra, and 2D, HSQC (heteronuclear single quantum correlation), HMBC
(heteronuclear multiple bond correlation), and DQF (double quantum filtered) - COSY
(correlation spectroscopy) spectra were recorded in D2O using a 500 MHz Bruker NMR
instrument and a sample concentration of 4.6 mM. The chemical shifts cited are relative to
sodium 2,2-dimethyl-2-silapentane-5-sulfonate (DSS).

Results
Identification of the end products generated by CO3•− radicals

The 5’-d(GpCpU) and 5’-r(GpCpU) trinucleotides were oxidized by CO3
•− radicals generated

by the one-electron oxidation of HCO3
− anions with SO4

•− radicals derived from the
photodissociation of peroxodisulfate [7,13,15]. The oxidation products were isolated by
reversed-phase HPLC (Fig. 1), and identified by LC-MS/MS analysis (Fig. 2 and 3). We found
that oxidation of the 5’-r(GpCpU) and 5’-d(GpCpU) trinucleotides by CO3

•− radicals yields
the same major products including trinucleotides in which the single guanine base is oxidized
to Iz and Sp lesions (Fig. 2) and intrastrand cross-linked products (Fig. 3). Due to the presence
of an additional hydroxyl group in the sugar residues of the 5’-r([Sp]pCpU) sequence, the two
diastereomeric Sp could not be separated (Fig. 1B), although they were separable in the 5’-d
([Sp]pCpU) case (Fig. 1A). Although, the major products are the same (Fig. 1), their relative
yields in DNA and RNA sequences are different. In the case of 5’-d(GpCpU), the major product
is the cross-linked 5’-d(G*pCpU*) (15.9%), and the yields of both the 5’-d([Sp]pCpU) (7.3%)
and the 5’-d([Iz]pCpU) (7.5%) are lower by a factor of 2 (Fig. 1A). In the case of 5’-r(GpCpU),
the major product is 5’-r([Sp]pCpU) (4.6%) and the yields of 5’-r(G*pCpU*) (2.5%) and 5’-
r([Iz]pCpU) (1.8%) trinucleotides are approximately 2 times lower (Fig. 1B).

The positive ion spectra (MS/MS) of 5’-d(G*pCpU*) and 5’-r(G*pCpU*) provide a further
characterization of these unusual lesions (Fig. 3). The mass of 5’-d(G*pCpU*) with molecular
ion, [M + H]+ detected at m/z = 845.2 (Fig. 3A) is smaller by 2 Da than the mass of the
unmodified 5’-d(GpCpU) recorded at m/z = 847.2. The fragmentation of [M + H]+ occurs via
typical pathways for protonated 2’-deoxyribooligonucleotides including cleavage of the
guanine N-glycosidic bond associated with H-atom transfer from the sugar residue to the
guanine base and the formation of a double-bond in the 2-deoxyribose moiety, followed by
cleavage of the phosphodiester C3’–O3’ bond with the concomitant transfer of an H-atom from
the sugar residue to the phosphate and release of a furan-type residue [26–31]. The [M + H −
98]+ formed is detected at m/z = 747.2. Further cleavage of [M + H − 98]+ results in the ion
[M + H − 209]+ at m/z = 636.2 arising from a loss of the cytosine base. The ions, [M + H −
387]+ at m/z = 458.1 and [M + H − 583]+ at m/z = 262.1, are produced by cleavage of the C3’-
O3’ bond in [M + H − 209]+ and the N-glycosidic bond in [M + H − 387]+, respectively. The
[M + H − 583]+ ion at m/z = 262.1 is assigned to the G*-U* fragment and its mass is equal to
the sum of the masses of G and U minus 2 Da. These results suggest that the 5’-d(G*pCpU*)
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product derived from oxidation of 5’-d(GpCpU) by CO3
•− radicals contains an intrastrand

cross-link between the G and U bases which is similar to 5’-d(G*pCpT*) found in our previous
work [16].

The mass of 5’-r(G*pCpU*) with molecular ion, [M + H]+ detected at m/z = 893.2 (Fig. 3B)
is also smaller by 2 Da than the mass of the unmodified 5’-r(GpCpU) recorded at m/z = 895.2.
However, the fragmentation patterns of the ribooligonucleotides (Fig. 3B) are quite different
than those observed in the case of their 2’-deoxy analogues (Fig. 3A). Indeed, the presence of
the 2’-hydroxyl group increases the stability of the N-glycosidic bond and neither its cleavage
nor cleavage of phosphodiester C3’–O3’ bond associated with the release of a furan-type
residue are the primary fragments of [M + H]+. The main fragmentation modes of the
protonated ribooligonucleotides include loss of neutral water from the phosphate group and
cleavage of the 5’-P–O bond followed by cleavage of the N-glycosidic bond [26,32,33]. Indeed,
the fragmentation of [M+H]+ at m/z = 893.2 leads to the [M + H − 18]+ ion at m/z = 875.1
corresponding to the loss of H2O and the [M + H − 194]+ ion at m/z = 699.2 arising from
cleavage of the cytidine 5’-P–O bond and the guanine N-glycosidic bond. Further
fragmentation of [M + H − 194]+ at m/z = 699.2 generates the [M + H − 323]+ ion at m/z =
570.1 derived from the loss of H2O and cytosine. Cleavage of the uracil N-glycosidic bond in
[M + H − 323]+ results in the formation of the ion at m/z 262.1 that represents the G*-U*
fragment which has the same mass as the fragment derived from cleavage of the 5’-d
(G*pCpU*) cross-linked product (Fig. 3A).

Further fragmentation of G*-U* dimers derived from either 5’-d(G*pCpU*) (Fig. 3A) or 5’-r
(G*pCpU*) (Fig. 3B) generates the ion detected at m/z = 192.9 (Fig. 3C). The ion at m/z =
192.9 has been observed in the fragmentation of the cross-linked 5’-d(G*pCpT*) product
[16], that can be considered a support for fragmentation mode associated with cleavage of the
pyrimidine ring of U and T bases in the dimers (Fig. 3C).

Thus, the LC-MS/MS analysis provides evidence that the oxidation of 5’-d(GpCpU) and 5’-r
(GpCpU) trinucleotides by CO3

•− radicals yields the cyclic intrastrand cross-linked products
in which G and U are linked to one another and are separated by a single C residue (Fig. 3).

Role of molecular oxygen in cross-link formation
Our previous experiments have shown that the yields of the 5’-d(G*CT*) cross-linked products
become negligible in deoxygenated solutions [16]. Although, the cross-linked product does
not contain additional oxygen atoms in comparison with the parent 5’-d(GCT), oxygen is
required for the oxidation of the intermediates. To obtain insights into the mechanism of these
reactions, we explored what oxidant can replace oxygen in the cross-link formation. Here, we
found that addition of 1,4-benzoquinone at a 100 µM level to the solutions extensively purged
with argon restores formation of 5’-d(G*CT*) (data not shown) and 5’-d(G*CU*) (Fig. 4)
cross-linked products. The 1,4-benzoquinone is a moderate one-electron oxidant with the redox
potential, E˚(BQ/BQ•−) = 0.078 V vs NHE [34] and it is not surprising that it can successfully
substitute oxygen, which is a weaker one-electron oxidant (redox potential, E˚(O2/ O2

•−) = −
0.16 V vs NHE [35]) in the cross-linking reaction.

Structural characterization of the 5’-d(G*pCpU*) lesion by 1D and 2D NMR methods
In order to identify the sites of guanine and uracil bases involved in the formation of the covalent
bond in the 5’-(G*pCpU*) cross-linked product, we synthesized 5’-d(G*pCpU*) in amounts
sufficient for analysis by 1D and 2D NMR methods. This approach has provided rich structural
information on the cross-linked products generated by the oxidation of the 5’-d(GpCpT)
trinucleotide by CO3

•− radicals [16]. The 1D proton NMR spectra of 5’-d(G*pCpU*) and the
intact 5’-d(GpCpU) were recorded in D2O solutions where the resonances of the exchangeable
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imino protons are not detectable (Fig. 5). The 5 – 8 ppm portions of the intact 5’-d(GpCpU)
and crosslinked 5’-d(G*pCpU*) trinucleotides are shown in Figs 5A and 5B, respectively. In
the intact 5’-d(GpCpU), the guanine H8 proton is identified as the singlet at 7.9 ppm, whereas
three H1’ protons are assigned to a group of multiplets in the 6 – 6.2 ppm region. Both cytosine
and uracil have H5 and H6 protons and the more downfield pair of indistinguishable H6 protons
appears as two distinct doublets in the 7.6 – 7.8 ppm region. In contrast, the C/U-H5 protons
are overlapped and show two peaks at 5.7 and 5.75 ppm. The spectrum of 5’-d(G*pCpU*)
cross-linked product (Fig. 5A) differs from the spectrum of the intact 5’-d(GpCpU)
trinucleotide (Fig. 5B). There is no longer a signal for guanine H8 and this in itself suggests
that this position of guanine is involved in the bond with uracil. It is also evident that the C/U-
H5 protons are now resolved into 2 distinct doublets in the 5.8 – 6.0 ppm region while the C/
U-H6 protons appear again as two doublets in the 7.7 – 7.9 ppm region. The presence of signals
for these 4 protons shows that neither C/U carbons 5 or 6 are involved in the bonding to guanine.
It is also of interest that in 5’-d(G*pCpU*) the 2-deoxyribose H1’ protons are now resolved
into three distinct multiplets and it is this fact which allows for a more complete assignment
of the proton NMR signals.

The individual H1’ resonances were assigned using a combination of 2D heteronuclear HSQC
and HMBC experiments (Fig. 6), and homonuclear phase sensitive DQF-COSY experiments
(Fig. 7). In the HSQC spectrum of 5’-d(G*pCpU*), the C/U-H6 protons show strong
correlations to their respective carbon signals allowing the assignment of these carbons as a
C/U pair (box A in Fig. 6). Thus, by carrying out a HMBC experiment, it was possible to assign
the cross-peaks associated with the correlation of these carbons to their associated H1’ protons.
In this manner, the multiplet at 6.3 – 6.4 ppm represents one of the dC/dU-H1’ protons, and
the multiplet at 6.05 – 6.15 ppm represents the other dC/dU-H1’ proton (box B in Fig. 6).
Therefore by elimination, the dG-H1’ resonance can be assigned to the multiplet at 5.65 – 5.75
ppm.

Differentiation between the cytidine and uridine signals was made by examination of the phase
sensitive DQF-COSY spectrum (Fig 7). The proton NMR signals of the H-3’ protons of
oligonucleotides are affected by the internucleotide phosphate group. In the case of 5’-d
(G*pCpU*), the terminal dU-H3’ has no attached phosphate and resonates further upfield than
the corresponding dG/dC-H3’ protons. Three crosspeaks in Fig. 6 between 4–5 ppm represent
COSY correlations between the H3’ protons and the H2’/H2” protons. The dU-H3’ proton can
thus be assigned within the furthest upfield multiplet at 4.36–4.41 ppm. Also the overlapping
dG/dC-H3’ signals can be assigned to the multiplet at 4.74–4.78 ppm. It is now possible to
distinguish between the dU/dC 2-deoxyribose protons, and thus we can use the scalar
correlations between H3’ and H2’/H2” to assign the dC-H2’/H2” and dU-H2/H2” protons. In
a similar manner, examination of the H2’/H2” to H1’ scalar correlations allows the assignment
of dC-H1’ as the 6.12–6.15 ppm multiplet and dU-H1’ as the 6.36–6.38 ppm multiplet.

Examining the pattern of the correlations between each H1’ and the corresponding H2’/H2”
pair, allows us to differentiate between the H2’/H2” signals. Chazin et al. [36] have shown that
in a DQF-COSY experiment there is a difference in the pattern of cross-peaks for H1’-H2’
compared to those for H1’-H2”. The former show cross-peaks with 4 lobes while the H2’-H2”
cross-peaks show 8–16 lobes depending on spectral resolution. This is clearly seen in the
highlighted box of Fig. 7 and occurs due to the differences in coupling of the H2’/H2” protons
with H1’ and H3’ protons. In this manner, dU-H2’, dU-H2” and dC-H2” can be assigned to
the multiplet at 2.33–2.46 ppm, dC-H2’ is the multiplet at 1.99–2.02 ppm, dG-H2” is the
multiplet at 2.15–2.19 ppm and finally dG-H2’ is the downfield multiplet at 2.99–3.04 ppm.
The fact that dG-H2’ is shifted downfield relative to the other H2’/H2” signals suggests that
the G base is in a syn conformation due to its bonding to uracil. Cadet et al. [37] have shown
that when thymine is substituted by 6-methyluracil in a β-2’-deoxyribonucleoside, there is a
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shift in conformation from anti to syn and this results in the positioning of the 2-keto group of
6-methyluracil over the 2-deoxyribose ring causing a downfield shift of the H2’ signal. In the
case of 5’-d(G*pCpU*), it is likely that the rigid nature of the G*-U* crosslink forces the
guanine to adopt a syn conformation placing the base over the sugar ring and causing a similar
downfield shift of the dG-H2’ signal.

Now that the individual H1’ protons have been assigned, it is possible to unambiguously assign
the C/U H5/H6 protons using a combination of the HSQC/HMBC spectra as shown in Fig. 6
and it is also possible to see HMBC correlations of G-H1’ to G-C4 and G-C8. It is interesting
that there appears to be a cross-peak between G-C8 and U-H5 as shown in Fig. 6, box C. Such
long-range 4 bond proton carbon couplings can be seen and their appearance is more likely
within a coupling pathway involving unsaturated bonds or a planar zig-zag (w-coupling)
configuration [38–40]. The rigid nature of the G*-U* crosslink and the unsaturation between
U-H5 and G-C8 thus allows this long-range correlation to be seen and this is further evidence
that the bonding that occurs between guanine and uracil involves the position 8 in guanine and
the uracil N3 position.

DISCUSSION
Two mechanisms of M-2 tandem lesion formation

The existence of intrastrand cross-links between adjacent G-T bases in oligonucleotides (the
so-called tandem lesions) have been discovered by Box and co-workers [41–44]. These tandem
lesions are generated by the oxidation of oligonucleotides with GT sequences by radiation-
induced •OH radicals in deoxygenated solutions. In the intrastrand cross-links formed the bases
are linked by a covalent bond between the guanine C8 and thymine C5 methyl group. The mass
of these products is smaller by 2 D than the mass of the precursor G-T sequences and the
mechanism involves the formation of the C-centered 5-(2’-deoxyuridinyl)methyl radical
(U-•CH2) intermediate [17,18]. Indeed, it has been shown that the independent generation of
U-•CH2 radicals by photolysis of 5-(phenylthiomethyl)-2’-deoxyuridine results in the
formation of these G-T tandem lesions. The U-•CH2 radicals rapidly react with O2, thus
suppressing the formation of the covalent bond between U-•CH2 and G-C8 [45]. On the other
hand, oxygen does not prevent the formation of the M-2 tandem lesions between adjacent A
and T bases [46,47]. Greenberg and co-workers proposed that the reaction of the U-•CH2
radicals with O2 is reversible [k(O2) = 2 × 109 M−1s−1, and k−(O2) = 3.4 s−1] and the small
transient concentrations of these radicals present in oxygenated solutions can account for the
formation of the tandem lesions [18,46,47]. The formation of the 5-(2’-deoxyuridinyl)methyl
radical intermediates suggests that the initial cross-linking step can occur via the oxidation of
thymine [17,18] mediated by •OH radicals induced by radiation [41–44], or derived from
Fenton reactions [48]).

In contrast, our experiments have shown that the one-electron abstraction from guanine bases
can trigger the formation of a new type of intrastrand cross-link, which also has a mass (M-2),
i.e., 2 Da lower than the mass of the intact oligonucleotide (M), but that has another structure
[16]. Indeed, extensive LC-MS/MS, 1D and 2D NMR studies have shown that in these M-2
lesions, the C8-atom of guanine in G*-T* is linked to the N3 atom of thymine. These G*-T*
lesions have been detected in single-stranded G*CnT* oligonucleotides in which G and T bases
can be separated by n = 0, 1, and 2 cytosine bases, and in double-stranded DNA with adjacent
G and T bases [16]. The formation of these G*-T* lesions can be triggered by the one-electron
oxidation of guanine by oxidants with appropriate reduction potentials, such as CO3

•− and
SO4

•− radicals, and photoexcited riboflavin [16]. The C8-centered G(−H)• radicals formed
react further with thymine. The deprotonation of thymine N3(H) with pKa = 9.67 [49] greatly
enhances its nucleophilicity that explains the remarkable large yield of the G*-T* lesion at pH
10 [25]. The radical adduct arising from the nucleophilic addition of the N3-atom of T to the
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C8 position of the G(−H)• radical can be oxidized by O2 which abstracts the second electron
that must be removed in order to form the stable C8/G*-N3/T* cross-linked product. Indeed,
the yields of these cross-linked products are negligible in the absence of O2 [16]. However,
oxygen is not a unique oxidant for the second electron abstraction reaction, and efficient
formation of the G*CT* and G*CU* lesions was detected in deoxygenated solutions containing
1,4-benzoquinone (Fig 4). Similar mechanisms have been proposed by Perrier et al. for the
formation of Nε-(guanin-8-yl)-lysine cross-links [50]. In this work, we found that uracil, which
also has a relatively labile proton at N3 (pKa = 9.18 [49]) can replace thymine in these cross-
linking reactions. High resolution NMR studies show that in the case of cross-linked tandem
lesions, the product 5’-d(Gp*CpU*) is generated by the oxidation of the parent 5’-d(GpCpU)
by CO3

•− radicals. The formation of the intrastrand covalent bonds between G and T (or U)
does not involve the H-atom abstraction from the methyl group (or C5) or C6 positions of
thymine or uracil. These observations, coupled with the observed loss in mass of 2 Da upon
formation of the cross-linked products, is consistent with covalent bond formation between the
C8-atom of guanine and the N3 atom of uracil.

Biological implications
Oxidatively generated damage to DNA associated with overproduction of free radicals in
inflammatory tissues has been implicated in the etiology of many human cancers [1,2,4,5]. In
contrast, oxidatively generated damage to RNA has received much less attention because it is
generally assumed that degradation of damaged RNA is too rapid to play a role in the synthesis
of abnormal proteins [51]. Nevertheless, significant fractions of RNA bases adopt secondary,
non-Watson-Crick type secondary structures in which they are more susceptible to oxidatively
generated damage than in double-stranded regions. Hence, the levels of oxidatively generated
RNA damage under persistent oxidative stress associated with the inflammatory response may
be significantly higher than in the case of DNA [20,21,52] Although, 8-oxo-7,8-
dihydroguanine is the only oxidized base that has been reported in RNA, the RNA counterparts
of many other guanine lesions can also be produced under conditions of oxidative stress [53].
In this work, we found for the first time that the oxidation of guanine in a RNA fragment by
the biologically important CO3

•− radicals generates the same major products, including Sp, Iz,
and the intrastrand cross-linked C8/G*-N3/U* products. Although these cross-linked lesions
have not yet been observed in cellular DNA, our hypothesis is that these may arise in significant
levels under conditions of oxidative and nitrosative stress that lead to the formation of
peroxynitrite and nitrosoperoxycarbonate, and ultimately the carbonate radical [4,5,12]. The
formation of the C8/G*-N3/U* products is initiated by the one electron-abstraction step
involving the CO3

•− radical (“single hit”), while the subsequent steps occur via the nucleophilic
N3/U or N3/T addition mechanism and the oxidation of the resulting intermediate by molecular
oxygen, which is abundant in cells.

Overall, our results indicate that the final oxidation products arising from an initial one-electron
abstraction from guanine in DNA by carbonate radicals is very different from the product
distributions generated by •OH radicals induced by radiation or derived from Fenton reactions
[54,55]. Our identification of the ultimate stable guanine oxidation products in DNA and RNA
could serve as biomarkers for determining the participation of the carbonate radical or other
one-electron oxidants of guanine in in vivo environments during oxidative stress. Thus, our in
vitro results could have an important impact on confirming the putative role of carbonate
radicals in tissues subjected to inflammatory conditions.
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Fig. 1.
Reversed-phase HPLC elution profiles of the end-products derived from the oxidation of the
5’-d(GpCpU) (panel A) and 5’-r(GpCpU) (panel B) trinucleotides by CO3

•− radicals. HPLC
elution conditions (detection at 254 nm): 1 – 40% linear gradient of methanol in 20 mM
phosphate buffer solution, pH 7 for 45 min at a flow rate of 1 mL/min. Panel A: the intact 5’-
d(GpCpU) (1) elutes at 19.5 min, the 5’-d(G*pCpU*) (2) cross-linked product at 13.6 min, 5’-
d([Iz]pCpU) (3) elutes at 16.1 min, and the two 5’-d([Sp]pCpU) diastereomers (4) elute at 9.1
min, and 9.6 min. Panel B: the intact 5’-r(GpCpU) (1) elutes at 14.6 min, the 5’-r(G*pCpU*)
(2) cross-linked product at 6.9 min, 5’-r([Iz]pCpU) (3) elutes at 10.0 min, and the mixture of
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the two 5’-r([Sp]pCpU) isomers (4) elutes at 5.9 min as an unseparated mixture of the
diastereomers.
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Fig. 2.
Positive ion spectra (MS/MS) of 5’-d([Sp]pCpU) (A), 5’-d([Iz]pCpU) (B), 5’-r([Sp]pCpU)
(C), and 5’-r([Iz]pCpU) (D). MS – spectra of the molecular ions, [M + H]+; MS1 – product ion
spectra obtained by fragmentation of [M + H]+.
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Fig. 3.
Positive ion spectra (MS/MS) of the 5’-G*pCpU* cross-linked products. Panel A: 5’-d
(G*pCpU*). MS: spectrum of the molecular ion, [M + H]+ at m/z 845.2. MS1: product ion
spectrum obtained by fragmentation of the molecular ion, [M + H]+ at m/z 845.2. MS2: product
ion spectrum obtained by fragmentation of the ion, [M + H − 98]+ at m/z 747.2. MS3 product
ion spectrum obtained by fragmentation of the ion, [M + H − 387]+ at m/z 458.1. Panel B: 5’-
r(G*pCpU*). MS: spectrum of the molecular ion, [M + H]+ at m/z 893.2. MS1: product ion
spectrum obtained by fragmentation of the ion, [M + H ]+ at m/z 893.2. MS2: product ion
spectrum obtained by fragmentation of the molecular ion, [M + H − 194]+ at m/z 699.2.
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MS3: product ion spectrum obtained by fragmentation of the ion, [M + H − 323]+ at m/z 570.1.
Panel C: Fragmentation patterns of the G*-U* and G*-T* dimer fragments.
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Fig. 4.
Yields of the 5’-d(G*pCpU) and 5’-d([Sp]pCpU) products generated by CO3

•− radicals in
deoxygenated solutions containing 0 and 100 µM 1,4-benzoquinone (BQ). The yields were
calculated from the integrated peak areas in the HPLC elution profiles and the molecular
absorptivities at 260 nm (n.d. – not detected).
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Fig. 5.
The 1D proton NMR spectra of the intact 5’-d(GpCpU) (A and C) and 5’-d(G*pCpU*) (B and
D).
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Fig. 6.
Superimposed portions of the HSQC and HMBC NMR spectra of 5’-d(G*pCpU*). The regions
of the spectra shown represent correlations of the aromatic base / 2-deoxyribose H1’ protons
and (1) their directly bonded carbons (HSQC) and (2) carbons separated by multiple bonds.
The cross-peaks in the box marked A are HSQC correlations between C/U-H6 and their
corresponding C/U-C6 atoms. The cross-peaks in the box marked B are HMBC correlations
between dC/dU-H1’ and the C/U-C6 atoms. The box marked C shows a long-range 4-bond
correlation from U-H5 to G-C8 (see the text).
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Fig. 7.
Portion of the phase sensitive DQF-COSY spectrum of 5’-d(G*pCpU*). The regions shown
focus on the 2-deoxyribose scalar correlations between H1’ and H2’/H2” (5.5–6.5ppm) and
H3’ and H2’/H2”(4.3–4.9ppm). The highlighted box shows the difference in correlation
patterns between dC-H1’-H2’ and dC-H1’-H2”.
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