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Hauh-Jyun Candy Chen,* Chia-Jong Hsieh, Li-Ching Shen, and Chia-Ming Chang

Department of Chemistry and Biochemistry, National Chung Cheng UniVersity,
168 UniVersity Road, Ming-Hsiung, Chia-Yi 62142, Taiwan

ReceiVed September 30, 2006; ReVised Manuscript ReceiVed January 15, 2007

ABSTRACT: Reactive nitrogen species are implicated in inflammatory diseases and cancers. Oxanine (Oxa)
is a DNA lesion derived from the guanine base with nitric oxide, nitrous acid, orN-nitrosoindoles. It was
shown by gel electrophoresis that oxanine mediated the formation of DNA-protein cross-links (DPCs)
with DNA-binding proteins and in the cell extract. Although 2′-deoxyoxanosine was shown to react with
amines including theN-terminal amino group of glycine, the structures of DNA-protein cross-links induced
by oxanine have not been characterized. In this study, we find that the thiol group of the amino acid side
chain is reactive toward oxanine, forming a thioester. Two reaction products of oxanine, namely, the
thioester and the amide adducts, with the endogenous tripeptide glutathione (GSH) as a model protein
were characterized on the basis of their UV, NMR (1H- and 13C-), and mass spectra. Interestingly, the
disulfide GSSG also reacts with oxanine, forming the thioester adduct. The thioester and the amide adducts
are generated when GSH and GSSG react with oxanine-containing calf thymus DNA, and they might be
possible forms of cellular DPCs. Because the repair mechanism of DPCs is not extensively investigated,
the characterization of oxanine-derived DPC structures should shed light on their detectionin ViVo and
on their biological consequences.

Low concentrations of nitric oxide (NO1) are essential to
normal physiological functions. However, excessivein ViVo
production of reactive nitrogen oxide species (RNOx),
including NO, in inflamed tissues has been proposed to
damage DNA and thus play an important role in cancers
related to chronic infections and inflammation (1, 2). In
particular, reaction of NO with DNA leads to base deami-
nation and oxidation, DNA strand breaks, abasic site forma-

tion, and DNA cross-links (3-7). Nitric oxide is metabolized
in ViVo to nitrite, which can be protonated to nitrous acid
(HNO2) in the acidic environments of phagocytes and
lysozymes. The formation and reactivity of HNO2 may
account for an important part of the bactericidal activity of
phagocytes (8, 9). Reaction of DNA with NO or HNO2 leads
to the formation of oxanine (5-amino-3H-imidazo[4,5-d][1,3]-
oxazin-7-one, Oxa) as a novel rearrangement product derived
from guanine bases in addition to the deamination product
xanthine (7, 10). Furthermore, the mutagenicN-nitrosoin-
doles also generate oxanine because of the transfer of the
nitroso group to DNA (11, 12).

Oxanine was found to possess mutagenic effects, causing
instability of the DNA double helix structure and misincor-
poration during DNA replication (13, 14). Furthermore, it
was shown by gel electrophoresis that oxanine mediated the
formation of DNA-protein cross-links (DPCs) with DNA-
binding proteins and in the cell extract (15). Although 2′-
deoxyoxanosine (dOxo) reacts with the N-terminal amino
group of glycine (16), the structures of DPCs induced by
oxanine are not characterized. Although oxanine on DNA
can be repaired by base and nucleotide excision repair
pathways to a small extent (17-20), the repair of oxanine-
derived DPCs is not extensively investigated.

The formation of the adduct between dOxo and glycine
or polyamine (15, 16) suggests that the carbonyl group of
Oxa is susceptible to attack by nucleophiles. It is reasonable
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to assume that the nucleophilic side chains of the amino acid
residues in protein react with dO on DNA, forming DPCs.
In this study, we examine the reactivity of various amino
acid side chains with dOxo and find that the thiol group of
the amino acid side chain is the most reactive toward oxanine,
forming a thioester. Thus, the cysteine residue of proteins
might react with the oxanine moiety on DNA, forming DPCs.
Using the endogenous tripeptide glutathione (GSH,γGlu-
Cys-Gly) as a model protein, we characterize two products
of oxanine reacting with GSH, namely, the thioester and the
amide adducts. Interestingly, the disulfide GSSG also reacts
with oxanine and forms these two types of adducts. These
two types of adducts are shown to form when GSH and
GSSG react with oxanine-containing calf thymus DNA as
possible DPC derived from cellular proteins. The biological
consequences of these two forms of DPC deserve further
investigation.

EXPERIMENTAL PROCEDURES

Materials. 2′-Deoxyguanosine,N-acetylcysteine (NAc-
Cys), NR-acetyllysine (NAc-Lys),NR-acetylarginine (NAc-
Arg), N-acetyltyrosine (NAc-Tyr) orN-acetylserine (NAc-
Ser), calf thymus DNA, reduced glutathione (GSH), and
oxidized glutathione (GSSG) were purchased from Sigma
Chemical Co. (St. Louis, MO). All reagents are of reagent
grade or above.

ReVersed Phase HPLC Analysis.HPLC chromatography
was performed by using a Hitachi L-7000 pump system with
a D-7000 interface (Hitachi Ltd., Tokyo, Japan), a Rheodyne
injector (Rheodyne, Inc., Cotati, CA), and a L-7450A
photodiode array detector (Hitachi Ltd., Tokyo, Japan) for
systems 1-3 or a X’TremeSimple nanoflow LC system
(Microtech, Orange, CA) for system 4. System 1: A Prodigy
ODS (3) column (4.6× 250 mm, 5 µm (Phenomenex,
Torrance, CA)) was eluted with a linear gradient from 100%
50 mM ammonium formate buffer (pH 5.5) to 25% methanol
in 50 mM ammonium formate from 0 to 25 min at a flow
rate of 1.0 mL/min. System 2: A Prodigy ODS (3) column
(4.6 × 250 mm, 5µm (Phenomenex, Torrance, CA)) was
eluted with 100% water in the first 5 min, followed by a
linear gradient of 100% water to 80% methanol in water
from 5 to 20 min at a flow rate of 1.0 mL/min. System 3:
A reversed phase C18 column (Luna, 2.0× 150 mm, 5µm
(Phenomenex, Torrance, CA)) was eluted with a linear
gradient of 100% 10 mM ammonium formate buffer (pH
5.5) to 20% methanol in 10 mM ammonium formate from 0
to 20 min at a flow rate of 0.2 mL/min. After 20 min, the
percentage of methanol was increased to 100% in 1 min and
maintained at 100% methanol for 5 min before decreasing
to 0% methanol and conditioned for 20 min. System 4: A
reversed phase C18 column (Bio-Basic 18, 100 mm×
75µm, 5µm, 15µm tip ID (Thermo Electron Corp., Bremen,
Germany)) was isocratically eluted at a flow rate of 300 nL/
min with 0.1% acetic acid (pH 3.3) for the first 5 min,
followed by a linear gradient of 0.1% acetic acid to 10%
acetonitrile in 0.1% acetic acid from 5 to 15 min, and the
percentage of acetonitrile was increased to 100% in 5 min.
The column was washed with 100% acetonitrile for 10 min
before conditioning with 0.1% acetic acid for 20 min.

Mass Spectrometry.Mass spectra were recorded on triple
quadrupole mass spectrometers: Quattro Ultima (Micromass,

Manchester, United Kingdom) equipped with an electrospray
ionization (ESI) interface or a TSQ Quantum (Thermo
Electron Co., San Jose, CA) equipped with a nanospray
ionization (NSI) interface.

NMR Spectrometry.1H and 13C NMR spectra, including
COSY and HMQC correlation, were recorded on a Varian-
Unity INOVA-500 MHz NMR spectrometer. Chemical shifts
are presented in parts per million from the internal standard
tetramethylsilane.

Synthesis of 2′-Deoxyoxanosine (dOxo).2′-Deoxyox-
anosine (dOxo, 5-amino-3-â-(2-deoxy-D-ribofuranosyl)-3H-
imidazo[4,5-d][1,3]oxazin-7-one) was synthesized from a
reaction of 2′-deoxyguanosine (1.0 mM) and sodium nitrite
(10 mM) in 2 M sodium acetate buffer (pH 3.75) as modified
from reported procedures (7). The reaction mixture was
incubated at 37°C for 24 h and collected by HPLC using
system 1 and desalted by using system 2. The isolated yield
of dOxo was 18%. ESI+/MS: m/z 269 ([dOxo+ H]+).

Reaction of dOxo with NR-AcetylR-amino Acids or
Glutathione

A solution containing dOxo (0.5 mM), 100 mMNR-acetyl
R-amino acid (N-acetylcysteine,NR-acetyllysine,NR-acety-
larginine, N-acetyltyrosine, orN-acetylserine) or reduced
glutathione (GSH) in the presence of 0.2 M potassium
phosphate buffer (pH 7.4 or 8.4) was incubated at 37°C for
2 h, and the solution pH was adjusted to 5.5 before analysis
by HPLC system 1. The product was collected by HPLC
using system 1, followed by evaporation and analysis by ESI/
MS.

dOxo-NAc-Cys.ESI+/MS: m/z432 ([M + H]+), 316 ([M
+ H - 2-deoxyribose]+); UVmax: 220, 278 nm (pH 5.5);
1H NMR (D2O) δ 1.94 (s, 3H, CH3); 2.49 (m, 1H, 2′-H);
2.57 (m, 1H, 2′-H); 3.24 (dd,J ) 7.5, 14 Hz, 1H, CH2S);
3.60 (dd,J ) 4.5, 14 Hz, 1H, CH2S); 3.67 (dd,J ) 5.0,
12.5 Hz, 1H, 5′-H); 3.75 (dd,J ) 3.5, 12.5 Hz, 1 H, 5′-H);
4.02 (m, 1H, 4′-H); 4.46 (dd,J ) 4.5, 7.5 Hz, 1H, CHCH2S);
4.51 (m, 1H, 3′-H); 6.06 (t, J ) 6.5 Hz, 1H, 1′-H); 7.94
(s, 1H).

dOxo-NAc-Lys. ESI+/MS: m/z 441 ([M + H]+); UV-
max: 220, 240 nm (pH 5.5).

dOxo-NAc-Arg.ESI+/MS: m/z 469 ([M + H]+); UV-
max: 220, 268 nm (pH 5.5).

dOxo-NAc-Ser.ESI+/MS: m/z 414 ([M + H]+); UV-
max: 220, 267 nm (pH 5.5).

dOxo-NAc-Tyr.ESI-/MS: m/z 490 ([M - H]-); UVmax:
220, 254 nm (pH 5.5).

dOxo-S-GSH.ESI-/MS: m/z 574 ([M - H]-); ESI+/MS:
m/z 576 ([M + H]+), 460 ([M + H - 2-deoxyribose]+);
UVmax: 218, 275 nm (pH 5.5);1H NMR (D2O) δ 2.11 (dt,
J ) 7.0, 7.0 Hz, 2H, CHCH2CH2), 2.46 (t,J ) 7.0 Hz, 2H,
CHCH2CH2); 2.53 (m, 1H, 2′-H); 2.61 (m, 1H, 2′-H); 3.34
(dd, J ) 8.0, 14 Hz, 1H, CHHS); 3.62 (dd,J ) 5.0, 14 Hz,
1H, CHHS); 3.70 (dd,J ) 5.0, 12.5 Hz, 1H, 5′-H); 3.73 (t,
J ) 7.0 Hz, 1H, CHCH2CH2); 3.75 (dd,J ) 3.5, 12.5 Hz,
1 H, 5′-H); 3.79 (s, 2H, NHCH2CO2H); 3.82 (m, 1H, 4′-H);
4.07 (m, 1H, 3′-H); 4.71 (dd,J ) 5.0, 8.0 Hz, 2H, CHCH2S);
7.99 (s, 1H, HN-CHdN) ppm.; 13C NMR (D2O) δ 26.2
(CHCH2CH2), 29.0(CH2S), 31.5 (CHCH2CH2), 39.7 (C-2′),
43.5 (NHCH2CO2H), 53.1 (CHCH2S), 54.2 (CHCH2CH2),
61.2 (C-5′), 70.5 (C-3′), 84.2 (C-1′), 87.1 (C-4′), 128.8 (Cd
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C-C(dO)-S), 131.5 (HN-CHdN), 134.9 (CdC-C(dO)-
S), 159.2 (NH-C(dO)-NH2), 171.4, 174.1, 175.0, 176.4
(CO2H andCONH), 186.4 (C(dO)S).

dOxo-N-GSH.ESI+/MS: m/z 576 ([M + H]+), 460 ([M
+ H - 2-deoxyribose]+); UVmax: 213, 240 nm (pH 5.5).

dOxo-N-GSSG.ESI+/MS: m/z880 ([M + H]+), 764 ([M
+ H - 2-deoxyribose]+); UVmax: 213, 240 nm (pH 5.5).

Acid Hydrolysis of dOxo-S-NAc-Cys.A solution containing
dOxo-S-NAc-Cys (1.0 mM) in 0.1 N HCl was incubated at
60 °C for 30 min and analyzed by HPLC system 1. Aliquots
of the two reaction mixtures were co-injected to HPLC to
confirm that they produced the same product by coelution.
The product Oxa-S-NAc-Cys was collected from HPLC
using the same system, evaporated, and analyzed by ESI+/
MS.

Oxa-S-NAc-Cys.ESI+/MS: m/z 316 ([M + H]+); UV-
max: 220, 304 nm (pH 5.5);1H NMR (D2O) δ 2.02 (s, 3H,
CH3); 3.37 (dd,J ) 8.0, 14 Hz, 1H, CH2S); 3.66 (dd,J )
4.5, 14 Hz, 1H, CH2S); 4.66 (dd,J ) 8.0, 4.5 Hz, 1H,
CHCH2S); 7.64 (s, 1H).

Acid Hydrolysis of dOxo.2′-Deoxyoxanosine (5.5 mg) was
hydrolyzed in 0.1 N HCl at 37°C for 2 h toafford 2.6 mg
of oxanine in 83% yield.

Stability of Oxa-S-GSH and Oxa-N-GSH under Mild Acid
Hydrolysis. A solution containing Oxa-S-GSH or Oxa-N-
GSH (1.0 mM) in 0.1 N HCl was incubated at 60°C for
30 min or at 37°C for 2 h and analyzed by HPLC system
1 for recovery.

Stability of Oxa-S-GSH under Alkaline Hydrolysis.A
solution containing Oxa-S-GSH (1.0 mM) in 0.1 N or 1.0 N
NaOH was incubated at 37°C for 2 h and analyzed by HPLC
system 1 to determine the recovery of Oxa-S-GSH. In the
reaction in 1 N NaOH, an aliquot of the reaction mixture
was co-injected with xanthine to confirm the identity of the
product.

Reaction of Oxa with GSH or GSSG

A solution containing Oxa (0.5 mM), 100 mM GSH or
GSSG in the presence of 0.2 M potassium phosphate buffer
(pH 7.4 or 8.4) was incubated at 37°C for 2 h before analysis
by HPLC system 1, monitoring at 268 or 304 nm. The
products Oxa-S-GSH and Oxa-N-GSH were collected from
the reaction of Oxa with GSH by HPLC system 1 from 18
to 19 min and 15 to 16 min, respectively, whereas Oxa-N-
GSSG was collected from 12 to 13 min in the reaction of
Oxa with GSSG. The collected fractions were evaporated
to dryness, redissolved in water, and collected from HPLC
system 2, eluting in water and methanol to remove the salt.

Oxa-S-GSH.(2-Amino-4-[1-(carboxymethyl-carbamoyl)-
2-(5-ureido-1H-imidazole-4-carbonylsulfanyl)-ethylcarbam-
oyl]-butyric acid). ESI+/MS: m/z 460 ([M + H]+); ESI-/
MS: m/z 458 ([M + H]-); UVmax: 214, 304 nm (pH 5.5);
ε193 ) 11,000 M-1 cm-1; ε304 ) 9,350 M-1 cm-1 (in H2O);
1H NMR (D2O) δ 2.14 (dt,J ) 7.0, 7.0 Hz, 2H, CHCH2-
CH2); 2.50 (t,J ) 7.0 Hz, 2H, CHCH2CH2); 3.33 (dd,J )
8.0, 14 Hz, 1H, CHHS); 3.60 (dd,J ) 5.0, 14 Hz, 1H,
CHHS); 3.84 (t,J ) 7.0 Hz, 1H, CHCH2CH2); 3.98 (s, 2H,
NHCH2CO2H); 4.71 (dd,J ) 5.0, 8.0 Hz, 2H, CHCH2S);
7.66 (s, 1H, HN-CHdN) ppm. 13C NMR (D2O) δ 28.5
(CHCH2CH2), 31.3 (CH2S), 33.9 (CHCH2CH2), 44.0 (NHCH2-
CO2H), 51.5(CH3OH), 55.9 (CHCH2S), 56.2 (CHCH2CH2),

121.6 (C d C-C(dO)-S), 135.6 (HN-CHdN), 138.0 (Cd
C-C(dO)-S), 159.6 (NH-C(dO)-NH2), 174.8, 175.8, 175.9,
177.4 (CO2H and CONH), 187.4 (C(dO)S). The 1H-1H
COSY spectrum is shown as Figure S2 in Supporting
Information, and the1H-13C HMQC spectrum is shown as
Figure 4 in the text.

Oxa-N-GSSG.(4-[2-[2-(4-Amino-4-carboxy-butyrylamino)-
2-(carboxymethyl-carbamoyl)-ethyldisulfanyl]-1-(carboxym-
ethyl-carbamoyl)-ethylcarbamoyl]-2-[(5-ureido-1H-imidazole-
4-carbonyl)-amino]-butyric acid). The product Oxa-N-GSSG
was collected from the reaction of Oxa with GSSG by HPLC
from 11 to 12 min, evaporated to dryness, redissolved in
water, and collected from HPLC system 2 to remove the
salt. ESI+/MS: m/z 765 ([M + H]+); 383 ([M + 2H]+2);
UVmax: 214, 268 nm (pH 5.5);ε272 ) 19,200 M-1cm-1

(in H2O); 1H NMR (D2O) δ 2.1-2.2 (m, 3H, CHCH2CH2

and CHCH′H′CH2), 2.35 (m, 1H, CHCH′H′CH2), 2.57 (m,
4H, CHCH2CH2 and CHCH2CH′2); 2.97 (m, 2H, CHHS and
CH′H′S); 3.25 (m, 2H, CHHS and CH′H′S); 3.92 (t, 1H,
CH′CH2CH2); 3.99 (s, 2H, NHCH′2CO2H); 4.01 (s, 2H,
NHCH2CO2H); 4.56 (dd 1H, CHCH2CH2), 4.74 (m, 4H,
CHCH2S and CH′CH2S); 8.27 (s, 1H, HN-CHdN) ppm.
13C NMR (D2O) δ 26.9, 27.5 (CHCH2CH2), 32.2, 32.6
(CHCH2CH2), 39.7, 39.9 (CH2S), 42.3 (NHCH2CO2H), 53.3
(CHCH2CH2), 53.5, 53.6 (CHCH2S), 54.3 (CHCH2CH2),
112.2 (CdC-C(dO)-N), 132.3 (HN-CHdN), 135.3 (CdC-
C(dO)-N), 158.0 (NH-C(dO)-NH2), 162.2 (CdC-C(dO)-
N), 173.5, 173.7, 174.0, 174.2, 175.8, 176.2, 176.5 (CO2H
and CONH). The COSY and1H-13C HMQC spectra are
shown in Figure S2 in Supporting Information.

Oxa-N-GSH.(4-[1-(Carboxymethyl-carbamoyl)-2-mercap-
toethylcarbamoyl]-2-[(5-ureido-1H-imidazole-4-carbonyl)-
amino]-butyric acid). Because Oxa-N-GSH is the minor
product in the reaction of Oxa with GSH, it is obtained in
large quantities by the reduction of Oxa-N-GSSG using 2
mol equiv of dithiotreitol with vortexing for 2 min. The
product Oxa-N-GSH was collected from HPLC using system
1 and desalted by collecting from HPLC system 2. After
evaporating to dryness, Oxa-N-GSH was insoluble in water
and was dissolved in 1% trifluoroacetic acid for the following
measurements. ESI+/MS: m/z 460 ([M + H]+); ESI-/MS:
m/z 458 ([M + H]-); UVmax: 214, 268 nm (pH 5.5);ε245

) 7,800;ε260 ) 8,600 M-1cm-1 (in 1% trifluoroacetic acid,
pH 1.0); 1H NMR (1% CF3CO2H in D2O) δ 2.18 (m, 1H,
CHCHHCH2), 2.36 (m, 1H, CHCHHCH2), 2.57 (m, 2H,
CHCH2CH2), 2.93 (t,J ) 6.0 Hz, 2H, CH2S), 4.01 (s, 2H,

FIGURE 1: Recovery of 2′-dOxo after the reaction withNR-
acetylatedR-amino acids or peptides at 37°C at pH 7.4 or 8.4 for
2 h.
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NHCH2CO2H), 4.58 (m, 1H, CHCH2S), 4.62 (t,J ) 6.0 Hz,
1H, CHCH2CH2), 8.62 (s, 1H, HN-CHdN) ppm.13C NMR
(1% CF3CO2H in D2O) δ 28.2 (CH2S), 29.0 (CHCH2CH2),
34.2 (CHCH2CH2), 43.7 (NHCH2CO2H), 54.8 (CHCH2CH2),
58.1 (CHCH2S), 112.4 (CdC-C(dO)-N), 115.4, 117.8,
120.1, 122.4(CF3CO2H), 133.6 (HN-CHdN), 136.4 (Cd
C-C(dO)-N), 159.4 (NH-C(dO)-NH2), 162.3 (CdC-C(d

O)-N), 165.1, 165.4, 165.6, 165.9(CF3CO2H), 175.0, 175.6,
177.3, 177.8 (CO2H and CONH). The COSY and1H-13C
HMQC spectra are shown in Figure S3 in Supporting
Information.

Time-Dependent Formation of Oxa-S-GSH and Oxa-N-
GSH. A solution containing Oxa (1.0 mM) and GSH
(5.0 mM) in 100 mM KH2PO4 (pH 7.4, total volume

FIGURE 2: HPLC chromatogram of the reaction of 2′-dOxo with NAc-Cys, yielding dOxo-S-NAc-Cys.

FIGURE 3: HPLC chromatogram of the reaction of oxanine with reduced glutathione (GSH), yielding Oxa-N-GSH and Oxa-S-GSH.
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0.3 mL) was incubated at 37°C. An aliquot (30µL) of the
solution was removed at 0, 0.25, 0.5, 1.0, 2.0, and 4.0 h and
analyzed for the yields of Oxa-S-GSH and Oxa-N-GSH as
well as the recovery of Oxa using HPLC system 1. The
experiments were repeated in triplicate.

Synthesis of Oxa-Containing DNA.Oxanine-containing
DNA was obtained by incubating a solution containing calf
thymus DNA (final concentration of 1.5 mg/mL), sodium
nitrite (0.5 M) in 0.2 M sodium acetate buffer (pH 3.7) at
37 °C for 2 h in a final volume of 0.5 mL. The reaction
mixture was precipitated with 2 mL of cold ethanol and
centrifuged at 22,000g at 0 °C for 20 min. The supernatant
was removed, and the precipitate was washed twice with 3
mL of 70% cold ethanol and centrifuged at 22,000g at 0°C
for 20 min. The precipitate was evaporated and hydrolyzed
with 0.5 mL of 0.1 N HCl at 60 °C for
30 min. The pH of the hydrolysate was adjusted to 5.5 before
analysis by HPLC system 1 for oxanine content.

HPLC-ESI/MS Analysis of Products from Oxa-Containing
DNA with GSH or GSSG.A solution of Oxa-containing calf
thymus DNA (final concentration 1.5 mg/mL), GSH, or
GSSG (100 mM) in 0.2 M potassium phosphate buffer (pH
7.4 or 8.4) with a final volume of 1.0 mL was incubated at
37 °C for 12 h. The reaction mixture was precipitated,
washed, and acid hydrolyzed as described above. The pH
of the hydrolysate was adjusted to 5.5 and filtered through
a 0.22µm Nylon syringe filter, and an aliquot (20µL) was
analyzed by HPLC-ESI/MS with a Quattro Ultima (Micro-
mass, Manchester, United Kingdom) equipped with an
electrospray ionization (ESI) interface using HPLC system

3. After the MS acquisition was completed, the valve was
switched to waste during washing and conditioning before
the next run. A voltage of 3.0 kV was applied to the
electrospray needle. N2 was used as the desolvation gas
(500 L/h) and as the nebulization gas (150 L/h). The source
temperature was at 120°C, and the stainless steel capillary
was heated to 350°C to obtain optimal desolvation. Argon
was used as the collision gas in MS/MS experiments. The
pressure of the collision cell was 2.5× 10-3 mbar. Selective
ion monitoring (SIM) was performed atm/z 460 for Oxa-
S-GSH and Oxa-N-GSH and atm/z 765 for Oxa-N-GSSG.

NanoLC-NSI/MS/MS Analysis of Oxa-S-GSH from HNO2-
Treated DNA with GSH.A solution containing calf thymus
DNA (final concentration 1.5 mg/mL) and sodium nitrite
(100 or 200µM) in 0.2 M sodium acetate buffer (pH 3.7)
was incubated at 37°C for 12 h in a final volume of
1.0 mL. The reaction mixture was precipitated, washed, and
reconstituted into a solution of Oxa-containing calf thymus
DNA (final concentration of 2.0 mg/mL) and incubated with
GSH (5 mM) in 0.2 M potassium phosphate buffer (pH 7.4)
at 37°C for 2 h with a final volume of 750µL. The reaction
mixture was precipitated, washed, and acid hydrolyzed as
described above. The pH of the hydrolysate was adjusted to
3.3 and enriched by C18-OH SPE as described below. One
microliter of the enriched DNA sample, collected after the
SPE column described below, was analyzed with HPLC
system 4. The column was connected to a TSQ Quantum
mass spectrometer (Thermo Electron Co., San Jose, CA) with
Xcalibur 1.2 software for data acquisition and analysis
(Thermo Electron Co., San Jose, CA) . The mass spectrom-

FIGURE 4: 1H-13C heteronuclear multiple quantum coherence (HMQC) spectrum of Oxa-S-GSH. The methylene protons of the cysteine
residue are in the oval, and the methine proton of the imidazole ring is in the circle.
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eter was operated with nanospray ionization in selective
reaction monitoring (SRM) mode. The capillary temperature
was set at 220°C and spray voltage at 1.4 kV. A collision
energy of 20 V was used with argon at a pressure of
1.5mTorr for collision-induced dissociation (CID). In the
SRM experiment, the precursor [M+ H]+ ion was generated
in the NSI source under the positive ion mode and focused
in quadrupole 1 (Q1) and dissociated in a collision cell
(quadrupole 2, Q2), yielding the product ion, which was
analyzed in quadrupole 3 (Q3). For Oxa-S-GSH, the SRM
monitored Q1 and Q3 atm/z 460 andm/z 296, respectively.
Scan time was 0.1 s, and the peak width was 0.3m/z for Q1
and 0.7m/z for Q3. The yield of Oxa-S-GSH was quantified
using the calibration curve described below. The experiments
were repeated in triplicate.

Enrichment of Oxa-S-GSH by the C18-OH SPE Column.
Before use for samples, each batch of SPE columns was
tested for consistency in their elution pattern with 5.0µg
each of standard Oxa-S-GSH. After elution with the condi-
tions described below, the fractions were collected every 3
mL. The eluant was dried and quantified by HPLC using
system 1. The hydrolysate (300µL) was loaded on a C18-
OH SPE column preconditioned with 15 mL of methanol,
followed by 15 mL of 0.1% acetic acid (pH 3.3). After the
sample was loaded and eluted, the column was washed with
12 mL of 0.1% acetic acid, followed by 3 mL of 10%
methanol in 0.1% acetic acid. The fraction containing Oxa-
S-GSH was eluted with 3 mL of 20% methanol in 0.1%
acetic acid in a 4 mLsilanized glass vial, evaporated under
vacuum with a centrifuge concentrator, and reconstituted in
300 µL of 0.1% acetic acid before nanoLC-NSI/MS/MS
analysis.

Calibration CurVe. The stock solution of Oxa-S-GSH
(1.0 mg/mL) in water was stored at-20 °C. The sample
solutions for calibration were freshly prepared by diluting
the stock solutions in 0.1% acetic acid. Various amounts of
Oxa-S-GSH ranging from 2.0, 5.0, 10, 20, and 50 fmol/uL
were analyzed by nanoLC-NSI/MS/MS in triplicate. The
equation of the calibration curves was obtained by linear
regression.

RESULTS

Reaction of dOxo with NR-AcetylR-amino acids.Although
2′-deoxyoxanosine (dOxo) was shown to react with the free
amino acid glycine at theN-terminal amino group (16), the
R-amino groups of the amino acid residues in proteins are
linked as the amide backbone. Thus, the reaction of dOxo
with proteins is most likely to take place at the nucleophilic
side chains of the amino acid residues. Incubation of dOxo
with individual NR-acetylatedR-amino acid, such asNR-
acetylcysteine (NAc-Cys),NR-acetyllysine (NAc-Lys),NR-
acetylarginine (NAc-Arg),NR-acetyltyrosine (NAc-Tyr), and
NR-acetylserine (NAc-Ser), was performed under physiologi-
cally relevant conditions. Reversed phase HPLC analysis
revealed the formation of a new peak with consumption of
dOxo. Electrospray ionization mass spectra of the products
suggested the formation of 1:1 addition products ofNR-
acetylated amino acids to dOxo. The reaction of dOxo with
the nucleophilic side chains ofNR-acetylatedR-amino acid
is expected to open the oxanine ring, breaking the bond
between C6 and O1 and forming a new amide linkage. On

the basis of the recovery of dOxo, a decreased reactivity was
observed in the order NAc-Cys> NAc-Lys > NAc-Tyr >
NAc-Ser> NAc-Arg at both pH 7.4 and 8.4 (Figure 1). In
the presence of NAc-Cys, dOxo completely disappeared after
incubation at 37°C for 2 h. However, the low reactivity of
NAc-Arg and NAc-Ser and the dramatic increase in reactivity
of NAc-Lys and NAc-Tyr at pH 8.4 with dOxo are consistent
with the nucleophilicity (or the pKa) of the side chain on
these amino acids (21).

The reaction of NAc-Cys with dOxo gave a product with
a characteristic UV absorption maximum at 214 and 278 nm
and a HPLC retention time of 11.9 min (Figure 2a). The
positive ESI mass spectrum of this product revealed the
protonated molecular ion of the 1:1 adduct of NRAc-Cys and
dOxo atm/z432 and the ion with a loss of the 2-deoxyribose
(dR) moiety atm/z 316 (Figure 2b). The reaction of NAc-
Lys with dOxo gave a product retaining at 14.9 min on HPLC
with UV absorption maxima at 220 and 240 nm. The positive
ESI mass spectrum of this product confirmed the formation
of an adduct of NAc-Lys with dOxo atm/z341. The product
of NAc-Tyr with dOxo retained on HPLC at 20.9 min with
characteristic UV absorption maxima at 220 and 254 nm and
a negative ESI mass spectrum ofm/z 490. Similarly, dOxo
reacted with the side chains of NAc-Ser and NAc-Arg to
different extents. The HPLC retention times, the characteristic
UV absorption, and molecular weights determined by ESI/
MS are summarized in Table S1 (Supporting information).

Adducts of Oxa with GSH.In the HPLC chromatogram
of oxanine reacting with GSH, two new peaks with distinctly
different UV absorption spectra were observed. The early
eluting peak showed UV absorption maxima at 220 and
268 nm, whereas the late eluting peak was at 220 and
304 nm (Figure 3). Electrospray ionization mass spectra of
the two new peaks eluting at 16 and 18 min in the reaction
mixture of oxanine with GSH showed that they both had a
molecular weight of 459, suggesting the formation of 1:1
addition products of oxanine and GSH. These two new
products should be structural isomers, namely, Oxa-N-GSH
and Oxa-S-GSH, derived from attacking the lactone carbonyl
group of oxanine by the amino and thiol groups of GSH to
form a new amide and thioester bond, respectively
(Scheme 1).

The reaction of oxanine with NAc-Cys yielded a single
product with a characteristic UV absorption maximum at 304
nm. It is thus reasonable to postulate that the 18-min peak
is the thioester adduct of oxanine and GSH, that is, Oxa-S-
GSH, whereas the 16-min peak is the amide adduct Oxa-
N-GSH. The structures of these two adducts are confirmed
by their NMR and collision-induced dissociation (CID) mass
spectra. In the CID spectrum of GSH, cleavage of the amide
bond betweenγ-glutamate and cysteine gives the b1 ion at
m/z 130 and the y2 ion atm/z 179. However, cleavage of the
amide bond between cysteine and glycine yields the b2 ion
at m/z 233 and the y1 ion atm/z 76. The CID mass spectrum
of Oxa-S-GSH suggests a covalent linkage between cysteine
and oxanine moieties based on the b2′ ion at m/z 385 and
the y2′ ions atm/z 331. Compared to unmodified GSH, in
which the b2 ion is atm/z 233 and the y2 ion is atm/z 179,
the difference of 152 mass units between b2′ and b2 and
between y2′ and y2 indicates that an oxanine moiety is
attached to the cysteine residue. However, the CID spectrum
of Oxa-N-GSH shows b2′ and b1′ ions atm/z 385 and 282,
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respectively. The difference of 103 mass units between b2′
and b1′ ions of Oxa-N-GSH suggests an unmodified cysteine
as the second residue. Additionally, the difference of 152
mass units between the b1′ ion of Oxa-N-GSH and the b1
ion from GSH confirmed that oxanine is connected to the
γ-glutamate residue (Table 1, summarized from the spectra
in Figure S4, Supporting Information).

The 1H NMR spectrum of Oxa-S-GSH shows a big
downfield shift of 0.52 ppm for the methylene protons of
the cysteine residue at a chemical shift of 3.33 ppm compared
to that of 2.81 ppm in GSH. A downfield shift of 0.28 ppm
for the methine proton of of the cysteine residue in Oxa-S-
GSH (4.71 ppm) relative to that of GSH (4.43 ppm) is also
observed (Table 2). As suggested by the1H-13C heteronuclear
multiple quantum coherence (HMQC) spectrum of Oxa-S-
GSH, the methylene protons in the cysteine residue split
0.27 ppm apart (at 3.33 and 3.60 ppm) as two sets of doublets
of doublets on the carbon at 31.3 ppm (Figure 4, oval). This
splitting of the methylene protons in the cysteine residue was
also observed with Oxa-S-NAc-Cys, dOxo-S-NAc-Cys, and
dOxo-S-GSH (Table 2), presumably due to the formation of
a rigid conformation through intramolecular H-bondings with
the ureidyl group at C-5 of the imidazole ring. The methine
proton on the imidazole ring at 7.66 ppm has a cross-peak
with the carbon at 135.6 ppm (circle).

In the 1H NMR spectrum of Oxa-N-GSH, the fact that
the methine proton in the glutamate residue shifts downfield
for ca. 0.93 ppm, from 3.69 ppm in GSH to 4.62 ppm, and
that its neighboring methylene protons split 0.18 ppm apart
(2.18 and 2.36 ppm) suggests a connection between the
γ-glutamate amino group in the GSH moiety and oxanine.
In contrast, the chemical shift of the methylene protons of
the cysteine residue (2.93 ppm) in Oxa-N-GSH is similar to
that in GSH (2.81 ppm), and their patterns are triplet in both
Oxa-N-GSH and GSH (Table 3), strongly suggesting that
the cysteine residue is not linked to oxanine.

Furthermore, the signals of 187 and 186 ppm in the13C
NMR spectrum of Oxa-S-GSH (Figure 4) and dOxo-S-GSH,
respectively, provide convincing evidence for their being
thioesters. However, the chemical shift of the amide carbon
connected to the imidazole moiety is much lower than that
of the thioester, for example, 162 ppm in both the dOxo-
glycine adduct (16) and in Oxa-N-GSH (Table 3).

Adducts of Oxa with GSSG.In the HPLC chromatogram
of the reaction of oxanine with GSSG, two new peaks eluted
at 12 and 18 min (Figure 5a). The 12-min peak is the major
product, and it absorbs UV at 268 nm with a molecular
weight of 764 according to ESI/MS. Together with an
increase of 152 mass units compared to that of GSSG, it is
suggested to be the 1:1 adduct of oxanine and GSSG with
an amide linkage, Oxa-N-GSSG. The CID spectrum of Oxa-
N-GSSG with an ion atm/z 690 corresponding to the b2′-
γECG ion, aγEïxaCG-y2 ion at m/z 636, and a large b2′-
y2-NH3 ion atm/z544 provides strong evidence that oxanine
is covalently bonded to theγ-glutamate residue (Table 1,
summarized from the spectra in Figure S5, Supporting
Information). Treatment of Oxa-N-GSSG with dithiotreitol
reduced the disulfide to yield Oxa-N-GSH, the 18-min peak
in the reaction of Oxa with GSH as shown in Figure 3. The
similar UV absorption at 268 nm for Oxa-N-GSSG and Oxa-
N-GSH indicates that they are structurally related. It was
surprising to observe Oxa-S-GSH as a minor product in the
reaction of oxanine with GSSG. Its identity was confirmed
on the basis of its UV absorption at 304 nm, the molecular
weight of 459, and coelution in HPLC with Oxa-S-GSH
isolated from the reaction mixture of Oxa with GSH
(Figure 5b). The possibility of GSSG being transformed into
GSH during the reaction was excluded because an analysis
of a GSSG solution incubated under the same conditions by
HPLC-UV and mass spectrometry did not indicate conver-
sion of GSSG to GSH. We thus postulate that the sulfur atom
in the disulfide bridge of GSSG initially attacks the lactone

Scheme 1: Reaction of Oxa with GSH and GSSG
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carbonyl of oxanine and that the disulfide bond is subse-
quently cleaved to yield Oxa-S-GSH.

In the1H NMR spectrum of Oxa-N-GSSG, the methylene
protons of the two glutamate residues are two sets of
multiplets from 2.1 to 2.4 ppm, suggesting the neighboring
effect of the ureidyl group on the imidazole. The methine
protons of the two glutamate residues have very different
chemical shifts: one at 3.92 ppm as a triplet and the other
one at 4.55 ppm as a multiplet. The former is the glutamate
residue not connected to oxanine because its pattern and
chemical shift are close to those of GSH (triplet, 3.69 ppm)
and Oxa-S-GSH (triplet, 3.84 ppm) in which the glutamate
residue is not connected to oxanine. However, the 4.55 ppm
multiplet is assigned as the glutamate residue connected to
oxanine because of the large downfield shift and the splitting
pattern of doublet of doublet. There are two singlet peaks
for the methylene protons in the two glycine residues
(Table 2). In the13C NMR spectrum of Oxa-N-GSSG, nearly

all of the carbon signals for the glutamate and cysteine
residues of GSSG spited into two sets, confirming two
different environments for the two glutamate, cysteine, and
glycine residues in the molecule. In addition, the newly
formed amide bond has a chemical shift of 162 ppm, same
as those of Oxa-N-GSH and the dO-glycine adduct reported
(16) (Table 3).

Stability of Oxa-S-GSH and Oxa-N-GSH.It is expected
that the thioester adduct Oxa-S-GSH is more labile than the
amide adduct Oxa-N-GSH because it is a thioester in nature.
Both Oxa-S-GSH and Oxa-N-GSH were stable, with quan-
titative recovery, in the presence of 0.1 N HCl or 0.1 N
NaOH at 37°C for 2 h or in 0.1 N HCl at 60°C for 30 min.
Hydrolysis of Oxa-S-GSH is expected to release GSH and
form 5-ureido-1H-imidazole-4-carboxylic acid. However,
when Oxa-S-GSH was incubated in 1 N NaOH at 37°C for
2 h, xanthine was obtained, as confirmed by its negative ESI
mass spectrum showing the [M- H]- ion at m/z 151 and

Table 1: Assignment of Collision-Induced Dissociation Mass Spectra of GSH, Oxa-S-GSH, Oxa-N-GSH, GSSG, and Oxa-N-GSH under
Positive Electrospray Ionization
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by co-injection with an authentic standard (data not shown).
The mechanism might involve the initial ring opening
(lactone hydrolysis) to form 5-ureido-1H-imidazole-4-car-
boxylic acid, which subsequently underwent ring closure to
give xanthine, as was observed for the conversion of
oxanosine to xanthosine in alkaline conditions (22). In
contrast, Oxa-N-GSH was kept intact under these conditions.

Time-Dependent Formation of Oxa-S-GSH and Oxa-N-
GSH. To investigate the rates of Oxa-S-GSH and Oxa-N-
GSH formation, the reaction between oxanine and GSH at
37 °C at pH 7.4 was monitored at various time points from
0 to 4 h using HPLC-UV. The yields of Oxa-S-GSH and
Oxa-N-GSH as well as the recovery of Oxa were measured
(Figure 6). A rapid increase in the yield of Oxa-S-GSH was
observed for up to 1 h, whereas Oxa-N-GSH was detectable
after incubation for 2 h. The big difference in their yields
was consistent with a much greater reactivity for NAc-Cys
toward dOxo compared to that of NAc-Lys shown in
Figure 1. The time-dependent formation of Oxa-S-GSH was

in accord with the consumption of Oxa, which was present
at 12% after 4 h. This result suggests that oxanine has a
lifetime that is long enough to react with GSH before its
decomposition.

Reaction of Oxa-Containing DNA with GSH and GSSG.
The thioester and the amide adducts were also formed when
GSH or GSSG (100 mM) reacted with Oxa-containing calf
thymus DNA. A solution of calf thymus DNA was incubated
with 0.5 M of HNO2 at 37 °C for 2 h, followed by
precipitation and washing to remove excess HNO2. The
HPLC-UV analysis revealed the formation of 3.0% of
oxanine in this DNA sample after mild acid hydrolysis
(0.1 N HCl at 60°C for 30 min). This Oxa-containing DNA
solution was incubated with 100 mM GSH at 37°C
(pH 7.4) for 12 h, followed by precipitation and washing to
remove excess GSH. An analysis of the DNA acid hydroly-
sate by HPLC-ESI/MS revealed the formation of Oxa-S-GSH
as the major product and Oxa-N-GSH as the minor product.
Figure 7a showed that Oxa-N-GSH eluted at 16.7 min and

Table 2: 1H NMR Chemical Shifts of 2′-Deoxyoxanosine and Oxanine Adducts
1H NMR GSHa dOxo-S-GSHa dOxo-S-NAc-Cysa Oxa-S-NAc-Cysa Oxa-S-GSHa Oxa-N-GSSGa Oxa-N-GSHb

CHCH2CH2 2.03 (q) 2.14 (dt) 2.14 (dt) 2.20-2.22 (m) 2.18 (dt)
2.34 (m) 2.36 (dt)

CHCH2CH2 2.42 (t) 2.50 (t) 2.50 (t) 2.55-2.60 (m) 2.57 (m)
CHCH2CH2 3.69 (t) 3.84 (t) 3.84 (t) 3.92 (t) 4.62 (t)

4.55 (dd)
CH2S 2.81 (t) 3.34 (dd) 3.24 (dd) 3.37 (dd) 3.33 (dd) 3.25 (dd) 2.93 (t)

3.62 (dd) 3.60 (dd) 3.66 (dd) 3.60 (dd) 2.97 (dd)
CHCH2S 4.43(t) 4.71 (dd) 4.46 (dd) 4.66(dd) 4.71 (dd) 4.74 (m) 4.58 (t)

NHCH2CO2H 3.84 (s) 3.79 (s) 3.98 (s) 3.99 (s) 4.01 (s)
4.01 (s)

HNCHdN 7.99 (s) 7.94 (s) 7.64 (s) 7.66 (s) 8.27 (s) 8.62 (s)
1′-H 6.12 (t) 6.06 (t)
2′-H 2.49-2.56 (m) 2.49 (m)
2′′-H 2.57-2.65 (m) 2.57 (m)
3′-H 4.06-4.07 (m) 4.51 (m)
4′-H 3.81-3.83 (m) 4.02 (m)
5′-H 3.70 (dd) 3.67 (dd)
5′′-H 3.75 (dd) 3.75 (dd)
CH3 1.94 (s) 2.02 (s)

a Measured in D2O. b Measured in 1% trifluroacetic acid in D2O.

Table 3: 13C NMR Chemical Shifts of 2′-Deoxyoxanosine and Oxanine Adducts
13C NMR dOxo-N-glycinea dOxo-S-GSHb Oxa-S-GSHb Oxa-N-GSSGb Oxa-N-GSHc

CHCH2CH2 26.2 28.5 26.9, 27.4 29.0
CHCH2CH2 31.5 33.9 32.2, 32.6 34.2
CHCH2CH2 54.2 56.2 53.3, 54.3 54.8
CH2S 29.0 31.3 39.7, 39.9 28.2
CHCH2S 53.1 55.9 53.5, 53.6 58.1
NHCH2CO2H 41.9 43.5 44.0 42.3 43.7
CdC-C(dO)-S 134.9 138.0
CdC-C(dO)-S 128.8 121.6
CdC-C(dO)-N 131.6 135.3 136.4
CdC-C(dO)-N 123.9 112.2 112.4
HN-CHdN 130.4 131.5 135.6 132.3 133.6
NH-C(dO)-NH2 156.6 159.2 159.6 158.9 159.4
C O2H andC ONH 171.5 (CO2H) 171.4, 174.1 174.8, 175.8 173.5, 173.7, 174.0, 174.2 175.0, 175.6

175.0, 176.4 175.9, 177.4 175.8, 176.2, 176.5 177.3, 177.8
CdC-C(dO)-S 186.4 187.4
CdC-C(dO)-N 162.1 162.2 162.3
C-1′ 84.2 84.2
C-2′ 30.9 39.7
C-3′ 70.5 70.5
C-4′ 87.6 87.1
C-5′ 61.5 61.2
a Measured in DMSO-d6 as adapted from ref 16 (16). b Measured in D2O. c Measured in 1% trifluroacetic acid in D2O.
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Oxa-S-GSH eluted at 17.9 min under the selective ion
monitoring mode atm/z 460. Their identity was confirmed
by comparing the retention times with those of standard Oxa-
N-GSH and Oxa-S-GSH and by their daughter ion spectra
(not shown).

Incubation of Oxa-containing DNA with GSSG under the
same conditions generated Oxa-N-GSSG as the major
product and Oxa-S-GSH as the minor product as shown by
the overlaid LC/MS chromatogram of Oxa-N-GSSG atm/z
765 and Oxa-S-GSH atm/z 460 (Figure 7b). These results
suggest that the chemistry of Oxa-containing DNA with GSH
and GSSG is similar to that of Oxa itself.

When the concentrations of nitrite and GSH were reduced
to physiologically relevant concentrations, that is, 100-
200µM and 5 mM, respectively, Oxa-S-GSH, but not Oxa-
N-GSH, was detected by a highly sensitive nanoLC-NSI/
MS/MS assay monitoring atm/z 460 f 296. Using a
calibration curve (R2 ) 0.9993, Figure S6, Supporting
Information), the yield of Oxa-S-GSH was determined to be
0.0015% with 100µM nitrite and 0.0018% with 200µM
nitrite (Figure 8).

DISCUSSION

Oxanine in DNA, induced by NO and HNO2, is reactive
toward biological nucleophiles, and it could cross-link with
amino acids, peptides, proteins, or other biomolecules. To
characterize the chemical structures of oxanine-induced DPCs
and to elucidate the mechanism of DPCs formation, we used
GSH as a model protein in this study because it contains a
thiol and an amino group, the two most reactive nucleophilic
side chains of amino acids. Glutathione is the major thiol
antioxidant present at high concentration in the cytosol (1-
11 mM), nuclei (3-15 mM), and mitochondria (5-11 mM)
(23-25). Nitric oxide is produced in mitochondria as a
regulator of mitochondrial functions (26-28). Moreover,
studies showed that mitochondrial DNA might be more prone
to nitrosative damage than nuclear DNA because of the rich
radical production in the respiratory chain, the lack of
protection by histone proteins, and the relatively inefficient
DNA repair system (29-32). Although the levels of oxida-
tive damage in mitochondrial and nuclear DNA are debatable
because of analytical methods (33), mitochondrial DNA
might be an important target for nitrosative damage, and it

FIGURE 5: (a) HPLC chromatogram of oxanine reacting with oxidized glutathione (GSSG) at 37°C for 2 h at pH7.4, producing
Oxa-N-GSSG and Oxa-S-GSH. (b) Co-injection of the reaction mixture with synthetic Oxa-S-GSH (0.39µg).
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plays an imperative role in cancer development (34, 35). The
reaction of GSH with oxanine in DNA may prevent protein
damage. Under high oxidative stress conditions in which
GSH is depleted, the oxanine-derived thioester and amide
adducts might be important forms of DPCs of cellular
proteins.

Our results demonstrate the generation of a novel thioester
adduct preferably produced from oxanine with the thiol group
of GSH in addition to the amide form of the oxanine-amine
adduct. To the best of our knowledge, this is the first article
on the characterization of a thioester DPC formed between
oxanine and a thiol. The thioester is also detected in the
oxanine reaction with the disulfide GSSG as a minor adduct.
Both the thioester and amide adducts of oxanine represent
two possible forms of DPCs, which can be derived from the
side chains of cysteine, lysine, the disulfide bridge of cystine,
and the N-terminal of a protein. The reactivity of oxanine

with glutathione and DNA-binding proteins might contribute
to the reported cytotoxicity and antibacterial activity of
oxanosine (36, 37).

It has been shown that the glycosidic linkage of dOxo is
as stable as that of dGuo in oligonucleotides (14). However,
the half-life of the nucleoside dOxo was determined to be
350 h and that for the dOxo-Gly amide adduct is longer,
being 1280 h (16), suggesting that the amide form of
oxanine-derived DPC is a relatively long-lived cellular lesion
that can cause detrimental effects if not efficiently repaired.
Both the thioester and the amide forms of DPCs are stable
under mild acid hydrolysis conditions, which enable their
analysis by LC/ESI/MS. Attempts to perform hydrolysis with
nucleases failed because of the insolubility of Oxa-containing
DNA cross-linked to GSH in buffers at neutral pH. Hy-
drolysis of the DPCs with mild acid led to the cleavage of
the glycosidic bond between the cross-linked oxanine moiety

FIGURE 6: Time-dependent formation of Oxa-S-GSH and Oxa-N-GSH. A solution containing Oxa (1.0 mM) and GSH (5.0 mM) in
100 mM KH2PO4 (pH 7.4) was incubated at 37°C, and the reaction was monitored by analyzing with HPLC-UV at various time points as
described in Experimental Procedures. The data points represent the means of triplicate determinations.

FIGURE 7: HPLC/MS chromatogram of oxanine-containing calf thymus DNA reacting with (a) GSH or (b) oxidized glutathione (GSSG)
at 37 °C for 12 h at pH 7.4, followed by acid hydrolysis with 0.1 N HCl at 60°C for 30 min. Selected ion monitoring atm/z 460 was
performed in the upper panel, whereas the lower panel shows the overlaid chromatogram monitoring atm/z 460 andm/z 765.
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and the 2-deoxyribose (dR) of DNA but left the peptide
bonds intact. The mass spectrometric analysis of the resulting
peptides modified by oxanine is very useful in the identifica-
tion of the reaction site by comparing the CID spectra with
that of the unmodified peptide. However, most of the mass
spectra of amino acids or peptides cross-linked with the
nucleoside dOxo contain a [M- dR]- fragment ion, and
the interpretation of the DPC structures of peptides or
proteins with dOxo from their mass spectra would be more
complicated than those with oxanine. Characterization of the
oxanine-derived thioester and amide forms of DPCs by LC/
ESI/MS analysis sheds light on the detection of DPCs in
cellular DNA. Nakano et al. showed that oxanine binds to
DNA-binding proteins, including DNA glycosylases, histone,
and high mobility group protein (15). But the sites of these
proteins cross-linked to oxanine were not determined. Thus,
the LC/ESI/MS analysis will be a very helpful tool in the
characterization of these DPC structures. Furthermore, oxa-
nine-induced DPC formation is at a much faster rate with
DNA glycosylases than with the other two types of proteins
(15), suggesting a possible role of oxanine in inhibiting DNA
base excision repair (BER) enzymes.

Oxanine on DNA was shown to be repaired by human
alkyladenine glycosylase (17), Escherichia coli3-methylad-
enine DNA glycosylase II (AlkA), and Endo VIII, but the
repair activities of the latter two enzymes on oxanine were
much lower than that on xanthine (18). Although excision
activity for oxanine was observed with bacterial endonuclease
V (19), oxanine was poorly processed by human DNA
glycosylases and HeLa cell-free extracts (20). Nonetheless,
the prokaryotic UvrABC nuclease and human nucleotide
excision repair (NER) enzymes efficiently excised cross-links
of spermine, a polyamine, with oxanine-containing oligo-
nucleotides as a model DPC (20). The DPCs of oxanine-
containing DNA with proteins are much more bulky than
this model cross-link of oxanine with spermine. To decipher
the complicated biological consequences of cellular DPCs
derived from oxanine, the questions concerning whether the
bulky the DPCs can be effectively repaired by the NER
enzymes and/or whether the NER enzymes preferentially
cross-link to oxanine need to be answered. If not repaired,

the bulky covalent DPCs result in DNA helix distortion and
have the potential to cause mutagenic and cytotoxic effects
(38-42).

Reactive nitrogen oxides species are interconvertible.
Nitric oxide is metabolizedin ViVo to nitrite, whereas
acidified nitrite can be reduced to nitric oxide by ascorbate
in the stomach (43-46) and by ascorbic acid and quercetin
in the saliva (47). Exposure to excess nitrite from the diet
or overproduction of nitric oxide at sites of chronic inflam-
mation may play an important role in stomach cancer (48,
49). In the presence of oxygen, NO is converted to nitrous
anhydride (N2O3), a principal nitrosating agent, which is
hydrolyzed to nitrite (50). Nitric oxide combines with a
superoxide anion to form the powerful nitrating agent
peroxynitrite at a diffusion-controlled rate (51, 52). In
addition to its endogenous origin, NO is also a constituent
of cigarette smoke and an air pollutant (53). Thus, the
formation of oxanine-derived DPCs can be a result of
environmental exposure to NO as well as reactive nitrogen
oxides species producedin ViVo.

Dong et al. reported that the base deamination products
were formed as major products, whereas dOxo was below
the limit of detection when isolated DNA or cells was
exposed to physiological concentrations of nitric oxide and
oxygen at neutral pH (54, 55). Nonetheless, oxanine, if
formed in the cellular systems, is reactive toward nucleo-
philes, whereas the deamination products are not. It is
possible that oxanine reacts with nucleophiles before or
during DNA isolation and enzyme digestion processes.
Future studies in the detection and identification of the
thioester and amide adducts of oxanine with GSH and
cellular proteinsin ViVo will confirm the role of oxanine as
an intermediate of cellular damage derived from NO and
HNO2.

Because DPC is a type of cellular damage that might be
difficult to repair, characterization of the thioester and the
amide forms of DPCs derived from oxanine and glutathione
should shed light on the mechanism of DPCs formation, their
detectionin ViVo, and their biological significance.
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