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It has been proposed that 13(S)-hydroperoxy-9Z,11E-octadecadienoic acid [13(S)-HPODE]-
mediated formation of 4-oxo-2(E)-nonenal and 4-hydroxy-2(E)-nonenal arises from a Hock
rearrangement. This suggested that a 4-oxo-2(E)-nonenal-related molecule, 9,12-dioxo-10(E)-
dodecenoic acid (DODE), could also result from the intermediate formation of 9-hydroperoxy-
12-oxo-10(E)-dodecenoic acid. A recent report has described the formation of DODE-derived
etheno adducts when 13(S)-HPODE was allowed to decompose in the presence of 2′-
deoxynucleosides or DNA. However, the regioselectivity of lipid hydroperoxide-derived DODE
addition to 2′-deoxyguanosine (dGuo) or other 2′-deoxynucleosides was not determined. The
structure of carboxynonanone-etheno-dGuo formed from vitamin C-mediated 13(S)-HPODE
decomposition has now been established by a combination of 1H and 13C NMR spectroscopy
studies of its bis-methylated derivative. The site of dGuo methylation was first established as
being at N-5 rather than at O-9 from NMR analysis of a methyl derivative of the model
compound, heptanone-etheno-dGuo. 1H,13C 2D heteronuclear multiple bond correlations were
then used to establish unequivocally that the bis-methyl derivative of carboxynonanone-etheno-
dGuo was 3-(2′-deoxy-â-D-erythropentafuranosyl)imidazo-7-(9′′-carboxymethylnona-2′′-one)-9-
oxo-5-N-methyl[1,2-a]purine rather than its 6-(9′′-carboxymethylnona-2”-one)-9-oxo-5-N-methyl-
[1,2-a]purine regioisomer. Therefore, etheno adduct formation occurred by initial nucleophilic
attack of the exocyclic N2 amino group of dGuo at the C-12 aldehyde of DODE to form an
unstable carbinolamine intermediate. This was followed by intramolecular Michael addition
of the pyrimidine N1 of dGuo to C-11 of the resulting R,â-unsaturated ketone. Subsequent
dehydration gave 3-(2′-deoxy-â-D-erythropentafuranosyl)imidazo-7-(9′′-carboxynona-2′′-one)-
9-oxo-[1,2-a]purine (carboxynonanone-etheno-dGuo). An efficient synthesis of DODE was
developed starting from readily available 1,8-octanediol using a furan homologation procedure.
This synthetic method allowed multigram quantities of DODE to be readily prepared. Synthetic
DODE when reacted with dGuo gave carboxynonanone-etheno-dGuo that was identical with
that derived from vitamin C-mediated 13(S)-HPODE decomposition in the presence of dGuo.

Introduction
Oxidation of ω-6 polyunsaturated fatty acids (PUFAs)1

during oxidative stress occurs through both enzymatic

and nonenzymatic pathways (1-3). The resulting ω-6
PUFA-derived lipid hydroperoxides such as 13-hydrop-
eroxy-9Z,11E-octadecadienoic acid (13-HPODE) can then
undergo FeII-, CuI-, or vitamin C-mediated homolytic
decomposition to form R,â-unsaturated aldehydes through
two distinct pathways (Scheme 1) (4-6). The first path-
way, which most likely involves R-cleavage of an alkoxy
radical, results in the formation of 4,5-epoxy-2(E)-decenal
(EDE) (6). The second pathway involves the formation
of 4-hydroperoxy-2(E)-nonenal (HPNE), which undergoes
dehydration to 4-oxo-2(E)-nonenal (ONE) or reduction to
4-hydroxy-2(E)-nonenal (HNE) (6, 7). The R,â-unsatur-
ated aldehydes act as bifunctional electrophiles that can
covalently modify nucleosides, DNA, amino acids, and
proteins (8-12). ONE reacts with 2′-deoxyguanosine
(dGuo), 2′-deoxyadenosine (dAdo), and 2′-deoxycytidine
(dCyd) in DNA or as the free nucleosides to form 3-(2′-
deoxy-â-D-erythropentafuranosyl)imidazo-7-(heptane-2′′-
one)-9-oxo-[1,2-a]purine (heptanone-etheno-dGuo) (13),
heptanone-etheno-dAdo (14, 15), and heptanone-etheno-
dCyd (16), respectively (Scheme 2). ONE also reacts with
free arginine to form an imidazole adduct (17) and with
lysine and histidine to form novel cyclic pyrrole adducts
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1 Abbreviations: APCI, atmospheric pressure chemical ionization;
bd, broad doublet; bs, broad singlet; bt, broad triplet; CID, collision-
induced dissociation; COSY, 1H-1H 2D correlation spectroscopy; COX,
cyclooxygenase; dAdo, 2′-deoxyadenosine; d, doublet; dd, doublet of
doublets; ddd, doublet of doublet of doublets; dCyd, 2′-deoxycytidine;
dGuo, 2′-deoxyguanosine; DEAD, diethyl azodicarboxylate; DODE, 9,-
12-dioxo-10(E)-dodecenoic acid; dt, double triplet; etheno-dGuo, 1,N2-
etheno-dGuo; heptanone-etheno-dGuo, 3-(2′-deoxy-â-D-erythropen-
tafuranosyl)imidazo-7-(heptane-2′′-one)-9-oxo-[1,2-a]purine; EDE, 4,5-
epoxy-2(E)-decenal; GSH, glutathione; HMBC, 1H,13C 2D heteronuclear
multiple bond correlation; HNE, 4-hydroxy-2(E)-nonenal; HODD,
9-hydroxy-12-oxo-10(E)-dodecenoic acid; 15(S)-HPETE, 15(S)-hydrop-
eroxy-5Z,8Z,11Z,13E-eicosatetraenoic acid; HPNE, 4-hydroperoxy-2(E)-
nonenal; HPODD, 9-hydroperoxy-12-oxo-10(E)-dodecenoic acid; 13(S)-
HPODE, 13(S)-hydroperoxy-9Z,11E-octadecadienoic acid; HSQC, 1H,13C
2D heteronuclear single quantum correlation; m, multiplet; MH+,
protonated molecular ion; MSn, multiple tandem mass spectrometry;
MOPS, morpholinopropanesulfonic acid; NA, not available; ONE, 4-oxo-
2(E)-nonenal; PDC, pyridinium dichromate; PUFA, polyunsaturated
fatty acid; quint, quintet; ROESY, rotating-frame Overhauser enhance-
ment spectroscopy; s, singlet; SPE, solid phase extraction; t, triplet;
TBDMS, tert-butyldimethylsilyl.
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(18-20). EDE can interact with dGuo or dAdo in DNA
or as the free nucleosides to give unsubstituted 1,N2-
etheno-dGuo (etheno-dGuo) and etheno-dAdo, respec-
tively (Scheme 2) (21). Etheno-dGuo is mutagenic in
mammalian cells (AA8 CHO), inducing base pair muta-
tions, with a preference for G to A transitions (22).
Etheno-dAdo is more mutagenic in human cells (HeLa)
than 8-oxo-dGuo, inducing A to T transversions in
experiments using modified double- and single-stranded
DNA substrates (23). HNE can form hydroxypropano-
dGuo adducts although it has a low reaction rate with
nucleobases (Scheme 2). Only one hydroxypropano-dGuo
adduct/106 normal bases was detected in cells cultured
with 20 mM HNE for 24 h (24). Despite this low
reactivity, hydroxypropano-dGuo adducts have been iden-
tified in mammalian tissue DNA (Scheme 2) (25). In
contrast, when HNE is oxidized in vitro by lipid hydro-
peroxides, a more efficient reaction occurs through the
formation of 2,3-epoxy-4-hydroxy-nonanal. The regiose-
lectivity of reaction with dGuo is modified so that
dihydroxyheptane-etheno adducts are formed (26). How-
ever, it has been suggested that a reaction between HNE

and lipid hydroperoxides is unlikely to occur in cells
because of the relatively high pKa of the latter compounds
(25). HNE appears to be much more reactive toward
amino acids and proteins than it is with DNA bases. It
covalently modifies cysteine, histidine, and lysine resi-
dues to give THF adducts through Michael addition (12)
and with lysine and histidine residues to give pyrrole
adducts through Schiff base formation (12, 27-29).

It has been proposed that 13-HPODE-mediated forma-
tion of ONE and HNE requires a Hock rearrangement
through the intermediate formation of a bis-hydroper-
oxide intermediate, which arises from oxygenation at
C-10 (7, 12). However, a direct Hock rearrangement of
13-HPODE would lead to the intermediate formation of
12-oxo-9(Z)-dodecenoic acid (12), a carboxylate analogue
of 3(Z)-nonenal (30). 3(Z)-Nonenal is known to rapidly
form HPNE (30), which in turn is converted to ONE and
HNE (6, 7). Therefore, the ONE-related molecule, 9,12-
dioxo-10(E)-dodecenoic acid (DODE), could also be formed
from 13-HPODE through the intermediate formation of
12-oxo-9(Z)-dodecenoic acid and 9-hydroperoxy-12-oxo-
10(E)-dodecenoic acid (HPODD) (Scheme 1). This raised
the possibility that a novel bifunctional electrophile could
result from linoleic acid peroxidation, which could modify
DNA and proteins in a manner similar to ONE. DODE
as its 10(Z)-isomer was detected as a linoleic acid
peroxidation product from lentil seeds, and its structure
was confirmed by total synthesis (31). It was presumed
to arise through intermediate formation of 9-HPODE.
Reactions of 13(S)-hydroperoxy-9Z,11E-octadecadienoic
acid [13(S)-HPODE] with enzyme preparations of both
soybean and alfalfa seedlings resulted in the formation
of 9-hydroxy-12-oxo-10(E)-dodecenoic acid (HODD) (32,
33). The formation of HODD implies that there was an
intermediate formation of HPODD. The reduction of
HPODD in a manner similar to HPNE (6) would lead to
the formation of HODD, whereas dehydration would lead
to DODE (Scheme 1). Further evidence for the interme-
diate formation of HPODD comes from the detection of
HODD in trace amounts during the autoxidation of
linoleic acid (34, 35). A recent report has described the
formation of DODE-derived etheno adducts when 13-
HPODE was allowed to decompose in the presence of 2′-
deoxynucleosides or DNA (36). The present study was
undertaken to establish the regioselectivity of DODE-
mediated etheno adduct formation and to develop a
convenient route for its preparation. This will then permit
a thorough evaluation of its biochemical properties and
its reaction with nucleosides, amino acids, and proteins.

Materials and Methods

Materials. Ammonium acetate, ascorbic acid, dGuo, diethyl
ether, diisopropylethylamine (DIPE), iodomethane-13C, sodium
chloride, sodium sulfate, soybean lipoxidase, and other chemi-
cals were purchased from Sigma-Aldrich. (St. Louis, MO).
Linoleic acid and arachidonic acid were purchased from Cayman
Chemical Co. (Ann Arbor, MI). 3-Morpholinopropanesulfonic
acid (MOPS) was obtained from Fluka BioChemika (Milwaukee,
WI). Supelclean LC-18 solid phase extraction (SPE) columns
were from Supelco (Bellefonte, PA). Chelex-100 chelating ion
exchange resin (100-200 mesh size) was purchased from Bio-
Red Laboratories (Hercules, CA). HPLC grade water, acetoni-
trile, and methanol were obtained from Fisher Scientific Co.
(Fair Lawn, NJ). ACS grade ethanol was obtained from Pharmco
(Brookfield, CT). Gases were supplied by BOC Gases (Lebanon,
NJ).

Scheme 1. Formation of Bifunctional
Electrophiles from Lipid Peroxidation

Scheme 2. Formation of DNA Adducts from Lipid
Peroxidation
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Liquid Chromatography. Chromatography for LC/MS
experiments was performed using a Waters Alliance 2690 HPLC
system (Waters Corp., Milford, MA). Purification of dGuo
adducts was conducted on a Hitachi L-6200 Intelligent Pump
(Hitachi, San Jose, CA) equipped with a Hitachi L-4000 UV
detector. Gradient elution was performed in the linear mode.
Gradient system 1 included a Hi-Chrom silica column (250 mm
× 4.6 mm i.d., 5 µm; Regis, Morton Grove, IL) at a flow rate of
1 mL/min. An YMC C18 ODS-AQ column (250 mm × 4.6 mm
i.d., 5 µm; Waters) was used in systems 2-4 with a flow rate of
1.0 mL/min. For system 1, solvent A was hexane and 2-propanol
(197:3, v/v) and solvent B was hexane and 2-propanol (7:3, v/v).
The gradient conditions were as follows: 3% B at 0 min, 3% B
at 15 min, 85% B at 28 min, and 3% B at 30 min. For system 2,
solvent A was THF, methanol, water, and acetic acid (25:30:
44.9:0.1, v/v) and solvent B was methanol and water (9:1, v/v).
Both solvents A and B contained 5 mM ammonium acetate. The
gradient conditions were as follows: 70% B at 0 min, 70% B at
3 min, 100% B at 10 min, 100% B at 20 min, and 70% B at 23
min, followed by a 7 min equilibration time. For system 3,
solvent A was 5 mM ammonium acetate in water and solvent
B was 5 mM ammonium acetate in acetonitrile. The linear
gradient was as follows: 6% B at 0 min, 6% B at 3 min, 20% B
at 9 min, 20% B at 13 min, 60% B at 21 min, 80% B at 22 min,
and 80% B at 24 min. For system 4, solvent A was water and
solvent B was acetonitrile. The linear gradient for system 4 was
as follows: 20% B at 0 min, 20% B at 3 min, 45% B at 17 min,
80% B at 19 min, and 80% B at 26 min. All separations except
for system 1 were performed at ambient temperature.

Mass Spectrometry. Mass spectrometry was conducted with
a Thermo Finnigan LCQ ion trap mass spectrometer (Thermo
Finnigan, San Jose, CA) equipped with an atmospheric pressure
chemical ionization (APCI) source in the positive ion mode. The
LCQ operating conditions were as follows: vaporizer temper-
ature at 450 °C, heated capillary temperature at 150 °C, with
a discharge current of 5 µA applied to the corona needle.
Nitrogen was used as the sheath (80 psi) and auxiliary (10
arbitrary units) gas to assist with nebulization. Full scanning
analyses were performed in the range of m/z 100-800. Collision-
induced dissociation (CID) experiments coupled with multiple
tandem mass spectrometry (MSn) employed helium as the
collision gas. The relative collision energy was set at 20% of the
maximum (1 V).

NMR. The NMR spectra were determined at 25 °C on a
Varian Inova 600 MHz instrument equipped with a Nalorac 3
mm indirect detection gradient probe. 13C experiments were
performed at 150 MHz. The samples (ca. 0.5 mg for methylated
heptanone-etheno-dGuo, methylated carboxynonanone-etheno-
dGuo, and carboxynonanone-etheno-dGuo and ca. 0.2 mg for 13C-
methylated heptanone-etheno-dGuo) were dissolved in 150 µL
of DMSO-d6. The data processing was conducted on the spec-
trometer. Chemical shifts are reported in the δ scale (ppm) by
assigning the residual solvent peak to 2.49 and 39.5 ppm for
DMSO for 1H and 13C, respectively. The rotating-frame nuclear
Overhauser effect (ROESY) experiment was determined with a
300 ms mixing time. The delay between successive pulses was
1 s for 1H-1H 2D correlation spectroscopy (COSY) and ROESY.
Both the 1H,13C 2D heteronuclear single quantum correlation
(HSQC) and the 1H,13C 2D heteronuclear multiple bond cor-
relation (HMBC) spectra were determined using gradient pulses
for coherence selection. The HSQC spectrum was determined
with decoupling during acquisition. Delays corresponding to one
bond 13C-1H coupling (ca. 140 Hz) for the low-pass filter and
to two-to-three bond 13C-1H long-range coupling (5, 7, or 10 Hz)
were used for the HMBC.

Preparation of 13(S)-HPODE. 13(S)-HPODE was prepared
using linoleic acid and soybean lipoxidase in 0.2 M Chelex-
treated borate buffer (pH 9.0) as described previously (37).

Preparation of 15(S)-Hydroperoxy-5Z,8Z,11Z,13E-eico-
satetraenoic Acid [15(S)-HPETE]. 15(S)-HPETE was pre-
pared using arachidonic acid (25 mg, 82.2 µmol) and soybean
lipoxidase (type V, 1 mg) in 30 mL of 0.2 M Chelex-treated

borate buffer (pH 9.0). The reaction was performed at 0 °C under
oxygen with constant stirring. After 5 h, the reaction mixture
was acidified to pH 3 with 1 N HCl and the 15(S)-HPETE was
extracted with diethyl ether (2 × 5 mL). The combined extracts
were washed with water, dried over sodium sulfate, and
evaporated under a stream of nitrogen. The 15(S)-HPETE was
then purified using normal phase gradient system 1 (retention
time, 11.4 min). The pure 15(S)-HPETE was dissolved in
ethanol, and its concentration was determined by UV spectros-
copy (λmax 236 nm, ε ) 27 000). It was stored in ethanol at -70
°C, and the solution was reanalyzed by reversed phase LC/MS
using gradient system 2 before it was used. A single chromato-
graphic peak was observed at a retention time of 9.5 min. The
mass spectrum contained a dominant ammoniated molecular
ion at m/z 354 [M + NH4]+ together with the expected fragment
ion at m/z 219 [M - C6H12OOH]+. When the pure 15(S)-HPETE
was analyzed by LC/MS/UV under normal phase conditions
using system 1, no early eluting peaks corresponding to R,â-
unsaturated aldehydes were detected. The 15(S)-HPETE was
shown to contain <1% of the 15(R)-enantiomer by reduction with
triphenylphosphine to 15-hydroxy-5Z,8Z,11Z,13E-eicosatet-
raenoic acid, formation of a pentafluorobenzyl ester derivative,
and analysis by chiral LC/electron capture APCI/MS. Chroma-
tography was conducted using 2-propanol/methanol/hexane as
the mobile phase with a Chiralpak AD-H column (250 mm ×
4.6 mm i.d., 5 µm; Daicel Chemical Industries, Ltd., Tokyo,
Japan) at a flow rate of 1 mL/min as described previously (38).

8-(1,1,2,2-Tetramethyl-1-silapropoxy)octan-1-ol (1). So-
dium hydride dispersion in mineral oil (900 mg, 37.5 mmol) was
washed with hexanes and then suspended in THF (250 mL).
1,8-Octanediol (5 g, 34.2 mmol) was added to the suspension,
and the reaction mixture was stirred for 20 h under argon. tert-
Butyldimethylsilyl (TBDMS) chloride (5.2 g, 34.5 mmol) was
then added, and stirring was continued for a further 4 h. After
filtration, the solvent was evaporated under reduced pressure.
The crude product was purified on a silica gel column using 15%
ethyl acetate in hexanes to afford the monosilyl ether (1; 6.1 g,
69%). The 1H NMR spectrum (500 MHz, CDCl3, δ) was similar
to that reported previously (39): 0.04 [s, 6H, Si(CH3)2], 0.88 [s,
9H, SiC(CH3)3], 1.30-1.34 (m, 8H, CH2 from C-3, C-4, C-5, C-6),
1.50 (quint, J ) 6.6 Hz, 2H, CH2 from C-2), 1.55 (quint, J ) 6.6
Hz, 2H, CH2 from C-7), 3.59 (t, J ) 6.5 Hz, 2H, CH2 from C-1),
3.62 (t, J ) 6.5 Hz, 2H, CH2 from C-8).

8-Bromo-1-(1,1,2,2-tetramethyl-1-silapropoxy)octane (2).
Zinc bromide (5.494 g, 24.4 mmol) in THF (100 mL) was added
to a magnetically stirred solution of 1 (6.1 g, 24.4 mmol) and
triphenylphosphine (19.2 g, 73.2 mmol) in THF (300 mL) under
argon. After the solution was stirred for 10 min, diethyl
azodicarboxylate (DEAD, 15.37 mL, 97.6 mmol) was added
dropwise at 0 °C with a syringe. The reaction mixture was
allowed to warm to room temperature, stirred for an additional
1 h, and filtered, and the solvent was evaporated under reduced
pressure. The crude product was purified by chromatography
on a silica gel column with 1.5% ethyl acetate in hexanes to
afford the bromide (2; 6 g, 82%). The 1H NMR spectrum (500
MHz, CDCl3, δ) was similar to that reported previously (39):
0.04 [s, 6H, Si(CH3)2], 0.89 [s, 9H, SiC(CH3)3], 1.30-1.50 (m,
8H, CH2 from C-3, C-4, C-5, C-6), 1.66 (quint, J ) 7 Hz, 2H,
CH2 from C-7), 1.85 (quint, J ) 7 Hz, 2H, CH2 from C-2), 3.40
(t, J ) 7 Hz, 2H, CH2 from C-8), 3.59 (dt, J ) 7, 2 Hz, 2H, CH2

from C-1).
8-(2-Furyl)octan-1-ol (3). n-Butyllithium (23 mL, 2.5 M in

hexane, 57.5 mmol) was added to furan (6.97 mL, 95.84 mmol)
in dried THF (75 mL) under argon at 0 °C. The resulting brown
solution was brought to room temperature and stirred for an
additional 3 h. Compound 2 (6 g, 19.16 mmol) was added at 0
°C. The reaction mixture was stirred for an additional 4 h and
quenched by adding saturated NH4Cl solution. It was extracted
with ethyl acetate, dried (sodium sulfate), and evaporated under
reduced pressure. Without further purification, THF (50 mL)
and Bu4NF (77 mL, 1 M in THF, 76.67 mmol) were sequentially
added to the residue (5.5 g). The reaction mixture was quenched
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by adding saturated NH4Cl solution and extracted using ethyl
acetate. The combined organic layers were dried (sodium sulfate)
and evaporated under reduced pressure. The crude product was
purified by chromatography on a silica gel column with 25%
ethyl acetate in hexanes to afford the furyl alcohol (3; 3.2 g,
85%). The 1H NMR spectrum (500 MHz, CDCl3, δ) was similar
to that published previously (40): 1.28-1.34 (m, 8H, CH2 from
C-3, C-4, C-5, C-6), 1.53-1.64 (m, 4H, CH2 from C-2, C-7), 2.60
(t, J ) 7.5 Hz, 2H, CH2 from C-8), 3.62-3.64 (m, 2H, CH2 from
C-1), 5.96 (d, J ) 2 Hz, 1H, CH from C-3′), 6.26 (dd, J ) 0.5, 2
Hz, 1H, CH from C-4′), 7.28 (d, J ) 0.5 Hz, 1H, CH from C-5′).

8-(2-Furyl)octanoic Acid (4). Pyridinium dichromate (PDC)
(36.85 g, 97.9 mmol) was added to a solution of 8-(2-furyl)octan-
1-ol (3.2 g, 16.3 mmol) in DMF (45 mL). The resulting mixture
was stirred for 18 h and quenched by adding saturated NH4Cl
solution. After extraction with ethyl acetate, the combined
organic layers were washed with citric acid solution (pH 3). The
residue was purified on silica gel column using 35% ethyl acetate
in hexane to give 8-(2-furyl)octanoic acid (4; 2.5 g, 73%). The
1H NMR spectrum (500 MHz, CDCl3, δ) was similar to that
published previously (40): 1.32-1.35 (m, 6H, CH2 from C-4, C-5,
C-6), 1.61-1.64 (m, 4H, CH2 from C-3, C-7), 2.33-2.37 (m, 2H,
CH2 from C-2), 2.60 (t, J ) 7.5 Hz, 2H, CH2 from C-8), 5.96 (d,
J ) 2 Hz, 1H from C-3′), 6.26 (dd, J ) 0.5, 2 Hz, 1H from C-4′),
7.28 (d, J ) 0.5 Hz, 1H from C-5′).

DODE. To a solution of 4 (2.5 g, 11.9 mmol) and pyridine in
THF-acetone-H2O (5:4:1, 60 mL) was added N-bromosuccin-
imide (NBS; 2.54 g, 14.2 mmol) dissolved in THF-acetone-H2O
(5:4:1, 20 mL) at -20 °C (41). The solution was stirred for 1 h
at -20 °C followed by 6 h at room temperature and then poured
into a mixture of ethyl acetate and aqueous Na2S2O3. The
organic layer was separated, washed with aqueous citric acid
solution (pH 3), dried, and evaporated under reduced pressure.
The residue was purified on a silica gel column using 45% ethyl
acetate in hexane to afford DODE (1.2 g, 44%). 1H NMR (500
MHz, CDCl3, δ): 1.32-1.36 (m, 6H, CH2 from C-4, C-5, C-6),
1.64 (m, 4H, CH2 from C-3, C-7), 2.35 (t, J ) 7.5 Hz, 2H, CH2

from C-2), 2.68 (t, J ) 7.5 Hz, 2H, CH2 from C-8), 6.78 (dd, J )
7, 16 Hz, CH from C-11), 6.86 (d, J ) 16 Hz, 1H, CH from C-10),
9.78 (d, J ) 7 Hz, 1H, CH from C-12). HRMS (m/z): [M + Na]+

calculated for C12H18O4‚Na, 249.110279; found, 249.110530. On
treatment with diazomethane, an intense MH+ was observed
at m/z 263.1 (C13H20O4) corresponding to methylation of the
terminal carboxylate.

Vitamin C-Mediated Decomposition of 13-HPODE or
15-HPETE in the Presence of dGuo. A solution of 13-HPODE
or 15-HPETE (150 nmol) in ethanol (10 µL) and vitamin C (750
nmol) in Chelex-treated 100 mM MOPS containing 150 mM
NaCl (pH 7.4, 10 µL) was added to dGuo (750 nmol) in Chelex-
treated 100 mM MOPS containing 150 mM NaCl (pH 7.4, 180
µL). The reaction mixture was sonicated for 15 min at room
temperature, incubated at 37 °C for 24 h, and then placed on
ice. The samples were filtered through a 0.2 µm Costar cartridge
prior to analysis of a portion of the sample (20 µL) by LC/MS
using gradient system 3.

Methylation of the Reaction Mixture of 13-HPODE and
dGuo. After 24 h of incubation at 37 °C, a portion (100 µL) of
the reaction mixture was transferred into a glass tube and
evaporated to dryness under nitrogen. The residue was redis-
solved with 100 µL of methanol and treated with 0.5 mL of
ethereal diazomethane. The solution was allowed to stand for
1 h at room temperature, evaporated to dryness under nitrogen,
and reconstituted in 100 µL of water. The sample was filtered
through a 0.2 µm Costar cartridge prior to analysis of a portion
of the sample (20 µL) by LC/MS using gradient system 3.

Preparation of Heptanone-etheno-dGuo and Carbox-
ynonanone-etheno-dGuo for UV, NMR, and LC/MSn Analy-
sis. A solution of 13(S)-HPODE (12.1 µmol) in ethanol (200 µL)
and vitamin C (60.5 µmol) in Chelex-treated 100 mM MOPS
containing 150 mM NaCl (pH 7.4, 100 µL) were added to dGuo
(60.5 µmol) in Chelex-treated 100 mM MOPS containing 150
mM NaCl (pH 8.0, 1700 µL). The reaction mixture was sonicated

for 15 min at room temperature and incubated at 60 °C for 36
h. It was placed on ice and heptanone-etheno- and carbox-
ynonanone-etheno-dGuo adducts were isolated using gradient
system 3, by monitoring the UV absorbance at 230 nm. The
fractions, which eluted between 13.0 and 13.6 min (carbox-
ynonanone-etheno-dGuo) and between 20.3 and 20.9 min (hep-
tanone-etheno-dGuo), were collected and concentrated under
nitrogen at room temperature. The residues were dissolved in
a 0.5 mL mixture of acetonitrile/water (2:8, v/v) and rechro-
matographed on the same system. The fractions containing pure
heptanone-etheno-dGuo and carboxynonanone-etheno-dGuo (as
determined by LC/MS) were combined, concentrated under
nitrogen with adding CCl4 as an azeotropic solvent, and dried
under vacuum, respectively. The retention times of pure car-
boxynonanone-etheno- and heptanone-etheno-dGuo on system
3 were 13.3 and 20.6 min, respectively.

Preparation of Heptanone-etheno-methyl-dGuo and
Carboxymethylnonanone-etheno-methyl-dGuo for NMR
and LC/MSn Analysis. After 36 h of incubation at 60 °C, the
reaction mixture of 13(S)-HPODE, dGuo, and vitamin C was
evaporated to dryness under nitrogen. The residue was redis-
solved with 200 µL of methanol and treated with 1.0 mL of
ethereal diazomethane. The solution was allowed to stand for
1 h at room temperature, evaporated to dryness under nitrogen,
and reconstituted in 200 µL of water. The aqueous solution was
then applied to an SPE cartridge (1 g, 6 mL) that had been
preconditioned with acetonitrile (10 mL) and water (10 mL). The
cartridge was washed with water (10 mL) and 10% acetonitrile
in water (10 mL). Methylated heptanone-etheno- and carbox-
ynonanone-etheno-dGuo were eluted in acetonitrile (6 mL). The
eluates was evaporated to dryness under nitrogen and dissolved
in a 200 µL mixture of acetonitrile/water (2:8, v/v). After
filtration with 0.2 µm Costar cartridge, methylated heptanone-
etheno- and carboxynonanone-etheno-dGuo were isolated using
gradient system 4, by monitoring the UV absorbance at 230 nm.
The fractions containing methylated dGuo adducts (as deter-
mined by LC/MS) were combined, concentrated under nitrogen
with adding CCl4 as an azeotropic solvent, and dried under
vacuum, respectively. The retention times of pure heptanone-
etheno-methyl-dGuo and carboxymethylnonanone-etheno-meth-
yl-dGuo on system 4 were 13.8 and 15.6 min, respectively.

Preparation of Heptanone-etheno-13C-methyl-dGuo for
NMR Analysis. Iodomethane-13C (1.6 mmol) and 20% DIPE
in acetonitrile (40 µL) were added to pure heptanone-etheno-
dGuo (0.4 µmol) in acetonitrile (100 µL). The reaction mixture
was vortex mixed for 1 min and incubated at room temperature
for 1 h. After evaporation to dryness under nitrogen, the
residues were redissolved in a 100 µL mixture of acetonitrile/
water (2:8, v/v). Heptanone-etheno-13C-methyl-dGuo (retention
time, 13.8 min) was isolated using gradient system 4, by
monitoring the UV absorbance at 230 nm.

Reaction of DODE with dGuo and Methylation of the
Reaction Mixture. A solution of DODE (0.88 µmol) in ethanol
(20 µL) was added to dGuo (6.45 µmol) in Chelex-treated 100
mM MOPS containing 150 mM NaCl (pH 7.4, 230 µL). The
reaction mixture was sonicated for 15 min at room temperature,
incubated at 37 °C for 24 h, and then placed on ice. The sample
was filtered through a 0.2 µm Costar cartridge prior to analysis
of a portion of the sample (20 µL) by LC/MS using gradient
system 3. Methylation of reaction mixture was performed with
ethereal diazomethane solution as described above and analyzed
by LC/MS using gradient system 3.

Results

Vitamin C-Mediated Decomposition of 13-H-
PODE in the Presence of dGuo. LC/APCI/MS analysis
of the reaction mixture revealed three major adducts
(Figure 1A). The mass spectrum of the earliest eluting
adduct (10.0 min) (Figure 1A, upper) revealed an intense
protonated molecular ion [MH+] at m/z 292, together with
a BH2

+ ion at m/z 176. MS2 analysis of MH+ resulted in
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a BH2
+ product ion. These LC/MS characteristics were

identical to those for etheno-dGuo. LC/MS analysis of the
most abundant adduct (20.1 min) showed an MH+ at m/z
404, together with BH2

+ at m/z 288. MS2 analysis of MH+

gave rise to an intense BH2
+ ion. Further CID of the BH2

+

ion at m/z 288 (MS3) gave rise to ions at m/z 190 (BH2
+

- C5H11CO) and m/z 260. These mass spectral charac-
teristics were consistent with heptanone-etheno-dGuo.
The small peak (19.2 min) that eluted prior to heptanone-
etheno-dGuo (Figure 1A, lower) was identified as hep-
tanone-ethano-dGuo (MH+, m/z 422; BH2

+, m/z 306) (13).
The dGuo adduct that eluted at 12.5 min had an MH+ at
m/z 476 and a BH2

+ ion at m/z 360 (Figure 1A, middle),
which corresponded to carboxynonanone-etheno-dGuo
consistent with structure A2 or B2 in Scheme 3. Car-
boxynonanone-ethano-dGuo (consistent with structure
A1 or B1 in Scheme 3) was also observed as a small peak
at a retention time of 11.0 min. It had an MH+ at m/z
494 and a BH2

+ ion at m/z 378 (data not shown).

Methylation of the Reaction Mixture of 13-
HPODE and dGuo. A weak response of carboxy-
nonanone-etheno-dGuo was observed under positive APCI
conditions. Therefore, the reaction mixture was methy-
lated with diazomethane in order to improve its ioniza-
tion characteristics. After methylation, LC/MS analysis
in the positive APCI mode showed the expected MH+ ions
at m/z 306 for E-dGuo (11.3 min) and at m/z 418 for
heptanone-etheno-dGuo (20.7 min) as mono-methyl de-
rivatives (Figure 1B). LC/MS analysis of methylated
carboxynonanone-etheno-dGuo revealed a substantial
shift in retention time (12.5-21.4 min) and an intense
MH+ ion at m/z 504 corresponding to an increase in mass
of 28 Da, suggesting that two methyl groups had been
introduced (Figure 1B).

LC/MSn Analysis of Carboxynonanone-etheno-
dGuo. The mass spectrum of carboxynonanone-etheno-
dGuo exhibited an intense MH+ ion at m/z 476 together
with a BH2

+ ion at m/z 360 (Figure 2A). MS2 analysis of
MH+ resulted in the exclusive formation of the BH2

+

product ion at m/z 360 (Figure 2B). CID of m/z 360 (MS3)
gave rise to product ion at m/z 342 (-H2O) (Figure 2C),
which produced an intense ion at m/z 314 (-CO) from
MS4 analysis (Figure 2D). Finally, CID of m/z 314 (MS5)
gave rise to product ions at m/z 296 (-H2O), m/z 244
(-C5H10), m/z 216 (-C7H14), and m/z 190 (-C7H14CO +
2H) (Figure 2E). These mass spectral characteristics were
consistent with the substituted etheno-dGuo adduct
structure that contained a carboxyl group on its side
chain. The MS3 and MS4 analyses revealed the presence
of a carboxyl group and the MS5 analysis showed the
presence of a nonanone moiety.

LC/MSn Analysis of Carboxymethylnonanone-
etheno-methyl-dGuo. The MSn spectra of carboxy-

Figure 1. Analysis of the reaction between 13-HPODE and
dGuo for 24 h at 37 °C using gradient system 3. LC/MS
chromatogram showing the reconstructed selected ion chro-
matograms for the MH+ of etheno-dGuo (top), carboxynonanone-
etheno-dGuo (middle), and heptanone-etheno-dGuo (lower). (A)
Before methylation and (B) after methylation.

Scheme 3. Potential Structures of
Carboxynonanone-ethano- and

Carboxynonanone-etheno-dGuo Adducts and
Bis-methylated Derivatives: N2, N1 dGuo

Regioisomers A1, A2, and A3 and N1, N2 dGuo
Regioisomers B1, B2, and B3
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methylnonanone-etheno-methyl-dGuo showed the same
pattern to that obtained for underivatized carbox-
ynonanone-etheno-dGuo. The MS spectrum exhibited an
intense MH+ ion at m/z 504 together with a BH2

+ ion at
m/z 388, corresponding to its bis-methyl derivative.
Consecutive MS5 analysis revealed positions of two
methyl groups: m/z 504 (MH+) f m/z 388 (BH2

+) f m/z
356 (-CH3OH) f m/z 328 (-CO) f m/z 310 (-H2O), m/z
258 (-C5H10), m/z 230 (-C7H14), and m/z 204 (-C7H14-
CO + 2H). The presence of the methyl ester from the
carboxymethylnonanone side chain was confirmed from
MS3 analysis [m/z 388 (BH2

+) f m/z 356 (-CH3OH)]. The
other methyl group was not lost during CID, suggesting
that it was attached to the etheno-dGuo structure.

NMR Analysis of Heptanone-etheno-methyl-dGuo.
The aromatic proton singlet at 7.20 ppm (H-6) (Table 1)
showed a COSY correlation with the methylene protons
at C-1′′ (4.13 ppm). This was consistent with the presence
of an olefinic bond between C-6 and C-7 in structures C1,
C2, D1, and D2 (Scheme 4). The triplet at 2.55 ppm was
assigned to the methylene protons at C-3′′ based on its
chemical shift and its multiplicity (Table 1). The COSY
spectrum showed correlations of the C-3′′ protons with
the C-4′′ protons (1.50 ppm), the C-4′′ protons with the
C-5′′ protons (1.25 ppm), the C-5′′ protons with the C-6′′
protons (1.26 ppm), and finally, the C-6′′ protons with
the methyl group at C-7′′ (0.86 ppm). The COSY spectrum
also showed the correlations of the protons of the fura-

Figure 2. LC/MSn analysis of carboxynonanone-etheno-dGuo. (A) Full-scan mass spectrum, (B) MS2 spectrum, (C) MS3

spectrum, (D) MS4 spectrum, and (E) MS5 spectrum.

Table 1. 1H NMR Assignments for Heptanone-etheno-methyl-dGuoa

assigned H δ (ppm) multiplicity H-coupled (J Hz) type

H-2 8.07 s NdCH-
H-6 7.20 s H-1′′ CdCH
H-1′ 6.27 t H-2′a (7.1), H-2′b (7.1) N-CH-O
3′-OH 5.31 bs -CHOH
5′-OH 4.91 bs H-5′a, H-5′b -CH2OH
H-3′ 4.39 m H-2′a, H-2′b, H-4′ -O-CH-
H-1′′a,b 4.13 s -CH2-C
H-4′ 3.84 m H-3′, H-5′a, H-5′b -O-CH-
NCH3 or OCH3 3.60 s -N-CH3 or -O-CH3
H-5′b 3.58 m H-4′, H-5′a, 5′-OH -CH2-O
H-5′a 3.51 m H-4′, H-5′b, 5′-OH -CH2-O
H-2′b 2.66 m H-1′, H-2′a, H-3′ -CH2-C
H-3′′a,b 2.55 t H-4′′a (7.4), H-4′′b (7.4) -CH2-C
H-2′a 2.25 m H-1′, H-2′b, H-3′ -CH2-C
H-4′′a,b 1.50 m H-3′′a,b, H-5′′a,b -CH2-C
H-6′′a,b 1.26 m H-5′′a, H-5′′b, H-7′′ -CH2-C
H-5′′a,b 1.25 m H-4′′a, H-4′′b, H-6′′a, H-6′′b -CH2-C
H-7′′ 0.86 t H-6′′a (7.0), H-6′′b (7.0) -CH3

a Spectra were obtained in DMSO-d6.
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nosyl moiety. 1H NMR analysis revealed that the chemi-
cal shift of the methyl group was at 3.60 ppm (Table 1),
which made it difficult to determine whether it resulted
from O- or N-methylation. 1H chemical shifts of N-CH3

groups have been obtained from 1H NMR analysis of
pyrroles (δ 3.60 ppm), imidazoles (δ 3.60 ppm), and fused
pyrrole rings (δ 4.33 ppm) (42). The 1H chemical shift of
O-CH3 would be expected at 3.70 ppm (43). The HSQC
experiment showed a 13C chemical shift of 30.9 ppm
(Table 2). 13C chemical shifts of N-CH3 derivatives have
been obtained from 13C NMR analysis of pyrroles (δ 35.2
ppm), imidazoles (δ 32.6 ppm), and fused pyrrole rings
(δ 27.8 ppm) (44). The 13C chemical shift of O-CH3 would
be expected downfield at 54 ppm (44). Therefore, 1H and
13C NMR spectra were consistent with the presence of
an N-methyl group in heptanone-N-methyl-dGuo (C1)
rather than an O-methyl group as in heptanone-O-
methyl-dGuo (C2) (Scheme 4). H-2 and its site of attach-

ment (C-2) were assigned based on the three-bond C-H
long-range correlations C-2/H-1′, C-1a/H-2, and C-3a/H-2
from the HMBC spectrum, and its one-bond C-H cor-
relation C-2/H-2 from the HSQC spectrum. H-6 and its
site of attachment (C-6) were assigned based on the
three-bond C-H long-range correlations C-6/H-1′′ and
C-4a/H-6, the two-bond C-H correlation C-7/H-6 from
the HMBC spectra, and its one-bond correlation C-6/H-6
from the HSQC spectrum.

The ROESY experiment showed a nuclear Overhauser
effect (NOE) between the methyl group and the aromatic
proton at 7.20 ppm, which allowed two possibilities for
the attachment of the heptane-2′′-one side chain, one
where the methyl group is attached to N-5 and the
aromatic proton is at H-6 (C1 and D1; Scheme 4) and
the other where the methyl group is at O-9 and the
aromatic proton is at H-7 (C2 and D2; Scheme 4). HMBC
experiments were performed at three different long-range
C-H coupling constants (J ) 5, 7, and 10 Hz) to avoid
missing correlations. To avoid misinterpretation of the
position of the methyl group from the HMBC data, a
synthetic enriched 13C-methyl sample was prepared. The
1H NMR spectrum (Figure 3C) showed the labeled methyl
group as a doublet with a coupling constant of 141.5 Hz
and as a singlet in the 13C NMR spectrum (Figure 3B).
The HMBC experiment (Figure 3A) showed the 13C-
methyl carbon correlated to its attached protons and to
H-6 indicating that it was attached to N-5 (three bonds).
If the 13C-methyl group had been attached to O-9 as
shown in structures C2 and D2 in Scheme 4, the HMBC
experiment would not have detected a correlation be-
tween the methyl carbon and the H-6 vinylic proton at
7.20 ppm (six bonds). Similarly, if the 13C-methyl group
had been attached to O-9 in structures C2 and D2 of
Scheme 4, there would have been no correlation between
the methyl carbon and a vinyl proton at H-7 (five bonds).
This ruled out the possibility of O-methylation. Further
HMBC analysis revealed a correlation of the methyl
protons at 3.60 ppm with the signals at 119.0 and 145.6
ppm, which corresponded to C-6 and C-4a, respectively.
This unequivocally established that the methyl group was
at N-5 as in C1 and D1 rather than O-9 as in C2 or D2
(Scheme 4). Structure C1 was favored over D1 because
it was consistent with the HMBC data. The N-methyl
group in structure C1 is only three bonds away from the
vinyl hydrogen at C-6 (Scheme 4) as compared with being
four bonds away from the vinyl hydrogen at C-7 in
structure D1 (Scheme 4). The chemical shift of C-9 was
not detected by HMBC; therefore, the assignment of a
carbonyl or hydroxy moiety at C-9 remains somewhat

Scheme 4. Potential Structures of Methylated
Heptanone-etheno-dGuo Adducts: N2, N1 dGuo

Regioisomers C1 and C2 and N1, N2 dGuo
Regioisomers D1 and D2

Table 2. 13C NMR Assignments for
Heptanone-etheno-methyl-dGuoa

assigned carbon δ (ppm) coupling type

C-7′′ 13.5 -CH3
C-6′′ 21.6 H-4′′, H-5′′, H-7′′ -CH2-
C-4′′ 22.3 H-3′′ -CH2-
C-5′′ 30.6 H-3′′, H-4′′, H-6′′, H-7′′ -CH2-
N-CH3 30.9 N-CH3
C-2′ 38.7 -CH2-
C-1” 39.0 -CH2-
C-3” 40.8 H-4′′ -CH2-
C-5′ 61.5 -CH2-O
C-3′ 70.6 H-2′ -CH-O
C-1′ 82.9 H-2′ N-CHO-
C-4′ 87.5 -CHO
C-1a 115.8 H-2 CdC-N
C-7 116.6 H-1′′ CdC-N
C-6 119.0 H-1′′, N-CH3 -N-CHdC
C-2 137.2 H-1′ -N-CHdN
C-4a 145.6 H-6, N-CH3 -N-CdN
C-3a 149.3 H-2, H-1′ N-CdN
C-9 NA
C-2′′ 205.4 H-1′′, H-3′′, H-4′′ -CdO

a Spectra were obtained in DMSO-d6. Couplings were obtained
from the HMBC plot.

Figure 3. Spectra of heptanone-etheno-13C-methyl-dGuo (DM-
SO-d6, 600 MHz). (A) HMBC, (B) 13C NMR, and (C) 1H NMR.
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tentative. These data are consistent with the structural
assignment of heptanone-etheno-methyl-dGuo as the
N-methyl derivative 3-(2′-deoxy-â-D-erythropentafurano-
syl)imidazo-7-(heptane-2′′-one)-9-oxo-5-N-methyl[1,2-a]-
purine (C1) rather then its O-methyl isomer (C2) or
alternative potential regioisomers D1 and D2.

NMR Analysis of Carboxymethylnonanone-eth-
eno-methyl-dGuo. The presence of an olefinic bond
between C-6 and C-7 consistent with structures A3 or
B3 (Scheme 3) was confirmed by a COSY correlation
between an aromatic proton singlet at 7.20 ppm for H-6
(A3; Scheme 3) or H-7 (B3; Scheme 3) and methylene
protons at C-1′′ (4.13 ppm) (Figure 4A,B). The triplet at
2.55 ppm was assigned to the methylene protons at C-3′′
because of its chemical shift and its multiplicity (Figure
4A). The COSY spectrum showed correlations of the C-3′′
protons (2.55 ppm) through C-9′′ protons (2.27 ppm)
(Figure 4B). The methylene protons at C-6′′ and C-7′′

overlapped with the protons at C-5′′ (Figure 4A). The
COSY spectrum showed the expected correlations for the
protons of the furanosyl moiety. This spectrum also
showed correlations between proton H-1′ (6.27 ppm) and
the protons at C-2′ (2.66 and 2.23 ppm), the C-2′ protons
with the C-3′ proton (4.39 ppm), the C-3′ protons with
the C-4′ proton (3.84 ppm) and with the hydroxyl at C-3′
(5.30 pm), the C-4′ proton with the C-5′ protons (3.58 and
3.51 ppm), and the C-5′ protons with the hydroxyl at C-5′
(4.91 ppm) (Figure 4B). There are two methyl groups
present as follows: one as a methyl ester with 3.56 and
51.0 ppm for the 1H and 13C chemical shifts, respectively
(Tables 3 and 4), and the other, which was confirmed to
be an N-methyl group by the HMBC experiment (Figure
4C), had 1H and 13C chemical shifts at 3.60 and 31.2 ppm,
respectively (Tables 3 and 4). The ROESY experiment
showed an NOE between the methyl group at 3.60 ppm
and the aromatic proton at 7.20 ppm, which allows two

Figure 4. Spectra of carboxymethylnonanone-etheno-methyl-dGuo (DMSO-d6, 600 MHz). (A) 1H NMR, (B) COSY, and (C) HMBC.

Table 3. 1H NMR Assignments for Carboxymethylnonanone-etheno-methyl-dGuoa

assigned H δ (ppm) multiplicity H-coupled (J Hz) type

H-2 8.07 s NdCH-
H-6 7.20 s CdCH
H-1′ 6.27 t H-2′a (7.0), H-2′b (7.0) N-CH-O
3′-OH 5.30 bd H-3′ (3.8) -CHOH
5′-OH 4.91 bt H-5′a (5.5), H-5′b (5.5) -CH2OH
H-3′ 4.39 m H-2′a, H-2′b, H-4′ -O-CH-
H-1′′a,b 4.13 s -CH2-C
H-4′ 3.84 m H-3′, H-5′a, H-5′b -O-CH-
N-CH3 3.60 s -N-CH3
H-5′b 3.58 m H-4′, H-5′a, 5′-OH -CH2-O
O-CH3 3.56 s -COOCH3
H-5′a 3.51 dd H-4′ (5.5), H-5′b (11.8), 5′-OH -CH2-O
H-2′b 2.66 m H-1′, H-2′a, H-3′ -CH2-C
H-3′′a,b 2.55 t H-4′′a (7.3), H-4′′b (7.3) -CH2-C
H-2′a 2.23 ddd H-1′ (7.0), H-2′b (13.2), H-3′ (2.8) -CH2-C
H-9′′a,b 2.27 t H-8′′a (7.4), H-8′′b (7.4) -CH2-C
H-4′′a,b 1.50 m H-3′′a, H-3′′b, H-5′′a, H-5′′b -CH2-C
H-8′′a,b 1.50 m H-7′′a, H-7′′b, H-9′′a, H-9′′b -CH2-C
H-5′′ 1.25 m H-4′′a, H-4′′b, H-6′′a, H-6′′b -CH2-C
H-6′′ 1.25 m H-5′′a, H-5′′b, H-7′′a, H-7′′a -CH2-C
H-7′′ 1.25 m H-6′′a, H-6′′b, H-8′′a, H-8′′b -CH2-C

a Spectra were obtained in DMSO-d6.
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possibilities for the attachment of the 9′′-carboxynona-
2′′-one side chain, one where the methyl group is attached
to O-9 and the aromatic proton is at H-7 (B3; Scheme 3),
and the second where the methyl group is attached N-5
and the aromatic proton is at H-6 (A3; Scheme 3). The
HMBC assignments of C-1a (116.0 ppm), C-3a (149.3
ppm), and C-4a (145.7 ppm) through the H-2/C-1a, H-2/
C-3a, and H-6/C-4a were essential for this analysis.
HMBC showed a correlation of the methyl protons at 3.60
ppm with the signals at 119.1 and 145.7 ppm, which
corresponded to C-6 and C-4a, respectively (three bonds),
and confirmed that the methyl group was at N-5 (A3;
Scheme 3). These data also eliminated the possible

alternative regioisomeric structure B3 shown in Scheme
3 because a correlation of the N-5 methyl protons with
C-7 would have required an HMBC interaction through
four bonds in structure B3 when compared with the three
bonds from N-5 to C-6 in structure A3. On the basis of
these data, the structure of carboxymethylnonanone-
etheno-N-methyl-dGuo was assigned as 3-(2′-deoxy-â-D-
erythropentafuranosyl)imidazo-7-(9′′-carboxymethylnona-
2′′-one)-9-oxo-5-N-methyl[1,2-a]purine (A3).

NMR Analysis of Carboxynonanone-etheno-dGuo.
The aromatic proton singlet at 7.13 ppm (H-6) (Figure
5A and Table 5) showed a weak COSY correlation with
the methylene protons at C-1′′ (4.12 and 4.09 ppm)
(Figure 5B). This was consistent with the presence of an
olefinic bond between C-6 and C-7 (A2 and B2; Scheme
3). The COSY spectrum showed correlations between the
C-3′′ protons with the C-4′′ protons (1.48 ppm) and the
C-4′′ protons with the C-5′′ protons (1.25 ppm) (Figure
5B). The methylene protons at C-6′′ and C-7′′ overlapped
with the protons at C-5′′ (Figure 5A). The COSY spec-
trum also showed correlations of the protons from the
furanosyl moiety. The ROESY spectrum indicated rota-
tion of the N3-C1′ bond based on the NOEs between
protons at C-2 with H-1′, H-2′, and H-3′ from the
furanosyl moiety. HMBC analysis (Figure 5C) showed the
most important correlations that were essential for
structural assignment (Table 6): C-1a (115.8 ppm), C-3a
(149.7 ppm), and C-4a (146.6 ppm) through the H-2/C-
1a, H-2/C-3a, and H-6/C-4a. Therefore, the structure of
carboxynonanone-etheno-dGuo was assigned as 3-(2′-
deoxy-â-D-erythropentafuranosyl)imidazo-7-(9′′-carbox-
ynona-2′′-one)-oxo-[1,2a]purine (A2) rather than the al-
ternative regioisomeric structure B2.

UV Analysis of Carboxynonanone-etheno-dGuo.
The UV spectrum of carboxynonanone-etheno-dGuo
showed the same reversible pH dependence as hep-
tanone-etheno-dGuo (13) and heptanone-etheno-dAdo
(15). It exhibited a λmax of 230 nm (ε ) 9270 M-1 cm-1) at
pH 7 (Figure 6). The λmax was shifted to 237 nm (ε ) 9750

Table 4. 13C NMR Assignments for
Carboxymethylnonanone-etheno-methyl-dGuoa

assigned carbon δ (ppm) coupling type

C-4′′ 22.6 H-3′′ -CH2-
C-8′′ 24.1 H-9′′ -CH2-
C-5′′ 28.3 H-3′′, H-4′′, H-6′′, H-7′′ -CH2-
C-6′′ 28.3 H-5′′, H-7′′, H-8′′, H-9′′ -CH2-
C-7′′ 28.3 -CH2-
N-CH3 31.2 N-CH3
C-9′′ 33.0 H-7′′, H-8′′ -CH2-
C-2′ 38.7 -CH2-
C-1′′ 39.1 -CH2-
C-3′′ 40.8 -CH2-
COOCH3 51.0 -COOCH3
C-5′ 61.7 -CH2-O
C-3′ 70.9 -CH-O
C-1′ 83.0 H-2′ N-CHO-
C-4′ 87.5 -CHO
C-1a 116.0 H-2 CdC-N
C-7 116.8 H-6 CdC-N
C-6 119.1 H-1′′, N-CH3 -N-CHdC
C-2 137.3 H-1′ -N-CHdN
C-4a 145.7 H-6, N-CH3 -N-CdN
C-3a 149.3 H-2 N-CdN
C-9 NA
COOCH3 173.3 H-8′′, H-9′′, O-CH3 -COOCH3
C-2′′ 205.5 H-1′′, H-3′′ -CdO

a Spectra were obtained in DMSO-d6. Couplings were obtained
from the HMBC plot.

Figure 5. Spectra of carboxynonanone-etheno-dGuo (DMSO-d6, 600 MHz). (A) 1H NMR, (B) COSY, and (C) HMBC.
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M-1 cm-1) at pH 13 and to 227 nm (ε ) 7730 M-1 cm-1)
at pH 1.

Large Scale Preparation of DODE. An efficient
route for the synthesis of DODE was developed starting

from 1,8-octanediol. The overall synthetic scheme was
based on methodology developed by the Salomon group
(39, 40) (Scheme 5). Protection of one hydroxyl group in
1,8-octanediol as a TBDMS ether derivative (1) was
followed by bromination (2), attachment of the THF, and
deprotection of the alcohol (3). This was followed by
oxidation to the terminal carboxylate (4) and treatment
with NBS to give DODE as its 10(E)-stereoisomer (5)
with >99% purity (from LC/MS analysis) in an overall
yield of 15% from 1. The stereochemistry of the olefin
was assigned as 10(E) rather than 10(Z) because the
coupling constant between the olefinic protons at H-10
and H-11 was 16.0 Hz as compared with 12.4 Hz reported
for the Z-isomer (31).

Reaction of DODE with dGuo and Methylation
of Reaction Products. DODE was treated with dGuo
in order to determine whether the same products were
observed as in the reaction between 13-HPODE and

Table 5. 1H NMR Assignments for Carboxynonanone-etheno-dGuoa

assigned H δ (ppm) multiplicity H-coupled (J Hz) type

H-2 8.06 s NdCH-
H-6 7.13 s H-1′′ CdCH
H-1′ 6.21 t H-2′a (6.8), H-2′b (6.8) N-CH-O
3′-OH 5.23 bd H-3′ (3.6) -CHOH
5′-OH 4.94 bs H-5′a, H-5′b -CH2OH
H-3′ 4.36 m H-2′a, H-2′b, H-4′ -O-CH-
H-1′′b 4.12 d H-1′′a (17.9) -CH2-C
H-1′′a 4.09 d H-1′′b (17.9) -CH2-C
H-4′ 3.83 m H-3′, H-5′a, H-5′b -O-CH-
H-5′b 3.57 m H-4′, H-5′a, 5′-OH -CH2-O
H-5′a 3.51 dd H-4′ (5.5), H-5′b (11.8), 5′-OH -CH2-O
H-2′b 2.58 m H-1′, H-2′a, H-3′ -CH2-C
H-3′′a,b 2.55 t H-4′′a (7.4), H-4′′b (7.4) -CH2-C
H-2′a 2.24 ddd H-1′ (5.8), H-2′b (13.0), H-3′ (3.1) -CH2-C
H-9′′a,b 2.18 t H-8′′a (7.3), H-8′′b (7.3) -CH2-C
H-4′′a,b 1.48 m H-3′′a, H-3′′b, H-5′′a, H-5′′b -CH2-C
H-8′′a,b 1.48 m H-7′′a, H-7′′b, H-9′′a, H-9′′b -CH2-C
H-5′′ 1.25 m H-4′′a, H-4′′b, H-6′′a, H-6′′b -CH2-C
H-6′′ 1.25 m H-5′′a, H-5′′b, H-7′′a, H-7′′a -CH2-C
H-7′′ 1.25 m H-6′′a, H-6′′b, H-8′′a, H-8′′b -CH2-C

a Spectra were obtained in DMSO-d6.

Table 6. 13C NMR Assignments for
Carboxynonanone-etheno-dGuoa

assigned carbon δ (ppm) coupling type

C-4′′ 22.7 H-3′′, H-5′′ -CH2-
C-8′′ 24.1 H-7′′, H-9′′ -CH2-
C-5′′ 28.3 H-4′′, H-6′′, H-7′′ -CH2-
C-6′′ 28.3 H-5′′, H-7′′, H-8′′ -CH2-
C-7′′ 28.3 -CH2-
C-9′′ 33.4 H-7′′, H-8′′ -CH2-
C-2′ 39.2 3′-OH -CH2-
C-1′′ 39.4 -CH2-
C-3′′ 40.9 H-4′′, H-5′′ -CH2-
C-5′ 61.5 5′-OH -CH2-O
C-3′ 70.5 H-2′, H-5′, 3′-OH -CH-O
C-1′ 82.9 H-2′ N-CHO-
C-4′ 87.5 H-2′, H-5′, 3′-OH, 5′-OH -CHO
C-6 115.4 H-1′′ -N-CHdC
C-1a 115.8 H-2 CdC-N
C-7 117.8 H-6, H-1′′ CdC-N
C-2 136.7 H-1′ -N-CHdN
C-4a 146.6 H-6 -N-CdN
C-3a 149.7 H-2, H-1′ N-CdN
C-9 NA
COOH 174.5 H-8′′, H-9′′ -COOH
C-2′′ 205.7 H-1′′, H-3′′, H-4′′ -CdO

a Spectra were obtained in DMSO-d6. Couplings were obtained
from the HMBC plot.

Figure 6. UV spectra of carboxynonanone-etheno-dGuo at pH
1, 7, and 13.

Scheme 5. Synthetic Route for the Preparation of
DODE
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dGuo. LC/MS analysis of the products from the reaction
between synthetic DODE and dGuo at 37 °C for 24 h
revealed the presence of one major compound with MH+

at m/z 476 (carboxynonanone-etheno-dGuo) and one
minor compound with MH+ at m/z 494 (carboxynonanone-
ethano-dGuo) (Figure 7A). Residual dGuo (MH+; m/z 268)
was also observed. The LC effluent was allowed to pass
through a UV detector (231 nm) prior to mass spectrom-
eter. The resulting chromatogram confirmed the presence
of two products together with residual dGuo. The MS
(Figure 7B) and MSn characteristics of the major com-
pound that eluted at 12.3 min were identical with
carboxynonanone-etheno-dGuo, which was identified from
the reaction of 13-HPODE with dGuo. After methylation,
the identity of major compound was further confirmed
by LC/MS (Figure 7C) and MSn analyses.

Vitamin C-Mediated Decomposition of 15-HPETE
in the Presence of dGuo. LC/MS analysis of the
reaction mixture revealed the presence of etheno-dGuo
(10.4 min) with MH+ at m/z 292 and heptanone-etheno-
dGuo (20.6 min) with MH+ at m/z 404 (Figure 8).
However, carboxynonanone-etheno-dGuo was not de-
tected in the reaction mixture. The minor peak, which
appeared at 14.1 min in the m/z 476 channel, was present
in control incubations that contained no 15-HPETE or
dGuo. Therefore, the compound that gives rise to this
signal appears to be present in one of the other reagents.
These data suggested that carboxynonanone-etheno-
dGuo is a specific DNA adduct formed only from ho-
molytic decomposition of 13-HPODE.

Discussion

DODE contains four electrophilic sites so that when it
interacts with a bifunctional nucleophile such as dGuo
numerous potential structural isomers can arise. It is
particularly difficult to distinguish between initial nu-
cleophilic attack of the exocyclic amine group N2 of dGuo
at the C-12 aldehyde from attack of the dGuo pyrimidine
N1 at the C-12 aldehyde (Scheme 3). Each reaction
provides a carbinolamine intermediate that is set up for
intramolecular Michael addition to give ethano adducts
A1 or B1 (Scheme 3). Subsequent dehydration as was
observed with heptanone-ethano-dGuo adducts (13) would
result in the formation of regioisomeric etheno adducts
A2 or B2. A potential pathway involving initial Michael
addition at C-10 (as observed at the equivalent C-3
position of HNE) was ruled out because of the vinylic
hydrogen singlet that was observed at 7.13 ppm in the
resulting adduct (Table 5). This confirmed that an etheno
rather than a propano derivative had been formed. In
contrast, the addition of dGuo to HNE results in the
formation of a propano adduct through an initial Michael
addition at C-3 (24, 25).

It was impossible to distinguish between the two
potential DODE-derived etheno-dGuo regioisomers (A2
and B2 shown in Scheme 3) by NMR spectroscopy.

Figure 7. (A) Analysis of the reaction between DODE and
dGuo for 24 h at 37 °C by concurrent LC/MS and UV detection
using gradient system 3. The three upper panels are the
reconstructed selected ion chromatograms for the MH+ of dGuo
(m/z 268), carboxynonanone-ethano-dGuo (m/z 494), and car-
boxynonanone-etheno-dGuo (m/z 476). The lower panel is the
UV absorbance at 231 nm. (B) Full-scan spectrum of peak at
12.3 min (carboxynonanone-etheno-dGuo). (C) Full-scan spec-
trum of carboxynonanone-etheno-dGuo after methylation.

Figure 8. Analysis of the reaction between 15-HPETE and
dGuo for 24 h at 37 °C using gradient system 3. LC/MS
chromatogram showing the reconstructed selected ion chro-
matograms for the MH+ of etheno-dGuo (top), carboxynonanone-
etheno-dGuo (middle), and heptanone-etheno-dGuo (lower).
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However, it was evident that this could be accomplished
using HMBC analysis of the methyl-dGuo derivative if
methylation occurred at N-5. Initial methylation experi-
ments were conducted with ONE-derived heptanone-
etheno-dGuo because extensive NMR characterization
has already been performed (13), and so it provided a
model for methylated DODE-derived adducts. The methyl
group appeared at 3.60 ppm in the 1H NMR spectrum of
heptanone-etheno-methyl-dGuo (Table 1), which is in the
range reported for both N-methyl and O-methyl deriva-
tives (42, 43). However, the 13C chemical shift was 30.9
ppm (Table 2), which is more appropriate for an N-methyl
group in C1 or D1 (44) than an O-methyl group as in C2
or D2 (44) (Scheme 4). HMBC demonstrated a correlation
between the methyl group protons and H-6 at 7.20 ppm.
This three-bond coupling confirmed that the methyl
group was at N-5 as in C1. If the methyl group had been
attached to O-9 as in C2, this correlation would not have
been observed. The HMBC assignments were confirmed
using 13C-methylated heptanone-etheno-dGuo and con-
firmed its structure as the N-methylated derivative C1
(Scheme 4).

Methylation of carboxynonanone-etheno-dGuo resulted
in the formation of a bis-methylated derivative. The
carboxymethyl group appeared at the expected chemical
shifts of 3.56 and 51.0 ppm in the 1H (Table 3) and 13C
NMR (Table 4) spectra, respectively. The other methyl
group had chemical shifts in the 1H NMR and 13C NMR
spectra that were almost identical with those observed
in the methylated heptanone-etheno-dGuo at 3.60 ppm
(Table 3) and 31.2 ppm (Table 4), respectively. This was
consistent with N-methylation rather than O-methyla-
tion. HMBC assignments of C-1a (116.0 ppm), C-3a
(149.3 ppm), and C-4a (145.7 ppm) through H-2/C-1a,
H-2/C-3a, and H-6/C-4a were essential to assign the
regioselective structure of carboxymethylnonanone-etheno-
methyl-dGuo (Figure 4B). All three HMBCs showed a
correlation of the methyl protons at 3.60 ppm with the
13C NMR signals at 119.1 and 145.7 ppm, which cor-
responded to C-6 and C-4a, respectively (three bonds
apart). The ROESY experiment showed an NOE between
the methyl group at 3.60 ppm and the aromatic proton
at 7.20 ppm. These data confirmed that the methyl group
was at N-5 in structure A3 and eliminated the possible
alternative regioisomeric structure B3 shown in Scheme
3. A correlation of the N-5 methyl protons with C-7 would
have required an HMBC interaction through four bonds
in structure B3 when compared with the three bonds
from N-5 to C-6 in structure A3. The structure of the
DODE-derived dGuo adduct was established as A2
because on methylation it was converted to A3.

Formation of regioisomer A2 in Scheme 3 requires an
initial reaction of the exocyclic N2 of dGuo to the terminal
aldehyde of DODE to form a carbinolamine intermediate.
The NMR studies eliminated the possibility that Michael
addition of N1 had occurred at C-12 to give carboxy-
nonanone-etheno-dGuo regioisomer B2. After the initial
reaction to form the carbinolamine intermediate, C-11
became the most electrophilic carbon. Therefore, in-
tramolecular Michael addition of N1 occurred at this site
to give an ethano derivative (A1). Subsequent dehydra-
tion provided the etheno-dGuo adduct A2 that was
subsequently converted to the bis-methyl derivative A3.

DODE has been synthesized previously as the 10(Z)
isomer in order to characterize a linoleic acid-derived
metabolite that was present in lentil seeds. This synthetic

route is not amenable to the preparation of large quanti-
ties of the 10(E) isomer for use in studies of DNA and
protein adduct formation and to study the role of DODE
in oxidative stress. Therefore, we have developed an
efficient synthesis of DODE based on methodology de-
veloped by the Salomon group (39, 40) (Scheme 5). The
reaction of synthetic DODE with dGuo produced a DNA
adduct (carboxynonanone-etheno-dGuo), which was iden-
tical to that observed when 13(S)-HPODE was treated
with vitamin C in the presence of dGuo. Extensive LC/
MS studies were conducted to show that no other
carboxynonanone-etheno-dGuo regioisomers were formed.
Methylation of the carboxynonanone-etheno-dGuo im-
proved its MS ionization characteristics by a factor of
approximately 20 (Figure 1B center; intensity 1.7 × 108)
when compared with the free carboxylate (Figure 1A
center; intensity 7.1 × 106). This derivatization procedure
revealed that approximately equimolar amounts of hep-
tanone-etheno-dGuo and carboxynonanone-etheno-dGuo
were formed when 13(S)-HPODE underwent homolytic
decomposition in the presence of dGuo (Figure 1B).
Therefore, DODE is an important product of 13(S)-
HPODE decomposition. In contrast, homolytic decompo-
sition of 15(S)-HPETE in the presence of dGuo produced
no detectable carboxynonanone-etheno-dGuo (Figure 8).
This is consistent with the proposed intermediate forma-
tion of HPODD (12) from 13(S)-HPODE and its subse-
quent dehydration to DODE as is observed in the
dehydration of HPNE to ONE (6) (Scheme 1). This cannot
occur with 15(S)-HPETE.

In summary, the finding that DODE is an important
decomposition product of 13(S)-HPODE has implications
for DNA and protein adduct formation and for lipid
hydroperoxide-mediated oxidative stress. The ONE motif
that is present in DODE could potentially modify argi-
nine, lysine, cysteine, and histidine residues in proteins
(12, 17-20). The polar nature of resulting protein adducts
suggests that the biological consequences could be quite
different from those induced by more hydrophobic bi-
functional electrophiles such as HNE and ONE. The
presence of a carboxylate moiety may also make it
difficult for DODE to translocate across plasma and
nuclear membranes. Thus, DNA could in fact be protected
against DODE-mediated DNA adduct formation. How-
ever, it is noteworthy that carboxylate-containing DNA
adducts derived from leukotriene B4 have been identified
in neutrophils (45). Therefore, it is conceivable that there
are specific transporters that facilitate the transfer of
reactive carboxylate derivatives into the nucleus. In
contrast, polar cytosolic glutathione (GSH)-DODE ad-
ducts may be potent inducers of oxidative stress if they
are unable to translocate across the plasma membrane.
It is noteworthy that inhibition of GSH-HNE adduct
export from cells significantly increased cytotoxicity
through potentiation of oxidative stress (46, 47). Fur-
thermore, the ONE moiety that is present in DODE has
already been demonstrated to initiate apoptosis in col-
orectal cancer cells (48). The ready availability of DODE
through our new synthetic method will allow a detailed
exploration of its ability to induce apoptosis and also
permit a rigorous characterization of its other biological
activities.
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