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Abstract
Five major products (adducts A1a, A1b, A2, A3,and B) from the reaction of guanosine (Guo) with 4-
oxo-2(E)-nonenal (ONE) were detected by liquid chromatography-mass spectrometry (LC-MS).
Tandem MS (MS/MS) analysis of these compounds suggested that modifications to the nucleoside
had been introduced. Adducts A1a, A1b, A2, A3 were heptanone-ethano-2′-Guo adducts that all
decomposed to adduct B. Adducts A1a and A1b were isomeric hemi-ketal forms. Adducts A2 and
A3 were diastereomers of the open chain ketone form. The structure of adduct B was shown by LC-
MS/MS and NMR spectroscopy to be the heptanone-etheno-Guo (HεGuo) adduct, 3-(D-
erythropentafuranosyl)imidazo-7-(heptane-2″-one)-9-hydroxyl[ 1,2-α]purine. The overall reaction
of Guo with ONE was very similar to its reaction with 2′-deoxyguanosine. Reaction of ONE with
yeast transfer RNA also resulted in the formation of HεGuo. Finally, HεGuo was detected and
quantified in the RNA from rat intestinal epithelial cells that stably express cyclooxygenase-2. These
data show that RNA is modified by the same bifunctional reactive electrophiles derived from lipid
peroxidation that covalently modify DNA.
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Introduction
Lipid peroxidation can occur when cells are subjected to oxidative stress (1,2). Homolytic
decomposition of lipid hydroperoxides leads to the formation of reactive bifunctional
electrophiles, including 4-hydroperoxy-2(E)-nonenal (HPNE) (1,2), 4-oxo-2(E)-nonenal
(ONE) (1,2) 4-hydroxy-2(E)-nonenal (HNE) (2,3) 4,5-epoxy-2(E)-decenal (EDE) (4). HPNE
is the precursor to both ONE and HNE (2,5,6). COX-2, which is upregulated in colon cancer
(7–9) can also form lipid hydroperoxides from arachidonic acid (10). ONE forms both
heptanone-ethano and heptanone-etheno-adducts with 2′-deoxyguanosine (dGuo) (11) 2′-
deoxyadenosine (12,13) 2′-deoxycytidine (14) as well as heptanone-etheno-adducts with DNA
in vitro (6,11,12,15). The heptanone-ethano adducts formed with 2′-deoxynucleosides readily
decompose to heptanone-etheno adducts (11–14). Heptanone-etheno DNA-adducts have been
detected in the DNA of rat intestinal epithelial cells that stably express COX-2 (RIES cells)
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(10). They were also more abundant in intestinal DNA of Min mice (a model of colon cancer)
when compared with controls (15). Furthermore, we recently showed that the heptanone-
etheno-2′-deoxycytidine adduct was highly mutagenic in both bacteria and human cells.1 These
results implicate that oxidative stress and lipid peroxidation can play an important role in
carcinogenesis and other age-related diseases.

While the formation of DNA-adducts has been studied extensively, relatively fewer studies
have been conducted with RNA. Since RNA has a similar structure to DNA, RNA was expected
to show similar reactivity to lipid hydroperoxide-derived bifunctional electrophiles. Previous
studies have shown that RNA can react with many carcinogens to form RNA-adducts. For
example, Cardona et al. (16) reported that adducts can form between RNA and arylamines
such as arylacethydroxamic acids, N-hydroxy-N-2-acetylaminofluorene, N-hydroxy-N-4-
acetylaminobiphenyl and their corresponding acetamides under radiation. Subsequently, King
et al. showed that these adducts can be formed in isolated parenchymal rat liver cells (17).
Studies with aminostilbene, N-nitroso-di-n-propylamine and 7-sulfooxymethyl-12-methyl-
benz[a]anthracene have shown that RNA-adducts can be formed in vivo (18–20). Murphy et
al. have shown that RNA-adducts can arise from the reactive eicosanoid leukotriene A4 in
calcium ionophore-treated human neutrophils (21,22). Finally, Sotomayor et al. identified
RNA-adducts that were derived from the environmental carcinogen aflatoxin B1 (23). These
studies suggest that RNA is a target of electrophiles in a similar manner to DNA, although
further studies are required in order to address the biological significance of these observations.

Unlike DNA, modifications to RNA do not lead to mutations. However, the biological
properties of RNA provide unique opportunities for using it as a biomarker. Compared with
DNA, RNA is not usually as densely folded, so it may be more susceptible to reaction with
lipid peroxidation products. Also, RNA exists in both the nucleus and cytoplasm, which makes
RNA a potentially more sensitive biomarker for oxidative stress than DNA. For example, the
lipid peroxidation products produced by the COX-2 enzyme, which resides mostly on the inside
of the nuclear membrane, could covalently modify both DNA and RNA. However, the lipid
peroxidation products produced by lipoxygenases or reactive oxygen species in the cytoplasm
would be primarily captured by RNA. In addition, there are many species of RNA, e.g., mRNA,
tRNA, and ribozymes, and they all have their unique cellular functions. Therefore, RNA-adduct
formation could interfere with the normal function of mRNA and induce epigenetic responses.
For example, it was reported that various RNA-binding proteins are involved in many important
biological pathways (24–26). Adduct formation could interfere with the binding between RNA
and its binding proteins. Also, the catalytic effects of ribozymes might be abolished by adduct
formation. Moreover, the RNA mononucleoside adducts themselves could be toxic to cells and
induce apoptosis.

In the present study, the reaction between guanosine (Guo) and ONE was carried out, and the
products were characterized using LC-MSn and NMR spectroscopy. This reaction produced
four ethano-adducts and one etheno-adduct of guanosine (HεGuo). These Guo adducts were
very similar to their dGuo counterparts. The reaction between ONE and yeast tRNA also
produced HεGuo. Finally, we were able to detect and quantify HεGuo in RIES cells.

Materials and Methods
Materials

Guanosine (Guo), 3-(N-morpholino)propanesulfonic acid (MOPS), ammonium acetate,
dimethyl sulfoxide-d6 (DMSO-d6), deuterium oxide (D2O) and trimethylsilane (TMS) were

1Pollack, M., Yang I.-Y., Kim, H.-Y., Blair, I.A., and Moriya, M. Submitted to Nucleic Acids Res.
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purchased from Sigma Chemical Co. (St. Louis, MO). [15N]-Guo was purchased from Medical
Isotopes, Inc. (Pelham, NH). Yeast tRNA was purchased from Invitrogen Inc. (Carlsbad,
California). RNase (DNase free) and shrimp alkaline phosphatase (SAP) were obtained from
Roche Applied Science, Inc. (Indianapolis, IN). Phosphodiesterase was purchased from
Worthington Biochemical Corporation. Supelclean LC-18 SPE columns were acquired from
Supelco Inc. (Bellefonte, PA). HPLC-grade water, hexane and acetonitrile were obtained from
Fisher Scientific Co. (Fair Lawn, NJ). Gases were supplied by BOC Gases (Lebanon, NJ).

NMR
The 1H NMR spectra were measured at 25 °C using a Bruker DMX-400 (wide bore) instrument
equipped with a 5 mm inverse proton probe. The sample of adduct B was dissolved in 600
μL of DMSO-d6, and the residual proton signal of DMSO was used as a reference in the proton
spectrum. Acquisition conditions were as follows: spectral width (SW) of 6775 Hz, 30 ° pulse
flip angle (PW), 64K data points (SI), and 64 scans. The 1H-1H two-dimensional correlation
spectroscopy (COSY) spectrum was obtained with an SW1 and SW2 of 5200 Hz, 2K SI2, 512
experiments zerofilled to 1K, and 64 scans. Data were processed with a sinebell window.

Mass Spectrometry
Data were acquired on a Finnigan LCQ ion trap mass spectrometer (Thermo Electron Corp.,
San Jose, CA) equipped with an atmospheric pressure chemical ionization (APCI) or
electrospray ionization (ESI) source in positive ion mode. Instrument conditions for APCI
mode were as follows: vaporizer temperature 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 (5 arbitrary units) gas to assist with nebulization. Instrument
conditions for the ESI mode were as follows: capillary temperature at 200 °C, spray voltage
of 4.5 kV applied to the electrospray needle. Nitrogen was used as the sheath (80 psi) and
auxiliary (20 psi) gas to assist with nebulization. Full scanning analyses were performed in the
range of m/z 100 – 600. Collision-induced dissociation (CID) experiments coupled with
multiple tandem mass Spectrometry (MSn) employed argon as the collision gas. The relative
collision energy was set at 20–40 % of the maximum.

The quantification data were acquired on an Applied Biosystems API4000 triple quadrupole
mass spectrometer (Foster City, CA) equipped with an ESI turboionspray source in positive
ion mode. The operating conditions were as follows: source temperature at 550 °C, spray
voltage at 4.5 kV, collision cell exit potential at 10 V, collision energy at 23 V, the collision
gas pressure at 6 psi and curtain gas at 20 psi, and Gas1 and Gas2 at 30 psi and 10 psi,
respectively.

Liquid Chromatography
Chromatography was performed using a Waters Alliance 2690 HPLC system (Waters Corp.,
Milford, MA). Gradient elutions were all performed in the linear mode. Gradient systems 1,
2, 3, and 5 employed a Phenomenex Luna C8 column (250 mm × 4.6 mm i.d., 5 μm;
Phenomenex, Inc., Torrance, CA) at a mobile phase flow rate of 1 mL/min. Gradient system
4 employed a Phenomenex Luna C18(2) column (150 mm × 2 mm i.d., 3 μm; Phenomenex,
Inc., Torrance, CA) at a flow rate of 0.2 mL/min. Gradient system 6 employed the Phenomenex
Luna C8 column with the mobile phase flow rates detailed below. LC-UV/MS experiments
were performed using a Hitachi L-4200 UV detector at 236 nm for adducts analysis and 260
nm for RNA base analysis. For systems 1-3, solvent A was 5 mM ammonium acetate in water
and solvent B was 5 mM ammonium acetate in acetonitrile. For system 1, the gradient
conditions were as follows: 16% B at 0 min, 16% B at 40 min, 60% B at 41 min, 60% B at 55
min, and 16% B at 56 min, followed by a 10 min equilibration period. For system 2, the gradient
conditions were as follows: 20% B at 0 min, 20% B at 25 min, 60% B at 26 min, 60% B at 36
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min, and 20% B at 37 min, followed by a 10 min equilibration period. For system 3, the gradient
conditions were as follows: 6% B at 0 min, 6% B at 3 min, 15% B at 10 min, 15% B at 55 min,
80% B at 57 min, 80% B at 65 min, and 6% B at 67 min, followed by a 10 min equilibration
period. For system 4, solvent A was 0.02% formic acid in water and solvent B was acetonitrile.
The gradient conditions were as follows: 15% B as 0 min, 50% B at 15 min, 90% B at 16 min,
90% B at 22 min, 15% B at 23 min, followed by an 8 min equilibration. For system 5, solvent
A was water and solvent B was acetonitrile. The gradient conditions were as follows: 0% B at
0 min, 0% B at 3 min, 13% B at 15 min, 100% B at 20 min, 100% B at 22 min, and 0% B at
25 min, followed by equilibration for 5 min. For system 6, solvent A was 0.02% formic acid
in water and solvent B was acetonitrile. The gradient conditions were as follows: 30% B with
a flow rate 0.5 mL/min at 0 min, 60% B with a flow rate of 0.5 mL/min at 13 min, 100% B
with a flow rate of 1.0 mL/min at 16 min, 100% B with flow rate 1.0 mL/min at 25 min, 30%
B with a flow rate of 1.0 mL/min at 28 min, 30% B with a flow rate of 1.0 mL/min at 35 min,
followed by equilibration for 2 min.

Synthesis of 4-Oxo-2(E)-nonenal
4-Hydroxy-2(E)-nonenal diethyl acetal was oxidized with activated MnO2 as described by
Esterbauer and Weger (27). The resulting 4-oxo-2(E)-nonenal diethyl acetal was then
hydrolyzed by citric acid/HCl as described previously (11) and purified by flash
chromatography on silica. It was judged to be > 99 % pure based on its NMR spectrum and
HPLC analysis.

Reaction of 4-Oxo-2(E)-nonenal with guanosine
A solution of ONE (770 μg, 5.0 μmol) in ethanol (20 μL) was added to Guo (267 μg, 1.0
μmol) in water (250 μL), which had a pH of 5.5. The final concentrations of ONE and Guo
were 18.5 mM and 3.7 mM respectively. The reaction mixture was sonicated for 15 min at
room temperature and incubated at 37 °C or 60 °C for 24 h, after which it was extracted twice
with 200 μL hexane to remove excess ONE. Finally the sample was centrifuged at 5000 rpm
for 10 min, and the supernatants were analyzed by LC-MS using gradient system 3. The reaction
was conducted in MOPS buffer (100 mM, pH 7.4) and in phosphate buffer (100 mM, pH 7.4).
Very similar results were obtained but the yields were slightly lower.

Preparation of Adducts A1a and A1b for LC-MS Analysis
A solution of ONE (7.7 mg, 0.05 mmol) in 200 μL of ethanol was added to guanosine (2.83
mg, 0.01 mmol) in 2.0 mL of water. After sonication for 20 min, the reaction mixture was
incubated at 37 °C for 24 h. The reaction product was isolated by preparative HPLC.
Chromatography was conducted using gradient system 1. Reaction products were collected
between 20.0 and 40.0 min by monitoring the UV response at 236 nm. Fractions containing
primarily A1a or A1b were concentrated under nitrogen at room temperature. Adduct A1a had
a retention time of 23.3 min under these conditions, and adduct A1b had a retention time of
25.3 min.

Dehydration of Adducts A1a and A1b
HPLC-purified adducts A1a or A1b were dissolved in water/acetonitrile (100 μL, 84:16 v/v)
and then mixed with 100 mM Chelex-treated MOPS buffer (100 μL) containing 150 mM NaCl
at pH 3.0, 7.0, or 9.0. The solutions were vortex-mixed for 2 min then maintained at 37°C or
60 °C. Samples were incubated for different times and a portion of each sample (50 μL) was
then analyzed by LC-UV using gradient system 2. One sample (at 60 °C, pH 7.4 for 4 h) was
analyzed by LC-MS using gradient system 3 on the Finnigan LCQ.
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Preparation of Adduct B
A solution of ONE (7.7 mg, 0.05 mmol) in 200 μL of ethanol was added to Guo (2.83 mg, 0.01
mmol) in 2.0 mL of water. The reaction mixture was sonicated for 20 min, incubated at 37 °C
for 24 h, and then 60 °C for 6 h. Adduct B was isolated using gradient system 2, by monitoring
the UV absorbance at 236 nm. The fraction, which eluted between 20.0 and 21.2 min, was
concentrated under nitrogen at room temperature. The purity of the collected fraction was
checked by LC-UV/MS. Fractions containing pure adduct B were combined, concentrated
under reduced pressure, and dried under vacuum. To prepare the [15N]-labeled adduct B, the
same procedure was carried out using [15N5]-Guo and ONE as starting materials.

Reaction of 4-Oxo-2(E)-nonenal with yeast tRNA
A solution of ONE (1.0 mg, 6.5 (μmol) in 68 μL ethanol was added to 200 μg yeast tRNA in
250 μL water at a pH of 5.5. The reaction mixture was incubated at 37 °C for 24 h, after which
it was extracted twice with 200 μL hexane to remove excess ONE. The tRNA was then
precipitated and hydrolyzed as described below. [15N]-labeled adduct B internal standard was
added, and solid phase extraction (SPE) was performed as described below in order to enrich
for adduct B. After SPE extraction, the sample was analyzed with LC-MS/MS using gradient
system 4 and multiple reaction monitoring (MRM) (described below).

Cell culture
RIES cells were obtained from Dr. R.N. DuBois (Vanderbilt University). Cells were grown on
plastic dishes in Dulbecco’s modified Eagle’s medium with 10% FBS (Summit, Fort Collins,
CO), 4,500 mg/L D-glucose, and 100,000 units/liter streptomycin until almost confluent. The
cells were not synchronized so potential effects of cell cycle on RNA expression would be
random. Cells were collected as described previously when they reached 90 % confluency
(10). There was a total of 1 × 106 cell on each plate.

RNA Extraction, Hydrolysis, and Solid Phase Extraction of Adduct B
RNA from 3 plates of RIES cells (3 × 106 cells) was extracted using Ambion RNAqueous Kit
(Austin, TX). RNA was precipitated and dissolved in 200 μL of 2 mM Tris/20 mM MgCl2,
pH 7.4. DNase-free RNase (2.5 μg) was added, the sample was incubated at 60 °C for 1 h and
then at 37 °C for an additional 1 h. At the end of the incubation, 30 μL 0.2 M glycine buffer
(pH 10) and phosphodiesterase (0.5 units) were added, and the sample was incubated at 37 °
C for 2 h. Next, SAP (15 units), 30 μL 10x SAP buffer, and 30 μL of 50 mM Tris-HCL pH 7.4
were added, and the sample was incubated for 2 h. Finally, the sample was filtered through a
0.2 μm Costar cartridge before further analysis. At this time, an aliquot of hydrolyzed RNA
was removed for LC-UV RNA base analysis (described below). After adding internal standard,
the remaining sample was applied to Supelclean LC-18 SPE columns that had been pre-
conditioned by pre-washing with acetonitrile (18 mL) followed by water (18 mL). After sample
loading, the column was washed with water (4 mL) and methanol/water mixture (1 mL, 5:95
v/v). Finally, the adduct was eluted with acetonitrile/water mixture (6 mL, 1:1 v/v) and dried
under nitrogen

RNA Base Analysis
RNA hydrolysis products were analyzed with HPLC gradient system 5 and at a UV wavelength
260 nm. Quantitation of RNA bases was achieved through constructing standard curves of
known amounts of adenosine, cytidine, guanosine, and uridine in the range of 0.005 mg/mL
to 0.25 mg/mL.
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MS Analysis of Adduct B
The sample was re-dissolved in an acetonitrile/water mixture (200 μL, 10:90 v/v) and analyzed
by LC-MRM/MS using gradient system 4 for the nucleoside and tRNA adducts and gradient
system 6 for the RIES cell RNA-adducts. For the MRM analysis, parent ions were monitored
for the protonated molecule (MH+) of adduct B and for its [15N5]-internal standard. Product
ions were monitored that corresponded to the loss of the ribose moiety from adduct B
(BH2

+) and from its corresponding [15N5]-internal standard. The following transitions were
monitored: m/z 420 → m/z 288 (endogenous adduct B) and m/z 425 → m/z 293 ([15N5]-internal
standard). Quantitation was performed from standard curves constructed by the ratio of known
amounts of authentic standards and internal standards. Adduct levels were normalized to the
amount of RNA as detected in the RNA base analysis described above.

Results
Reaction of 4-Oxo-2(E)-nonenal with Guanosine

Using gradient system 3, LC-UV/MS analysis of the products from the reaction between Guo
and ONE at 37 °C for 24 h revealed five major compounds with MH+ ions at m/z 438 (adducts
A1a, A1b, A2 and A3) and m/z 420 (adduct B) (Figure 1). The UV chromatogram also confirmed
the formation of five adducts together with residual Guo. When the reaction was heated at 60
°C for 24 h, the magnitudes ofthe UV signals for adducts A1a, A1b, A2 and A3 were reduced
considerably with a concomitant increase in the magnitude of the UV signal for adduct B
(Figure 2).

LC-MSn Analysis of Adducts A1a, A1b, A2, A3 and B
The ESI-MS spectrum for adduct A1a showed an intense MH+ at m/z 438 and a sodiated ion
[MNa]+ at m/z 460. MS2 analysis of m/z 438 resulted in a BH2

+ ion at m/z 306. BH2
+ ion can

lose a water to produce an ion at m/z 288. Further fragmentation of m/z 288 gives m/z 190
(Supplementary Figure 1). Adducts A1b, A2, and A3 produced the same fragmentation pattern.
Adduct B showed a MH+ at m/z 420 in the ESI-MS spectrum. MS2 analysis of this ion generated
the BH2

+ ion at m/z 288. MS3 analysis of m/z 288 again produced an ion with m/z 190
(Supplementary Figure 2). These data were consistent with the proposed reaction scheme
(Scheme I) that adduct B was a dehydration product of adducts A1a, A1b, A2, and A3.

UV Analysis of Adduct B
The UV spectrum of adduct B was very similar to that of the corresponding adduct formed
between ONE and dGuo, with a λmax at 229 nm at pH 7. The λmax was shifted to 236 nm at
pH 13 and to 226 nm at pH 1 (Supplementary Figure 3).

NMR Analysis of Adduct B
Assignments were made on the basis of chemical shifts and proton-proton couplings (Table 1
and Figure 3) together with COSY correlations (Figure 4). In the 1H NMR spectrum, besides
the aromatic AB system of the Guo moiety, there was an additional aromatic proton singlet at
7.14 ppm (H-6). This proton showed COSY correlations with the methylene protons at H-1″
(4.12 ppm). These data were consistent with the presence of an olefinic bond between C-6 and
C-7. The NH signal corresponding to H-5 appeared as a doublet at 12.25 ppm coupled to H-6
(J = 2.3 Hz). However the integration of this peak was less than one proton. There was an extra
singlet at 8.32 ppm, which is most likely, the C-9 enol proton resulting from the shift of H-5
proton to the C-9 carbonyl group (Table 1). H-6 appe ared at 7.14 ppm as a broad singlet
coupled to H-5. The triplet at 2.57 ppm was assigned to the methylene protons at H-3″ because
of its chemical shift and its multiplicit y. The COSY spectrum also showed the correlations
between the H-3″ protons with the H-4″ protons (1.51 ppm). Similarly, the multiplets at 1.28

Zhu et al. Page 6

Chem Res Toxicol. Author manuscript; available in PMC 2008 October 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



ppm were assigned to the four methylene protons at H-4″ and H-5″. The triplet at 0.87 ppm
was assigned to the methyl group at C-7″. The COSY spectrum also showed correlations
between the H-1′ proton (5.79 ppm) and the proton at H-2′ (4.45 ppm), the H-2′ protons with
the hydroxyl at C-2′ (5.46 ppm), the H-3′ protons with the hydroxyl at C-3′ (5.13 ppm) and
with the H-4′ proton (3.92 ppm), the H-4′ proton with the H-5′ protons (3.55 and 3.65 ppm)
and the H-5′ protons with the hydroxyl at C-5′ (5.04 ppm). A deuterium exchange experiment
was done to further confirm the assignments of the exchangeable protons. After exchange with
D2O, the NMR signals from the assigned H-5, C9-OH and 2′,3′,5′-OH protons all disappeared
(Supplementary Figure 4). This confirmed the structure of adduct B as heptanone-etheno-Guo
(HεGuo), 3-(D-erythropentafuranosyl)imidazo-7-(heptane-2″-one)-9-hydroxyl[l,2-α]purine
(Figure 3, inset).

Dehydration of Adducts A1a and A1b
Time course experiments were performed at 37 °C and 60 °C and at pH 3.0, 7.4, and 9.0 for
adducts A1a and A1b by measuring the peak areas in the LC-UV spectrum. Both adduct A1a
(Figure 5) and adduct A1b (data not shown) were converted to adduct B similarly in a
temperature- and pH-dependent manner. At higher temperatures, the transformation was faster.
Lower pH also increased the transformation rate. The dehydration of A1a to B (Supplementary
Figure 5) and A1b to B (data not shown) was confirmed by LC-MS. Adducts A2 and A3 much
more readily dehydrated to adduct B than adducts A1a and A1b, which made it impossible to
prepare pure samples of the individual isomers. This suggested that adducts A1a and A1b were
the more stable isomeric hemi-ketal adducts (Scheme I) similar to the more stable hemi-ketal
adduct identified in the reaction of ONE with dGuo (11).

MS Analysis of the Reaction of 4-Oxo-2(E)-nonenal with Yeast tRNA
Typical chromatograms from LC-ESI/MRM/MS analysis of 0.2 ng/mL authentic adduct B
(HεGuo) and its corresponding [l5N5] internal standard are shown in Figure 6 (A and B).
HεGuo was quantified using calibration curves obtained with a linear regression analysis of
peak area ratios of HεGuo to its [15N5]-labeled internal standard (Figure 6, C and D);
concentrations of HεGuo were calculated by interpolation from the calculated regression line
y = 0.7004x + 0.0264 (r2=0.998). HεGuo levels were normalized to the amount of tRNA in
the sample. The final quantification of HεGuo corresponded to 24.4 adducts per 103 normal
bases.

MS Analysis of RNA from RIES Cells
RIES cells were cultured to confluence. RNA was extracted from the cells, hydrolyzed, and
analyzed using the same method as described above for tRNA. Typical chromatograms from
LC-ESI/MRM/MS analysis of 400 pg/mL of authentic adduct B (HeGuo) and its corresponding
[15N5] internal standard are shown in Figure 7 (A and B). Typical chromatograms obtained
from RIES cell RNA for HεGuo and its internal are shown in Figures 7C and 7D, respectively.
Concentrations of HεGuo in the RIES cell RNA were calculated by interpolation of the peak
area ratios of analyte to internal standard using the calculated regression line y = 0.1334x +
0.0169 (r2=0.998). HεGuo levels of 7.0 adducts per 106 normal bases (± 1.1; SD) were found
(n=4) after normalization for the amount of RNA that was isolated from the RIES cells.

Discussion
Cellular oxidative stress of polyunsaturated fatty acids leads to the formation of lipid
hydroperoxides. The lipid hydroperoxides can then undergo homolytic decomposition to the
reactive bifunctional electrophile, ONE, which reacts with DNA bases (4,11–14), peptides
(28–30), and proteins (31–33) to form adducts. The reaction between ONE and dGuo is thought
to take place through a two-step mechanism involving initial Michael addition of N2 to the C-1
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aldehyde. Four major adducts were formed in the reaction: three of them were ethano adducts;
one was the dehydrated etheno adduct, HεdGuo (11). Although many studies have been
conducted to characterize the reactions of bifunctional electrophiles, such as ONE with DNA
and proteins, little attention has been paid to their potential reactions with RNA. The present
investigation of the reaction between Guo and ONE revealed the formation of five adducts,
each of them very similar to adducts formed between dGuo and ONE (11). Adducts A2 and
A3 were identified as heptanone-ethano-guanosine adducts, and A1a, A1b as hemi-ketal
isomers. Because no interconversion between A1a and A1b was observed, A1a and A1b are
proposed to be the 6(R), 7(S) and the 6(S), 7(R) isomers (Scheme I). Adduct B was
characterized as the heptanone-etheno-Guo (HεGuo) adduct, 3-(D-erythropentafuranosyl)
imidazo-7-(heptane-2″-one)-9-hydroxyl[1,2-α]purine adduct by LC-MSn (Supplementary
Figures 1 and 2) and NMR spectroscopy (Figures 3 and 4). Adduct A1a was unstable and readily
dehydrated to HεGuo as shown for adduct A1a in Figure 5. The dehydration process was
catalyzed by acid. Under alkaline conditions, the rate of dehydration decreased significantly
(Figure 5). Overall the Guo adducts with ONE have similar structures and chemical properties
to the dGuo adducts. This suggests that the mechanism of formation is very similar (Scheme
I) (11–14).

The reaction between yeast tRNA and ONE efficiently produced the same adducts as in
nucleoside reactions (Figure 6) showing that adduction of RNA by ONE was feasible. This
raised the possibility that ONE adduction would occur in cells. RIES cells that stably express
COX-2 were selected as a model cell system because COX-2 is highly expressed in colon
cancer tissue and other cancers, but not in normal tissue (35–37). In addition to its role in
prostaglandin formation, COX-2 mediates the formation of lipid hydroperoxide-derived DNA-
adducts (10). In order to assess the formation of RNA-adduct formation in RIES cells, a high
sensitivity LC-MS/MS method was developed in order to quantify low pg amounts of H εGuo.
Using this method, the adduct abundance in RIES cells was 7.0 adducts per 106 normal Guo
bases (Figure 7). The similar HεdGuo-adduct was present at 2.0 adducts per 107 normal bases
in the RIES cells under the same conditions (10). Thus, the heptanone-etheno adducts in RNA
were approximately 35 times more abundant than the corresponding DNA-adducts.

The increased formation of RNA-adducts is most likely the consequence of a number of factors.
First, RNA is present in both the cytoplasm and nucleus, while DNA is only found within the
nucleus. Thus, RNA is more accessible to lipid peroxidation products released in both the
nucleus and in the cytoplasm. Second, RNA exists in a variety of forms (tRNA, mRNA,
ribosomes, ribozymes, microRNAs) with extended structures; in contrast, DNA is typically
more densely folded and wrapped around histone proteins. So the various RNA forms would
be more susceptible to reaction with bifunctional electrophiles than DNA. Third, RNA-adducts
may be less readily repaired than the corresponding DNA-adducts. Besides serving as
biomarkers, lipid hydroperoxide-derived RNA-adducts could have a variety of potential
biological and toxicological effects, given that RNA is involved in so many diverse cellular
functions. For example, mRNA-adduct formation could potentially modulate transcription and
translation resulting in altered protein expression.

In summary, we have identified five RNA-adducts formed in the reaction between Guo and
ONE. These adducts are very similar to those formed between dGuo and ONE, which suggests
that lipid peroxidation can damage RNA in a similar manner to DNA. Detection and
quantification of the HεGuo adduct in RIES cells confirmed this hypothesis. These findings
suggest that heptanone-etheno-RNA-adducts in cell culture models and in tissue samples will
provide biomarkers of oxidative stress. However, the biological role of these lipid
hydroperoxide-derived RNA-adducts awaits further studies.
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Abbreviations
APCI  

atmospheric pressure chemical ionization

bs  
broad singlet

CID  
collision induced dissociation

COSY  
1H-1H 2D correlation spectroscopy

COX  
cyclooxygenase

D2O  
deuterium oxide

d  
doublet

DMSO-d6  
dimethyl sulfoxide-d6

EDE  
4,5-epoxy-2(E)-decenal

ESI  
electrospray ionization

Guo  
guanosine

HεGuo  
heptanone-etheno-Guo

HεdGuo  
heptanone-etheno-2′-dGuo

HNE  
4-hydroxy-2(E)-nonenal

HPNE  
4-hydroperoxy-2(E)-nonenal

LC-MS  
liquid chromatography-mass spectrometry
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m  
multiplet

MH+  
protonated molecule

MSn  
multiple tandem mass spectrometry

MOPS  
morpholinopropanesulfonic acid

MRM  
multiple reaction monitoring

NMR  
nuclear magnetic resonance

ONE  
4-oxo-2(E)-nonenal

q  
quintet

RIES  
rat intestinal epithelial cells that stably express COX-2

s  
singlet

SAP  
shrimp alkaline phosphatase

SPE  
solid phase extraction

t  
triplet

TIC  
total ion current

TMS  
trimethylsilane
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Figure 1.
Analysis of the reaction between ONE and Guo for 24 h at 37 °C by concurrent LC-MS and
UV detection using gradient system 3. (A) Total ion current (TIC) chromatogram. (B and C).
Reconstructed selected ion chromatograms of the MH+ of adduct A1a, A1b, A2 and A3 (m/z
438), and adduct B (m/z 420). (D) UV absorbance at 236 nm.
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Figure 2.
Analysis of the reaction between ONE and Guo for 24 h at 37 °C and then heated for 7 h at 60
°C by concurrent LC-MS and UV detection using gradient system 3. (A) Total ion current
(TIC) chromatogram. (B and C). Reconstructed selected ion chromatograms of the MH+ of
adduct A1a, AH1b,A2 and A3 (m/z 438), and adduct B (m/z 420). (D) UV absorbance at 236
nm.
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Figure 3.
1H NMR spectrum of adduct B in DMSO-d6. The inset shows the structure of adduct B as
HεGuo based on NMR data.
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Figure 4.
1H-1H two-dimensional COSY NMR spectrum of adduct B (HεGuo) in DMSO-d6.
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Figure 5.
Time courses for the dehydration of adduct A1a to adduct B at 37 °C vs. 60 °C and at pH 3.0,
7.4 and 9.0 as determined by LC/UV monitoring 236 nm. White bars represent adduct A1a.
Black bars represent HεGuo. The normalized peak area for peak B was > 1 because the λmax
for adduct B under acidic conditions was 226 nM (Supplementary Figure 3) whereas, the
λmax for adduct Ala was 252 nM. Results for dehydration of adduct A1b were essentially
identical.
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Figure 6.
LC-ESFMRM/MS analysis of HεGuo and its corresponding [15N5] internal standard. (A)
Authentic HεGuo standard (200 pg/mL). (B) Internal standard. (C) HεGuo (24.4 adducts per
103 normal Guo bases) from yeast tRNA (200 mg) treated with ONE (1.0 mg, 6.5 (μmol). (D).
Internal standard for yeast tRNA. Ion chromatograms for HεGuo (m/z 420 → m/z 288),
[15N5]HεGuo (m/z 425 → m/z 293).
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Figure 7.
LC-ESI/MRM/MS analysis of HεGuo and its corresponding [15N5] internal standard. (A)
Authentic HεGuo standard (400 pg/mL). (B) Internal standard. (C) HεGuo (6.6 adducts per
106 normal Guo bases) from RIES cell RNA. (D) Internal standard for RIES cell RNA. Ion
chromatograms for HεGuo (m/z 420 → m/z 288), [15N5]HεGuo (m/z 425 → m/z 293).
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Scheme I.
Structures of adducts A1a, AH1b A2, A3 and B and the mechanism for their formation.
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Table 1
1H NMR assignments for adduct B. Spectra were obtained in DMSO-d6.

Assigned H δ(ppm) multiplet H-coupled [J(Hz)] type
H-5 12.25 d H-6 (2.3 Hz) C=NH
9-OH 8.32 s =C-OH
H-2 8.09 s N=CH
H-6 7.14 bs H-1″a,b C=CH
H-1′ 5.79 d H-2′ a,b (5.5) -NCHO
2′-OH 5.46 d H-2′ (6.0) -CHOH
3′-OH 5.13 d H-3′ (5.0) -CHOH
5 ′-OH 5.04 t H-5′ a,b (5.5) -CH2OH
H-2′ 4.45 t H-3′, H-1′ (5.25) OH-2′ (5.0) -OCH-
H-1″a,b H-3′ 4.12 m H-6 (5.5) H-2′, H-4′, OH-3′ (5.0) -CH2-C-OCH-
H-4′ 3.92 q H-3′, H-5′ a,b (4.0) -CHO
H-5′ a 3.65 abxy H-4′ (4.0) OH-5′ (5.5) -CH2O
H-5′b 3.55 abxy H-4′ (4.0) OH-5 ′(5.5) -CH2O
H-3″a,b 2.57 t H-4″a,b (7.5) -CH2-C
H-4″a,b 1.51 q H-5′a,b, H-3″a,b (7.5) -CH2-C
H-5″a,b 1.28 m H-4″a,b, H-6″a,b -CH2-C
H-6″a,b 1.28 m H-5″a,b, H-7″a,b -CH2-C
H-7″a,b,c 0.87 t H-6″a,b (7.0) -CH3
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