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Abstract

Chronic inflammation results in increased production of reactive oxygen species (ROS), which can
oxidize cellular molecules including lipids and DNA. Our laboratory has shown that 3-(2-deoxy-£-
D-erythro-pentofuranosyl) pyrimido[1,2-a]purin-10(3A)-one (M1dG) is the most abundant DNA
adduct formed from the lipid peroxidation product, malondialdehyde, or the DNA peroxidation
product, base propenal. M1dG is mutagenic in bacterial and mammalian cells and is repaired via
the nucleotide excision repair system. Here, we report that M1dG levels in intact DNA were
increased from basal levels of 1 adduct per 108 nucleotides to 2 adducts per 108 nucleotides
following adenine propenal treatment of RKO, HEK?293, or HepG2 cells. We also found that
M1dG in genomic DNA was oxidized in a time-dependent fashion to a single product, 6-oxo-
M;dG (to ~5 adducts per 107 nucleotides), and that this oxidation correlated with a decline in
M1dG levels. Investigations in RAW264.7 macrophages indicate the presence of high basal levels
of M1dG (1 adduct per 108 nucleotides) and the endogenous formation of 6-oxo-M1dG. This is the
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first report of the production of 6-ox0-M1dG in genomic DNA in intact cells, and it has significant
implications for understanding the role of inflammation in DNA damage, mutagenesis, and repair.
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INTRODUCTION

Inflammation is a complex biological process that is a contributing factor in the progression
of many diseases, including cancer.1=3 During inflammatory signaling, an array of reactive
oxygen species (ROS) is generated by activated leukocytes.* These ROS are capable of
inducing cellular damage through their reaction with biomolecules. For example, oxidation
of polyunsaturated fatty acids or the DNA backbone results in the generation of the reactive
electrophiles malondialdehyde (MDA) or base propenal, respectively (Figure 1).5-8 These
electrophiles may function as a connection between chronic inflammation and the generation
of DNA damage that may result in genetic mutations.®

Our laboratory and others have demonstrated that base propenals, as well as MDA, react
with DNA to generate a variety of adducts, including the most abundant species, 3-(2-deoxy-
B-D-erythro-pentofuranosyl)pyrimido[1,2-a]purin-10(34)-one (M1dG) (Figure 1).8:10-15
M1dG has been extensively studied and shown to be mutagenic through the induction of
base-pair substitutions and frameshift mutations. °:14:16.17 |t has also been detected in the
genomic DNA of healthy and disease-bearing individuals, with adduct levels reaching as
high as 6500 per cell.>18-22 \We recently reported that M1dG is rapidly removed from
plasma in vivo after intravenous administration to rats.23 This fast disappearance of M1dG
from the plasma suggested that it was distributed to tissue, thereby increasing the likelihood
of its biotransformation. Further studies showed that, after its removal from DNA by
nucleotide excision repair (NER), free M1dG is enzymatically oxidized by xanthine oxidase
and aldehyde oxidase to form a single metabolite, 6-0x0-M;dG (Figure 1).23 This oxidation
of M1dG at the mononucleoside level suggested the possibility that the lesion may also be
enzymatically oxidized while present in genomic DNA.

In this study, we report that nuclear extracts isolated from the human colon carcinoma cell
line RKO can enzymatically oxidize an oligonucleotide bearing M1dG. Treatment of several
distinct cell types, including human embryonic kidney (HEK293), human liver carcinoma
(HepG2), and RKO cells, with adenine propenal resulted in the generation of M1dG in
genomic DNA and its subsequent oxidation to 6-0x0-MdG in the genome. These results
provide the first demonstration of the oxidation of M;dG to 6-0x0-M1dG in genomic DNA,
and they suggest that M1dG is oxidized faster than it is removed by NER. The discovery of
M;dG oxidation to 6-0x0-M1dG in genomic DNA provides the foundation upon which to
further elucidate the cellular consequences of this oxidized lesion in DNA.
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METHODS

General

All chemicals were obtained from commercial sources and used without further purification
unless otherwise noted. Anhydrous solvents were purchased from Sigma-Aldrich, St. Louis,
MO. All 1H and 13C NMR spectra were referenced to internal tetramethylsilane (TMS) at
0.0 ppm. The spin multiplicities are indicated by the symbols s (singlet), d (doublet), dd
(doublet of doublets), t (triplet), q (quartet), m (multiplet), and br (broad). Reactions were
monitored by thin-layer chromatography (TLC). Column chromatography was performed
using commercial silica gel and eluted with the indicated solvent system. Yields refer to
chromatographically and spectroscopically (*H and 13C NMR) homogeneous materials.

Preparation of Adenine Propenal

Adenine propenal was prepared as previously described.” Briefly, to adenine (100 mg, 0.740
mmol) suspended in anhydrous dimethylformamide (3 mL) was added NaOMe (40 /L, 25
wt %). The mixture was stirred for 1 h and then cooled to —40 °C. Propynal (500 /1, 2.960
mmol) was added, and stirring was continued at —40 °C for 1 h, after which the reaction was
allowed to warm to room temperature and neutralized with NH4CI. The precipitated product
was collected and recrystallized from boiling water. Yield 48 mg, 35%. 1H NMR (DMSO-
a): 8 (ppm) 7.17 (dd, /4, = 7.88 Hz, ., = 14.4 Hz, 1H), 7.55 (br s, 2H), 8.27 (s, 1H), 8.35 (d,
J=14.4 Hz, 1H), 8.63 (s, 1H), 9.67 (d, J= 7.88 Hz, 1H).

Preparation of RKO Cellular Extracts

RKO cells (10 x 106 cells/plate, 150 mm in diameter, total of five plates) were grown in
RPMI 1640 medium with 10% fetal bovine serum at 37 °C with 5% CO». The cells were
harvested and washed twice with cold PBS. Cells were then lysed for 30 min on ice in a
hypotonic lysis buffer containing 10 mM HEPES/KOH, pH 7.9, 1.5 mM MgCl,, 10 mM
KCI, 0.5% octylphenoxy poly(ethyleneoxy)ethanol (IGEPAL), and protease and
phosphatase inhibitors (1:500). The nuclei were isolated by centrifugation, and the pellet
was washed with hypotonic buffer and lysed in 50 mM HEPES, 150 mM NacCl, 1%
IGEPAL, and protease and phosphatase inhibitors. The pellet was passed through a 27 gauge
needle and sonicated. The samples were then centrifuged at 10009 for 10 min, and the
supernatant was used in subsequent assays as the nuclear extract.

Preparation of Oligonucleotides Containing M,dG

Single- or double-stranded oligonucleotides (500 £M) in 10 mM potassium phosphate
buffer, pH 7, were treated with 2 mM adenine propenal for 24 h. The oligonucleotides were
then ethanol precipitated and resuspended in pH 7 phosphate buffer. An aliquot was digested
to confirm the presence of M1dG. Briefly, 500 units of DNase I in 15 mM MgCl, and 10
mM MOPS buffer (pH 7.9) was added to the DNA in solution. This mixture was allowed to
incubate for 1.5 h followed by the addition of nuclease P1 (15 units) and 1 mM ZnCl,
followed by a 2.5 h incubation period. Alkaline phosphatase (50 units) and phoshodiesterase
I (8 units) were added, and the mixture was incubated for 15 h. Ice-cold ethanol was added
to the mixture followed by centrifugation (9391g for 10 min). The supernatants were
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removed and evaporated using a TurboVap LV evaporator, giving a residue that was
dissolved in water. Liquid chromatography-tandem mass spectrometry (LC-MS/MS) was
then performed to confirm the presence of M1dG. Mobile phase solvents consisting of 0.1%
formic acid in water (solvent A) and 0.1% formic acid in a 1:1 methanol/acetonitrile mixture
(solvent B) at a flow rate of 0.4 mL/min were used to elute the digested nucleosides. The 5
min gradient consisted of the following: 0-0.01 min, 5% B; 0.01-0.50 min, 5% B; 0.5-3.50
min, 60% B; 3.50-3.51 min, 98% B; 3.51-5.00 min, 98% B. Mass analysis of the eluting
nucleosides was performed on a 3200 Q TRAP mass spectrometer (AB Sciex Systems)
equipped with an electrospray ionization source with detection in positive ion mode. M1dG
was detected with selected reaction monitoring with the following transition, m/z304 —
188, corresponding to the cleavage of the glycosidic bond and neutral loss of the
deoxyribose moiety (=116 Da), with the positive charge remaining on the base.

Incubation of M1dG Oligo with RKO Cellular Extracts

Once the presence of M1dG had been established, oligonucleotides containing M1dG were
incubated with RKO nuclear extract (2 mg/mL) for 2 h at 37 °C. Following incubation, the
reaction was quenched with cold ethanol, and the DNA was precipitated and washed several
times to eliminate any traces of the nuclear extract. The oligonucleotide was then digested
and analyzed by LC-MS/MS as described above. 6-Oxo0-M1dG was detected with selected
reaction monitoring with the following transition, m/z320 — 204, corresponding to the
cleavage of the glycosidic bond and neutral loss of the deoxyribose moiety (116 Da), with
the positive charge remaining on the base.

Cell Culture and Treatment of Cells with Adenine Propenal

In these experiments, RKO, HEK293, or HepG2 cells (5 x 106) were grown in RPMI 1640
medium with 10% fetal bovine serum at 37 °C with 5% CO» on plates 150 mm in diameter
(five plates were used for each treatment). After 24 h, the medium was removed, and fresh
medium without serum but containing adenine propenal (400 xM) was added. Then the cells
were incubated for 0, 15, 30, 60, 180, or 360 min to determine a time point at which MdG
had reached a maximum without the formation of 6-0x0-M1dG. Following incubation, the
cells were harvested and washed twice with cold PBS. The cells were lysed ina 1 mL
solution containing 250 mM sucrose, 1 mM EDTA, 20 mM HEPES (pH 7), and 0.2%
protease inhibitor cocktail. The cells were then passed 10 times through a 26 gauge needle.
The nuclei were pelleted at 1000g at 4 °C for 5 min. The nuclei were washed with 3 x 500
4L of a solution containing 10 mM HEPES buffer (pH 7), 1.5 mM MgCls,, 10 mM KCI,
0.5% IGEPAL, and 0.2% protease inhibitor cocktail for 30 min on ice. The nuclei were then
resuspended in a buffer comprising 10 mM MOPS-NaOH, pH 7.9, 0.1 mM deferoxamine,
and 5 mM EDTA, pH 8.0. The mixture was vortexed to allow lysis of the nuclear membrane,
followed by the addition of RNase A and RNase T1. The mixture was incubated at 37 °C for
15 min followed by the addition of proteinase K and incubation at 37 °C for 3 h with mixing
every 30 min. Following this incubation, a solution comprising 40 mM MOPS buffer, pH
8.0, 4.5 M Nal, 20 mM EDTA, and 0.1 mM deferoxamine was added. This was followed by
the addition of isopropanol to precipitate the DNA. The DNA was collected by
centrifugation and washed with 75% EtOH twice. The DNA was then reprecipitated with 3
M sodium acetate and isopropanol, washed with 75% EtOH and dissolved in DNase-free
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water. The DNA concentration was determined using a Nanodrop spectrophotometer at the
Vanderbilt Technologies for Advanced Genomics (VANTAGE) Core. Internal standards,
[15N5]-6-0x0-M1dG and [15N,,13C]-M1dG (5 or 10 pmol), were then added to the mixtures,
and the DNA was digested and analyzed by LC-MS/MS as described above. In order to
further validate the levels of M1dG and 6-0x0-M1dG, steps were taken to ensure that there
were no analyte peak contributions from the internal standards (Supporting Information
Figure S1). Also, collision-induced dissociation fragments were obtained for peaks
corresponding to M1dG and 6-0x0-M1dG to confirm their identities (Supporting Information
Figures S2 and S3).

Oxidation of M1dG to 6-Ox0-M1dG in Genomic DNA

RKO, HEK293, and HepG2 cells were cultured as described above. However, prior to
treatment with adenine propenal, the cells were synchronized in serum-free medium for 24 h
and maintained in serum-free medium to prevent incorporation from nucleoside pools during
DNA synthesis. Adenine propenal was added for the appropriate times as determined above
for each cell type. The experiment then proceeded as described above, and the DNA was
isolated from the nuclei at 0, 1, 2, 3, 6, 9, 12, and 24 h time points. The amount of adducts
was quantified by LC-MS/MS.

Oxidation of M;dG to 6-Ox0-M;dG in Genomic DNA in RAW264.7 Macrophages

In these experiments, RAW264.7 macrophages (5 x 108) were grown in DMEM + Glutamax
medium (Invitrogen) with 10% fetal bovine serum at 37 °C with 5% CO, on 10 x 150 mm
plates (five plates were used for each treatment). After 24 h of incubation, the medium
containing fetal bovine serum was replaced with serum-free medium for 24 h. The cells
were then harvested at times 0 and 24 h. DNA was isolated from the nuclei and analyzed by
LC-MS/MS as described above.

Statistical Analysis

RESULTS

Statistical analyses and generation of graphs were performed using GraphPad Prism 6.0c
(GraphPad Software, San Diego, CA). Differences in adduct levels between controls and
treatments in triplicate experiments were determined using a one-way ANOVA and Tukey
posthoc analysis. Differences were considered to be significant at p < 0.05.

Oxidation of M1dG in Oligonucleotides

Our recent finding that the free M;dG nucleoside is oxidized by cytosolic xanthine oxidase?3
to 6-ox0-M1dG suggested the possibility that the oxidation of M1dG may occur while
present in nuclear DNA. To explore this possibility, single- or double-stranded
oligonucleotides were treated with adenine propenal to generate M;dG. Figure 2A highlights
a representative LC-MS/MS chromatogram showing selected reaction monitoring (SRM) for
both M1dG and 6-0x0-M1dG from a digested double-stranded oligonucleotide prior to any
treatment. This chromatogram demonstrates that there are no analyte impurities that could
contribute to the signals of M1dG and 6-oxo-M1dG in subsequent analyses. Following
adenine propenal treatment, the oligonucleotides were precipitated and enzymatically
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digested to confirm the presence of M1dG by LC-MS/MS, as depicted in a representative
chromatogram in Figure 2B. Additionally, internal standards, [1°Ns]-6-ox0-M;dG and
[15N,,13C]-M1dG, were assessed to ensure that they did not have analyte impurities that
could bias the levels observed in the analyses (Supporting Information Figure S1).

Once the presence of M1dG was confirmed, the oligonucleotide was incubated with RKO
nuclear extract and digested. LC-MS/MS data presented in Figure 2C demonstrate that RKO
nuclear extracts are able to transform M,dG to 6-oxo-M1dG when present in an
oligonucleotide. Quantification of this conversion in Figure 3 indicated that it was more
efficient in single-stranded DNA (40%) compared to that in double-stranded DNA (20%).
The oxidation of M,dG was not inhibited by the xanthine oxidase inhibitor allopurinol (data
not shown), an observation that contrasts with oxidation of the mononucleoside M1dG in rat
or human liver cytosol. Additionally, as shown in Figure 3, the oxidation of M1dG in DNA is
enzymatic, as evidenced by an ablation of activity following heat denaturation of the nuclear
extract.

M;dG Is Oxidized in Nuclear DNA in Cells

Since M1dG was enzymatically oxidized in oligonucleotides by nuclear extracts,
experiments were conducted to investigate if this oxidation was possible with M;dG in the
genomic DNA of intact cells. The colon cancer cell line, RKO, was treated with adenine
propenal (400 M) for various periods of time to increase intracellular M1dG levels. DNA
was then isolated from the nucleus and analyzed by LC-MS/MS for M1dG and 6-oxo-M1dG.
As shown in Figure 4A, M1dG was detected in the genome of RKO cells following
treatment with adenine propenal. An oxidation product was also observed and identified as
6-0x0-M1dG (Figure 4B). The levels of M1dG steadily increased from <1 to 6 adducts per
107 nucleotides over 3 h and then decreased by the 6 h time point (Figure 4A). This decrease
in the levels of M1dG was accompanied by an equivalent increase in the levels of 6-oxo-
M1dG (Figure 4B). To further verify the identity of the peaks in the cellular samples, CID
spectra of peaks corresponding to M1dG and 6-oxo0-M;dG were obtained (Supporting
Information Figures S2 and S3). The fragmentation pattern was consistent with the
structures for M1dG and 6-oxo-M1dG.

M1dG Disappearance via Oxidation and Repair

The data presented in Figure 4A,B provide initial insight into the fate of M1dG by oxidation
versus NER. Previous reports have suggested that M1dG is removed from DNA via NER
based on the observation that M;dG is more mutagenic in NER-deficient cells.16:24 The
results presented here, however, suggest that M1dG is more rapidly oxidized to 6-0xo0-MdG
than repaired by NER. To test this hypothesis, RKO cells were synchronized by serum
starvation, which arrests them in the GO/G1 phase of the cell cycle. By preventing the
transition into S phase, incorporation from nucleoside pools during DNA synthesis does not
occur.25-27 The cells were then treated with adenine propenal for 1 h, after which the
medium was removed, and adenine propenal-free medium was added. Cells were harvested
at various time points, and adduct levels were determined. The 1 h treatment time was
chosen because M1dG reached maximal levels without the formation of 6-0xo0-M1dG at this
time point (Figure 4A). Consequently, this experiment allowed for a quantitative measure of
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the time course of disappearance of M1dG. The results in Figure 5A show that M1dG
decreased from a maximum of 8 adducts per 107 nucleotides to 2 adducts per 107
nucleotides over 24 h. This was accompanied by an equivalent increase in the oxidized
product, 6-0x0-M1dG, beginning after 3 h of incubation following adenine propenal
treatment (Figure 5B). A representative LC-MS/MS chromatogram obtained by analysis of
the nuclear DNA of adenine propenal-treated cells is shown in Figure 6. The four natural
nucleosides were observed in addition to M1dG and 6-0x0-M1dG.

M;dG Oxidation Occurs in the Nuclear DNA of Numerous Cell Lines

To determine if M1dG oxidation occurs in other cell types, 6-0xo-M1dG levels in
synchronized, adenine propenal-treated HEK293 and HepG2 cells were measured. M1dG
was oxidized in both cell lines, with measurable 6-oxo-M1dG appearing at 3 h and
increasing for up to 24 h. The data in Figure 7A show that M1dG decreased from a
maximum of 12 adducts per 107 nucleotides to 3 adducts per 107 nucleotides over 24 h in
the HEK293 cells. This was accompanied by an increase in the level of 6-oxo-MdG,
beginning after 3 h following adenine propenal treatment to a maximum of 10 adducts per
107 nucleotides at 24 h (Figure 7B). M1dG levels were initially higher in the treated HepG2
cells (Figure 8A), beginning at 20 adducts per 107 nucleotides and decreasing to 5 adducts
per 107 over 24 h. Similar to the RKO and HEK293 cells, 6-oxo-M;dG was detected after 3
h following adenine propenal treatment and reached 6 adducts per 107 at 24 h (Figure 8B).

6-Ox0-M1dG in RAW264.7 Macrophages

In the investigations discussed above, M1dG and 6-0xo0-M1dG were measured in genomic
DNA following treatment with adenine propenal. To determine the levels of these adducts in
an endogenous setting, DNA from RAW?264.7 macrophages was isolated and analyzed. The
RAW264.7 macrophage cell line is a well-studied system for investigating inflammation and
associated metabolic processes.28-30 We found that the basal levels of M;dG in the nuclear
DNA of RAW264.7 macrophages (~1 adduct per 108 nucleotides) were higher by almost 2
orders of magnitude than those seen in the RKO, HEK, or HepG2 cells (Figure 9A). Indeed,
nuclear M1dG levels in untreated RAW?264.7 cells approached those reached following
adenine propenal treatment of the other cell lines. Interestingly, 6-oxo-M1dG (1 adduct per
107 nucleotides) was readily detected in RAW264.7 cell nuclear DNA, whereas it was not
detected in the other cell lines in the absence of adenine propenal treatment (Figure 9B).

DISCUSSION

Improving our understanding of the metabolism of DNA adducts resulting from lipid and/or
DNA peroxidation is critical, as these adducts can lead to increased susceptibility to cancer
initiation and progression. One such adduct is M1dG. An endogenous lesion detectable in
the genomic DNA of humans and rodents, M1dG is associated with a variety of disease
states.18-20.31-33 M, dG is repaired by NER, and the free nucleotide is oxidized to 6-0xo-
M;dG by cytosolic xanthine oxidase and aldehyde oxidase.23:34 The discovery of the
oxidative metabolism of M1dG inspired this study in which we have investigated the
oxidation of M1dG in genomic DNA.
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As an initial foray into the oxidation of M;dG in genomic DNA, /n vitro experiments were
conducted using oligonucleotides incubated with RKO nuclear extracts. M1dG formation
was induced in the oligonucleotides by treatment with adenine propenal, the most reactive
base propenal. The data demonstrate that, indeed, M1dG in an oligonucleotide is oxidized
enzymatically in RKO nuclear extracts. Moreover, oxidation is not inhibited by allopurinol,
an inhibitor of xanthine oxidase, contrasting with results observed at the mononucleoside
level. More importantly, the fact that almost all activity was removed by heat denaturation
denotes that the oxidation is enzyme-catalyzed. This was an important result, as it provided
the foundation to explore the oxidation of M1dG in the genomic DNA of intact cells. In
these experiments, RKO, HEK293, and HepG2 cells were treated with adenine propenal in
order to increase the basal levels of M1dG and to investigate its oxidation to 6-oxo-MdG.
Our results show, for the first time, that M,dG is oxidized to 6-0x0-M1dG in the genomic
DNA of intact cells.

In these investigations, the cells were synchronized by serum starvation in order to ensure no
incorporation of 6-ox0-MdG from nucleoside pools. This experimental design established a
mechanism to monitor the disappearance of M1dG and formation of 6-oxo-M{dG. M1dG is
believed to be removed from DNA by NER because it is more mutagenic in NER-deficient
than wild-type cells?4:35 and because propanodeoxyguanosine (PdG), a structural analogue
of M1dG, is repaired by NER complexes both 77 vitro and in vivo.38 Consequently, these
experiments allow for a quantitative measure of the removal of M;dG by NER and its
oxidation to 6-0x0-M1dG. During the first 3 h following adenine propenal treatment, no 6-
0x0-M1dG was detected; however, a decline of 10% (RKO cells) and 20% (HEK 293 cells)
in the level of M1dG was observed. It is possible that this quantity of adduct was repaired by
NER or, alternatively, that any 6-oxo-M;dG formed during this time period was below the
limits of detection of the assay. The data also show that for both RKO and HEK293 cells the
decline in M1dG (approximately 73%) between 3 and 24 h was accounted for by an almost
equivalent increase (approximately 80%) in the amount of 6-oxo-MdG for that same time
period. In HepG2 cells, there was a 21% decline in the level of M1dG during the first 3 h
following adenine propenal treatment. However, between 3 and 24 h, only half of the decline
of M1dG was accounted for by the formation of 6-0x0-M;dG, suggesting that, in HepG2
cells, NER-dependent removal of M1dG might be relatively more important than oxidation.
It should also be noted that treatment of HepG2 cells with adenine propenal resulted in a
greater amount of M1dG compared to that in the other two cell lines.

As a complement to the treatment of cells with adenine propenal, endogenous levels of
M1dG and 6-ox0-M1dG were investigated in RAW?264.7 macrophages, a well-studied
system for investigating inflammatory signaling and oxidative stress.28-30 |t is important to
note that M1dG levels were not high basally in any of the other cell lines and that 6-oxo-
M1dG could not be measured in the absence of adenine propenal treatment. Since the
RAW264.7 macrophages are naturally exposed to higher levels of ROS, we hypothesized
that they would possess higher M1dG basal levels and, more importantly, 6-0xo-M1dG. In
support of this hypothesis, M1dG levels in the nucleus of RAW264.7 cells were found to be
higher basally than those in RKO, HEK293, or HepG2 cells exposed to adenine propenal.
The most interesting result in the RAW264.7 macrophages was that M;dG was oxidized to
6-0x0-M1dG endogenously in the nucleus. This is an important finding, as it means that

Chem Res Toxicol. Author manuscript; available in PMC 2016 August 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wauchope et al.

Page 9

exogenous adenine propenal was not required in the RAW264.7 macrophages to generate
high levels of M1dG and that lower levels of genomic M1dG were susceptible to oxidation.

The studies described in this article demonstrate, for the first time, the oxidation of M1dG to
6-0x0-M1dG in genomic DNA. Our laboratory has shown that 6-oxo0-M1dG is produced
endogenously in rodents and is excreted in the urine and feces.37 In that study, it was
assumed that the excreted 6-0x0-M;dG was derived exclusively from oxidation of the free
M1dG nucleoside following NER. However, the present data suggest another possibility,
namely, that excreted 6-0xo0-M1dG is formed in DNA and subsequently repaired to yield the
adduct. There is precedent for the oxidation of M1dG in DNA. A recent report showed that
the DNA repair enzyme AlkB, an a-ketoglutarate/Fe(11)-dependent dioxygenase, was
capable of oxidizing M1dG in DNA /n vitroto a series of hydroxylated derivatives,
ultimately leading to deoxyguanosine.38 However, 6-0x0-M;dG was not among the profile
of products, and none of the hydroxylated derivatives identified in that study was observed
in the investigations conducted here. Thus, 6-0x0-M1dG formation likely occurs through the
action of a different enzyme and/or mechanism.

The possibility exists that formation of 6-0x0-M1dG plays an important role in the
deleterious consequences on cellular health attributed to M1dG. The previously observed /in
vivo mutagenic impact of M1dG may actually be due to 6-oxo-MdG, as data shown in this
study indicate that M1dG is oxidized at a faster rate than its removal by NER. Alternatively,
6-0x0-M1dG might be a detoxication product of M1dG. Consequently, it is evident that to
completely appreciate the mutagenic impact of M1dG it is first important to understand the
implications of its conversion to 6-0x0-M1dG as well as its subcellular levels.
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Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

M1dG 3-(2-deoxy-B-D-erythro-pentofuranosyl)pyrimido[1,2-
a]purin-10(3H)-one

6-0x0-M 1dG 3-(2-deoxy-B-D-erythro-pentofuranosyl) pyrimido[1,2-
flpurine-6,10(3H,5H)-dione

MDA malondialdehyde

LC-MSMS liquid chromatography-tandem mass spectrometry

SRM selected reaction monitoring
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Figure 1.
Formation of M1dG from MDA and base propenal and the oxidation of M1dG to 6-oxo-
M1dG.
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(A) Representative LC-MS/MS chromatogram showing selected reaction monitoring (SRM)
for both M1dG (black) and 6-ox0-M1dG (red) from a digested double-stranded
oligonucleotide in the absence of adenine propenal treatment. (B) Representative LC-
MS/MS chromatogram showing SRM of M;dG from a digested double-stranded
oligonucleotide after treatment with adenine propenal. M1dG (black) was detected with the
following transition, m/z304 —188, corresponding to the cleavage of the glycosidic bond
and neutral loss of the deoxyribose moiety (=116 Da). No 6-ox0-M1dG was detected. (C)
Representative LC-MS/MS chromatogram showing SRM of M1dG and 6-0x0-M1dG of a
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digested double-stranded oligonucleotide after treatment with adenine propenal and RKO
nuclear extract. Visible are peaks for M1dG (black) and 6-0xo-M1dG (red). 6-Oxo-M1dG
(red) was detected with the following transition, /m/z320 — 204, corresponding to the
cleavage of the glycosidic bond and neutral loss of the deoxyribose moiety (=116 Da).
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Figure 3.

Quantification of the conversion of M1dG in a single-stranded (ss) or double-stranded (ds)
oligonucleotide to 6-0x0-M1dG by a control (no heat) or denatured (heat) RKO nuclear
extract. Data represent the mean = SD of triplicate determinations.
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Figure 4.
M1dG and 6-0x0-M1dG levels in RKO cells after treatment with adenine propenal (400 M)

for the indicated times. Data are shown for vehicle-treated (black) and adenine propenal-
treated (gray) cells and indicate levels of M1dG (A) and 6-0x0-M1dG (B) in the nucleus.
Data represent the mean + SD of triplicate determinations.
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Figureb.
M1dG and 6-oxo0-M1dG levels in synchronized RKO cells after treatment with adenine

propenal for 1 h followed by incubation for the indicated times. Data are shown for vehicle
treated (black) and adenine propenal-treated (gray) cells and indicate levels of M1dG (A)
and 6-0x0-M1dG (B) in the nucleus. Data represent the mean + SD of triplicate
determinations. The data shows that during the first 3 h following adenine propenal
treatment M1dG levels declined by approximately 10%, whereas a 73% decline was
observed between the 3 and 24 h time points. An almost equivalent (80%) increase in the
levels of 6-0x0-M1dG was seen between the 3 and 24 h time points.
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Figure 6.

Representative LC-MS/MS chromatogram showing SRM of natural nucleosides as well as
M1dG and 6-0x0-M1dG from digested nuclear DNA following treatment with 400 1M
adenine propenal in RKO cells. Nucleosides were detected following the loss of the
deoxyribose sugar.
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Figure7.
M1dG and 6-oxo0-M1dG levels in synchronized HEK293 cells after treatment with adenine

propenal for 1 h followed by incubation for the indicated times. Data are shown for vehicle-
treated (black) and adenine propenal-treated (gray) cells and indicate levels of M1dG (A)
and 6-0x0-M1dG (B) in the nucleus. Data represent the mean + SD of triplicate
determinations. The data shows that during the first 3 h following adenine propenal
treatment M1dG levels declined by approximately 20%, whereas a 73% decline was
observed between the 3 and 24 h time points. An almost equivalent (80%) increase in the
levels of 6-0x0-M1dG was seen between the 3 and 24 h time points.
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Figure8.
M1dG and 6-0x0-M1dG levels in synchronized HepG2 cells after treatment with adenine

propenal for 1 h followed by incubation for the indicated times. Data are shown for vehicle-
treated (black) and adenine propenal-treated (gray) cells and indicate levels of M1dG (A)
and 6-0x0-M1dG (B) in the nucleus. Data represent the mean + SD of triplicate
determinations. The data shows that during the first 3 h following adenine propenal
treatment M1dG levels declined by approximately 21%, whereas a 73% decline was
observed between the 3 and 24 h time points. However, only half of the loss of M1dG was
accounted for by the formation of 6-oxo-M;dG.
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Figure9.
Endogenous M;dG and 6-0x0-M;dG levels in synchronized RAW264.7 macrophages

measured after culture for the indicated times without adenine propenal treatment. Data
indicate levels of M1dG (A) and 6-0xo-M1dG (B) in the nucleus. Levels of M1dG and 6-
0x0-M1dG remained constant and did not change over the 24 h incubation. Data represent
the mean + SD of triplicate determinations.
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