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Abstract

The oxidation products obtained from the reaction of peroxynitrite (ONOQO™) with dG include -
among others - 8-0x0-7,8-dihydro-2’-deoxyguanosine (8-oxodG), 2,2-diamino-4[(2-deoxy-p-D-
erythro-pentafuranosyl)amino]-5(2H)-oxazolone (oxazolone), spiroiminodihydantoin and N-(B-D-
erythro-pentofuranosyl)-5-guanidinohydantoin (guanidinohydantoin). In the present work, the
formation of these products from the treatment of calf thymus DNA with varying amounts of
ONOO™ was studied quantitatively in vitro. 13C-, 15N-labeled standards were synthesized for the
nucleosides of interest, and calf thymus DNA was reacted with ONOO™ and digested enzymatically
down to the nucleoside level. Specific modifications in the DNA were measured by HPLC separation
followed by electrospray ionization tandem mass spectrometric analysis in the selected reaction-
monitoring mode. Artifacts of the above four oxidation products, arising from oxidation of dG and/
or 8-0x0dG during DNA digestion and subsequent work-up, were evaluated with 7-1°N-dG and/or
stable-isotope labeled 8-oxodG as internal standards. Levels of artifactual 8-oxodG were about
5/108 nucleosides. The artifacts of spiroiminodihydantoin and guanidinohydantoin, arising from 8-
oxodG, were 3.7% and 0.6% of the measured 8-oxodG values, respectively. No artifacts of oxazolone
were detected. 8-OxodG and oxazolone were formed dose-dependently in DNA treated with
ONOO™, while the levels of spiroiminodihydantoin and guanidinohydantoin increased significantly
at low ONOO™ doses, and then dropped off at higher ONOO™ doses. The complexity of these dose-
response relationships is likely due to the dual role of peroxynitrite as both an oxidant and a
nucleophile in competition with water.
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Introduction

Peroxynitrite (ONOQ™) is a powerful oxidizing agent formed by the diffusion-controlled
reaction of nitric oxide with superoxide (1,2). Inflammatory cells such as neutrophils and
macrophages, which are capable of simultaneously producing nitric oxide and superoxide, can
therefore generate ONOQ™ in vivo. In chronic inflammatory states, these cells can overproduce
ONOO™ over prolonged periods of time, and excess ONOO™ formation has been implicated
in a number of pathological conditions such as rheumatoid arthritis and neurodegenerative
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diseases (2-4) as well as in increased cancer risk (5). In addition to reacting with a number of
cellular substrates, ONOO™ reacts with DNA, resulting in both sugar (6—8) and nucleobase
damage. Of the four DNA bases, guanine, with the lowest oxidation potential, is the most
reactive (9—11). Major oxidation products arising from the reaction of dG with ONOO™ include
8-0xodG (12-14) oxazolone, and its precursor, imidazolone (15,16) (Scheme 1). In addition,
8-0xo0dG is at least 1000 times more reactive toward ONOO™ than is dG (17), resulting in the
formation of secondary oxidation products such as oxazolone (18), spiroiminodihydantoin
(13), and guanidinohydantoin(19) (Scheme 1). These four DNA oxidation products are all pro-
mutagenic. 8-OxodG is a well-known DNA oxidation product, and has been shown to cause
G — T transversions in both prokaryotic and eukaryotic cells (20-22). The mutagenic potential
of oxazolone following DNA synthesis in vitro suggests that the formation of oxazolone in
DNA mainly leads to G — T and to some extent G — C transversions (23). The replication of
oxazolone-containing DNA in E. coli, also predominantly produces G — T transversions
(24) and oxazolone has also been shown to constitute a blocking lesion during DNA synthesis
(23) in vitro. The frequencies of the G — T transversions for oxazolone were found to be
notably high (95 %) in comparison to the low mutation frequency (7%) of 8-oxodG (24). Both
diastereoisomers of spiroiminodihydantoin have been shown to be strong inhibitors of DNA
polymerase extension in E.coli cells, causing a mixture of G — T and G — C transversions
(24). The mutation frequency for spiroiminodihydantoin is at least an order of magnitude higher
than that for 8-oxodG (25). Guanidinohydantoin is also a highly mutagenic lesion and causes
exclusive G — C transversions (25). To assess the formation profile of these highly mutagenic
lesions in vitro, the current work focused on the qualitative as well as quantitative formation
of 8-oxodG, oxazolone, guanidinohydantoin, and spiroiminodihydantoin in calf thymus DNA
treated with ONOO™ (bolus), and we now report quantitation, by isotope-dilution-HPLC-
tandem mass spectrometry, of these modifications.

Materials and methods

The uniformly 13C, 15N labeled dGTP (13C and 1°N > 98%) was obtained from Cambridge
Isotope Laboratories (Andover, MA). The syntheses of 1,2,7-1°N3-8-0x0dG and 3,7,8-1°N5-
N1-(-D-erythro-pentofuranosyl)-5-guanidinohydantoin have been reported (26). NAP-10
DNA desalting columns were purchased from Amersham Pharmacia Biotech (Piscataway, NJ).
Nuclease P1 and white-potato acid phosphatase were obtained from Calbiochem (San Diego,
CA). Snake-venom phosphodiesterase (type ), bovine spleen phosphodiesterase (type I1),
alkaline phosphatase and calf thymus DNA were from Sigma (St. Louis, MO). Stock solutions
of ONOO™ were prepared from ozone and sodium azide as described earlier (27) and stored at
—80 °C until needed. 7-1°N-dG was a generous gift from Dr. T. M. Harris of Vanderbilt
University. Microcon YM-10 centrifugal columns were purchased from Millipore (Bedford,
MA). All other chemicals, reagents and solvents were purchased from Sigma-Aldrich, EM
Science and other chemical distributors. UV/Vis measurements were made on an HP8452
diode-array spectrophotometer (Agilent Technologies, Palo Alto, CA). HPLC analyses were
carried out on an Agilent 1100 Series HPLC system with binary pumps, a degasser, an auto-
injectorand a diode array detector. Quantitative LC-MS/MS analyses were conducted on an
Agilent 1100 HPLC pump system interfaced with an Sciex API 3000 tandem quadrupole mass
spectrometer (Applied Biosystems, Framingham, MA). ESI-MS experiments for recoveries,
isotopic purities, and structure confirmations were done on an Agilent (Palo Alto, CA) MSD-
TOF.

Synthesis of labeled standards

1. 13C, 15N labeled dG—The uniformly 13C, 15N labeled dGTP (0.5 mg) was dissolved in
water and incubated with 1 unit of alkaline phosphatase (in a 10 x alkaline phosphatase buffer)
at 37 °C for 2 h. The enzyme was removed by centrifugation on a Microcon YM-10 column.
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Conversion of the labeled dGTP to the corresponding labeled dG was complete. The labeled
dG was purified by HPLC using a 250 x 2.1 mm, 5 um Supelcosil LC-18-DB column (Supelco,
Bellafonte, PA). The mobile phase consisted of 50 mM ammonium acetate (A) and acetonitrile
(B) with a gradient of 0-32% B over 40 min at a flow rate of 0.25 mL/min (dG retention time
14.0 min).

2.13C, 15N labeled 8-0x0dG—13C, 15N labeled 8-0xodG was synthesized from the
uniformly 13C, 15N labeled dG as described by Kasai and Nishimura (28). Labeled 8-0x0dG
was formed as a minor product and purified by HPLC using a 250 x 4.6 mm, 5 um Columbus
C18 column (Phenomenex, Torrance, CA). The mobile phase described above was delivered
as a gradient of 0-20% B over 40 min at a flow rate of 1 mL/min (retention times: labeled dG,
18.0 min, labeled 8-0x0dG, 19.6 min, see supporting information Figure 1; ESI-MS of labeled
8-o0xodG: m/z 299.0 [M+H]* and m/z 177.9 [BH+H]*, see supporting information Figure 2).

3.13¢, 15N labeled oxazolone—A mixture of the labeled dG (500 uM) and riboflavin (100
uM) in water was irradiated with visible light for 40 min (29). The reaction mixture was purified
by HPLC using a 250 x 4.6 mm, 5 um Synergi Hydro RP column (Phenomenex, Torrance,
CA) with UV detection wavelengths at 230 nm and 320 nm. The mobile phase was water (A)
and acetonitrile (B) with a gradient of 100 % A for the first 15 min and then a ramp to 30% B
over 10 min at a flow rate of 1.0 mL/min (imidazolone retention time 12.7 min). The fraction
eluting between 12 and 13 min was collected and incubated at 37 °C overnight to form
oxazolone (see supporting information Figure 3). The resulting solution was freeze-dried to
give labeled oxazolone (ESI-MS: m/z 259.1 [M+H*]*, m/z 214.0 [M+H*-CO;]*, 138.0 [BH
+H*1*, 122.1 [M+H*-137]%, see supporting information Figure 4).

4.13C, 15N labeled spiroiminodihydantoin—Irradiation of an aerated D,O solution of
the uniformly 13C, 1°N labeled dG (200 uM) and methylene blue (100 uM) with visible light
for 4 h resulted in the formation of the corresponding spiroiminodihydantoin (13,30,31). The
reaction mixture was purified by HPLC using a 50 x 2.0 mm, 5 um, Luna amino column
(Phenomenex, Torrance, CA). The mobile phase was 50 mM ammonium acetate (A) and
acetonitrile (B) delivered isocratically (75% B and 25% A) at 0.2 mL/min (two
diastereoisomers of spiroiminodihydantoin retention times at 20.0 and 23.0 min, see supporting
information Figure 5; ESI-MS: m/z 315.1 [M+H*]*, m/z 194.0 [BH+H*]*, m/z 122.1 [M
+H*-193]*, see supporting information Figure 6).

Molar extinction coefficients for spiroiminodihydantoin and oxazolone

3H-dG was used as the starting material for the syntheses of 3H-oxazolone and 3H-
spiroiminodihyantoin according to procedures described above. The specific activity of dG
was determined by scintillation counting (0.77 mCi/mmol), and purified 3H-oxazolone

and 3H-spiroiminodihyantoin were used for determination of the molar extinction coefficients.

Reaction of Calf Thymus DNA with ONOO~

Concentrations of the ONOO™ stock solutions were determined for serial dilutions with 0.1 N
NaOH by measuring the absorbance at A = 302 nm (¢ = 1670 M~ cm™1) (32). Calf thymus
DNA (2230 ng) was dissolved in 1900 uL of potassium phosphate (150 mM) and sodium
bicarbonate (25 mM) (pH 7.2). The guanine content in this solution was calculated to be ~
1100 pM. The solution was divided into aliquots (100 pL) and each aliquot was diluted to 400
uL with potassium phosphate/sodium bicarbonate buffer (guanine content ~ 275 uM). Varying
amounts of the ONOO™ stock solution were added to the buffered DNA solution followed by
rapid vortexing for 1 min. The samples were left at room temperature for 1 hour and then
desalted by passing through NAP-10 columns. Recovery of the DNA was over 90% as
determined by UV/Vis spectroscopy. In control experiments, calf thymus DNA treated with a
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deactivated ONOO™ solution was assayed under the same conditions to determine the basal
levels of the four nucleosides of interest. The treatment of calf thymus DNA with ONOO™ at
each dose was carried out in duplicate.

Enzymatic digestion of calf thymus DNA and HPLC purification of 8-oxodG,
spiroiminodihydantoin, guanidinohydantoin and oxazolone

The protocols for enzymatic digestion of calf thymus DNA prior to analysis for 8-oxodG,
spiroiminodihydantoin, and guanidinohydantoin, were similar except that the metal chelator
desferrioxamine was added (0.1 mM) to the digestion buffer in the analysis of 8-oxodG in order
to minimize artifactual formation of that analyte. Typically, calf thymus DNA (117 ug) was
digested by incubation with 10 units of nuclease P1 in a mixture of 150 uL of H,0, 25 pL of
NaOAc (1 M, pH 5.1), and 20 uL of ZnCl, (2 mM). A known amount of 13C, 15N labeled 8-
0x0dG, spiroiminodihydantoin, or 3,7,8-1°N3-5-guanidinohydantoin was added to each DNA
sample before the digestion. The samples were incubated at 37 °C overnight followed by the
addition of 25 uL of sodium carbonate buffer (1 M, pH 9.2), snake venom phosphodiesterase
(0.02 units), and alkaline phosphatase (4 units). The resulting mixture was incubated for 7 h
at 37 °C. Since oxazolone is base-labile, the enzymatic digestion of DNA for the analysis of
this compound was carried out under acidic conditions. Typically, calf thymus DNA (117 pg)
was digested by incubation with 10 units of nuclease P1 and 1 unit of white-potato acid
phosphatase in a mixture of 150 uL of H»0, 65 pL of NaOAc (1 M, pH 5.1), and 50 pL of
ZnCl, (2 mM). A known amount of 13C, 15N labeled oxazolone was added to each DNA sample
before the digestion. After incubation at 37 °C overnight, the enzymes in the digestion mixture
were removed with Microcon YM-10 centrifugal columns. The filtrate was then concentrated
by freeze-drying. DNA oxidation products typically require some prepurification and
concentration in order to maximize sensitivity and minimize the likelihood of coeluting
interferences. Purification of 8-oxodG was performed using a 50 x 2.1 mm, 5 um Zorbax
Eclipse XDB-C18 column (Agilent Technologies, Palo Alto, CA). The mobile phase was 50
mM ammonium acetate (A) and acetonitrile (B) with a gradient of 0-15% B over 40 min at a
flow rate of 0.2 mL/min (8-0xodG retention time at 7.0 min; see supporting information Figure
7). Purification of spiroiminodihydantoin was performed using a 50 x 2.0 mm, 5 um, Luna-
amino column (Phenomenex, Torrance, CA). The mobile phase was 50 mM ammonium acetate
(A) and acetonitrile (B) as an isocratic mixture of 75% B and 25% A at 0.2 mL/min
(spiroiminodihydantoin retention time at 20.4 and 23.2 min, see supporting information Figure
8). Guanidinohydantoin was prepurified using a 4.6 x 250 mm, 5 uM Zorbax Eclipse XDB
C18 column with 100% 0.1% TFA in water at a flow rate of 0.4 mL/min. The HPLC fractions
containing guanidinohydantoin were concentrated and further purified on a Thermosil-
Keystone 3.0 x 100 mm, 5 uM Hypercarb column (Phenomenex, Torrance, CA), with 0.1%
TFA in water (A) and acetonitrile (B) delivered as a gradient of 0-9% B over 15 min at 0.4
mL/min. Oxazolone was purified on a Thermosil-Keystone Hypercarb column (100 x 2.1 mm,
3 um) using water (A) and acetonitrile (B) as a gradient of 0-30% B over 45 min at a flow rate
of 0.2 mL/min (oxazolone retention time at 14.8 min, see supporting information Figure 9).
The HPLC fractions containing 8-0xodG, spiroiminodihydantoin, guanidinohydantoin or
oxazolone were collected and concentrated by freeze-drying.

Artifacts of 8-oxodG formed by oxidation of dG during DNA digestion and work-up

Untreated calf thymus DNA (145.6 pg) was digested as described above in the presence of 75
nmol of 7-15N-dG and 62.4 pmol of 1,2,7-1°N3-8-0x0dG as internal standards along with
desferrioxamine (0.1 mM). 8-OxodG was purified by HPLC on a 4.6 x 250 mm, 5 um Zorbax
XDB-C18 column. The mobile phase consisted of water (A) and acetonitrile (B); 0-7% B over
28 min at a flow of 0.8 mL/min. Fractions containing 8-oxodG (between 23.8 and 25.4 min)
and dG/7-1°N-dG (between 20.6 and 22 min) were collected and concentrated.
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Artifacts of spiroiminodihydantoin, guanidinohydantoin, and oxazolone from oxidation of 8-
OxodG during DNA digestion and work-up

Untreated calf thymus DNA (145.6 pg) was digested as described above in the presence of
desferrioxamine (0.1 mM), and 7-1°N-dG (75 nmol). In measuring the artifacts of
spiroiminodihydantoin and oxazolone, 62.4 pmol of 1,2,7-1°N3-8-0x0dG and 126.5 pmol of
the uniformly 13C, 15N labeled spiroiminodihydantoin or 62.4 pmol of 1,2,7-15 13C, 15N
labeled oxazolone were N3-8-0xodG and 86.4 pmol of the uniformly added to DNA before the
digestion. For guanidinohydantoin, 62.4 pmol of the uniformly 13C, 15N labeled 8-oxodG and
40.2 pmol of 3,7,8-1°N3-5-guanidinohydantoin were added to DNA before the digestion.
Purification of 8-oxodG and dG/7-1°N-dG from the digestion mixture was accomplished as
described above. The HPLC fraction between 0-6 min on the 4.6 x 250 mm, 5 um Zorbax
XDB C18 column was collected for spiroiminodihydantoin, guanidinohydantoin, or oxazolone
and freeze-dried. This fraction was further purified on a 3.0 x 150 mm, 5 um Thermo-Keystone
Hypercarb column; ammonium acetate (10 mM, pH 7.0: A) and acetonitrile (B) delivered from
0-18.7% B over 28 min at 0.2 mL/min. Fractions containing spiroiminodihydantoin (retention
times of 14 and 16 min), guanidinohydantoin (retention time at 18 min), and oxazolone
(retention time of 21 min) were collected and freeze-dried.

LC-MS/MS analysis of 8-o0xodG, spiroiminodihydantoin, oxazolone, and guanidinohydantoin

The dried samples containing 8-oxodG, oxazolone, spiroiminodihydantoin or
guanidinohydantoin and their corresponding isotopomers were dissolved in appropriate
solvents: 8-oxodG in 50 MM ammonium acetate, spiroiminodihydantoin and oxazolone in 3:7
and 3:2 acetonitrile/water mixtures, respectively, and guanidinohydantoin in water. An aliquot
of each sample was analyzed by HPLC-ESI-MS/MS using an Agilent 1100 series HPLC system
interfaced with an API-Sciex 3000 triple quadrupole mass spectrometer equipped with either
a TurbolonSpray ™ source or, for the analysis of guanidinohydantoin, a nanoelectrospray
ionization source. Chromatographic isolation of 8-oxodG was achieved using a 50 x 2.1 mm,
5 um C18 Zorbax Eclipse XDB-C18 column, using 50 mM ammonium acetate (A) and
acetonitrile (B) delivered from 0 to 15% B over 40 min at 0.2 mL/min. Oxazolone and
spirominodihydantoin were separated on a 4.6 x 75 mm, 5 um Zorbax XDB-C18 column, with
a mobile phase of 0.1% acetic acid in water (pH 4.5) (A) and acetonitrile (B) delivered
isocratically (40% A and 60% B) at 0.3 mL/min. Guanidinohydantoin was isolated ona 15 cm
PicoFrit™ capillary column (360 M OD x 75 uM 1D) (New Objective, Woburn, MA) packed
with Alltech C18 (5 uM). The mobile phase - 0.4% acetic acid in water (A) and 0.4% acetic
acid in acetonitrile (B) - 97:3, respectively - was delivered at 90 nL/min. The mass spectrometer
was operated in the positive ion mode, with all instrument paramenters optimized for maximum
sensitivity. Samples were analyzed in the selected reaction-monitoring (SRM) mode, which
monitors collision-induced dissociation of a precursor ion to an abundant characteristic product
ion. The analyses monitored the transitions of m/z 284 — m/z 168, m/z 285 — m/z 169, and
m/z 287 — m/z 171 (or m/z 299 — m/z 178) for 8-0x0dG, 7-1°N-8-ox0dG, 1,2,7-1°N3-8oxo-
dG (or the uniformly 13C, 15N labeled 8-oxodG), respectively (see supporting information
Figure 10). Transitions of m/z 247 — m/z 131, m/z 249 — m/z 133 and m/z 259 — m/z 138
were monitored for oxazolone, 2,2-1°N,-oxazolone (from oxidation of 1,2,7-1°N3-8-0x0dG)
and the uniformly3C,15N labeled oxazolone (see supporting information Figure 11).
Transitions of m/z 300 — m/z 184, — m/z 303 — m/z 187, and m/z 315 — m/z 194 were
monitored for spiroiminodihydantoin, 1° N3-spiroiminodihydantoin (from oxidation of
1,2,7-115N3-8-0x0dG), and the uniformly 13C, 15N labeled spiroiminodihydantoin (see
supporting information Figure 12 and 13). Transitions of m/z 274 — m/z 158, m/z 288 — m/
z 167, and m/z 277 — m/z 161 were monitored for guanidinohydantoin, the

uniformly 13C, 15N labeled guanidinohydantoin (from oxidation of the uniformly 13C, 15N
labeled 8-0x0dG) and 3,7,8-1°N3-5-guanidinohydantoin (see supporting information Figure
14). Calibration curves for the labeled and unlabeled forms of each of the four DNA oxidation
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products were constructed by plotting the SRM signal ratios between the labeled and unlabeled
forms against their corresponding concentration ratios. Quantitation of 8-oxodG, oxazolone,
spiroiminodihydantoin, and guanidinohydantoin in each sample was achieved using the SRM
signal ratio between analyte of interest and its isotope labeled internal standard and the response
curve.

The limit of detection of 8-0xodG, oxazolone, spiroiminodihydantoin or guanidinohydantoin
was measured by adding a known amount of the corresponding labeled nucleoside to DNA.
Typically, 200 femtomol of the labeled nucleoside was added to 117 pg of untreated DNA (the
level of the labeled nucleoside is 5.6 nucleosides/107 nucleosides). DNA was digested to the
nucleoside level. The labeled nucleoside was purified by HPLC and analyzed by LC-MS/MS
as described above. For each labeled nucleoside, the signal-to-noise ratio e was ~ 10. The limit
of detection was ~ 1 nucleoside/107 nucleosides with a signal to noise ratio of 2. Assuming a
response ratio of ~ 1 between signals of the unlabeled and the labeled nucleosides in the SRM
mode, the limit of detection of each oxidation product (the unlabeled nucleoside) would also
be ~1 nucleoside/107 nucleosides.

dG from DNA digestion

The amount of dG in the HPLC fraction containing 7-1°N-dG and dG from DNA digestion
was measured by nano-LC-ESI-MS/MS on a capillary C18 column at a flow rate of 120 nL/
min. The mobile phase was an isocratic mixture of 0.4% acetic acid in water (A) and 0.4%
acetic acid in acetonitrile (B) at 97% A and 3% B. SRM transitions of 268 152 and 269 153
were used to measure dG and 7-1°N-dG, respectively. The amount of dG in each sample was
calculated from the response curve obtained from the SRM signal ratios between dG and
7-15N-dG and their corresponding concentration ratios.

8-Ox0dG and spiroiminodihydantoin in DNA digested with different enzymes

Results

Untreated calf thymus DNA was digested with enzymes in various combinations:nuclease P1
and white potato acid phosphatase, nuclease P1, phosphodiesterase | and alkaline phosphatase,
phosphodiesterase | (5’-exo digestion) and alkaline phosphatase, phosphodiesterase 11 (3’-exo
digestion) and alkaline phosphatase (33). The uniformly 13C, 15N labeled
spiroiminodihydantoin and 1,2,7-1°N-8-oxodG were added to DNA before the digestion.
Spiroiminodihydantoin and 8-oxodG were purified and quantitated as described above.

We studied the formation in vitro and quantitation of four important DNA damage products -
8-0x0dG, oxazolone, spiroiminodihydantoin, and guanidinohydantoin - arising from treatment
of calf thymus DNA with ONOQO™ via bolus addition. To ensure reliable quantitation, we
synthesized 13C, 15N labeled standards for each of the four analytes (26). Calf thymus DNA
was reacted with ONOO™, desalted, and digested down to the nucleoside level using a cocktail
of enzymes. The presence of a particular oxidation product in the ONOO™ treated DNA was
determined by HPLC purification followed by LC-MS/MS analysis in SRM mode. The
optimized HPLC-ESI-MS/MS conditions allowed detection at femtomole levels (on-column)
for all four oxidation products.

Analysis of 8-oxodG

The uniformly 13C, 15N labeled 8-oxodG was synthesized with a 10% yield. Its identity was
confirmed by its characteristic UV spectrum (Amax= 248 and 292 nm) and by ESI-MS, which
gave a protonated molecule at m/z 299 ([M+H*]*). Two fragment ions were observed, at m/z
122 ([M+H*-178]) and m/z 178 ([BH+H]*), corresponding to the protonated 13Cs-deoxyribose
and 13C5, 15N5-8-oxoguanine(see supporting information Figure 2). The amount of 8-oxodG

Chem Res Toxicol. Author manuscript; available in PMC 2008 August 28.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yuetal.

Page 7

formed in calf thymus DNA treated with 0, 0.011, 0.022, 0.055, 0.11, 0.22, 0.55, 1.1, 2.2 and
4.4 umol of ONOO™ (corresponding to 0, 0.1, 0.2, 0.5, 1, 2, 5, 10, 20 and 40 equivalents of the
guanine content in DNA) was determined by HPLC-MS/MS. To minimize formation of 8-
oxodG from metal-catalyzed oxidation of dG during the DNA digestion and work-up, 0.1 mM
of desferrioxamine, a metal chelator, was added to the digestion mixture (34). To evaluate its
effectiveness, 75 nmol of 7-15N-dG (~ the same amount as dG obtained from complete
digestion of 117 pg of DNA) was added to DNA before the digestion. The labeled dG served
two purposes, i.e., 1.) as an internal standard for LC-MS/MS analysis of dG, and 2.) to calculate
the amount of 8-oxodG that formed adventitiously from dG during the overall experiment,
assuming that 7-1°N-dG would be oxidized to the same extent as dG during DNA digestion
and work-up. During the MS/MS analysis of 8-oxodG, SRM transitions of m/z 284 — m/z 168,
m/z 285 — m/z 169, m/z 287 — m/z 171 (or m/z 299 — m/z 178) were used to quantitate 8-
ox0dG and 7-1°N-8-0x0dG with 1,2,7-1°N3-80ox0-dG (or the uniformly 13C, 15N labeled 8-
0x0dG) as the internal standard (supporting information Figure 10). The presence of a
significant amount of the m/z 285 — m/z 169 transition demonstrated that 7-1°N-dG was
oxidized to 7-1°N-8-oxodG during the digestion and work-up despite the presence of
desferrioxamine in the digestion mixture, suggesting in turn that artifactual oxidation of dG to
8-0xodG also occurred. The amount of dG obtained from DNA digestion was quantitated using
LC-MS/MS with 7-1°N-dG as the internal standard. SRM transitions of m/z 268 — m/z 152
and m/z 269 — m/z 153 were used to measure dG and 7-1°N-dG, respectively. With the molar
ratio between dG and 7-15N-dG and the amount of 7-15N-8-oxodG known, the artifactual 8-
oxodG was calculated according to the equation: 8-oxodG artifacts = 7-1°N-8-oxodG * molar
ratio (dG/7-1°N-dG); this amounted to approximately 5 8-0xodG/106 nucleosides. There is
some uncertainty with respect to this value due to the contribution of the 13C isotope peak from
the unlabeled 8-0xoG to the monoisotopic 12C signal from the labeled standard. Since this
effect would be at most about 6% for a 1:1 mixture of the two compounds (1.1% 13C for each
of the 5 carbons in the fragment ion), we did not apply a correction. The amount of authentic
8-0xo0dG in calf thymus DNA resulting from ONOO™ treatment was calculated by subtracting
the artifacts from the measured 8-oxodG values. The overall trend for the formation of 8-oxodG
was dose-dependent except at 5 equivalents of ONOO™, at which the 8-oxodG level was lower
than for either 2 equivalents or 10 equivalents of ONOO™ (Figure 1).

Analysis of oxazolone

The uniformly 13C, 15N labeled oxazolone and 3H-oxazolone were synthesized as described
in materials and methods. Their identities were confirmed by their UV spectra (A max=232 nm)
and by comparing their HPLC retention times to that of the unlabeled oxazolone. ESI-MS of
the uniformly 13C, 15N labeled oxazolone gave the [M+H]* ion at m/z 259 along with
diagnostic fragment ions at m/z 214 ([M-CO,+H]*), m/z 138 (protonated 13C3, 15N 4-oxazolone
base) and m/z 122 (protonated 13Cs-deoxyribose). The molar extinction coefficient for the
oxazolone nucleoside was measured at 0.009 M1 cm™1 (lambda; ,3x=232 nm in water).
Artifacts of oxazolone formed from oxidation of 8-oxodG during the DNA digestion and work-
up were evaluated by adding 1,2,7-1°N3-80oxodG to calf thymus DNA before the digestion and
by monitoring the transitions of m/z 247 — m/z 131 (oxazolone), m/z 249 — m/z 133
(2,2-15N,-oxazolone), and m/z 259 — m/z 138 (the uniformly 13C, 15N labeled oxazolone)
during the MS/MS analysis (supporting information Figure 11). Only the transition
corresponding to the internal standard (m/z 259 — m/z 138) was observed, i.e., the background
levels of oxazolone in calf thymus DNA and the artifactual formation of oxazolone from 8-
oxodG during DNA digestion and work-up were both below the detection limit of 1 oxazolone/
107 bases. The amount of oxazolone formed in calf thymus DNA treated with 0, 0.11, 0.55,
1.1, 2.2 and 4.4 umol of ONOO™ (corresponding to 0, 1, 5, 10, 20 and 40 equivalents of the
guanine content in DNA) was determined using LC-MS/MS with the 13C, 15N labeled
oxazolone as the internal standard. That oxazolone was not detected in untreated calf thymus
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DNA also suggests that oxidation of dG to oxazolone during the DNA digestion and work-up
is relatively insignificant. Figure 2 illustrates the dose-dependent formation of oxazolone from
calf thymus DNA treated with different amounts of ONOO™.

Analysis of spiroiminodihydantoin

The 13C, 15N labeled spiroiminodihydantoin and 3H-spiroiminodihydantoin were synthesized
as described in materials and methods. Identities of the labeled compounds were confirmed by
UV spectra and HPLC retention times. ESI-MS of the 13C, 15N labeled spiroiminodihydantoin
gave a protonated molecule at m/z 315 ([M+H*]*), along with characteristic fragment ions
including m/z 194 (protonated 13Cs, 15Ns-spiroiminodihydantoin base) and m/z 122
(protonated 13Cs-deoxyribose). The molar extinction coefficient for the spiroiminodihydantoin
nucleoside was determined to be 0.0105 M~1cm™1 at & ,4=230 nm, which is over two-fold
higher than the reported value of 4.3 mM~1cm™ (31). The amount of spiroiminodihydantoin
formed in calf thymus DNA treated with 0, 0.011, 0.022, 0.055, 0.11 and 1.1 umol of
ONOO™ (corresponding to 0, 0.1, 0.2, 0.5, 1 and 10 equivalents of the guanine content in DNA)
was determined by LC-MS/MS with 128 pmol of the 13C, 15N labeled spiroiminodihydantoin
asthe internal standard. Artifacts of spiroiminodihydantoin formed from 8-oxodG during DNA
digestion and work-up were evaluated by adding 1,2,7-1°N3-8-oxodG and the

uniformly 13C, 15N labeled spiroiminodihydantoin to DNA before the digestion and by
subsequently monitoring SRM transitions of m/z 300 — m/z 184 (spiroiminodihydantoin), m/
2 303 — m/z 187 (1®Nz-spiroiminodihydantoin from oxidation of 1,2,7-1°N3-8-0x0dG), and
m/z 315 — m/z 194 (the uniformly 13C, 15N labeled spiroiminodihydantoin) (supporting
information Figure 12). There were significant SRM signals of both spiroiminodihydantoin
and 15N3-spiroiminodihydantoin. The amount 0f'°N3-spiroiminodihydantoin formed during
the digestion and work-up was 3.7 0.3 mol% of 1,2,7-15N3-8-0x0dG added to the digestion
mixture. Assuming that 8-oxodG would be oxidized to the same extent as the isotopomer, the
amount of spiroiminodihydantoin from artifactual oxidation of 8-oxodG was calculated as
artifacts = 0.037 * 8-oxodG. The authentic spiroiminodihydantoin was calculated by
subtracting the artifacts from the measured spiroiminodihydantoin values. Figure 3 depicts
spiroiminodihydantoin formed from DNA treated with differentamounts of ONOO™. Although
it was formed in a dose-dependent manner at low ONOO™ doses (ONOO™ up to 0.2 equivalent
of guanine content in DNA), its formation dropped significantly at higher ONOO™ doses.

Analysis of guanidinohydantoin

Synthesis of 3,7,8-1°N3-5-guanidinohydantoin, starting with 1,7, NH»-19N3-2’-
deoxyguanosine, is described in detail elsewhere (26). The amount of guanidinohydantoin
formed in calf thymus DNA treated with 0, 0.011, 0.022, 0.055, 0.22 and 2.2 umol of
ONOO™ (correspondingto 0, 0.1, 0.2, 0.5, 2 and 20 equivalents of the guanine content in DNA)
was determined by LC-MS/MS with 40.5 pmol of 3,7,8-15N3-5-guanidinohydantoin as the
internal standard. Artifactual formation of guanidinohydantoin was evaluated by adding

the 13C, 15N labeled 8-0x0dG and 3,7,8-1°N3-5-guanidinohydantoin to DNA before the
digestion and by subsequently monitoring SRM transitions of m/z 274 — m/z 158
(guanidinohydantoin), m/z 288 — m/z 167 (the uniformly 13C, 15N labeled guanidinohydantoin
from oxidation of the uniformly 13C, 15N labeled 8-ox0dG), and m/z 277 — m/z 161
(3,7,8-15N3-5-guanidinohydantoin) (supporting information Figure 14). Significant amounts
of guanidinohydantoin and its 13C, 1°N isotopomer were detected. The 13C, 15N labeled
guanidinohydantoin formed during DNA digestion and work-up was 0.6 + 0.06 mol% of the
uniformly 13C, 15N labeled 8-oxodG added to DNA before the digestion. Based on the
assumption that 8-oxodG would be oxidized to the same extent as the labeled 8-0xodG in the
digestion mixture, the amount of artifactual guanidinohydantoin was calculated according to
the equation: artifacts = 0.006 * 8-oxodG, and the authentic guanidinohydantoin was calculated
by subtracting the artifacts from the measured guanidinohydantoin values. Figure 4 depicts
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guanidinohydantoin formed from DNA treated with different amounts ONOO™. As with
spiroiminodihydantoin, formation of guanidinohydantoin was dose-dependent at low
ONOO™ doses (ONOO™ up to 0.2 equivalent of total guanine in DNA) and its formation
dropped significantly to the basal level at high ONOO™ doses.

Yields of 8-oxodG and spiroiminodihydantoin from different digestion methods

Cadet, et al., reported that enzymatic hydrolysis of phosphodiester bonds between 4,8-
dihydro-4-hydroxy-8-oxo-dG (later to be corrected as spiroiminodihydantoin (13) and normal
2’-deoxyribonucleosides in oligonucleotides was inhibited with both endonucleases and
exonucleases (33). In order to evaluate the effects of various enzymes on the formation of 8-
0xodG and spiroiminodihydantoin, untreated calf thymus DNA was digested with 1.) nuclease
P1 and white potato acid phosphatase; 2.) nuclease P1, phosphodiesterase | and alkaline
phosphatase; 3.) phosphodiesterase 11 (3’-exo digestion) and alkaline phosphatase; and 4.)
phosphodiesterase | (5’-exo digestion) and alkaline phosphatase. The uniformly 13C, 15N
labeled spiroiminodihydantoin and 1,2,7-15N-8-oxodG were added to the DNA before
digestion. The results are summarized in Table 1. Surprisingly, the yields of
spiroiminodihydantoin were similar among the various enzyme combinations. The yield of 8-
oxodG from acidic digestion, however, was significantly lower than that from other enzymatic
digestion methods.

Discussion

The reaction of ONOO™ with dG yields a number of primary and secondary oxidation products
including 8-oxodG, oxazolone, spiroiminodihydantoin and guanidinohydantoin. Indications
that these four products may also be formed from oxidation of guanine base in DNA or
oligonucleotides have emerged during the past decade. 8-OxodG is a ubiquitous DNA
oxidation product both with isolated DNA and cellular DNA (35). The level of 8-oxodG has
been reported to increase dose-dependently in calf thymus DNA treated with singlet O, (36).
Oxazolone and its precursor imidazolone have been observed as oxidation products of guanine
or 8-oxoguanine in oligonucleotides and calf thymus DNA treated with Mn-TMPyP/KHSOg
(37), ONOO™ (11,18), photochemical oxidants (38-41), and y-radiation (11).
Spiroiminodihydantoin has been observed as the final oxidation product of guanine base (likely
via 8-oxoguanine) in oligonucleotides by carbonate radical anions (42) and by chromium
species (43). Guanidinohydantoin has been detected in DNA treated with peroxo-Cr(V) (44)
or in oligonucleotides containing 8-oxoguanine (45). Cadet and co-workers reported that the
levels of oxazolone and 8-oxodG increased and decreased, respectively, in calf thymus DNA
treated with ONOO™ (11). However, neither spiroiminodihydantoin nor guanidinohydantoin
in calf thymus DNA treated with ONOO™ has been reported. In this paper we describe the
identification and quantitation, by LC-MS/MS, of 8-oxodG, oxazolone, spiroiminodihydantoin
and guanidinohydantoin in calf thymus DNA following treatment with ONOQO™. Detection of
these oxidation products in vitro is a necessary first step toward profiling various ONOO™
related lesions that may be formed in vivo. Oxazolone, guanidinohydantoin and
spiroiminodihydantoin have been shown in various studies to be strong blocking and/or highly
mutagenic lesions (24,25). Future research may reveal that the increased cancer risks associated
with excess ONOO™ production can be directly linked to the formation of specific lesions in
DNA.

LC-MS/MS was chosen to detect and quantitate these DNA oxidation products because it
combines the power of on-line purification by liquid chromatography with the specificity and
sensitivity of tandem mass spectrometry. The SRM mode was used because all of the four
products share the characteristic fragmentation pattern of splitting of the N-glycosidic bond
from the pseudo-molecular ions ([M+H*]*) of the analytes. The [M+H*]* ions were selected
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in Q1, fragmented in Q2, and the protonated bases ([BH+H*]*) of the analytes were selected
in Q3. This specific and sensitive assay allowed a detection limit of 1 lesion/107 bases for all
four DNA oxidation products. All the stable-isotope labeled standards of the four DNA
oxidation products were tested to assure that no false positives were introduced by the internal
standards.

Aurtifactual formation of 8-0xodG during DNA digestion and work-up is common (46). It was
reported that the presence of desferrioxamine during digestion would greatly reduce fenton-
type oxidation of dG (47). Our results confirm that this reduction is not complete. Under our
DNA digestion and work-up conditions, artifactual 8-oxodG was about 5/10° nucleosides.
Aurtifacts of oxazolone, spiroiminodihydanotin and guanidinohydantoin could also emerge
during the DNA digestion and work-up, from oxidation of dG or 8-0xodG or both. This
possibility was assessed by LC/MS using the various SRM transitions described earlier. No
2,2-15N,-Oxazolone was detected, suggesting little or no artifactual formation of

oxazolone. 15N3-spiroiminodihydantoin and the uniformly 13C, 15N labeled
guanidinohydantoin, however, were detected at 3.7 mol% and 0.6 mol% of the corresponding
labeled 8-o0xodG, respectively. In fact, the formation of these two compounds from oxidation
of 8-oxodG during the DNA digestion and work-up, with preferential formation of
spiroiminodihydantoin at pH~7, was not surprising (31,48,49) and it is clear that care must be
taken during their analysis to avoid false positives.

The dose-response studies of the formation of 8-oxodG, oxazolone, spiroiminodihydantoin
and guanidinohydantoin in DNA treated with ONOO™ provided better understanding of the
mechanism of formation of these lesions in DNA. The basal level of 8-oxodG in calf thymus
DNA determined by us was approximately 12 8-oxoguanine/10° bases (or about 50 8-
oxoguanine/108 guanine bases), which is similar to literature values (11 8-oxoguanine/108
bases (36) or 61.6 8-oxoguanine/10° guanine bases (50). The amount of 8-0x0dG increased up
to 2 equivalents of ONOO™ treatment and then began to decrease until 10 equivalents of
ONOO™ treatment, after which it increased again in a dose-dependent fashion. This behavior
could be due to differences, at each ONOO™ dose, in the competition between the accumulation
of 8-oxoguanine from oxidation of guanine by ONOO™ and further reaction of 8-oxoguanine
with ONOO™ to its secondary oxidation products.

It was somewhat surprising that the background level of oxazolone in calf thymus DNA was
below the detection limit of 1 lesion/107 bases. Since it is a stable end-product from reaction
of dG and ONOO, its formation in a dose-dependent manner in DNA is expected, e.g., Douki
and Cadet have also shown that oxazolone is produced from the reaction of calf thymus DNA
with peroxynitrite (11).

Spiroiminodihydantoin and guanidinohydantoin, both considered as secondary oxidation
products from the oxidation of 8-oxodG (13,19,31,49), were formed in DNA in a dose-
dependent manner at low ONOO™ doses with their levels increasing up to 0.2 equivalents of
ONOO™ treatment. Their formation, however, dropped significantly at high ONOO™ doses (>
10 equivalents of ONOO™ treatment). This could be explained as follows (Scheme 2): 8-0xodG
undergoes two one-electron oxidations to a quinonoid intermediate (1). At low ONOO™ doses,
water (the predominant nucleophile) reacts with I to form 1, which then undergoes
decomposition to spiroiminodihydantoin or guanidinohydantoin. At higher ONOO™ doses,
however, ONOO™ may also act as a nucleophile and react with | to afford I11, which could then
undergo decomposition to oxazolone, oxaluric acid or cyanuric acid (19). The background
levels of spiroiminodihydantoin and guanidinohydantoin in calf thymus DNA were 12/ 106
bases and 4/10 bases, respectively, perhaps due to oxidation of pre-existing 8-oxoguanine in
DNA.
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Conclusion

In conclusion, we have quantitated 8-oxodeoxyguanosine, oxazolone, guanidinohydantoin and
spiroiminodihydantoin from peroxynitrite-treated calf thymus DNA. The formation of these
compounds demonstrates that ONOQO™ inflicts complex oxidative damage to guanine bases in
DNA in vitro and suggests that elevated concentrations of ONOO™ may induce oxidative
damage to DNA under inflammatory conditions in vivo. Efforts to detect these lesions in DNA
from tissues of mouse models of inflammation are underway.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ONOO™
peroxynitrite
dG
2’-deoxyguanosine
8-oxodG
8-0xo0-7, 8 dihydro-2’-deoxyguanosine
oxazolone
2,2-diamino-4[(2-deoxy-B-D-erythro-pentafuranosyl)amino]-5(2H)-oxazolone
imidazolone

2-amino-5-[2-deoxy-B-D-erythro-pentafuranosyl)amino]-4H-imidazol-4-one

guanidinohydantoin
NZ-(B-D-erythro-pentofuranosyl)-5-guanidinohydantoin

dGTP
2’-deoxyguanosine triphosphate
SRM
selected reaction monitoring
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Figure 1.

The amount of 8-oxodG formed in calf thymus DNA treated with 0, 0.011, 0.022, 0.055, 0.11,
0.22,0.55, 1.1, 2.2 and 4.4 umol of ONOO™ was determined by HPLC-MS/MS. To minimize
formation of 8-oxodG from metal-catalyzed oxidation of dG during the DNA digestion and
work-up, 0.1 mM of desferrioxamine, a metal chelator, was added to the digestion mixture
(34). Despite this precaution, artifactual 8-oxodG was observed, and the levels were estimated
as described earlier. The amount of authentic 8-oxodG in calf thymus DNA resulting from
ONOO™ treatment was calculated by subtracting the artifacts from the measured 8-oxodG
values. The data points represent duplicate analyses.
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Figure 2.

Formation of oxazolone in calf thymus DNA treated with 0, 275, 1375, and 2750 uM
ONOO™. Analysis was by LC-MS/MS with the 13C, 15N labeled oxazolone as the internal
standard. The data points represent duplicate analyses; the error bars fall within the data
markers. Oxazolone was not detected in untreated calf thymus DNA, suggesting that oxidation
of dG to oxazolone during the DNA digestion and work-up is relatively insignificant. The data
points represent duplicate analyses.
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Figure 3.

Formation of spiroiminodihydantoin formed in calf thymus DNA treated with varying amounts
of peroxynitrite. Quantitation was by LC-MS/MS with 13C, 15N labeled spiroiminodihydantoin
as the internal standard. Artifactual formation was evaluated by adding 1,2,7-1°N3-8-0x0dG
and uniformly 13C, 15N labeled spiroiminodihydantoin to DNA before the digestion and by
subsequently monitoring SRM transitions of m/z 300 — m/z 184 (spiroiminodihydantoin), m/
2 303 — m/z 187 (1®Nz-spiroiminodihydantoin from oxidation of 1,2,7-1°N3-8-0x0dG), and
m/z 315 — m/z 194 (the uniformly 13C, 15N labeled spiroiminodihydantoin). The data points
represent duplicate analyses.
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Figure 4.

The levels of guanidinohydantoin formed in calf thymus DNA treated with varying
guanidinohydantoin as the internal standard. Artifactual formation of guanidinohydantoin was
amounts of ONOO™ were determined by LC-MS/MS with 40.5 pmol of 3,7,8-15N3-5-evaluated
by adding the 13C, 15N labeled 8-0xodG and 3,7,8-1°N3-5-guanidinohydantoin to DNA before
the digestion and by subsequently monitoring SRM transitions of m/z 274 m/z 158
(guanidinohydantoin), m/z 288 m/z 167 (the uniformly 13C, 15N labeled guanidinohydantoin
from oxidation of the uniformly 13C, 15N labeled 8-ox0dG), and m/z 277 — m/z 161
(3,7,8-19N3-5-guanidinohydantoin). The data points represent duplicate analyses.
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Products of oxidation of dG by peroxynitrite
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Table 1
Yields of Spiroiminodihydantoin and 8-OxodG by Various Enzymatic Digestion Methods
Enzymes DNA digestion vield 8-0x0dG /10° bases| Spiroiminodi-hydantoin/10° bases|
NP1/acid phosphatase 83+ 1.5% 4+07 10+04
NP1/AP (12 h) 87 +0.3% 15+18 9+0.6
NP1/AP (24 h) 90+1% 15+ 2.0 9+0.7
phosphodiesterase | (5°-ex0)/AP 71+ 8% 12+1.7 8+0.8
phohphodiesterase 11 (3’-ex0)/AP| 36 +4% 14+19 108+12

*
AP = alkaline phosphatase, NP1= nuclease P1
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