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Abstract: The oxidation and nitration reactions in DNA associated with the combination of nitrogen dioxide
radicals with 8-oxo-7,8-dihydroguanine (8-oxoGua) and guanine radicals were explored by kinetic laser
spectroscopy and mass spectrometry methods. The oxidation/nitration processes were triggered by
photoexcitation of 2-aminopurine (2AP) residues site-specifically positioned in the 2'-deoxyribooligonucleotide
5'-d(CC[2AP]TC[X]CTACC) sequences (X = 8-oxoGua or G), by intense 308 nm excimer laser pulses.
The photoionization products, 2AP radicals, rapidly oxidize either 8-oxoGua or G residues positioned within
the same oligonucleotide but separated by a TC dinucleotide step on the 3'-side of 2AP. The two-photon
ionization of the 2AP residue also generates hydrated electrons that are trapped by nitrate anions thus
forming nitrogen dioxide radicals. The combination of nitrogen dioxide radicals with the 8-oxoGua and G
radicals occurs with similar rate constants (~4.3 x 108 M~* s71) in both single- and double-stranded DNA.
In the case of 8-oxoGua, the major end-products of this bimolecular radical—radical addition are
spiroiminodihydantoin lesions, the products of 8-oxoGua oxidation. Oxygen-18 isotope labeling experiments
reveal that the O-atom in the spiroiminodihydantoin lesion originates from water molecules, not from nitrogen
dioxide radicals. In contrast, combination of nitrogen dioxide and guanine neutral radicals generated under
the same conditions results in the formation of the nitro products, 5-guanidino-4-nitroimidazole and
8-nitroguanine adducts. The mechanistic aspects of the oxidation/nitration processes and their biological

implications are discussed.

Introduction

dihydro-2-deoxyguanosine (8-oxodGudl; = 0.74 V vs NHE,

The oxidative stress developed in response to environmentalbut less than that of 2leoxyguanosine (dGy,E; = 1.29 V vs
pollutants, chronic inflammation, and various degenerative NHE. The values of these redox potentials suggest that the
diseases generate oxidative modifications (lesions) of DNA further selective one-electron oxidation of 8-oxoGua' R,
molecules that are believed to increase the risk of malignant may be feasible even in the presence of an excess of guanine
cell transformation and the development of many human residues. Indeed, our own laser flash photolysis experiments

cancers:2 The most common DNA lesion detected in vivo is
8-oxo0-7,8-dihydroguanine (8-oxoGua), the product of a two-
electron oxidation of guanine basketThe 8-oxoGua lesion is
more easily oxidizable than any of the natural nucleic acid
base$:6 Nitrogen dioxide, one of the important and ubiquitous
free radicals in biological systenid,is a potential candidate
for the selective oxidation of 8-oxoGua residues in vivo. The
reduction potential of nitrogen dioxide;® = 1.04 V vs NHE,

is greater than the midpoint oxidation potential of 8-oxo-7,8-
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demonstrated thalNO- radicals oxidize 8-oxodGuo and do not
show any observable reactivities with any of the four normal
nucleobases in DNA! However, the direct one-electron oxida-
tion of 8-oxodGuo byNO, to generate 8-oxoGua radicals is
unsuitable for studying the reaction kinetics of the latter because
the reaction rate constant of 8-oxoGua WO, (k ~ 5 x 10°

M~1 s71) is much slower than the rate constants of the sub-
sequent chemical reactions, a situation that provides little insight
into reactivities of 8-oxoGua radicals themselves. Although the
8-0xodGuo'/8-oxodGuof-H)* radicals derived from the one-
electron oxidation of 8-oxodGuo WO, were identified by
direct time-resolved spectroscopic methétseither the rates

of their decay nor the nature of the end-products derived from
the attack of 8-oxoGua NO, radicals has been characterized.

(9) Steenken, S.; Jovanovic, S. V.; Bietti, M.; BernhardJKAm. Chem. Soc.
200Q 122 2373-2374.
(10) Steenken, S.; Jovanovic, S. ¥.Am. Chem. S0d.997 119 617-618.
(11) Shafirovich, V.; Cadet, J.; Gasparutto, D.; Dourandin, A.; Geacintov, N.
E. Chem. Res. ToxicoR00], 14, 233-241.
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Figure 1. Schematic representation of the photochemical generation of
8-oxoGua and nitrogen dioxide radicals via the two-photon photoionization
of 2-aminopurine and their subsequent combination reactions leading to
end-products in aqueous DNA solutions.

In this work, 2-aminopurine (2AP), a nucleic acid base
analogue, and 8-oxoGua have been incorporated irto 2

deoxyribooligonucleotide strands at defined sites separated byg

a TC dinucleotide stef. Intense 308 nm laser pulse excitation
of these oligonucleotides in either the single- or double-strande
forms in aqueous solutions induces a two-photon ionization of
the 2AP residues yielding 2AP radical cations and hydrated
electrons (Figure 1). Under these conditions of photoexcitation,
neither 8-oxoGua nor the four normal DNA nucleobases are
photoionizedt? The 2AP™ radicals rapidly deprotonate to yield
the neutral 2AP{£H)* radicals. Both the 2AP and 2APEH)*

Experimental Section

Materials. All chemicals (analytical grade) were purchased from
Sigma-Aldrich Fine Chemicals; #O (95% of 1%0) was from Icon
Isotopes (Summit, NJ). The oligonucleotides were synthesized by
standard automated phosphoramidite chemistry techniques. Phophora-
midites and other chemicals required for oligonucleotide synthesis were
obtained from Glen Research (Sterling, VA). To prevent the oxidation
of 8-oxoGua residues, the tritylated oligonucleotides were deprotected
overnight at 55°C in concentrated aqueous ammonia solutions
containing 0.25 M mercaptoethanol. The crude oligonucleotides were
purified by reversed-phase HPLC, detritylated in 80% acetic acid
according to standard protocols, and desalted using reversed-phase
HPLC. The integrity of the oligonucleotides was confirmed by MALDI-
TOF mass spectrometry.

Laser Flash PhotolysisThe transient absorption spectra and kinetics
of free radical reactions were monitored directly using a fully
omputerized kinetic spectrometer system7(ns response time)
escribed elsewheféBriefly, 308 nm nanosecond XeCl excimer laser

dpulses were used to photolyze the oligonucleotides in 0.25 mL

phosphate buffer solutions (5 mM, pH 7.5) containing 1 mM NaNO
and 100 mM NacCl. Before laser excitation the sample solutions were
thoroughly purged with argon to remove oxygen. The transient
absorbance was probed afpa 1 cmoptical path by a light beam from

a 75 W xenon arc lamp with its light beam oriented perpendicular to
the laser beam. The signal was recorded by a Tektronix TDS 5052
oscilloscope operating in its high resolution mode that typically allows

radicals are strong one-electron oxidants that selectively oxidize for & suitable signal/noise ratio after a single laser short.

8-oxoGua at a distand@.

The deoxygenated solutions containedN@nions that, in
the absence of £ rapidly and quantitatively scavenge the
hydrated electrons derived from the photoionization of 2AP,
thus resulting in the formation oNO, radicals!® We utilized

The second-order rate constants of the oxidative reactions initiated
by free radicals were typically determined by least-squares fits of the
appropriate kinetic equations to the transient absorption profiles obtained
in five different experiments with five different samples. The rate
constant of 8-oxoGua oxidation bNO, radicals was obtained by a
numerical analysis of the growth of the 8-oxoGué#)® transient

time-resolved spectroscopic methods to monitor the disappear-absorbance recorded at different concentrations of 8-oxoGua-containing

ance of theNO; and 8-oxoGud/8-oxoGuaf{-H)* radicals that
reacted predominantly by combining with one another. The
oxidative character of these combination reactions was con-
firmed by isolating the end-products by reversed-phase HPLC
methods and by identifying the products by MALDI-TOF/MS
and HPLC-ESI/MS methods. The major product found was the
spiroiminodihydantoin (Sp) lesiot; 18 the product of a two-
electron oxidation of the 8-oxoGua residues (Figure 1). In
contrast, the combination reactions *dfO, with the guanine
neutral radicals, GfH)*, generated the nitration products,
8-nitroguanine (8-nitroGu&} 2! and 5-guanidino-4-nitroimi-
dazole (NIm¥223 adducts as reported earl#@r?>

(12) sShafirovich, V.; Cadet, J.; Gasparutto, D.; Dourandin, A.; Huang, W.;
Geacintov, N. EJ. Phys. Chem. B001, 105 586—592.
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(21) Lee, J. M.; Niles, J. C.; Wishnok, J. S.; Tannenbaum, SChem. Res.
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Tannenbaum, S. RBiochemistry2002 41, 7508-7518.
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oligonucleotides. This analysis was performed using the PRKIN
computer programs developed by H. Schwartz at the Brookhaven
National Laboratory.

Reversed-Phase HPLCSeparation of the stable end-products was
performed on an analytical (258 4.6 mm i.d.) ACE C18 column
(MAC-MOD Analytical, Chadd Ford, PA). An-820% linear gradient
of acetonitrile in 50 mM triethylammonium acetate in water (pH 7)
was utilized for 60 min at a flow rate of 1 mL/min (detection of products
at 260 nm). The HPLC fractions were evaporated under vacuum to
remove acetonitrile, and were purified by a second HPLC cycle. The
purified adducts were desalted by reversed-phase HPLC using the
following mobile phases: 5 mM triethylammonium acetate (10 min),
deionized water (10 min), and an isocratic 50:50 acetonitrile ay@ H
mixture (15 min). They were then subjected to MALDI-TOF/MS
analysis.

MALDI-TOF/MS Assay of Oligonucleotides. The mass spectra
of the oligonucleotides were acquired using a Bruker OmniFLEX
instrument. The matrix was a 2:1 mixture of,&,6'-trihydroxy-
acetophenone methanol solution (30 mg/mL) and ammonium citrate
aqueous solution (100 mg/mL). The aliquots-@luL) of the 10 pmol/
uL desalted samples and the matrix solution were spotted on a MALDI
target and air-dried before analysis. The mass spectrometer equipped
with a 337 nm nitrogen laser was operated in the negative linear mode
(accelerating voltage 19 kV, extraction voltage 92.7% of the accelerating
voltage, ion focus 9 kV, and delay time 250 ns). Each spectrum was
obtained with an average of 5000 laser shots. The mass spectra were

(24) Shafirovich, V.; Mock, S.; Kolbanovskiy, A.; Geacintov, N.Ehem. Res.
Toxicol. 2002 15, 591-597.

(25) Joffe, A.; Mock, S.; Yun, B. H.; Kolbanovskiy, A.; Geacintov, N. E.;
Shafirovich, V.Chem. Res. ToxicoR003 16, 966—-973.

(26) Shafirovich, V.; Dourandin, A.; Huang, W.; Luneva, N. P.; Geacintov, N.
E. J. Phys. Chem. B999 103 10924-10933.
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internally calibrated by using synthetic oligonucleotides of known are indeed formed under our conditions, we verified thid,
molecular weights. radicals react with G¢H)* radicals to form the nitro products,
Oxygen-18 Isotope Labeling.The oligonucleotide samples (10  8-pitroguaniné®-2! and 5-guanidino-4-nitroimidazole addéts
nmol) in buffer solutions were evaporated to dryness and dissolved in detected by their characteristic absorption bands near 385
100uL of H2' 0. After irradiation at 9C, the spiroiminodihydantoin 3y 2425 The oligonucleotide adducts derived from the reactions
adducts were isolated and desalted by reversed-phase HPLC. Chemicag)f *NO, radicals were isolated by reversed-phase HPLC and
hydrolysis of the spiroiminodihydantoin adducts was performed using . o R ) .
a commercially available solution of hydrogen fluoride70%) in identified by MALDI-TOF/MS and HPLC-ESI/MS Fechnlques.
The DNA duplexed—3 were prepared by annealing&CC-

pyridine (HF/Pyr) as previously describ&dlhe dry adduct (33 nmol) - .
in a plastic vial was treated with 5. of HF/Pyr at 37°C for 30 min. [2AP]TCXCTACC) with either of two complementary strands,

The reaction mixture was diluted with 1 mL of water and neutralized 5-d(GGTAGCGATGG) or 5d(GCGTAG):

by a vigorous agitation with 80 mg of CaG(r'he insoluble inorganic

salts were removed by centrifugation. The sample was evaporated to 5°-d(CC[2AP]TCXCTACC)  5°-d(CC[2AP]TCXCTACC)
dryness, and traces of pyridine were removed by a repeated lyophiliza- 37-d(GG---T--AGCGATGG)  37-d(-G--T--AGCG)

tion. The final aqueous solutiom~@0 uL) was passed through a X = 8-0x0Gua (1), G (2) X = 8-0x0Gua (3)
Millipore centrifugal filter and subjected to HPLC-ESI/MS analysis.
The authentic Sp nuclebase standards were obtained by the chemical
hydrolygls (gs described above) pf the Sp nucleosides prepared by thQ,C (1), 50.8+ 0.7 °C (2), and 24.04+ 1.0 °C (3) in 5 mM
photooxidation of 2deoxyguanosine in the presence of the methylene ) -

blue photosensitizer and separated by normal-phase HPTLRe Sp phOSphatt_e buffer solution (pH 7'5)_ containing 100 mM NacCl.
diastereomers prepared by these methods and initially designated asl Ne reactions of duple® were studied at 9C to prevent the
4-hydroxy-8-oxo-7,8-dihydroguani#i@®were thoroughly characterized ~ dissociation of the duplexes. At room temperature, dugdex

by ESI-MS/MS methods. We found that the mass spectra recorded in partially dissociates and the two strands can be easily separated
the positive mode exhibited, besides the molecular ion signal{M by reversed-phase HPLC methods. The full duplexvas

H]*) at m/z 184, characteristic signals a¥z 86, 114, 141, and 156  utilized as a control to verify that the reaction kinetics of the
(for additional details see Supporting Information). These fragments radicals were not different because of the shorter complementary
are characteristic products of the fragmentation of“Sp,thus strand in duplex3. Experiments with single-stranded oligo-

confirming our assignment. In agreement with the results of other |, \~aqtides and duplekwere performed at room temperature
groups!#16293¢he oxidation products prepared by the photosensitization (23 + 2) °C

of 2'-deoxyguanosine by methylene blue are thus the Sp diastereomers
(not hydroxyderivatives of 8-oxoGua).

The melting temperatures of these duplexes are 44M7

Monitoring the Oxidation/Nitration Reactions by Time-
HPLC-ESI/MS Assay. These experiments were performed using Resolved Spectroscopic MethOdg?_hOtpeXCItauon of the’s
an LC/MSD-trap XCT spectrometer (Agilent Technologies, Palo Alto, d(CC[2ZAP]TCXCTACC) sequence in either single- or double-
CA) with an Agilent 1100 Series Capillary LC System. The Sp Stranded forms in deoxygenated buffer solutions (pH 7.5) with
nucleobase was separated from the nucleobase mixture onsa 250 intense 308 excimer laser pulses induces a selective ionization
mm i.d.) Hypercarb column (Thermo-Hypersil-Keystone, Bellefonte, 0of the 2AP residues. The laser flash photolysis experiments
PA) employing the following mobile phases: water with 0.1% formic showed that, in agreement with previous observations, the
acid (5 min) and then a-890% linear gradient of acetonitrile in water  oxidation of 8-oxoGua or G residues by 2AP radi¢aénd the
with 0.1% formic acid for 40 mln ata ﬂOW rate of 0.4 mL/mlnThe Scavenging of hydrated e|ec’[rons by mnions resu'“ng in
mass spectra were _recorded in the positive mode. Th(_e nebulizer gashe formation of*NO;, radicald? is complete within~100 us.
pressure was 40 psi, the dry gas flow rate was 8.0 L/min, and the dry Therefore, the transient absorption spectra recorded on a
temperature was set at 330. The target ion abundance value was set millisecond time scale at room-temperature resemble either the

at 50 000, and the maximum accumulation time was 50 ms. For general t fthe 8 G dicals (Fi 2A) that h ¢
analytical experiments, the instrument was operated using the “smart” _spec ra of the 8-oxoGua radicals (Figure 2A) that are character-

parameter setting and the detector was set for a particular ion of interest2€d by @ narrow absorption band near 325°hi?or the
Extracted ion chromatogram fonz 184 andm/z 186 were selected to Spegtra of guanine radicals (Figure 2B) with an absorption
monitor unlabeled f0) and labeled 1fO) spiroiminodihydantoins, maximum at 315 nm?%26:32-35

respectively. The radical species observed cannot be unambiguously
assigned to the radical cation or the neutral radical forms because
Results the transient absorption spectra of these two species are very

In this work we explore the mechanisms of oxidation of Close to one anothér>**Nevertheless, based on the following
8-0x0Gua/8-oxoGuaf-H)* radical intermediates by combina- @ssessments, the spectra recorded at pH 7.5 (Figure 2) were
tion reactions withNO, radicals. The kinetics of these reactions @ssigned to the neutral forms 8-oxoGuiéd)* (~90%) and Gt
were monitored by laser kinetic spectroscopy using the char- H)* (~100%). Indeed, the rate constant of the radical cation

acteristic absorption band of 8-0xoGU8-oxoGuat-H)* radi-  dissociation can be estimated las = k:Ka, wherek, is the
cals at 325 nn:1112|n contrast, the molar absorptivities ™0, rate constant of the radical protonation x 1010 M~* s74)32
radicals are small and do not exceed 200Mm-1 in the andKj is the dissociation constant. Using thi€gwvalues of 6.6

spectral range 250600 nm3! To reconfirm that these radicals ~ for 8-oxodGuo® and 3.9 for dG',%%? the characteristic times
of the radical cation deprotonation (= 1/k-) are 0.2 ms and
(27) Ravanat, J. L.; Cadet, Chem. Res. Toxicol995 8, 379-388. 500 ns, respectively. Thus, deprotonation of the radical cations
) 5% gaag ocler €. R.j Schoenberger Am. Chem. 504998 should be complete by the time the recording of the transient
(29) Martinez, G. R.; Medeiros, M. H.; Ravanat, J. L.; Cadet, J.; Di Mascio, P. absorption spectra is started (Figure 2). Recent pulse radiolysis
(30) ‘i‘ggﬁﬂ‘f&_‘;-iﬁ%lgﬁ_62_77(63%3;]6’ M. Nau, W. M.: Pischel, U.: Saha.  €XPETiments confirmed that, even in double-stranded DNA, the
Moeller, C. R.Org. Lett.2002 4, 537—540.
(31) Lymar, S. V.; Schwarz, H. A.; Czapski, G. Phys. Chem. 2002 106 (32) Candeias, L. P.; Steenken, 5. Am. Chem. S0d.989 111, 1094-1099.
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Figure 2. Transient absorption spectra of the oligonucleotided(6C[2AP]TCXCTACC) in the single-stranded forms. (A) % 8-oxoGua and (B) %=

G. The spectra were recorded at various delay times after photoexcitation of the single-strandbt] @igonucleotides with the actinic 308 nm laser
flashes (60 mJ/pulse/cnl pulse/s) in deoxygenated 5 mM phosphate buffer solution (pH 7.5) containing 1 mMJ\NaldQ00 mM NaCl. The insets show
the transient absorption profiles recorded at the representative wavelengths.

deprotonation of the @ radical cation is very fast and the 7.3 x 1 M~1cm™1),° NIm (e3g5= 6.6 x 1M~ cm™1), and
lifetime of G does not exceed 300 A%The absorbance of  8-nitroGua é3gs = 8.4 x 10° M~1 cm1),25> we estimated that
*NO, radicals is expected to be very weak due to the negligible the yield of nitro products is close to quantitative {880%).
molar absorptivities ofNO; in this spectral rangé and thus The observation of an isosbestic point around 330 nm in the
cannot be directly observed in these experiments. The amplitudedransient absorption spectra (Figure 2B) confirms that the dG-
of the 8-oxoGuafH)* and G{-H)* absorbance signals in the (—H)* radical is transformed predominantly to nitration products.
case of duplexe& and 2 (data not shown) were significantly  Thus, formation of the nitro end-products is the major pathway
lower than those in the single-stranded oligonucleotidefGC- of reaction of G{-H)* radicals with°*NO,.
[2AP]TCXCTACC) (Figure 2). This difference in signal In contrast, the decay of 8-oxoGudfl)* radicals results only
amplitudes is in agreement with a lower efficiency of two- in a gradual reduction of the 8-oxoGud{)® transient absorption
photon ionization of 2AP in double-stranded than in single- without the appearance of a new absorption band (Figure 2A).
stranded oligonucleotidég.2637 These observations indicate that oxidation rather than nitration
A decrease in temperature does not result in any observableis the dominant mode of the combination reaction of 8-oxoGua-
effect on the yields of 8-oxoGua()* radicals. Indeed, the  (—H)* with °NO,.

initial 325 nm amplitudes of the 8-oxoGuaf)* signals Kinetics of Radical Combination. The decay of the 8-oxo-
recorded at FC or at room temperature were similar in both Gua(H)* and G(-H)* absorption bands (Figure 2, insets) were
single- and double-stranded oligonucleotides. AfQ®, the assigned to the combination oNO, with 8-oxoGuaf-H)*
signals of 8-oxoGuafH)* in duplex 1 with the normal (reaction 1) or with G{-H)* (reaction 2) radicals (Table 1). The
complementary strand were close to those in duBleith the kinetics of these reactions can be described by the following

shorter complementary strand. This observation is a further equation, obtained by the integration of the differential equation
indication that the dissociation of duplékis negligible at 9 describing the second-order kinetics
°C. In single-stranded oligonucleotides, the photoionization of _ _
2AP is more efficient than that in duplexes and the yield of A= (Ao = AL+ Adki/ep)t] + A, @)
8-oxoGuaf-H)* radicals would have been higher if dissociation where, A, is the absorbance determined just after the end of
of duplex3 had occurred?26:37 actinic laser flashA. is the final absorbance, anrg denotes

In the presence oNO; radicals, the fates of 8-oxoGua( the molar absorptivities of 8-oxoGual)* (11.3 x 103 M~!
H)* and G(H)* radicals are quite different (Figure 2). The decay cm™! at 325 nm§ and GEH)* (7.3 x 16 M1 cm™! at 315
of the G(H)* transient absorption at 315 nm is associated with nm)1° The rate constants were calculated by fitting eq 1 to the
the appearance of a characteristic absorption band of the nitrotransient absorption profiles. Table 1 shows that the combination
group at 385 nm (Figure 2B¥-2% The nitro adducts formed  reaction of*NO, radicals with 8-oxoGuafH)* and GH)*
are stable and can be isolated by reversed-phase HPLC. Inradicals occurs with similar rates in both single- and double-
agreement with previous observatidfig®>we found that these  stranded oligonucleotides. Therefore, differences in the reduction
products are 5-guanidino-4-nitroimidazole and 8-nitroguanine potentials of the radicals, as well as the DNA secondary
formed with relative yields of~70% and~30%, respectively. structure, exert only small effects on the combination rates.
Using the ratio of the signal amplitudes at 315 and 385 nm Under our experimental conditions (equal initial concentrations
(Figure 2A) and the molar absorptivities of d&fl)* (€315 = of *NO, and 8-oxoGua{H)* or G(—H)* radicals), the contribu-
tions of the side reactions 4 and 5 (Table 1)yNO, radicals
are relatively smalfté

(33) Stemp, E. D. A.; Arkin, M. R.; Barton, J. K. Am. Chem. S04997 119,
2921-2925.

(34) Stemp, E. D. A.; Barton, J. Knorg. Chem.200Q 39, 3868-3874. Indeed, the establishment of equilibrium betweld®, and
(35) Dofinoy < Stemp. E. D. A Barton, J. & Am. Chem. S0@003 125 N,O, species is faster than the rate of dissociation SDNK_4

(36) Kobayashi, K.; Tagawa, S. Am. Chem. So2003 125 10213-10218.
(37) Shafirovich, V.; Dourandin, A.; Huang, W.; Luneva, N. P.; Geacintov, N.  (38) Neta, P.; Huie, R. E.; Ross, A. B. Phys. Chem. Ref. Datk988 17,
E. Phys. Chem. Chem. Phy200Q 2, 4399-4408. 1027-1284.
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Table 1. Kinetic Parameters of Combination of *NO; Radicals with 8-oxoGua(—H)* and G(—H)* Radicals in DNA

N Reaction kny, M's™ ref.

5’-CC[2AP]TC[8-0x0Gua(-H)"|CTACC + ‘NO, — products  (4.3+0.5)x10%¢  this work

5°-CC[2AP]TC|[8-0x0Gua(-H)"|CTACC )
+°NO; - products  (4.240.8)x10%¢  this work

3°-GGo--T--AGn-mrm-Comrmmmmee GATGG
) 5°-CC2AP]TC[G(-H)'|CTACC + °*NO, — products (4.5+0.5)x10%**  this work
) 5’-CC[2AP]TC[G(-H)']CTACC

3 GO TAG—CoGATGG T NO2 — products (4.3+0.8)x10%¢  this work
3 ¢ + NOy - °NO; 1.9x10" 13
4  °NO, + 'NO, » N0, 45x10° 38
-4 N0y - °‘NO; + NO, 6.9x10%s" 38
5 N0y +H,0 >NO, + NO;y +2H' 1x10°s™ 38

aThe rate constants were measured in deoxygenated buffer solutions containing 1 mM &aNIDO mM NacCl, and uncertainties are given as standard
errors for the best least-squares fits of the appropriate kinetic equations to the transient absorption profiles of 8-6Xo@wna(G(-H)* radicals recorded
at 325 and 315 nm, respectiveRThe values ok, obtained from the growth of the nitro group absorption at 385 nm were the same as those measured at
315 nm within the experimental accuracy.

unmodified sequence
0.8- (33.1 min)
0.6 " ’ complementary
unmodified sequence strand

E (33.1 min) g (27.5 min)
) 3 0.6
N 0.44 1Y
® ®
g § 0.4
8 Sp-oligo 3
5 0.2 (30.5 min) 5
B g 0.2 Sp-oligo
© L © (30.5 min)

0.0 . ~—/’/L/ . 00— L S L——— .

25 30 35 40 25 30 35 40
time (min) time (min)

Figure 3. Reversed-phase HPLC elution profiles of 8-oxoGua oxidation products. Th&12&ample solutions of (A) the single-strandeddfCC[2AP]-
TC[8-0xoGuaJCTACC) sequence or (B) thé-8(CC[2AP]T(8-oxoGua]CTACC)-5'-d(GCGTAG) duplex in deoxygenated 5 mM phosphate buffer solution
(pH 7.5) containing 1 mM NaN@and 100 mM NaCl were excited by a train of 308 nm XeCl excimer laser pulses (60 mJ/pd|sdcpulse/s) at 9C

for 4 or 8 s, respectively. HPLC elution conditions (detection of products at 260 nm20% linear gradient of acetonitrile in 50 mM triethylammonium
acetate (pH 7) for 60 min at a flow rate of 1 mL/min. The unmodified sequehcCEC[2AP]T(8-0xoGuaJCTACC) elutes at 33.1 min, the same
oligonucleotide but with a spiroiminodihydantoin lesion replacing 8-oxoGua at 30.5 min, and the complementary' si(&@®TAG) at 27.5 min.

> kg), and the rate constant %O, decay in such side reactions End-Products of Oxidation and Nitration Reactions.The

(4 and 5) can be estimated lag; ~ (Ko/k-g)ks ~ 7 x 10" M1 oxidation products generated by the irradiation of the single-
s 1. These estimates demonstrate that the contribution of the stranded oligonucleotidé-8(CC[2AP]T(8-0xoGua]CTACC)
reactions 4 and 5 do not exceedl5% of the overall decay  with 308 nm laser pulses in deoxygenated buffer solutions (pH
pathways ofNO, dominated by reactions 1 or 2. This is close 7.5) containing 1 mM NaN@were separated by reversed-phase
to the standard error in our measurements (Table 1). The HPLC methods (Figure 3A). The unmodified oligonucleotide
contributions of potential reactions of .8, species (that elutes at 33.1 min, and the prominent reaction product eluting
frequently yield the same products ‘&0,)3° with 8-oxoGua- as a narrow peak is observed at 30.5 min. The MALDI-TOF
(—H)* and G(H)" radicals are thus expected to be small. Under mass spectrum of the 30.5 min fraction recorded in the negative
our experimental conditions1 «M concentrations of radical ~ mode exhibits a major signal az 3268.2 (Figure 4A), whereas
species), equilibrium betweeNO, and NO, species is shifted ~ the unmodified sequence shows a signatmét 3252.2 (M).
toward the formation ofNO, (k-4 > ki*NOy]). Thus, the This oxidized oligonucleotide has a mass of M 16 that

rate constants of reaction of,, with 8-oxoGuat-H)* and characterizes the spiroiminodihydantoin product of 8-oxoGua
G(—H)" radicals should be at least 1 order of magnitude greater Oxidation!~18 initially designated as 4-hydroxy-7,8-dihydro-
thank; andk, to compete with reactions 1 and 2. 7,8-0x0-guaniné! -2

The formation of the Sp lesions was further verified by
(39) Huie, R. E.Toxicology1994 89, 193-216. digesting the Sp modified oligonucleotides to the nucleobase
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Figure 4. ldentification of 8-oxoGua oxidation products. MALDI-TOF negative ion spectrum (A) of thé{GC[2AP]T(Sp]CTACC oligonucleotide

isolated by reversed-phase HPLC using the same conditions as in Figure 3 and purified by a second HPLC cycle. Extracted chromatogram (B) of the
spiroiminodihydantoin nucleobase obtained after the chemical hydrolysis of the Sp adduct with hydrogen fluoride in fyFidimehromatogram was

recorded in the positive mode with specific ion monitoringrét 184.

level and coeluting the Sp obtained with an authentic Sp 40r ss-DNA
standard. Previous experiments showed that the treatment of
the oligonucleotides containing the Sp lesions by endonucleases 30+
(nuclease P1) and exonucleases (snake venom phosphodiesterase
I and calf spleen phosphodiesterase Il) resulted in incomplete
digestions® In agreement with the results of Cadet and co-
workers? we found that the phosphodiester bond between the
Sp and the 5flanking nucleoside is resistant to hydrolysis by
phosphodiesterasesfl.Therefore, in this work we employed
a “soft” chemical hydrolysis method utilizing hydrogen fluoride O ) . ) \ )
stabilized in pyridine to hydrolyze the Sp oligonucleotide to 4 6 8 10
the nucleobase level thus quantitatively releasing the pair of time (s)
diastereomeric Sp bas€sAgain utilizing the HPLC-ESI/MS Figure 5. Time dependent yields of the Sp lesions in (A) single-stranded
method, a prominent peak due to the Sp nucleobase is evidengand (B) double-stranded oligonucleotides. The oligonucleotide samples (25
in the positive mode with specific ion monitoringratz = 184 uM) were excited using the same conditions as those in Figure 3. The yields
(Figure 4B). The identity of the Sp nucleobases derived from of the Sp lesions were calculated by integration of the HPLC elution patterns.
the chemical hydrolysis of the oligonucleotides was further TOF signal atm/z 3268.2 as the adduct derived from the
verified by coelution of the oxidation products of 8-oxoGua irradiation and oxidation of the single-strandeed§CC[2AP]-
with the authentic Sp nucleobase standards (data not shown)'C[8-0xoGuaJCTACC)sequence.
obtained by the chemical hydrolysis of the Sp nucleoside The dynamics of oxidative damage initiated by intense 308
standard&? nm laser pulse excitation was studied at°@. At this
Oxidation of the 8-oxoGua residues in the double-stranded '€MPerature, the dissociation of dupi@xs negligible and the
form was explored using the dupl@with the short comple- d_ynamics of Sp formation can be compared w_ith t_hat in the
mentary strand, 'sd(GCGTAG), that does not interfere with smgle-strgnded sequence also & It is shown in Figure 5 .
the separation of the oxidized strand-c§CC[2AP]TdS- thgt the ylelq of Sp.(expressed as a percentage of the |n|.t|al
0x0GUaJCTACC) during the course of reversed-phase HPLC ollgonu_clgotld_e starting concentration) increases as a function
analysis (Figure 3B). To prevent the dissociation of the double- ©f irradiation time. _ _
stranded form during the laser irradiation, the sample solutions In_the single-stranded sequence, the yields of Sp attain
of the duplex2 were photoirradiated at &C. Typical HPLC maximum levels of~30—35% (similar to those obser\{ed at
elution profiles obtained after a 10 s laser excitation of duplex '°°M temperature) after a0 s exposure of the solution to
2in deoxygenated buffer solution (pH 7.5) exhibit three peaks. 1€ 10 pulse/s laser pulse train. In the case of duplethe
The complementary 6-mer strand and the unmodified 11-mer _observatlons_are similar e_xcgpt_that the buildup (_)f the Sp yields
oligonucleotide elute at 27.5 and 33.1 min, respectively, and 'S _Slower (Figure 5). This is in agreement with the lower
the third fraction with Sp substituting for 8-oxoGua in the 11- efficiency of two-photon photm_omzauon Of_Z_AP in doub_le-
mer, elutes at 30.5 min. This modified oligonucleotide eluted Stranded DNA*Z6:37that results in a less efficient generation

with the same retention time and exhibited the same MALDI- ©f the 8-oxoGuafH):, and thus°NO; radicals, in double-
stranded DNA.

(40) Romieu, A.; Gasparutto, D.; Molko, D.; Ravanat, J.-L.; CadeEuj. J. The nitro_ adducts _generated by irradiation of the single-
Org. Chem.1984 49, 9-56. stranded oligonucleotide-8l(CC[2AP]TCGCTACC) with 308
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Table 2. Kinetic Parameters of NO,~ Oxidation by G(—H)* Radicals and Oxidation of 8-oxoGua with *NO Radicals in DNA

N reaction ko, M~1s71 ref
6 5-CC[2AP]TJG(—H)*]JCTACC + NO,~ — products (1.0£ 0.2) x 10°2 this work
7 dGMP(=H)* + NO,~ — products 2.6x 1P 11
8 e +NO+ H"—*OH+ N, 9.1x 1 13
9 *OH + (CH3)3COH_' H.,O + 'CHzC(CH;)zOH 6x 108 13
10 e +NOz~ + 2H" —*NO + H,0 4x 10° 13
11 5-CCAT(C[8-0x0Gua]CTACC + *NO, — (8+2) x 10°0 this work
5'-CCAT[8-oxoGua(—H)*JCTACC + NO;~
12 5-CCATC[8-0x0Gua]CTACCt+ SO~ — products ~6 x 10% this work
13 8-oxodGuot *NO, — 8-oxodGuof-H)* + NO,~ 5.3x 10° 11
14 50827 + hy — 250~ @308 = 0.55 43
15 SO +NO;” — SO2 + °NO; 8.8 x 1C¢ 38

aMeasured in buffer solutions containing 0.5tkft-butyl alcohol and 100 mM NaCP. Obtained by numeric analysis of the kinetic traces of the growth
of the 8-oxoGuaf{H)* absorption¢ Estimated from the decay of SO radicals at 445 nm.

monitored

nm laser pulses in deoxygenated buffer solutions (pH 7.5) x10° at m/z 186

containing 1 mM NaN@® were separated by reversed-phase

HPLC. In agreement with previous observatidh3the NIm

adduct elutes as a narrow prominent peak before the unmodified 24
sequence, whereas the 8-nitroGua adduct elutes after the
unmodified sequence (data not shown). The relative yields of
the NIm (~70%) and 8-nitroGua~30%) adducts calculated
from the chromatogram (detection at 385 nm) were very close 14
to the yields reported earliét:2>The MALDI-TOF mass spectra

of these adducts recorded in the negative mode exhibit a unique

series of ions associated with the intact adducts and the nitroso 0 . .
and amino derivatives. The latter products arise from the 1 2 3 4
fragmentation of the nitro groups induced by the intense UV time (min)

laser pulses that vaporize the sample in the MALDI-TOF mass Figure 6. HPLC-ESI/MS analysis of spiroiminodihydantoin in the free
spectrometer as described in detail previoagﬁﬁ_ To sum- base form. The extracted chromatograms were recorded in the positive mode

; ; e ; ; with specific ion monitoring aiv/z 184 and 186. The Sp adduct was prepared
marize, the NIm adduct was identified by the major signal of by photoexitation of the '5d(CC[2AP]TQ8-0x0GuUalCTACC) sequence

the intact adductnyz 3255.1, M+ 19) and two minor peaks  jn H,1%0 buffer solution, isolated by reversed-phase HPLC using the same
of the nitroso ((Vz 3239.2, M+ 3) and amino1fyz 3224.2, M conditions as those in Figure 3 and digested by chemical hydrolysis with

— 11) derivatives as described in details elsewR&féIn the hydrogen fluoride in pyridiné!

case of the 8-nitroGua adduct, fragmentation of the nitro group ) ) )

is more efficient and the major peak is attributed to the nitroso  R€dox Cycling of ‘NO2/NO_™. The reduction potential of
derivative (Vz 3266.9, M+ 29); the intact adduct (M- 45) ~ ‘NO2° E° = 1.04 V vs NHE, is greater than the midpoint
and the amino (Mt 15) derivative were identified by the minor ~ 0Xidation potential of 8-0xodGUbE; = 0.74 V vs NHE,
signals af/z 3282.3 andz 3252.0, respectively. The identity ~ PUt 1ess than that of d&,E; = 1.29 V vs NHE. Therefore,
of the NIm and 8-nitroGua adducts was confirmed by coelution G(~H)" radicals produced by oxidizing agent®ti or CCs™)

with the authentic oligonucleotide standards synthesized as®" ionizing radiation in cellular environments can be repaired
described beforat2s by reactions with N@ anions, and in turn;NO, radicals

derived from these reaction can selectively oxidize 8-oxoGuo.
Indeed, our laser flash photolysis experiments showed that free
base dGMP{H)* radicals oxidize N@ anions, whereatNO,
radicals oxidize 8-oxodGuB.In this work we explore the redox
cycling of the*NO,/NO,~ species using oligonucleotides.

In the NG~ oxidation experiments (reaction 6, Table 2),
G(—H)* radicals were generated in buffer solutions of the 5
d(CC[2AP]TGGCTACC) sequence saturated with nitrous oxide
that rapidly traps the hydrated electrons (reaction 8) and thus
prevents the reduction of NO (reaction 10 in Table 2).

‘The extracted chromatogram recorded in the positive mode pyyqroxyi radicals produced in reaction 8 (Table 2) were trapped
with the specific ion monitoring at/z 186 shows a prominent  y tert.hutyl alcohol (reaction 9) that was also added to the

peak colrrespc_)nding to the Sp free base containing®@etom o4 ¢tion mixture. TheCH,C(CHy),OH radicals formed in this
from H,'%0 (Figure 6). In contrast, this sample does not contain eaction are relatively inefé In agreement with our previous

the normal Sp base with 8O atoms detected alVz 184. roqitst2 the G(-H): radicals in the 5d(CC[2AP]TGGCTACC)
Thus, these experiments indicate that the additional O-atom in

Sp originates from B0, not from *N1€0O, radicals that are  (41) Flyunt, R.; Leitzke, A.; Mark, G.; Mvula, E.: Reisz, E.; Schick, R.; von

intensity

monitored
at m/z 184

Oxygen-18 Isotope LabelingMore insights into the mecha-
nistic aspects of 8-oxoGua oxidation ByO, radicals and the
mechanisms of formation of Sp lesions were obtained by per-
forming photooxidation experiments in,HO buffer solutions.

In these experiments the-8(CC[2AP]T(8-oxoGuaJCTACC)
sequence was irradiated in deoxygenatet®ibuffer solutions,
and the free base spiroiminodihydantoin, obtained by chemical
hydrolysis of the Sp adduct with hydrogen fluoride in pyricihe,
was subjected to HPLC-ESI/MS analysis.

; P — ; Sonntag, CJ. Phys. Chem. B003 107, 7242-7253.
derived from the reduction of me’ anions by hydrated (42) Misiaszek, R.; Crean, C.; Joffe, A.; Geacintov, N. E.; Shafirovich).V.
electrons. Biol. Chem.2004 279, 32106-32115.
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Figure 7. (Panel A) Kinetics of the decay of 6H)* radicals in the absence and presence of N@he 3-d(CC[2AP]TGGCTACC) samples were dissolved
in 5 mM phosphate buffer solution (pH 7.5) containing 100 mM Nacl, 0.&hNtbutyl alcohol, and 0 or 0.5 mM NaNQand the solutions were saturated
with N2O. (Panel B) Kinetics of 8-oxoGua oxidation in the oiligonucleotittle & CAT(8-0xoGuaJCTACC) by*NO, radicals monitored by the absorbance
of the 8-oxoGuaf H)* radicals at 325 nm. The samples dissolved in 5 mM sodium phosphate buffer solution (pH 7.5) containing A0&Nd 10 mM
NaNQO, were deoxygenated with argon. The solutions were photoexcited using the same conditions as those in Figure 2.

sequence are stable and do not decay significantly on aby *NO, radicals (reaction 11). Although, the contribution of
millisecond time scale (Figure 7A). the side reactions 4 and 5 (Table 1y, radicals is relatively
A similar approach has been extensively exploited in studies small, yields of 8-oxoGua{H)* calculated from Figure 7B do

of guanine radical reactions by pulse radiolysis technidti#s?
Addition of NO,~ anions at a 0.5 mM concentration significantly
reduces the lifetime of G{H)" radicals (Figure 7A). At [N@]
> [G(—H)*], the decay of G{H)" is described by pseudo-first-
order kinetics with an observed rate constéglt, The value of
ke increases linearly with the concentration of NCanions
(see, for more details, Supporting Information) according to the
following equation:

ks = ity + kNO, ] 2
wherery is the lifetime of the G{H)* radicals in the absence
of NO,™ anions. The value dfs calculated from the slope of
theks' vs [NO, 7] plot is smaller by a factor of 2.6 than the
value for the oxidation of N@ by the free base dGMPH)"
radicals (reaction 7, Table 2). The HPLC analysis of the

not exceed~40% relative to initial radical concentrations after
a laser flash{1 uM). The low efficiency of 8-oxoGuatH)*
formation is an indication of the competitive trapping*NiO,
radicals by 8-oxoGua (reaction 11, Table 2) and by 8-oxoGua-
(=H)* (reaction 1, Table 1). The rate constant of 8-oxoGua
oxidation by *NO, radicals was obtained from a numerical
analysis of the transient absorption profiles of 8-oxoGthé)*
formation using the PRKIN program developed by H. Schwarz
at the Brookhaven National Laboratory (see, for more details
Supporting Information). The value &f; is by a factor of 6.6
smaller than thek;»> value for the oxidation of free base
8-oxodGuo (reaction 12, Table 2). Using a combination of
HPLC and MALDI-TOF methods we found that the major
products of 8-oxoGua oxidation are the Sp lesions (data not
shown).

Thus, these experiments show that-G)* radicals within

photooxidation products showed a significant decrease in thethe oligonucleotide oxidize N© anions, and in turNO,

oligonucleotide degradation rates and the absence of the nitratio
products (data not shown).

The 3-d(CCAT(8-0xoGuaJCTACC) sequence was used to
explore the oxidation of 8-oxoGua bNO, radicals (reaction
11, Table 2) that are generated by the oxidation of,N®y

NYadicals produce 8-oxoGuaH)* radicals in the 8-oxoGua

oligonucleotide. The rate constants of these reactions are smaller
by a factor of 2.6-6.6 than those for free nucleosides (Table
2).

SOy~ radicals (reaction 15). The latter radicals were generated Discussion

by the selective photochemically induced dissociation,Gfs5
anions with 308 nm excimer laser pulses (reaction*34he
initial concentrations of £¢?~ anions were adjusted to obtain
a ~1 uM SOs~ concentration after a single laser shot. The
growth of the characteristic absorption of 8-oxoGuH()* at
325 nm exhibits two components (Figure 7B). The prompt
component rising within less thangis is due to oxidation of
8-oxoGua by S@~ radicals (reaction 12). The amplitude of

this signal increases with the concentration of the 8-oxoGua-

containing oligonucleotides due to competition of reactions 12

and 15. The second component shows the slower growth of the

8-oxoGuaf-H)* absorption attributed to oxidation of 8-oxoGua

(43) Ivanov, K. L.; Glebov, E. M.; Plyusnin, V. F.; lvanov, Y. V.; Grivin, V.
P.; Bazhin, N. M.J. Photochem. Photobiol. 200Q 133 99-104.

(44) Steenken, SChem. Re. 1989 89, 503-520.

(45) Steenken, SBiol. Chem.1997 378 1293-1297.
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Interplay of Oxidation and Nitration: Mechanistic As-
pects. The direct spectroscopic time-resolved measurements
described here demonstrate that the fates of 8-oxo&dp@nd
G(—H)* radicals in reactions withtNO, radicals are quite
different. The combination reaction of 8-oxoGud{)* and
*NO, radicals does not give rise to the appearance of the
characteristic UV absorption spectrum of the nitro products
(Figure 2A) and, instead, results in the formation of oxidative
modifications of 8-oxoGua residues, the spiroiminodihydantoin
lesions!418 The Sp adducts were isolated by reversed-phase
HPLC methods (Figure 3) and identified by MALDI-TOF/MS
and HPLC-ESI/MS analysis (Figure 4). In contrast, the com-
bination of G(H)* and *NO, radicals is associated with the
growth of an absorption band in the spectral range-32D
nm due to the nitro group (Figure 2B), and the nitro end-
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Figure 8. Formation of oxidation and nitration products via the combination reactiohN©f with 8-oxoGua{-H)* and G(H)* in DNA.

products NIm and 8-nitroGua adducts are found as previously the NIm (~70%) and 8-nitroGua~¢30%) lesions obtained here
described*2°> The rate constants of the radical combination are very close to the yields reported previously where kB¢

reactions of*NO, radicals with 8-oxoGuafH)* and GH)*

radicals were derived from the one-electron oxidation of guanine

radicals are very close to one another and do not depend on theaesidues by carbonate radical anidh3® These observations
DNA secondary structure (Table 1). These observations can bedemonstrate that the ratio of the NIm and 8-nitroGua lesions is
explained in terms of the scheme shown in Figure 8. According determined by the addition oO, radicals either to the C5 or
to this mechanism, the first step is the formation of the adduct to the C8 positions of the G(H)* radical and does not depend

between theNO, radical and either the 8-oxoGuald)* or the

G(—H)" radicals. In theNO, radical, the unpaired electron is
delocalized on the N and the O atothand, in principle, both

on the method of generation of the -&)* radical.
In the case of 8-oxoGua{H)* radicals, the C5 nitro adduct

formed is unstable. We propose that the hydrolysis of this adduct

N and O atoms can participate in the formation of chemical occurs via nucleophilic addition of water molecule to C5
bonds with another target radical. Here, we propose that thefollowed by release of the NO anion and formation of the

formation of*NO, with an 8-oxoGuafH)* or G(—H)* radical
results in the formation of a nitrogertarbon bond.

5-HO-8-oxoGuafH) intermediate (Figure 8).
According to this mechanism the 5-HO-8-oxoGu#l)

The GH)* radicals are usually considered to be O-centered adduct contains the O-atom from¥O (not from NO,). The
radicals with the unpaired electron positioned on the O6 subsequent transformation of the 5-HO-8-oxoGud) adduct

atom#748which explains the low reactivity of this radical with
molecular oxygeri2*®However, formation of a covalent bond

depends on the solution pH and results in the formation of
either spiroiminodihydantoin or guanidinohydantoin (Gh)

between radicals depends on the stabilities of the adducts formedesions!#~185051Tannenbaum et al. proposed that the partition-
rather than on the spin densities on particular atoms. Here,ing of 5-HO-8-oxoGua{-H) into either Sp or Gh is determined
addition of °NO;, radicals to the C8 or C5 positions of a by different reactivities of the deprotonated and protonated forms

G(—H)* radical leads to a stable 8-nitroGua lesion and an of this adduct (K, ~

5.8)51 Decreasing pH< 5.8 favors

unstable 5-nitroGua intermediate that spontaneously collapsespyrimidine ring opening, followed by the formation of the Gh
to the stable NIm derivative (Figure 8). The relative yields of lesions; in contrast, the acyl shift leading to the Sp lesions

(46) Behar, D.; Fessenden, R. \l/.Phys. Chem1972 76, 1710-1721.

(47) Hildenbrand, K.; Schulte-Frohlinde, Bree Radical Res. Commub990
11, 195-206.

(48) Schiemann, O.; Turro, N. J.; Barton, J. K.Phys. Chem. R00Q 104,
7214-7220.

(49) Shafirovich, V.; Dourandin, A.; Huang, W.; Geacintov, NJEBiol. Chem.

2001, 276, 24621-24626.

dominates at pH> 5.8. The proposed mechanism (Figure 8)
explains two important observationsi) the combination of

(50) Luo, W.; Muller, J. G.; Rachlin, E. M.; Burrows, C.Ghem. Res. Toxicol.
2001, 14, 927-938.

(51) Niles, J. C.; Wishnok, J. S.; Tannenbaum, SCRem. Res. Toxica2004
17, 1510-1519.
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*NO; and 8-oxoGuaf{H)* radicals occurs with a rate constant (E° = 1.04 V vs NHE)® the *NO, radical does not exhibit
typical for radicat-radical addition reactions (Table 1), anid ( observable reactivities with any of the normal nucleobases in
the O-atom in the oxidation product formed originates from DNA (G, A, C, and T) but can directly oxidize 8-oxoGia.
water (Figure 6). An alternative mechanism is electron transfer Another mode ofNO, reactivity involves the rapid bimolecular
from 8-oxoGuaf-H)* to *NO, with the formation of the combination reactions with 8-oxoGual)* or G(—H)* radicals
intermediate 8-oxoGua(H)™ cation and N@~ anion. Addition described here. In DNA, the latter radicals are very long-lived
of Hy0 to 8-oxoGuafH)" cation proposed by Burrows et even in the presence of oxygen. Our own laser flash photolysis
al. in the course of 8-oxoGua oxidation by 1€l leads to the studies have shown that, in oxygen-saturated solutions, the
5-HO-8-o0xoGuafH) precursor of the Gh and Sp lesions lifetimes of G(H)* radicals in DNA are 0.20.6 s*? the
containing thé€0-isotope from a water molecuté>2However, lifetimes of 8-oxoGuafH)* radicals in DNA are even longer
such an electron transfer mechanism cannot explain the highand attain 3-15 s depending on the DNA secondary strucfire.
rate constants for the combination reaction measured hereThus, these radicals are targets for reaction with other reactive
experimentally (Table 1). The electron-transfer reactions of species, such as thBO, radicals. In the case of the GH)*
*NO; radicals are typically slow due to a small self-exchange radicals, the nitro adducts that are formed can be considered as
rate constant and a high internal reorganization energy in the specific markers ofNO, radical reactions. In contrast, oxidation
*NO/NO,~ system?® These factors account for the lower reactions dominate in the case of 8-oxoGua. The oxidative
reactivity of*NO, radicals in bimolecular outersphere electron- modifications of 8-oxoGua residues are highly mutagenic in
transfer reactions in comparison with typical electron acceptors, vitro experiment$® The Gh lesions induce almost exclusive G

such as aromatic radical catioHs. — C transversions. The diastereoisomeric Sp lesions cause a
Biological Implications. The *NO; radical is an important ~ mixture of G— T and G— C transversions, and the observed
biological intermediate that is ubiquitous in living systefia. mutation frequencies were at least 1 order of magnitude higher

vivo, *NO; radicals, the products of normal metabolic activity, than those caused by 8-oxoGifa.
are rapidly deactivated by antioxidants that reduce *M®@-
radicals to nitrite anions. However, in tissues subjected to
chronic infection and inflammationNO, radicals are overpro-
duced via the activation of neutrophils and macrophé&des.
neutrophils, formation ofNO, radicals involves the enzymatic
oxidation of NG~ anions by hydrogen peroxide catalyzed by Supporting Information Available: MS/MS spectra of spiro-
myeloperoxidases. Activation of macrophages results in over- iminodihydantoin nucleoside, analysis of the kinetics of 8-
production ofNO and superoxide radicals that combine to form oxoGua oxidation byNO, radicals, and N@ oxidation by
the toxic compound peroxynitrifé.Homolysis of peroxynitrite G(—H)" radicals. This material is available free of charge via
can occur spontaneously or catalytically with the participation the Internet at http://pubs.acs.org.

of carbon dioxide>5¢ and is another important pathway of
formation of*NO; in vivo.5”%8Due to its mild reduction potential
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