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uclear DNA and other molecules in living systems are continuously exposed to endogenously generated oxygen spe-
cies. Such species range from the unreactive superoxide radical (0,"~)—the precursor of hydrogen peroxide (H,0,)—to
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the highly reactive hydroxyl radical ("OH). Exogenous chemical and physical agents, such as ionizing radiation and the UVA
component of solar light, can also oxidatively damage both the bases and the 2-deoxyribose moieties of cellular DNA.

Over the last two decades, researchers have made major progress in understanding the oxidation degradation path-
ways of DNA that are most likely to occur from either oxidative metabolism or exposure to various exogenous agents. In
the first part of this Account, we describe the mechanistic features of one-electron oxidation reactions of the guanine base
in isolated DNA and related model compounds. These reactions illustrate the complexity of the various degradation path-
ways involved. Then, we briefly survey the analytical methods that can detect low amounts of oxidized bases and nucleo-
sides in cells as they are formed. Recent data on the formation of oxidized guanine residues in cellular DNA following
exposure to UVA light, ionizing radiation, and high-intensity UV pulses are also provided. We discuss these chemical reac-
tions in the context of “OH radical, singlet oxygen, and two-quantum photoionization processes.

1. Introduction

Nuclear DNA as other biomolecules of living sys-
tems is continuously exposed to endogenously
generated oxygen species such as the unreactive
superoxide radical (O5"") that is the precursor of
hydrogen peroxide (H,O,) and the highly reactive
hydroxyl radical ("OH). The bases, the 2-deoxyri-
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bose moieties, or both of cellular DNA may also
be oxidatively damaged by a large number of
exogenous chemical and physical agents includ-
ing ionizing radiation and the UVA component of
solar light. Major efforts have been devoted dur-
ing the last two decades to the elucidation of oxi-
dative pathways mediated by '0,, "OH, and one-
electron oxidants using nucleobases, nucleosides,
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and oligonucleotides as DNA model compounds. This has led
to the isolation and characterization of more than 70 modi-
fied nucleosides if diastereomers and relatively unstable ini-
tial oxidation products such as thymidine hydroperoxides are
included." It may be added that relevant information on struc-
tural and chemical features of radical precursors of most of the
oxidized nucleobases has been inferred from electron spin res-
onance, laser flash photolysis, and pulse radiolysis studies.'®?
As a result, comprehensive mechanisms are available for most
of the oxidation reactions of purine and pyrimidine DNA
bases."

Emphasis is placed in the first part of this Account on recent
mechanistic aspects of one-electron oxidation reactions of the
guanine (1) moiety of DNA fragments for which a large con-
sensus now exists.? Prior to providing insights into several oxi-
dation pathways of guanine (1) in cellular DNA mediated by
photosensitized '0,, radiation-induced *OH, and two-quan-
tum photoionization, a brief survey of the analytical meth-
ods aimed at singling out the formation of low amounts of
oxidized bases and nucleosides in cells is reported.

2. One-Electron Oxidation Reactions of the

Guanine Moiety of Isolated DNA and Model
Systems

Numerous chemical and physical agents have the ability to
abstract one electron from guanine, which exhibits the low-
est ionization potential among DNA components, explaining
why guanine (1) has been found to be the predominant sink
for hole transfer in double-stranded DNA. Thus several agents
including biologically relevant nitrosoperoxycarbonate, the
product of the reaction of peroxynitrite with carbon dioxide,
have been shown to promote one-electron oxidation of 1 as
part of either free nucleoside or isolated DNA.* In addition,
ionizing radiation through the direct interaction of highly ener-
getic photons with DNA, triplet-excited type | photosensitiz-
ers, and high-intensity UVC laser pulses are able to efficiently
oxidize guanine (1). Evidence was gained, mostly from pulse
radiolysis experiments on transient radicals using the redox
titration technique and the characterization of the final oxida-
tion products, that the guanine radical cation (2) thus gener-
ated may undergo in aqueous solutions two main competitive
pathways, namely, nucleophilic addition and deprotonation
reactions.

2.1. Nucleophilic Addition Reactions to the Guanine
Radical Cation (2). The first experimental proof for the occur-
rence of a nucleophilic addition to the guanine radical cation
(2) was provided by the observation of the incorporation of an
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'80-atom in 8-oxo-7,8-dihydroguanine (4), which was gener-
ated as a major degradation product upon riboflavin photo-
sensitized oxidation of calf thymus DNA in aerated ['®0]-
labeled water solutions.®> The hydration reaction, whose
pseudo-first-order rate constant has been estimated to be 6 x
10% s~ in double-stranded DNA,® gives rise to the reducing
8-hydroxy-7,8-dihydroguanyl radical (3) (Figure 1).> A coun-
terion-assisted proton shuttle mechanism has been proposed
on the basis of molecular dynamics and ab initio quantum
simulations for the water molecule addition at C8 of 2 in a
DNA duplex.” Radical 3 can be also generated by *OH addi-
tion at the C8 of 1 according to a reaction that was estimated
to take place in a 17% yield with the free nucleoside.® Oxi-
dation of the latter radical as the result of fast O, reaction that
occurs with a rate constant of 4 x 10° s~ leads to the for-
mation of 4, whereas competitive reduction, which is predom-
inant in oxygen-free aqueous solution, gives rise to 2,6-
diamino-4-hydroxy-5-formamidopyrimidine (5).2 This involves
the opening of the imidazole ring at the C8—N9 bond (Fig-
ure 1) with a rate constant (k = 2 x 107> s~ ') that has been
estimated by pulse radiolysis.?

Further evidence for the major role played by nucleophilic
addition at C8 in the reactions of 2 was gained from the iso-
lation and characterization of the cross-link formed upon pho-
toexcited riboflavin-mediated one-electron oxidation of TGT
trinucleotide in the presence of the KKK trilysine peptide (Fig-
ure 1).2 It was found that the free amino group of the central
lysine residue of KKK peptide was able to covalently attach to
the C8 carbon of the guanine residue of the trinucleotide in
a highly efficient way that prevents the competitive forma-
tion of 4. The 8-substituted guanine adduct 6 thus formed was
shown to be highly susceptible to further one-electron oxida-
tion, which, as previously observed for 4,'%'" gives rise to
spiroiminodihydantoin compounds through an acyl shift rear-
rangement of a transiently generated 5-hydroxyl adduct. The
nucleophilic addition of a lysine residue to 2 is likely to
explain the observed formation of cross-links between double-
stranded DNA and proteins including histones upon specific
one-electron oxidation of the guanine bases.'? As an alterna-
tive mechanism, the formation of the cross-link 6 upon ribo-
flavin-mediated photosensitization of an aerated aqueous
solution of d(ATGC) tetranucleotide and N%-acetyllysine has
been recently proposed to involve initial generation of lysine
aminium radical cation that is able to add to C8 of the gua-
nine moiety.'> Another example of nucleophilic addition at
the C8 of 1 upon one-electron abstraction by CO5*~ radical
ions and other one-electron oxidants in a single-stranded oli-
gonucleotide has recently become available. Thus it was
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FIGURE 1. Nucleophilic reactions of the guanine radical cation (2) at C8.
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FIGURE 2. Structure of a thymine—guanine cross-link.

shown that a distant thymine base, which is separated from 2
or its deprotonated form 8 by a cytosine 2'-deoxyribonucle-
otide, is able to covalently bind through its N3 atom to the
guanine base giving rise to the intrastrand cross-link 7 (Fig-
ure 2).14

2.2. Deprotonation Pathway Involving the Formation
of the Highly Oxidizing G(—H)" radical 8. Deprotonation of
the base radical cation 2 of 2'-deoxyguanosine, which exhib-
its a pK, value of 3.9,% occurs at N1 with a rate constant'? of
1.8 x 107 s™! leading to the formation of the highly oxidiz-
ing radical 8 (Figure 3). A similar fast deprotonation reaction
occurs in G, GG, or GGG containing double-stranded DNA
according to a fast and slower decay rate constants that have
been estimated to be 1.3 x 10”7 s™"and 3 x 10°s™ ', respec-
tively.'® The neutral guanine radical 8 may also be gener-
ated by efficient dehydration of the overwhelming *OH radical
adduct at C4 of 1 with a rate constant of 6 x 10® s~ at neu-
tral pH.2 Recently, information on the assignment and prop-
erties of two G(—H)" tautomers that were produced by
protonation of 8-bromo-2'-deoxyguanosine electron adduct
was gained from comprehensive pulse radiolysis and DFT
studies.®
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Evidence has been provided that, at best, O, would react
very slowly (k < 10> M~' s™') with 8,'” as also observed
for oxidizing radicals derived from tryptophan and tyrosine.
In contrast, 8 is able to efficiently quench superoxide anion
radical (O,*") with rate constants of 3 x 10° M~ ' s~ ! and
4.7 x 108 M~" s7' for nucleosides® and DNA duplex
respectively.'” Addition of O,*~ to C-5 carbon-centered rad-
ical 9, one of the possible resonance forms of 8, is the first
step of a rather complicated decomposition pathway lead-
ing to the formation of 2,2,4-triamino-5(2H)-oxazolone (14)
as the main end-product (Figure 3)."® This may be rational-
ized in terms of formation of a 5-hydroperoxide 10 by rad-
ical combination of O5"~ with G(—H)* followed by
protonation. Subsequent nucleophilic addition of a water
molecule across the 7,8-double bond of 10 leading to 11
is followed by opening of the pyrimidine ring at C5—C6
bond and decarboxylation. Further rearrangement of 12
thus produced involves the release of a formamide mole-
cule through ring-chain tautomerism of the carbinolamine
function'® before cyclization that gives rise to 2,5-diamino-
4H-imidazol-4-one (13). Hydrolysis of 13, whose half-life is
about 10 h in neutral aqueous solutions at 20 °C, leads to
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FIGURE 3. Reactions of the guanine oxidizing radical 8.
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FIGURE 4. Repair of guanine radical cation (2) by 8-oxo-7,8-
dihydroguanine (4).

the quantitative formation of 14. Confirmation of the occur-
rence of a nucleophilic reaction during the fate of 8 was
provided by the observation of intramolecular additions at
C8 involving either the 5'-hydroxymethyl group of free
2'-deoxyguanosine'® or a tethered lysine residue at the 5'
end of modified nucleosides.?® A major competitive reac-
tion of 8 in isolated nucleosides involves efficient oxida-
tion of 4 that is consumed as soon as it is generated?®'
(Figure 4) leading to the formation of spiroiminodihydan-
toin (17)2 and 13."8 This may be related to the high val-
ues of the rate constants of the reaction between 8 and 4
as either the 2'-deoxyribonucleoside®® or the correspond-
ing 5'-phosphomonoester derivative** that have been
found to be 4.6 x 108 M~' s7' and 9.3 x 10® M™'
s~ ' respectively. However the efficiency of intrastrand oxi-
dation of 4 by 8 appears to be much lower,'” making the
putative protecting role of easily oxidizable sites against
oxidative processes through hole transfer unlikely in cellu-
lar DNA.2> Reduction of 8 by electron transfer that leads to
restoration of the guanine residue (1) has been proposed to
be a competitive reaction mediated by O,°~ in order to
explain the poor formation efficiency of 13 in DNA
duplexes upon one-electron oxidation.'”
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3. Guanine Oxidation Reactions of Cellular
DNA

3.1. Methods of Measurement. The measurement of oxi-
dized bases and nucleosides in cellular DNA may be used to
gain insights into the nature and importance of chemical reac-
tions that are generated in cellular DNA by oxidizing agents.
For this purpose,targeted modified bases or nucleosides are
usually separated by a chromatographic method from the
overwhelming normal DNA components after a suitable
hydrolytic or enzymatic digestion step. The detection of com-
pounds of interest at the output of the column requires a sen-
sitive technique that should be able to single out a few lesions
per 10°—107 nucleosides in a DNA sample size of about 20
to 30 ug.'® However this has been hampered until recently by
the use of inappropriate methods that have led in most cases
to overestimated values of the levels of DNA oxidized bases
by factors varying from 1 to 3 orders of magnitude.'® The ori-
gin of the main drawbacks that were associated with the use
of the questionable gas chromatography—mass spectrome-
try (GC—MS) method,?® introduced more than 20 years ago,
is now identified.'® Thus, spurious oxidation of the normal
bases has been shown to occur with an efficiency of about
0.1% during the derivatization step that is required to make
the samples volatile.?” This has led to the artifactual genera-
tion of oxidized purine and pyrimidine bases such as 8-oxo-
7,8-dihydroguanine, 8-oxo-7,8-dihydroadenine, and 5-(hy-
droxymethyl)uracil preventing any accurate measurement to
be made. A second matter of concern that is shared by the
chromatographic assays requiring an acidic hydrolysis step for
the release of the bases is the lack of stability of several mod-
ifications including formamidopyrimidine derivatives of ade-
nine and guanine under hot acid formic treatment.?® A third
source of artifacts, although usually of lower amplitude, that
may occur for all HPLC and GC assays deals with adventitious
Fenton-type oxidation reactions during the DNA extraction
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FIGURE 5. Singlet oxygen reactions of the guanine moiety of nucleosides and DNA.

and digestion steps.’® A general consensus now exists on
improved chromatographic methods aimed at measuring
8-0x0-7,8-dihydro-2'-deoxyguanosine (4) through the coop-
erative efforts of the European Standard Committee on Oxi-
dative DNA Damage (ESCODD) network that has involved 25
laboratories.>® Recommended protocols that include suitable
conditions of DNA extraction for which artifactual oxidation is
minimized followed by suitable high-performance liquid chro-
matography analysis of the DNA digest are now available.?°
The frequently used electrochemical detection technique
(HPLC—ECD), which was introduced more than 20 years ago,>'
is a robust method whose application in the oxidative detec-
tion mode is, however, restricted to only a few electroactive
DNA lesions including 4, 8-oxo-7,8-dihydro-2'-deoxyadenos-
ine (25), and 5-hydroxy-substituted pyrimidine nucleosides.>?
The recently available electrospray ionization—tandem mass
spectrometry (MS/MS) method?? operating in the multiple
reaction monitoring mode is more versatile and, on the aver-
age, more sensitive than HPLC—ECD, allowing the accurate
measurement of up to 15 base modifications in cellular DNA
among the 70 identified so far in model compounds. Accu-
rate determination of very low amounts of radiation-induced
guanine[8—5]cytosine intrastrand cross-link (0.037 lesions per
10° normal bases and per Gy) has been made possible by the
use of HPLC-MS? analysis.>3¢

3.2. Singlet Oxygen Reactions. A suitably protected
naphthalene endoperoxide that can penetrate cells has been
used to investigate the '0, oxidation of nuclear DNA.>* Thus,
the release of 'O, from the thermolabile endoperoxide pre-
cursor led to the selective oxidation of 1 by producing exclu-
sively 4 as measured by HPLC—MS/MS.3* As a relevant piece
of information, it was established that the formation of 4 in
cellular DNA was due to singlet oxygen and not to a puta-
tive oxidative stress. This was supported by labeling experi-
ments involving a synthetically prepared ['®0,]-endoperoxide.

The formation of 4 in cellular DNA is accounted for by initial
Diels—Alder [4 + 2] cycloaddition of 'O, across the imida-
zole ring of 1 leading to the generation of a pair of diastere-
omeric 4,8-endoperoxides 18 before rearrangement into
8-hydroperoxyguanine (19) and reduction as proposed from
model studies (Figure 5).3° The competitive dehydration of 19
that is a predominant pathway for isolated nucleoside giving
rise to the two diastereomers of 1737 through a highly reac-
tive quinonoid intermediate 2032 appears to be at best a
minor pathway in cellular DNA under mild conditions of oxi-
dation. This also applies to the diastereomers of 4-hydroxy-
8-0x0-7,8-dihydro-2'-deoxyguanosine (21) that have been
recently shown to be generated as minor products of 'O, oxi-
dation of 2'-deoxyguanosine (1),>° whereas 17 is predomi-
nant under these conditions.”? It has also been found that
'0, is not able to induce significant amounts of direct DNA
strand breaks or alkali-labile sites as inferred from comet
assay measurements.*® This is also indicative of a very low
formation, if any, of 17, which is known to be alkali-labile. It
is now well documented that exposure to UVA irradiation, a
major component of solar light, is able to generate 4 in mam-
malian and bacterial cells*' and also in human skin.** A
detailed mechanistic study performed on human monocytes,
which has involved a comparison with the effects of radiation-
induced °OH radical, was performed using a modified version
of the alkaline comet assay (Table 1). The yields of y-radia-
tion-induced modified purine residues and oxidized pyrimi-
dine bases whose formation arise mostly from *OH reactions
were assessed as formamidopyrimidine (Fpg)- and endonu-
clease Il (endo lll)-sensitive sites, respectively. The ratio of the
lesions recognized and processed by the two latter repair
enzymes was 1 to 1 whereas the sum of the strand breaks
(ssb) and alkali-labile sites (als) was found to be 2.3-fold higher
than any of the two classes of modified bases. The situation
is strongly different for UVA effects. The ratio between strand
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TABLE 1. UVA-Induced Damage“ to Cellular DNA”€

y rays UVA radiation

classes of lesions control (vield/Gy) (vield/(kJ-m~2))
Fpg-sensitive sites 190 48 1.9
endo lll-sensitive sites 195 53 0.3
strand breaks 265 130 0.9

9 DNA modifications revealed as strand breaks using the comet assay. ” THP-1
malignant cells.  Table adapted from refs 1b and 43.

breaks (ssb + als) and oxidized pyrimidine bases is still close
to three whereas the formation of Fpg-sensitive sites is about
6-fold more important than that of oxidized pyrimidine bases.
This strongly suggests that about 80% of the UVA-photosen-
sitized formation of 4 in DNA was due to 'O, oxidation as the
result of type Il photosensitization mechanism.** A Fenton-
type radical mechanism, which would involve initial genera-
tion of superoxide radical followed by its spontaneous or
enzymic dismutation into H,O,, would explain the formation
of oxidized pyrimidine bases and 20% remaining 4.%3

3.3. ‘OH-Mediated Degradation Pathways. lonizing
radiation constitutes a suitable way to generate both *OH and
one-electron oxidation events in cells. Several classes of rad-
ical degradation products of thymidine, 2'-deoxyguanosine,
and 2'-deoxyadenosine that were previously characterized in
model studies'® were detected in the DNA of y-irradiated
THP-1 human monocytes by HPLC—ECD and HPLC—MS/MS
measurements** in the isotope dilution mode.** These con-
sisted of six thymidine oxidation products and four purine
lesions whose formation was linear with the applied doses
(0—100 Gy) of low linear energy transfer (LET) y-rays. 5-(Hy-
droxymethyl)-2'-deoxyuridine (22) and 5-formyl-2'-deoxyuri-
dine (23) represent two methyl oxidation products, whereas
the four cis and trans diastereomers of 5,6-dihydroxy-5,6-di-
hydrothymidine (24) (Figure 6) arise from radical reactions
involving the 5,6-ethylenic bond.' The two main radiation-
induced degradation products of the purine bases were
identified as 4 and 5, whereas the two related adenine deg-
radation products, namely, 4,6-diamino-5-formamidopyrimi-
dine (26) and 25 (Figure 6) are generated with an ~10-fold
lower efficiency. The radiation-induced formation yield of the
various oxidized nucleosides is comprised between 1 and 97
lesions per 10° bases and Gy (Table 2). This has to be com-
pared with previous questionable measurements achieved
either by GC-MS*> or more recently by HPLC—MS*® that were
between 2 and 3 orders of magnitude higher. A similar prod-
uct distribution was observed upon exposure of cellular DNA
to highly energetic '2C®* and 3°Ag'®" heavy ions.** The for-
mation of the oxidation products may be depicted by the pre-
dominant implication of *OH arising from the indirect effect of
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FIGURE 6. Oxidation products of thymine and adenine in cellular
DNA.

TABLE 2. Radiation-Induced Base Damage? to Cellular DNA”“

12cﬁ+

lesions (number per Gy and 10° bases) y rays ions©
8-0x0-7,8-dihydro-2'-deoxyguanosine (4) 20 10
2,6-diamino-4-hydroxy-5-formamidopyrimidine (5) 39 22
5-(hydroxymethyl)-2'-deoxyuridine (22) 29 12
5-formyl-2'-deoxyuridine (23) 22 11
5,6-dihydroxy-5,6-dihydrothymidine (24) 97 62
8-0x0-7,8-dihydro-2'-deoxyadenosine (25) 3 3
4,6-diamino-5-formamidopyrimidine (26) 5 1

9 Determined by HPLC—MS/MS. ® THP-1 malignant cells. € Linear energy
transfer = 31.5 keV/um.  Table adapted from refs 1b and 44a.

y-rays or heavy particles, even if it is not possible to com-
pletely rule out a contribution of ionization reactions, which
lead to similar degradation products. Support for the major
role played by *OH came from the consideration of the effects
of the radiation quality on the formation efficiency of oxidized
nucleosides that was found to decrease with the increase in
LET. This may be rationalized in terms of decrease in the yield
of *OH due to higher recombination processes with LET
increase. In addition, the existence of efficient charge trans-
fer reactions that lead to the predominant formation of 4 fol-
lowing initial ionization of the pyrimidine and purine bases
upon exposure to high-intensity UVC laser pulses (vide infra)
is a second argument although indirect in favor of the pre-
dominant implication of *OH in the formation of base oxida-
tion products. The formation of 4, which is a ubiquitous
oxidatively generated base damage, may be rationalized by
initial addition of *OH at the C8 of the imidazole ring. Oxida-
tion of the radical 3 thus formed leads to the formation of 4,
whereas predominant competitive one-electron reduction
likely due to poorly oxygenated nucleus gives rise to 5 (Fig-
ure 1). Another example of *OH-mediated oxidation reactions
of the guanine is provided by the HPLC—MS/MS detection of
2,2-diamino-4-[(2-deoxy-p-p-erythro-pentofuranosyl)aminol-
5(2H)-oxazolone (14) in hepatic DNA of diabetic rats.*”

3.4. Two-quantum photoionization. lonization pro-
cesses of both the nucleobases and the 2-deoxyribose moi-
eties are expected to be associated with the direct effect of



TABLE 3. One-Electron Oxidation Base Lesions? in Cellular DNA?
upon Two-Photon UVC® Photoionization?

yield per 10°

base lesions bases and mJ
8-0x0-7,8-dihydro-2'-deoxyguanosine (4) 1.29
5-(hydroxymethyl)-2'-deoxyuridine (22) 0.06
5-formyl-2'-deoxyuridine (23) 0.02
5,6-dihydroxy-5,6-dihydrothymidine (24) 0.17

9 Determined by HPLC—MS/MS. ” THP-1 malignant cells. < Laser pulses at 266
nm. ¢ Table adapted from ref 44b.

rays. Two quantum photoionization provided by 266 nm
nanosecond laser pulses has been shown to be an efficient
way to oxidize purine and pyrimidine bases of free nucleo-
sides and isolated DNA.3" Depletion of the initially generated
triplet excited-state nucleobases leads by absorption of a sec-
ond UV photon to the generation of the related radical cat-
ions and subsequent chemical reactions. This approach has
been successfully applied to investigate in a specific way the
chemistry of purine and pyrimidine radical cations in cellular
DNA on the basis of the HPLC—MS/MS measurement of ded-
icated final oxidation products.**® Thus it was found that 4
was formed predominantly over one-electron oxidation prod-
ucts of thymidine including 22—24 (Table 3). The formation
of the pyrimidine degradation products may be rationalized in
terms of transient generation of thymine radical cation whose
chemical reactions in aerated aqueous solutions have been
assessed on the basis of model studies involving type I
photosensitizers.® The formation of 4 is likely to result from
hydration of 2 (Figure 1), which may be produced through
direct one-electron oxidation of a guanine residue or subse-
quent to hole migration to a guanine base that acts as a sink
from a distant adenine or pyrimidine radical cation. This is
suggestive of occurrence of charge transfer reactions within
cellular DNA that have been shown to take place within dou-
ble-stranded oligonucleotides according to several mecha-
nisms including multistep hopping, phonon-assisted polaron-
like hopping, and coherent superexchange.*®

4. Summary and Outlook

Evidence is provided in this short survey on the formation of
several modified bases in cellular DNA after exposure to phys-
ical and chemical oxidizing agents. This validates, at least
partly, in living cells the mechanisms of degradation of nucleo-
bases by '0,, *OH, and one-electron oxidants that were pre-
viously inferred from model studies. This was achieved using
in most cases the accurate and specific HPLC—MS/MS analyt-
ical technique that has also involved application of optimized
conditions of DNA extraction protocols in order to minimize
the occurrence of spurious oxidation. Emphasis should now be
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placed on the detection of other guanine lesions such as
DNA—protein cross-links.>'!
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