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Abstract: The photolysis of the pyridinethiondsa—d releases oxyl (hydroxyl, isopropyloxyert-butoxyl,

and benzoyloxyl) radicals, which damage DNA through strand cleavage and guanine oxidation. Unexpectedly,
the N-hydroxy derivativela is significantly less effective in the oxidation of cell-free DNA than the alkoxy
and benzoyloxy oneslb—d. A similar trend was observed for the photooxidative consumption of
2'-deoxyguanosined@G) by these pyridinethiones. Detailed mechanistic investigations have revealed that the
guanine oxidation by the pyridinethiong&b—d is not caused by oxyl radicals but by a type-l photooxidation
process through the novel betain intermed&t&hich is formed in small amounts (ca. 5%) during the photolysis

of these thiones from the intermediary photoproduct disulBd&his photosensitized guanine oxidation is
effectively inhibited by theéN,N'-dioxide 7, which is produced only in the photolysis of tNehydroxypyridine-
2-thione @a@) and not from théN-alkoxy andN-benzoyloxy derivativedb—d. Thus, for theN-hydroxy derivative
lahydroxyl radicals are the main DNA-damaging species. Nifakoxy andN-benzoyloxy derivativedb—d

are more effective DNA-photooxidizing reagents thanNHeydroxypyridinethionela, becausd.b—d oxidize

DNA photocatalytically through sensitization by the bet&nwhile 1a oxidizes DNA mainly through the
stoichiometrically photogenerated hydroxyl radicals.

latter is a commercial substance knowrCaisadine a versatile
d antibacterial and antifungal agent employed in antidandruff
shampoos for many years. In vitro, thiohaexhibits cytotoxic
activity in leukemia cells and is, therefore, a potential chemo-
‘therapeutic anticancer agéntindeed, the genotoxicity of
N-hydroxypyridinethiones has been demonstrated in cellular
system& upon irradiation, for which the observed DNA-strand
cleavage and base oxidation has been attributed to the photo-
chemically released hydroxyl radicdls.

Introduction

Oxygen radicals belong to the most reactive oxidants an
play a key role in the so-calledxidative StressTheir reactivity
has also been utilized therapeutically in several antitumor agents
e.g. bleomycirt. Unquestionably, it is relevant and important
to assess the efficacy of DNA damage by oxygen-radical
sources.

For chemical model studies of such DNA damage, the
methods that are available to generate hydroxyl radicals entail
the chemical formation through the Fenton reactionthe y
radiolysis of wateP. Such conventional hydroxyl-radical sources

are of limited scope for biological investigations, because N"S NS
besides hydroxyl radicals, the Fenton reaction may initiate OR Me
undesirable redox chemistry, whiferadiolysis may cause direct 1a:R=H 2

ionization of DNA. For this reason, during the past few years
new photochemical equivalents have been develépeithe so-
calledphoto-Fentorreagents. Among these, thEhydroxypy-
ridine-2-thione 1a)* recently has received much attention. The

1b: R = isopropyl
1c: R = tert-butyl
1d: R = benzoyl

Recently we have reportgdhat the N-alkoxy and N-
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induce strand breaks in supercoiled pBR 322 DNA upon
irradiation, due to alkoxyl or benzoyloxyl radic&$? In the

present chemical model studies, we have examined whether

N-isopropoxy (b), N-tert-butoxy (1c), andN-benzoyloxy (d)

derivatives may serve as effective photochemical oxyl-radical

sources for the investigation of DNA-base modification by

alkoxyl radicals because compared to hydroxyl radicals, there

is still little known about this for alkoxyl radicals.Herein we
report that the pyridinethionesb—d are not well suited as

photochemical alkoxyl-radical sources to assess the efficacy of

alkoxyl radicals for DNA oxidation. Only on prolonged irradia-
tion are theN-alkoxy- andN-benzoyl-substituted pyridinethiones
1b—d significantly more effective than tHé-hydroxy derivative
la in photooxidizing DNA. To rationalize this unexpected
photooxidative activity of pyridinethiones mechanistically, the
photooxidation of 2deoxyguanosine archlf-thymusDNA has
been investigated in detail.

Results

The N-substituted pyridinethioneswere synthesized under
complete light exclusion according to literature proceddfe’’
As already described, thM-alkoxypyridinethiones photode-
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Figure 1. Conversion ofdlG (0.50 mM) upon irradiation (350 nm) of
N-isopropoxypyridinethiondb (50 uM to 0.50 mM, 0.1-1.0 equiv)
in phosphate buffer (5.0 mM, pH 7.0)/GEN (10%) at 10°C for 3 h;

compose at 350 nm completely within a few minutes, and the Without irradiation nodG conversion was observed.

formation of alkoxyl radicals in the photolysis was substantiated
by EPR-spectroscopic detection of DMP@koxyl—radical
adducts Now, the results of the DNA-oxidizing activity of the
radical sourced are presented below.

1. Photooxidation of dG andCT DNA. (a) Photooxidation
of dG by the N-Alkoxypyridinethiones 1b,c. On irradiation
of the N-alkoxypyridinethioneslb and 1c (350 nm, 3 h), the
catalytic decomposition of 0.50 mM-BeoxyguanosinedG)
was observed sincesl equiv of 1b,c induced the complete
conversion ofdG (Figure 1 shows the results f@b). Alkaline

treatment of the reaction samples released guanidine from the

formedoxazolone(alsooxoimidazolidine, but for convenience
we refer here only to the former) in about 30% vyield (Figure
2), which was quantified by HPLC analysis by means of the

fluorescence-labeling assay with 1,2-naphthoquinone-4-sulfonic

acid15 Neither the &* and 4S* diastereomers of 4-hydroxy-

? N—°
NH
HN” N HN._O~0 "X Jid
J% | >=0 H2N>< — O N7 N7 NH,
HNT N7 N N NH o]
R dR
OH
R = H: 8-oxoGua Oxazolone Oxoimidazolidine
R = dR: 8-oxodG
dR = 2-Deoxyribose

8-0x0-4,8-dihydro-2deoxyguanosine (4-HO-8-oxodGuo), which
are characteristic type-Il photooxidation products of d&ui,
nor 7,8-dihydro-8-oxo-2deoxyguanosine8toxodG) was de-
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Figure 2. Conversion ofdG and yield ofoxazoloneupon irradiation
(350 nm) ofdG (0.50 mM) in the presence of thioné&é or 1c with
and without ditert-butylcresol in phosphate buffer (5.0 mM, pH 7.0)/
CH3CN (10%) at 10°C for 3 h; without irradiation n@G conversion
was observed8-oxoGuawas not formed in significant yields.

tected (HPLC, UV detection for 4-HO-8-oxodGuo; HPLC,
electrochemical detection at 450 mV for 8-oxodG) as photo-
oxidation product. The addition of the radical scavenger di-
tert-butylcresol (1 or 10 equiv referred WG) significantly
decreased théG conversion and the formation of the guanidine-
releasing producbxazolone (Figure 2). However, the oxyl-
radical scavengeert-butyl alcohol®@which usually effectively
lowers the formation of strand breaks hlyalkoxypyridineth-
iones? did not influence appreciably the conversion a®
caused by the radical sourcgb,c (data not shown).

N-Methylpyridine-2-thion&* (2), a substance that contains the
same chromophore but cannot generate alkoxyl radicals, did
not promote any notable (4%) conversiond® nor did it lead
to any appreciable (1%) amount oxazoloneunder the same
conditions as above. Thus, the pyridinethione chromophore itself
does not possess any significant activity as type-l photosensi-
tizer.

To gain further insight into the mode of action of the
N-alkoxypyridinethioned b andlc, the time dependence of the
dG conversion compared to that Nfalkoxypyridinethionedb
and 1c was monitored in detail. For comparison, tie
benzoyloxypyridinethionéd was employed as well. The results
(Figure 3) demonstrate clearly that thd& conversion starts
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Figure 3. Time dependence of the photochemical (350 nm) conversion
of dG (0.50 mM) in the presence of the pyridinethiorids(50.0uM),

1c (50.0uM), or 1d (0.150 mM) in phosphate buffer (5 mM, pH 7.0)/
CH:CN (20%) at 10°C; without irradiation nodG conversion was
observed.
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Figure 4. Formation of8-oxoGuaduring the photolysis (350 nm, 3.0

h) of N-isopropoxy- (b), N-tert-butoxy- (Lc), and N-benzoyloxypy-
ridine-2-thione {d) in the presence afalf-thymusDNA in phosphate
buffer (5 mM, pH 7.0)/CHCN (7%); inhibition by the radical scavenger
di-tert-butylcresol (5.33 mM) and the efficiency of the photooxidation
by the photoproducts of the thionekb and 1c after 12 h of
preirradiation; without irradiation no DNA oxidation was observed,;
guanidine-releasing products were not formed in significant amounts
(<0.2%).

only after ca 1 h of irradiation time (see inset), whereas the
decomposition of the pyridinethiondéd—d is complete within
the first minute of irradiation (detected by HPLC analysis).
When the pyridinethionedb—d were irradiated until their
complete consumption and subsequedi® was added to the
photolyzate, its full conversion was observed on further pho-
tolysis.

(b) Photooxidation of Calf-Thymus DNA by the Pyridi-
nethiones 1b-d. Irradiation of the pyridinethionedb—d
afforded mainly 7,8-dihydro-8-oxoguaniné-¢xoGug by
oxidative damage ofalf-thymusDNA (Figure 4); guanidine-
releasing products were formed in insignificant amourt®.1%).
The time dependence of tf&oxoGua formation from calf-
thymusDNA (data not shown) revealed that the maximum yield
of 8-oxoGuawas reached after 2t3 h ofirradiation for the
pyridinethioneslb,c. As to the concentration dependence,

J. Am. Chem. Soc., Vol. 121, No. 6, 12831

100 -
- 7
& 80
= s e
£ g 3 I
o 60 T 40 s a
% —e— convn5 ° 20 "t Ls
S H i
= 40 4 —a&— formation 3 T T
>~ —4a— formation 4 °-i;m§'(‘.‘,) 06
—O0— pH
20 -
AO

time (h)
Figure 5. Time dependence for the photochemical (350 nm) conversion

of pyridine-2-thiol §; 0.50 mM) in water/CHCN (20%), the formation
of the disulfide3 and sulfonic acid4, and the pH profile.

smaller amounts of thi-alkoxypyridinethionedb andl1c (62.5
versus 295:/M) led to higher yields oB-oxoGua (Figure 4).

As observed fodG, also forcalf-thymusDNA the addition
of the radical scavenger tirt-butylcresol decreased the oxida-
tion activity significantly, as is evident from the reduced amount
of 8-oxoGua (Figure 4). The photolyzate of thd-alkoxypy-
ridinethioneslb and1c after 12 h of preirradiation at 350 nm
(pyridine-2-sulfonic acidt is the main photolysis product) did
not lead to any8-oxoGua upon further irradiation in the
presence ofCT DNA. The pyridinethione chromophore was
inactive, because the photostahlenethylpyridine-2-thioneZ)
gave only 0.15+ 0.1%8-0xoGua which is small compared to
that of theN-alkoxypyridinethioneslb and 1c (1.0—1.5%).

2. Photoproducts of the Pyridinethiones 1b-d and Their
DNA-Oxidizing Activity. Since the time profile (Figure 3)
exposed that the photoproducts of the pyridinethioblesd
are responsible for the DNA photooxidation, their photochem-
istry was studied in detail. The photolysisf—d led to 2,2-
dipyridine disulfide 8), which upon exhaustive photolysis was
converted to pyridine-2-sulfonic acid4)( as final product
(Scheme 1, Figure 5). In contrast to a recent repdrt,which
the photolysis of disulfide8 was performed in acetonitrile or
2-propanol, we did not detect pyridine-2-thid) (Instead, under
our photolysis conditions, thidd was oxidized to its sulfonic
acid 4 (Scheme 1), which was also manifested by the pH
decrease during the photolysis (Figure 5).

(a) Photooxidation of dG and DNA by Disulfide 3 and
Sulfonic Acid 4. Like the pyridinethionedb—d, the disulfide
3 also convertedlG catalytically upon irradiation (350 nm).
Again this took place only after about 30 min of irradiation,
whereas the consumption of the disulfi@end the formation
of its final oxidation product, the sulfonic acid, started
immediately on irradiation (Figure 6). Control experiments
showed that the sulfonic acid, produced from the pyridine
derivativesl, 3 or 5, did not photooxidizelG. For comparison,
on long preirradiation (after 12 h), the pyridinethiorEs—d
also did not significantly consun@G upon further irradiation.
Furthermore, in the photooxidation @&lf-thymusDNA, the
photoproduct of disulfide8 was highly active, since 5.5% of

(17) Alam, M. M.; Watanabe, A.; Ito, Ql. Org. Chem1995 60, 3440~
3444.
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Figure 6. Time dependence of the photochemical (350 nm) conversion preiadiation time (h)
of dG [0.50 mM, in phosphate buffer (5.0 mM, pH 7.0)/@EN (6%)] Figure 7. Conversion ofdG (0.50 mM) upon irradiation (350 nm) in
in the presence of the disulfid2(0.250 mM) and conversion of the  the presence of the photolyzate of disulfi@as a function of
latter, as well as the formation of the sulfonic adjdvithout irradiation preirradiation time
no dG conversion was observed. )
_ S Scheme 2: Products of the photolysis of
8-oxoGuawere formed. Again, the sulfonic ac#las well as N-hydroxypyridine-2-thione 1a)
preirradiated (12 h) solutions of the pyridinethiorids-d were N N N _
inactive. Q hv (350 nm) @ Jl\/j + |
Since the time dependence in Figure 6 demonstrates convinc- NS N s-8” N7 SN SOzH
ingly that the disulfide3 is not directly responsible for th&G OH
photooxidation §G consumption lags about 30 min behind that 1a 3 4
of 3), an intermediary product was suspected. Thus, efforts were
expended to detect an active species and characterize it. For +] A l N, | \ | S
this purpose, preirradiated solutions of the disulf@levere N s—g” N7 NZ Ng-5” N7
employed in the photoreactions withG. Indeed, the data in \ v |
Figure 7 clearly manifest that after about 2-h preirradiation of o 6 o 7 0
the disulfide 3, a maximum of photooxidative activity was
reached. betain8 (5.25uM) led to 3% of8-0xoGug no oxazolone was
(b) Isolation and Characterization of the Active Interme- detected.
diate in the Photooxidation of dG by Disulfide 3.Photooxi- 3. Photooxidation of dG and DNA byN-Hydroxypyridine-

dation on the semipreparative scale afforded a highly polar 2-thione (1a).Mechanistically significant is the fact that besides
DNA-damaging intermediary produ8t(for structure cf. Scheme  disulfide 3 (7%) and sulfonic acid (22%), the mondN-oxide

3), which was isolated by silica-gel chromatography in ca. 5% 6 (15%) and theN,N-dioxide 7 (38%) also are formed in the
yield. The structure of this new betarests ontH NMR and photolysis ofN-hydroxypyridinethionela at 350 nm (Scheme
13C NMR, HH-COSY, HMQC, and HMBC data, as well as its  2).420.18Control experiments disclosed that tNeN-dioxide 7
mass spectrum and IR absorptions. Control experiments con-inhibited significantly thedG conversion by the pyridinethiones
firmed that the photoprodu&oxidizeddG upon irradiation at 1b—d and their photoproducts, as demonstrated by the fourth,
350 nm. The time profile (Figure 8) displays that tH& sixth, eighth, and eleventh columns in Figure 9. Also the DNA
conversion started immediately on irradiation, whereas the active oxidation to 8-oxoGua by the pyridinethioneslb—d (only
species8 was consumed only half as fast as ti@. Irradiation derivative 1c is shown) or by the photoproduct of disulfide

of calf-thymusDNA (62.5uM guanine) in the presence of the was suppressed substantially, which is displayed in Figure 10
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Scheme 3: Mechanism for the formation of the betanand photosensitized electron-transfer oxidation of dG
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Figure 8. Time dependence of the photochemical (350 nm) conversion
of dG [0.50 mM in 5 mM phosphate buffer (pH 7.0)] in the presence
of the isolated active intermediary prod@i0.084 mM) and conversion

of the latter; without irradiation ndG conversion was observed.

(third and fifth columns). Furthermore, thi,N-dioxide 7
inhibited not only the photooxidation @fG by the photoprod-
ucts of the pyridinethionesb—d but also the type-I photooxi-
dation of benzophenone and menadione (Figure 9).

Discussion

As reported earlie?,the observed DNA-strand cleavage is
caused by the oxyl (hydroxyl, alkoxyl, benzoyloxyl) radicals,
generated in the photolysis of the pyridinethione derivathaes
d. However, the finding that at prolonged irradiation times 82
h) theN-alkoxy- andN-benzoyloxy-substituted pyridinethiones
1b—d are more effective photooxidants of the guanine base in
dG and DNA than theN-hydroxy derivativela is unexpected
because generally alkoxyl and acyloxyl radicals are less reactive;
than hydroxyl one$? Since the hydroxyl-radical activity in
oxidative DNA damage has been previously demonstrated for
the hydroxy-substituteda,6 this implies that other than oxyl
radicals are responsible for the DNA-base oxidation by the
pyridinethioneslb—d. Indeed, the lack of inhibition of theG
conversion by the oxyl-radical scavengdert-butyl alcohof2
supports that the base oxidation by the substratesd is not
induced by alkoxyl radicals. However, thft-butylcresol in-

(18) Boivin, J.; Cfeon, E.; Zard, S. ZBull. Soc. Chim. Fr1992 129,
145-150.

(19) Gilbert, B. C.; Marshall, P. D. R.; Norman, R. O. C.; Pineda, N.;
Williams, P. S.J. Chem. Soc., Perkin Trans.1®81, 1392-1400.

H
= S

(\/r\ -
N Nz\ />

aromatization

by OX|dat|on /I\/\/t D

hibited significantly guanine oxidation idG (Figure 2) and
DNA (Figure 4). Control experiments with the type-I photo-
sensitizer benzophenone revealed that the radical scavenger di-
tert-butylcresol also inhibits the electron-transfer-mediated type-I
photooxidation ofiG (data not shown). Therefore, we conclude
that the decreased extent of guanine oxidation induced by the
pyridinethioneslb—d in the presence of the cresol is due to
the inhibition of the type-1 photooxidation process. Presumably,
the electron-rich cresol competes with dG as electron donor in
this photooxidation reaction.

That oxyl radicals are not responsible for the observed
guanine oxidation by the pyridinethionekb—d is further
convincingly proven by the time-dependence study (Figure 3)
of thedG oxidation. Thus, thelG conversion starts only after
1 h of irradiation, when all of the pyridinethione has been
completely consumed and, thus, oxyl-radical production must
have already ceased. Also the maximum DNA-base oxidation
was reached only after c& h of irradiation. Relevant is the
fact that the main photoproduct of the pyridinethiorids-d,
namely the disulfide, was shown to consund catalytically
on irradiation and oxidize highly efficiently the guanine base
in DNA (Figure 6). However, the disulfid@is not the ultimate
oxidant of DNA, since these time-dependence studies demon-
strate clearly that thdG conversion starts quite late (only after
30 min), whereas the disulfide consumption commences im-
mediately upon irradiation (Figure 6). Even more convincing
is the fact that preirradiated solutions of the disulf&igre more
reactive in the photooxidation of DNA and d6 than the pure,
not-preirradiated compoun@ (Figure 7). With increasing
preirradiation time, the activity increases at first and afterward
drops again, an indication that a photooxidizing intermediate is
formed, which itself is photolabile. Indeed, the novel bet&in
was isolated as DNA-photooxidizing species, which is generated
in the photolysis of disulfideg in small amounts (ca. 5%).

Earlier it was reported that the irradiation of disulfigleeads
to S-S bond cleavag¥, while presently we have shown that
the resulting thiyl-radical products are further oxidized to afford
finally the pyridinesulfonic acidl (Scheme 1). The latter was
observed as the end-product in the photolysis of the pyridineth-
ionesla—d, of the disulfide3, and of the thiob. Furthermore,
the present data show unequivocally that the photolysis of the
pyridinethioneslb—d yields, besides the disulfidgd and the
sulfonic acid4, the highly active photooxidizing intermediary
product 8, an unusual and novel tricyclic betain. A similar
photolabile compound with such a tricyclic betain structure has
been reported previousk.The formation of the zwitterionic
speciesB is mechanistically rationalized in Scheme 3 in terms
of the hitherto unprecedented head-to-tail coupling of two thiyl
radicals, subsequent cyclization by intramolecular nucleophilic
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S

+N\

/

(20) Davies, J. S.; Smith, K.; Turner, Jetrahedron Lett198Q 21,
2191-2194.
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Figure 9. Photochemical (350 nm) conversiond® [0.50 mM in phosphate buffer (5.0 mM, pH 7.0)] in the presenc&l-dfydroxypyridine-2-
thione (La, 1.5 h),N-tert-butoxypyridine-2-thioneX(c, 3.0 h), 2,2-dipyridine disulfide 8, 3.0 h), 2,2-dipyridine disulfide mondN-oxide @, 3.0 h),
2,2-dipyridine disulfide diN-oxide (7, 3.0 h), betair8 (12 min), benzophenone (1.25 h), or menadione (1.25 h); inhibitory effect fakide 7

in the photooxidation otiG.

8-oxoGua (%)

3 3+7 6 6+7 7

Figure 10. Formation of8-oxoGuain the irradiation (350 nm) o€T
DNA (62.5uM Gua in 5 mM phosphate buffer, pH 7.0) in the presence
of N-tertbutoxypyridinethionelc (62.5 uM, 1.0 equiv), of 2,2
dipyridine disulfide3 (31.3uM, 0.50 equiv), of 2,2dipyridine disulfide
monoN-oxide 6 (31.3uM, 0.50 equiv), and of\,N-dioxide 7 (62.5
uM, 1.0 equiv); inhibitory effect oN,N-dioxide7 (125uM, 2.0 equiv);
without irradiation no DNA oxidation was observed.

1c

attack and final oxidative aromatization, followed by the

conversion of the sulfhydryl to the sulfonic acid functionality.
The betairB exhibits photooxidizing propensity, as confirmed

by thedG conversion (Figure 8) and the formation&bxoGua

in CT DNA. This is not astonishing, since aromatic iminium

salts are in general excellent electron acceptors and their

formed. In contrast to dG, in DNA the guanyl radical cation,
formed by one-electron oxidation, is stabilized and its hydration
leads to 8-oxodG%24Therefore, in the photooxidation of DNA

by the pyridinethionedb—d, the 8-oxodG is formed by the
type-I mechanism. Recently it was reported that the one-electron
oxidation of calf thymusDNA?2® and oligonucleotideé® leads
mainly to oxazolone and its precursor imidazolone. The
observation that at lower concentrationNfalkoxypyridineth-
iones higher yields 08-oxoGuaare obtained (Figure 4) also
supports the mechanistic rationale that a type-l photooxidation
process is involved in the DNA-base oxidation By—d, since

it has been reported that the guanine photooxidation product
8-oxoGuais efficiently further oxidized by type-I photosensi-
tizers??

The question that remains to be answered is, why the
N-hydroxy derivativela is much less active in the photooxi-
dation of guanine in dG and DNA than the alkoxyb(c) and
benzoyloxy (d) ones. Intensive product and mechanistic studies
provide a convincing answer to this query: Definitive is the
fact that in the photolysis of th&-hydroxy derivativela the
N,N'-dioxide 7 is formed® in significant amounts (yield 38%),
but not at all fromlb—d. Control experiments showed that the
N,N'-dioxide 7 is an efficient quencher of the type-1 photooxi-
dation of dG and DNA by the photoproduct of disulfid@
(Figures 9 and 10) and also by the authentic begaiim fact,
the N,N'-dioxide 7 also inhibits dG consumption by the
established type-I photooxidants benzopheAbard menadi-
oné® (Figure 9), which convert guanine to its radical cation by

(22) Kasai, H.; Yamaizumi, Z.; Berger, M.; CadetJJAm. Chem. Soc.

photochemical electron-transfer reactions have been frequently1992 114 9692-9694.

used for synthetic purposésTherefore, we propose (Scheme
3) that the betair8 oxidizes the guanine base in DNA by a

type-I photooxidation process (photochemical electron transfer),

but does not efficiently induce DNA strand breaks. The product
distribution in the photooxidation afG by the pyridinethiones
1b—d supports this mechanistic rationale: In ti& photo-
oxidation bylb—d, high amounts (25%) of guanidine-releasing
products ¢xazoloneandoxoimidazolidine) but no8-oxoGua
were observed, a characteristic feature of type-1 sensitizét&3
However, in DNA, significant amounts &oxoGua(3%) but

no notable quantities of guanidine-releasing products were

(21) Mariano, P. S. IrPhotoinduced Electron TransfeFox, M. A.,
Chanon, M., Eds Elsevier: New York, 1988; Part C, pp 37220.

(23) Cadet, J.; Berger, M.; Buchko, G. W.; Joshi, P. C.; Raoul, S.;
Ravanat, J.-LJ. Am. Chem. S0d.994 116, 7403-7404.

(24) Douki, T.; Cadet, Jrree Radical Res1996 24, 369-380.

(25) Kino, K.; Saito, I.J. Am. Chem. S0d.998 120, 7373-7374.

(26) Gasparutto, D.; Ravanat, J.-L.; 1@ O.; Cadet, JJ. Am. Chem.
Sac. 1998 120, 10283-10286.

(27) (a) Raoul, S.; Cadet, J. Am. Chem. S0d.996 118 1892-1898.

(b) Adam, W.; Saha-NMier, C. R.; Schiaberger, A.J. Am. Chem. Soc.
1996 118 9233-9238.

(28) The formation of th&,N'-dioxide 7 is mechanistically rationalized
in the literature® The key step is H abstraction from thehydroxypy-
ridinethionela or its thiol tautomer, a reaction that cannot occur for the
N-alkoxy or acyloxy derivativedb—d.

(29) (a) Buchko, G. W.; Cadet, J.; Ravanat, J.-L.; Labatailldn®.J.
Radiat. Biol.1993 63, 669-676. (b) Morin, B.; Cadet, JJ. Chem. Res.
Toxicol. 1995 8, 792-799.

(30) Fisher, G. J.; Land, E. Photochem. Photobioll983 37, 27—32.
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Scheme 4: Comparative DNA photooxidation of the pyridinethionks—d by oxyl radicals and betai8, and the inhibitory
effect of theN,N-dioxide 7
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electron transfer. Therefore, we propose thatk'-dioxide the photolysis of the pyridinethiones, acts through a photocata-
7 serves as a competitive electron donor and proteGtand lytic process (type-l photooxidation), which is inhibited in the
DNA against the type-I photooxidation by the bet&8irand in case ofN-hydroxypyridinethionela by the N,N-dioxide 7.

turn by the disulfide3, since the latter is the photochemical Consequently, the stoichiometrically formed hydroxyl radicals
source for the betaiB. Consequently, for th&l-hydroxypyri- in the photolysis of the hydroxy-substitutd@ dominate the
dine-2-thione {a), the photoprodudi,N'-dioxide 7 suppresses  photooxidation of dG and DNA. The photocatalytic efficiency
the catalytic type-I photooxidation of DNA and the dominant of the betain8 is rather poor, since only six times more dG is
process is the less efficient stoichiometric oxidation by the converted by this photosensitizer, and the latter is decomposed
released hydroxyl radicals. In contrast, for the pyridinethiones on prolonged irradiation (cf. Figure 8).

1b_d, for Wh|Ch theN,N’-ledee? |S not fOI’med, the Ca'[a|ytIC Our present resu'ts establish that the pyr|d|neth|0:hmt
photosensitized guanine oxidation by the betagenerated in  only release oxyl radicald:%13 but also generate disulfide-
the photolysis oflb—d overshadows the oxyl-radical activity.  gerived secondary photoproducts such as the b8tétectron-

In contrast, as reported earligrfor the formation of strand  ransfer photooxidant) and theN'-dioxide 7 (electron-transfer
breaks, oxyl radicals manifest themselves as the active speciegnpibitor), which have a profound effect on the photooxidation
in the photolysis of all the pyridinethionds—d because type- o 4G and DNA. Caution should be exercised when these
I-photooxidation reactions do not significantly induce strand photochemical oxyl-radical sources are employed to assess the

breaks’* Furthermore, the short irradiation period (25 min) egficiency of oxyl radicals in the oxidative damage of biological
employed for the DNA-cleavage experiméntioes not form substrates.

any detectable amount of the bet&n
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