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Abstract: The photolysis of the pyridinethiones1a-d releases oxyl (hydroxyl, isopropyloxyl,tert-butoxyl,
and benzoyloxyl) radicals, which damage DNA through strand cleavage and guanine oxidation. Unexpectedly,
the N-hydroxy derivative1a is significantly less effective in the oxidation of cell-free DNA than the alkoxy
and benzoyloxy ones1b-d. A similar trend was observed for the photooxidative consumption of
2′-deoxyguanosine (dG) by these pyridinethiones. Detailed mechanistic investigations have revealed that the
guanine oxidation by the pyridinethiones1b-d is not caused by oxyl radicals but by a type-I photooxidation
process through the novel betain intermediate8, which is formed in small amounts (ca. 5%) during the photolysis
of these thiones from the intermediary photoproduct disulfide3. This photosensitized guanine oxidation is
effectively inhibited by theN,N′-dioxide7, which is produced only in the photolysis of theN-hydroxypyridine-
2-thione (1a) and not from theN-alkoxy andN-benzoyloxy derivatives1b-d. Thus, for theN-hydroxy derivative
1a hydroxyl radicals are the main DNA-damaging species. TheN-alkoxy andN-benzoyloxy derivatives1b-d
are more effective DNA-photooxidizing reagents than theN-hydroxypyridinethione1a, because1b-d oxidize
DNA photocatalytically through sensitization by the betain8, while 1a oxidizes DNA mainly through the
stoichiometrically photogenerated hydroxyl radicals.

Introduction

Oxygen radicals belong to the most reactive oxidants and
play a key role in the so-calledOxidatiVe Stress. Their reactivity
has also been utilized therapeutically in several antitumor agents,
e.g. bleomycin.1 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 reaction2 or theγ
radiolysis of water.3 Such conventional hydroxyl-radical sources
are of limited scope for biological investigations, because
besides hydroxyl radicals, the Fenton reaction may initiate
undesirable redox chemistry, whileγ radiolysis may cause direct
ionization of DNA. For this reason, during the past few years
new photochemical equivalents have been developed,4-7 the so-
calledphoto-Fentonreagents. Among these, theN-hydroxypy-
ridine-2-thione (1a)4 recently has received much attention. The

latter is a commercial substance known asOmadine, a versatile
antibacterial and antifungal agent employed in antidandruff
shampoos for many years. In vitro, thione1aexhibits cytotoxic
activity in leukemia cells and is, therefore, a potential chemo-
therapeutic anticancer agent.8 Indeed, the genotoxicity of
N-hydroxypyridinethiones has been demonstrated in cellular
systems7b upon irradiation, for which the observed DNA-strand
cleavage and base oxidation has been attributed to the photo-
chemically released hydroxyl radicals.7

Recently we have reported9 that the N-alkoxy and N-
benzoyloxy derivatives1b-d of N-hydroxypyridinethione1a

‡ Undergraduate research participant, Summer 1996.
(1) (a) Hecht, S. M.Acc. Chem. Res.1986, 19, 383-391. (b) Stubbe, J.;

Kozarich, J. W.Chem. ReV. 1987, 87, 1107-1136.
(2) Walling, C.Acc. Chem. Res.1975, 8, 125-131.
(3) von Sonntag, C.The Chemical Basis of Radiation Biology; Taylor

and Francis: London, 1987.
(4) (a) Boivin, J.; Crepon, E.; Zard, S. Z.Tetrahedron Lett.1990, 31,

6869-6872. (b) Hess, K. M.; Dix, T. A.Anal. Biochem.1992, 206, 309-
314. (c) Aveline, B. M.; Kochevar, I. E.; Redmond, R. W.J. Am. Chem.
Soc.1996, 118, 10113-10123.

(5) (a) Saito, I.; Takayama, M.; Matsuura, T.; Matsugo, S.; Kawanishi,
S.J. Am. Chem. Soc.1990, 112, 883-884. (b) Matsugo, S.; Kawanishi, S.;
Yamamoto, K.; Sugiyama, H.; Matsuura, T.; Saito, I.Angew. Chem., Int.
Ed. Engl.1990, 30, 1351-1353.

(6) (a) Epe, B.; Ha¨ring, M.; Ramaiah, D.; Stopper, H.; Abou-Elzahab,
M. M.; Adam, W.; Saha-Mo¨ller, C. R. Carcinogenesis1993, 14, 2271-
2276. (b) Adam, W.; Cadet, J.; Dall′Acqua, F.; Epe, B.; Frank, S.; Ramaiah,
D.; Saha-Mo¨ller, C. R.; Vedaldi, D.Angew. Chem., Int. Ed. Engl.1995,
34, 107-110.

(7) (a) Adam, W.; Ballmaier, D.; Epe, B.; Grimm, G. N.; Saha-Mo¨ller,
C. R. Angew. Chem., Int. Ed. Engl.1995, 34, 2156-2158. (b) Epe, B.;
Ballmaier, D.; Adam, W.; Grimm, G. N.; Saha-Mo¨ller, C. R.Nucleic Acid
Res.1996, 24, 1625-1631.

(8) (a) Blatt, J.; Taylor, S. R.; Kontoghiorghes, G.Cancer Res.1989,
49, 2925-2927. (b) Kontoghiorghes, G. J.; Piga, A.; Hoffbrand, A. V.;
Victor, A. Hermatol. Oncol.1986,4, 195-204.

1179J. Am. Chem. Soc.1999,121,1179-1185

10.1021/ja9811849 CCC: $18.00 © 1999 American Chemical Society
Published on Web 01/29/1999



induce strand breaks in supercoiled pBR 322 DNA upon
irradiation, due to alkoxyl or benzoyloxyl radicals.9,10 In the
present chemical model studies, we have examined whether
N-isopropoxy (1b), N-tert-butoxy (1c), andN-benzoyloxy (1d)
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.11 Herein we
report that the pyridinethiones1b-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 theN-hydroxy derivative
1a in photooxidizing DNA. To rationalize this unexpected
photooxidative activity of pyridinethiones mechanistically, the
photooxidation of 2′-deoxyguanosine andcalf-thymusDNA has
been investigated in detail.

Results

TheN-substituted pyridinethiones1 were synthesized under
complete light exclusion according to literature procedures.12-14

As already described, theN-alkoxypyridinethiones photode-
compose at 350 nm completely within a few minutes, and the
formation of alkoxyl radicals in the photolysis was substantiated
by EPR-spectroscopic detection of DMPO-alkoxyl-radical
adducts.9 Now, the results of the DNA-oxidizing activity of the
radical sources1 are presented below.

1. Photooxidation of dG andCT DNA. (a) Photooxidation
of dG by the N-Alkoxypyridinethiones 1b,c. On irradiation
of the N-alkoxypyridinethiones1b and 1c (350 nm, 3 h), the
catalytic decomposition of 0.50 mM 2′-deoxyguanosine (dG)
was observed since<1 equiv of 1b,c induced the complete
conversion ofdG (Figure 1 shows the results for1b). 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% yield (Figure
2), which was quantified by HPLC analysis by means of the
fluorescence-labeling assay with 1,2-naphthoquinone-4-sulfonic
acid.15 Neither the 4R* and 4S* diastereomers of 4-hydroxy-

8-oxo-4,8-dihydro-2′-deoxyguanosine (4-HO-8-oxodGuo), which
are characteristic type-II photooxidation products of dGuo,15,16

nor 7,8-dihydro-8-oxo-2′-deoxyguanosine (8-oxodG) was de-

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 todG) significantly
decreased thedG conversion and the formation of the guanidine-
releasing productoxazolone (Figure 2). However, the oxyl-
radical scavengertert-butyl alcohol,6a which usually effectively
lowers the formation of strand breaks byN-alkoxypyridineth-
iones,9 did not influence appreciably the conversion ofdG
caused by the radical sources1b,c (data not shown).

N-Methylpyridine-2-thione14 (2), a substance that contains the
same chromophore but cannot generate alkoxyl radicals, did
not promote any notable (4%) conversion ofdG nor did it lead
to any appreciable (1%) amount ofoxazoloneunder the same
conditions as above. Thus, the pyridinethione chromophore itself
does not possess any significant activity as type-I photosensi-
tizer.

To gain further insight into the mode of action of the
N-alkoxypyridinethiones1b and1c, the time dependence of the
dG conversion compared to that ofN-alkoxypyridinethiones1b
and 1c was monitored in detail. For comparison, theN-
benzoyloxypyridinethione1d was employed as well. The results
(Figure 3) demonstrate clearly that thedG conversion starts
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Figure 1. Conversion ofdG (0.50 mM) upon irradiation (350 nm) of
N-isopropoxypyridinethione1b (50 µM to 0.50 mM, 0.1-1.0 equiv)
in phosphate buffer (5.0 mM, pH 7.0)/CH3CN (10%) at 10°C for 3 h;
without irradiation nodG conversion was observed.

Figure 2. Conversion ofdG and yield ofoxazoloneupon irradiation
(350 nm) ofdG (0.50 mM) in the presence of thiones1b or 1c with
and without di-tert-butylcresol in phosphate buffer (5.0 mM, pH 7.0)/
CH3CN (10%) at 10°C for 3 h; without irradiation nodG conversion
was observed;8-oxoGuawas not formed in significant yields.
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only after ca. 1 h of irradiation time (see inset), whereas the
decomposition of the pyridinethiones1b-d is complete within
the first minute of irradiation (detected by HPLC analysis).
When the pyridinethiones1b-d were irradiated until their
complete consumption and subsequentlydG 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 pyridinethiones1b-d
afforded mainly 7,8-dihydro-8-oxoguanine (8-oxoGua) by
oxidative damage ofcalf-thymusDNA (Figure 4); guanidine-
releasing products were formed in insignificant amounts (<0.1%).
The time dependence of the8-oxoGua formation fromcalf-
thymusDNA (data not shown) revealed that the maximum yield
of 8-oxoGuawas reached after 2 to 3 h of irradiation for the
pyridinethiones1b,c. As to the concentration dependence,

smaller amounts of theN-alkoxypyridinethiones1b and1c (62.5
versus 295µM) led to higher yields of8-oxoGua (Figure 4).

As observed fordG, also forcalf-thymusDNA the addition
of the radical scavenger di-tert-butylcresol decreased the oxida-
tion activity significantly, as is evident from the reduced amount
of 8-oxoGua (Figure 4). The photolyzate of theN-alkoxypy-
ridinethiones1b and1c after 12 h of preirradiation at 350 nm
(pyridine-2-sulfonic acid4 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 photostableN-methylpyridine-2-thione (2)
gave only 0.15( 0.1%8-oxoGua, which is small compared to
that of theN-alkoxypyridinethiones1b and1c (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 pyridinethiones1b-d
are responsible for the DNA photooxidation, their photochem-
istry was studied in detail. The photolysis of1b-d led to 2,2′-
dipyridine disulfide (3), which upon exhaustive photolysis was
converted to pyridine-2-sulfonic acid (4) as final product
(Scheme 1, Figure 5). In contrast to a recent report,17 in which
the photolysis of disulfide3 was performed in acetonitrile or
2-propanol, we did not detect pyridine-2-thiol (5). Instead, under
our photolysis conditions, thiol5 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 pyridinethiones1b-d, the disulfide
3 also converteddG catalytically upon irradiation (350 nm).
Again this took place only after about 30 min of irradiation,
whereas the consumption of the disulfide3 and the formation
of its final oxidation product, the sulfonic acid4, started
immediately on irradiation (Figure 6). Control experiments
showed that the sulfonic acid4, produced from the pyridine
derivatives1, 3 or 5, did not photooxidizedG. For comparison,
on long preirradiation (after 12 h), the pyridinethiones1b-d
also did not significantly consumedG upon further irradiation.
Furthermore, in the photooxidation ofcalf-thymusDNA, the
photoproduct of disulfide3 was highly active, since 5.5% of

(17) Alam, M. M.; Watanabe, A.; Ito, O.J. Org. Chem.1995, 60, 3440-
3444.

Figure 3. Time dependence of the photochemical (350 nm) conversion
of dG (0.50 mM) in the presence of the pyridinethiones1b (50.0µM),
1c (50.0µM), or 1d (0.150 mM) in phosphate buffer (5 mM, pH 7.0)/
CH3CN (20%) at 10°C; without irradiation nodG conversion was
observed.

Figure 4. Formation of8-oxoGuaduring the photolysis (350 nm, 3.0
h) of N-isopropoxy- (1b), N-tert-butoxy- (1c), andN-benzoyloxypy-
ridine-2-thione (1d) in the presence ofcalf-thymusDNA in phosphate
buffer (5 mM, pH 7.0)/CH3CN (7%); inhibition by the radical scavenger
di-tert-butylcresol (5.33 mM) and the efficiency of the photooxidation
by the photoproducts of the thiones1b 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%).

Figure 5. Time dependence for the photochemical (350 nm) conversion
of pyridine-2-thiol (5; 0.50 mM) in water/CH3CN (20%), the formation
of the disulfide3 and sulfonic acid4, and the pH profile.
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8-oxoGuawere formed. Again, the sulfonic acid4 as well as
preirradiated (12 h) solutions of the pyridinethiones1b-d were
inactive.

Since the time dependence in Figure 6 demonstrates convinc-
ingly that the disulfide3 is not directly responsible for thedG
photooxidation (dG consumption lags about 30 min behind that
of 3), an intermediary product was suspected. Thus, efforts were
expended to detect an active species and characterize it. For
this purpose, preirradiated solutions of the disulfide3 were
employed in the photoreactions withdG. Indeed, the data in
Figure 7 clearly manifest that after about 2-h preirradiation of
the disulfide 3, a maximum of photooxidative activity was
reached.

(b) Isolation and Characterization of the Active Interme-
diate in the Photooxidation of dG by Disulfide 3.Photooxi-
dation on the semipreparative scale afforded a highly polar
DNA-damaging intermediary product8 (for structure cf. Scheme
3), which was isolated by silica-gel chromatography in ca. 5%
yield. The structure of this new betain8 rests on1H NMR and
13C NMR, HH-COSY, HMQC, and HMBC data, as well as its
mass spectrum and IR absorptions. Control experiments con-
firmed that the photoproduct8 oxidizeddG upon irradiation at
350 nm. The time profile (Figure 8) displays that thedG
conversion started immediately on irradiation, whereas the active
species8 was consumed only half as fast as thedG. Irradiation
of calf-thymusDNA (62.5 µM guanine) in the presence of the

betain8 (5.25µM) led to 3% of8-oxoGua; no oxazolone was
detected.

3. Photooxidation of dG and DNA byN-Hydroxypyridine-
2-thione (1a).Mechanistically significant is the fact that besides
disulfide3 (7%) and sulfonic acid4 (22%), the mono-N-oxide
6 (15%) and theN,N′-dioxide 7 (38%) also are formed in the
photolysis ofN-hydroxypyridinethione1a at 350 nm (Scheme
2).4a,b,18Control experiments disclosed that theN,N′-dioxide7
inhibited significantly thedG conversion by the pyridinethiones
1b-d and their photoproducts, as demonstrated by the fourth,
sixth, eighth, and eleventh columns in Figure 9. Also the DNA
oxidation to 8-oxoGua by the pyridinethiones1b-d (only
derivative1c is shown) or by the photoproduct of disulfide3
was suppressed substantially, which is displayed in Figure 10

Scheme 1: Photolysis of the pyridinethiones1b-d and pyridine-2-thiol (5)

Figure 6. Time dependence of the photochemical (350 nm) conversion
of dG [0.50 mM, in phosphate buffer (5.0 mM, pH 7.0)/CH3CN (6%)]
in the presence of the disulfide3 (0.250 mM) and conversion of the
latter, as well as the formation of the sulfonic acid4; without irradiation
no dG conversion was observed.

Figure 7. Conversion ofdG (0.50 mM) upon irradiation (350 nm) in
the presence of the photolyzate of disulfide3 as a function of
preirradiation time.

Scheme 2: Products of the photolysis of
N-hydroxypyridine-2-thione (1a)
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(third and fifth columns). Furthermore, theN,N′-dioxide 7
inhibited not only the photooxidation ofdG by the photoprod-
ucts of the pyridinethiones1b-d but also the type-I photooxi-
dation of benzophenone and menadione (Figure 9).

Discussion

As reported earlier,9 the observed DNA-strand cleavage is
caused by the oxyl (hydroxyl, alkoxyl, benzoyloxyl) radicals,
generated in the photolysis of the pyridinethione derivatives1a-
d. However, the finding that at prolonged irradiation times (2-3
h) theN-alkoxy- andN-benzoyloxy-substituted pyridinethiones
1b-d are more effective photooxidants of the guanine base in
dG and DNA than theN-hydroxy derivative1a is unexpected
because generally alkoxyl and acyloxyl radicals are less reactive
than hydroxyl ones.19 Since the hydroxyl-radical activity in
oxidative DNA damage has been previously demonstrated for
the hydroxy-substituted1a,16 this implies that other than oxyl
radicals are responsible for the DNA-base oxidation by the
pyridinethiones1b-d. Indeed, the lack of inhibition of thedG
conversion by the oxyl-radical scavengertert-butyl alcohol6a

supports that the base oxidation by the substrates1b-d is not
induced by alkoxyl radicals. However, di-tert-butylcresol in-

hibited significantly guanine oxidation indG (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 ofdG (data not shown). Therefore, we conclude
that the decreased extent of guanine oxidation induced by the
pyridinethiones1b-d in the presence of the cresol is due to
the inhibition of the type-I 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 pyridinethiones1b-d is further
convincingly proven by the time-dependence study (Figure 3)
of thedG oxidation. Thus, thedG 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 ca. 2 h of irradiation. Relevant is the
fact that the main photoproduct of the pyridinethiones1b-d,
namely the disulfide3, was shown to consumedG catalytically
on irradiation and oxidize highly efficiently the guanine base
in DNA (Figure 6). However, the disulfide3 is not the ultimate
oxidant of DNA, since these time-dependence studies demon-
strate clearly that thedG 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 disulfide3 are more
reactive in the photooxidation of DNA and ofdG than the pure,
not-preirradiated compound3 (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 betain8
was isolated as DNA-photooxidizing species, which is generated
in the photolysis of disulfide3 in small amounts (ca. 5%).

Earlier it was reported that the irradiation of disulfide3 leads
to S-S bond cleavage,17 while presently we have shown that
the resulting thiyl-radical products are further oxidized to afford
finally the pyridinesulfonic acid4 (Scheme 1). The latter was
observed as the end-product in the photolysis of the pyridineth-
iones1a-d, of the disulfide3, and of the thiol5. Furthermore,
the present data show unequivocally that the photolysis of the
pyridinethiones1b-d yields, besides the disulfide3 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 previously.20 The formation of the zwitterionic
species8 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(18) Boivin, J.; Cre´pon, E.; Zard, S. Z.Bull. Soc. Chim. Fr. 1992, 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. 21981, 1392-1400.
(20) Davies, J. S.; Smith, K.; Turner, J.Tetrahedron Lett.1980, 21,

2191-2194.

Scheme 3: Mechanism for the formation of the betain8 and photosensitized electron-transfer oxidation of dG

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 product8 (0.084 mM) and conversion
of the latter; without irradiation nodG conversion was observed.
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attack and final oxidative aromatization, followed by the
conversion of the sulfhydryl to the sulfonic acid functionality.

The betain8 exhibits photooxidizing propensity, as confirmed
by thedG conversion (Figure 8) and the formation of8-oxoGua
in CT DNA. This is not astonishing, since aromatic iminium
salts are in general excellent electron acceptors and their
photochemical electron-transfer reactions have been frequently
used for synthetic purposes.21 Therefore, we propose (Scheme
3) that the betain8 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 ofdG by the pyridinethiones
1b-d supports this mechanistic rationale: In thedG photo-
oxidation by1b-d, high amounts (25%) of guanidine-releasing
products (oxazoloneandoxoimidazolidine) but no8-oxoGua
were observed, a characteristic feature of type-I sensitizers.15,22,23

However, in DNA, significant amounts of8-oxoGua(3%) but
no notable quantities of guanidine-releasing products were

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.22,24Therefore, in the photooxidation of DNA
by the pyridinethiones1b-d, the 8-oxodG is formed by the
type-I mechanism. Recently it was reported that the one-electron
oxidation of calf thymusDNA25 and oligonucleotides26 leads
mainly to oxazolone and its precursor imidazolone. The
observation that at lower concentration ofN-alkoxypyridineth-
iones higher yields of8-oxoGuaare obtained (Figure 4) also
supports the mechanistic rationale that a type-I photooxidation
process is involved in the DNA-base oxidation by1b-d, since
it has been reported that the guanine photooxidation product
8-oxoGua is efficiently further oxidized by type-I photosensi-
tizers.27

The question that remains to be answered is, why the
N-hydroxy derivative1a is much less active in the photooxi-
dation of guanine in dG and DNA than the alkoxy (1b,c) and
benzoyloxy (1d) ones. Intensive product and mechanistic studies
provide a convincing answer to this query: Definitive is the
fact that in the photolysis of theN-hydroxy derivative1a the
N,N′-dioxide7 is formed28 in significant amounts (yield 38%),
but not at all from1b-d. Control experiments showed that the
N,N′-dioxide7 is an efficient quencher of the type-I photooxi-
dation of dG and DNA by the photoproduct of disulfide3
(Figures 9 and 10) and also by the authentic betain8. In fact,
the N,N′-dioxide 7 also inhibits dG consumption by the
established type-I photooxidants benzophenone29 and menadi-
one30 (Figure 9), which convert guanine to its radical cation by

(21) Mariano, P. S. InPhotoinduced Electron Transfer; Fox, M. A.,
Chanon, M., Eds.; Elsevier: New York, 1988; Part C, pp 372-420.

(22) Kasai, H.; Yamaizumi, Z.; Berger, M.; Cadet, J.J. Am. Chem. Soc.
1992, 114, 9692-9694.

(23) Cadet, J.; Berger, M.; Buchko, G. W.; Joshi, P. C.; Raoul, S.;
Ravanat, J.-L.J. Am. Chem. Soc.1994, 116, 7403-7404.

(24) Douki, T.; Cadet, J.Free Radical Res.1996, 24, 369-380.
(25) Kino, K.; Saito, I.J. Am. Chem. Soc.1998, 120, 7373-7374.
(26) Gasparutto, D.; Ravanat, J.-L.; Ge´rot, O.; Cadet, J. J. Am. Chem.

Soc. 1998, 120, 10283-10286.
(27) (a) Raoul, S.; Cadet, J.J. Am. Chem. Soc.1996, 118, 1892-1898.

(b) Adam, W.; Saha-Mo¨ller, C. R.; Scho¨nberger, A.J. Am. Chem. Soc.
1996, 118, 9233-9238.

(28) The formation of theN,N′-dioxide7 is mechanistically rationalized
in the literature.4a,b The key step is H abstraction from theN-hydroxypy-
ridinethione1a or its thiol tautomer, a reaction that cannot occur for the
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Figure 9. Photochemical (350 nm) conversion ofdG [0.50 mM in phosphate buffer (5.0 mM, pH 7.0)] in the presence ofN-hydroxypyridine-2-
thione (1a, 1.5 h),N-tert-butoxypyridine-2-thione (1c, 3.0 h), 2,2′-dipyridine disulfide (3, 3.0 h), 2,2′-dipyridine disulfide mono-N-oxide (6, 3.0 h),
2,2′-dipyridine disulfide di-N-oxide (7, 3.0 h), betain8 (12 min), benzophenone (1.25 h), or menadione (1.25 h); inhibitory effect of di-N-oxide7
in the photooxidation ofdG.

Figure 10. Formation of8-oxoGuain the irradiation (350 nm) ofCT
DNA (62.5µM Gua in 5 mM phosphate buffer, pH 7.0) in the presence
of N-tert-butoxypyridinethione1c (62.5 µM, 1.0 equiv), of 2,2′-
dipyridine disulfide3 (31.3µM, 0.50 equiv), of 2,2′-dipyridine disulfide
mono-N-oxide 6 (31.3 µM, 0.50 equiv), and ofN,N′-dioxide 7 (62.5
µM, 1.0 equiv); inhibitory effect ofN,N′-dioxide7 (125µM, 2.0 equiv);
without irradiation no DNA oxidation was observed.
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electron transfer. Therefore, we propose that theN,N′-dioxide
7 serves as a competitive electron donor and protectsdG and
DNA against the type-I photooxidation by the betain8, and in
turn by the disulfide3, since the latter is the photochemical
source for the betain8. Consequently, for theN-hydroxypyri-
dine-2-thione (1a), the photoproductN,N′-dioxide7 suppresses
the catalytic type-I photooxidation of DNA and the dominant
process is the less efficient stoichiometric oxidation by the
released hydroxyl radicals. In contrast, for the pyridinethiones
1b-d, for which theN,N′-dioxide7 is not formed, the catalytic
photosensitized guanine oxidation by the betain8 generated in
the photolysis of1b-d overshadows the oxyl-radical activity.
In contrast, as reported earlier,17 for the formation of strand
breaks, oxyl radicals manifest themselves as the active species
in the photolysis of all the pyridinethiones1a-d because type-
I-photooxidation reactions do not significantly induce strand
breaks.31 Furthermore, the short irradiation period (25 min)
employed for the DNA-cleavage experiments9 does not form
any detectable amount of the betain8.

The above-mentioned complex mechanistic features of the
photooxidative DNA damage by the pyridinethiones1a versus
1b-d are compared in Scheme 4. Two photochemical processes
run alongside one another, namely the release of oxyl (hydroxyl,
alkoxyl, acyloxyl) radicals4,9,13and the formation of the betain
8 from the disulfide3, and the latter is a primary photolysis
product of the pyridinethiones. DNA damage (base oxidation
and strand breaks) by oxyl radicals is a stoichiometric process,
i.e., for every photooxidative event at least one pyridinethione
molecule is consumed. In contrast, the betain8, produced in

the photolysis of the pyridinethiones, acts through a photocata-
lytic process (type-I photooxidation), which is inhibited in the
case ofN-hydroxypyridinethione1a by the N,N′-dioxide 7.
Consequently, the stoichiometrically formed hydroxyl radicals
in the photolysis of the hydroxy-substituted1a dominate the
photooxidation of dG and DNA. The photocatalytic efficiency
of the betain8 is rather poor, since only six times more dG is
converted by this photosensitizer, and the latter is decomposed
on prolonged irradiation (cf. Figure 8).

Our present results establish that the pyridinethiones1 not
only release oxyl radicals4,7,9,13 but also generate disulfide-
derived secondary photoproducts such as the betain8 (electron-
transfer photooxidant) and theN,N′-dioxide7 (electron-transfer
inhibitor), which have a profound effect on the photooxidation
of dG and DNA. Caution should be exercised when these
photochemical oxyl-radical sources are employed to assess the
efficiency of oxyl radicals in the oxidative damage of biological
substrates.
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Scheme 4: Comparative DNA photooxidation of the pyridinethiones1a-d by oxyl radicals and betain8, and the inhibitory
effect of theN,N′-dioxide 7
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